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Preface

Worldwide consumption of antibiotics has increased drastically in the past few
decades. The application of antibiotics has led to the production of antibiotic
resistance genes (ARGs) which represent a growing and serious human health threat
worldwide. Recent research highlighted that the main sources, reservoirs, and
recipients of antibiotics and ARGs are water, air, and soil. Antibiotics and ARGs
are increasingly being recognized as emerging contaminants, threatening effective
treatment of infections and carrying a great risk to public health. Anthropogenic
activities such as the rise in antibiotic use for medical and agricultural purposes are
considered a major cause for escalating the threat. The environmental risks of
pharmaceuticals, in general, were first identified in the 1990s followed by a series
of monitoring and effect studies.

The overarching theme of this book is to summarize the current state of knowl-
edge of antibiotics and ARGs in the soil environment. The book covers a wide
range of topics for understanding the antibiotics and ARGs in soils, their risk to the
environment, and options for effective control. It presents some very important
tools and methodologies that can be used to address antibiotics and ARGs in a
consistent, efficient, and cost-effective manner. Furthermore, this book includes
antibiotic producing microorganisms, the routes of entry and fate of antibiotics and
resistance genes, biomonitoring approaches, dissemination of ARGs in soils, risk
assessment, the impact of antibiotics and ARGs on the soil microbial community
and other biota, bioremediation and biodegradation approaches, as well as soil
management strategies for antibiotics and ARG-contaminated soils. Special
emphasis was given to dissemination mechanisms of ARGs in soil, as soil plays a
crucial role in the development of antibiotic resistance traits in bacteria and the
distribution of antibiotic-resistant microbial species, resistant genetic material, and
antibiotic compounds. Resistance genes appear to be everywhere in nature—in
pathogens, commensals, and environmental microorganisms. We invite you to gain
a broader insight into the role of the soils in the mechanisms of resistance devel-
opment, the dissemination of antibiotic-resistant genetic elements, and the transport
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of ARGs or antibiotics as environmental contaminants through the presentations of
our contributing authors in this book.

Antibiotics are produced by several groups of microbes such as bacteria, fungi,
and actinomycetes as their natural defense system against other microbes living in
their vicinity. Soil microorganism had always been the primary source for the
production of antibiotics and still continues to maintain its significance. But indis-
criminate use of antibiotics and disinfectants in medicine, agriculture, and fish
culture and their release in environment have given birth to another critical problem
of multidrug-resistant pathogenic microbes, and hence, we are still in need of
effective metabolites that can be used as antibiotics to combat these resistant
strains. The first chapters of book include the history, consumption, physicochem-
ical properties, and sources of antibiotics in soil, monitoring, mode of action, and
applications of antibiotics. Recent reports showed that dosing livestock animal with
antibiotics increases greenhouse gas emissions especially from the cow dung. The
use of antibiotics also disrupts the microbes, and microbes may not perform vital
functions to combat against the climate change. These antibiotics change the
microbes present in the digestive system of dung beetles, which are considered
important in carbon cycling and improving soil. Some chapters provide an over-
view of antibiotics in soil—plant system including the accumulation of antibiotics in
different plants. As antibiotics are used in escalating quantities, there is a growing
concern over the presence, toxicity, and fate of antibiotics in soil which may pose
adverse effects on plants, soil biology, crop yield, and quality of production.
Keeping in view latest advances in the instrument to detect antibiotics and ARGs
such as application of next-generation sequencing, other metagenomic techniques,
antimicrobial resistance dashboard application, and point of care (POC), i.e., lab on
a chip, and gas chromatography techniques, their strengths and limitations were
also discussed. But successful assessment of antibiotics and ARGs requires appro-
priate research questions.

This book provides a brief overview of recent research in determining the impact
of antibiotics, their bioactive metabolites, and ARGs that enter the soil on the
structure, diversity, and function of soil microbial communities and human health.
It has been established that the release of these drugs, their residues, and/or
metabolites disturbs the environment and threatens soil inhabitants such as earth-
worms. In vitro and in vivo assays have largely focused on the acute genotoxicity
and biochemical toxicity of these compounds in earthworms. These drugs can be
poisonous to earthworms and other inhabitants of soil ecosystems; the majority of
them have been identified as genotoxic and many as causing biochemical toxicity.
In the long term, genome disturbances due to genotoxicity as well as biochemical
toxicity may impair growth, reproduction, and population dynamics in these organ-
isms. The book also describes the risk assessment process developed by various
government bodies in order to determine the risks of releasing antibiotics and ARGs
into the soil and also identifies the existing challenges.

Indeed, regional management regimes for agricultural and clinical use of anti-
biotics, together with good hygiene, have in many cases proved successful in
minimizing resistance on a national basis. The last chapter aims to identify
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management options for reducing the spread of antibiotics and antibiotic resistance
determinants via environmental pathways. Management options with respect to
bioremediation as a sustainable soil management; limiting agricultural sources; and
treatment of hospital, domestic, and industrial wastewater were also discussed.

Most chapters in the book are written to a fairly advanced level and should be of
interest to the graduate student and practicing scientist. We also hope that the
subject matter treated will be of interest to people outside medicine, soil, biology,
and chemistry and to scientists in industry as well as government and regulatory
bodies.

Islamabad, Pakistan Muhammad Zaffar Hashmi
Sydney, Australia Vladimir Strezov
Noida, India Ajit Varma
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Chapter 1
Antibiotics Producing Soil Microorganisms

Niharika Chandra and Sunil Kumar

1.1 Introduction

Antibiotics are secondary metabolites produced by microorganism, which have
antimicrobial properties and have been used as a chemotherapeutic agent against
infectious and disease causing microbes for decades. The use of antibiotics along
with proper sanitation and vaccination has led to drastic decrease in mortality due to
infectious diseases that were primarily lethal (Procopio et al. 2012). Isolation of
antibiotics from microorganism is much easier than chemical synthesis of these
compounds and hence has resulted in discovery of countless novel antibiotics till
date (Shlaes 2010). These antibiotics are being used to prevent and cure microbial
infections in various spheres of human development such as human medicine,
veterinary science, animal husbandry and maintenance of livestock, agriculture,
and aquaculture (Kummerer 2009).

Soil is home to a large and diverse population of microorganisms due to its
heterogeneous nature. Large variation in biotic and abiotic conditions of soil makes
its microbial inhabitants to adapt and develop strategies for survival and successful
reproduction. Production of antimicrobials is one of the most potent strategies for
this adaptation (Davies 1990). Antibiotics such as p-lactams, aminoglycosides,
streptomycins, and tetracyclines and others are being produced by soil bacteria
and fungi. Fungal antibiotics such as penicillins, cephalosporin, fusidic acid gris-
eofulvin, and fumagillin have been obtained by fungal species Penicillium,
Cephalosporium, and Aspergillus. Several Pseudomonas species and Bacillus
species are among the soil bacteria which have been exploited for the production
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of antibiotics like gramicidin, bacitracin, tyrothricin, pyocyanin, and pyrrolnitrin
(Berdy 1974). Streptomyces species is one of the soil actinomycetes which have
provided the highest number of commercial antibiotics such as tetracyclines,
streptomycin, viomycin, and kanamycin. Several other commonly used antibiotics,
gentamicin and rifamycin, have been isolated from actinomycetes like
Micromonospora, Actinomadura, and Nocardia species (Berdy 1980).

Indiscriminate use of antibiotics and disinfectants in medicine, agriculture, and
fish culture and their release in environment has given birth to another critical
problem of multidrug-resistant pathogenic bacteria. Pathogenic microbes have
come across a huge range of naturally occurring and synthetic antibiotics since
long and have developed several defense mechanisms against them (Kummerer
2004; Demain and Sanchez 2009). The development of resistance is quick for those
antimicrobials which target a single mechanism or enzyme to cause cell death.
Whereas, those antibiotics which work against several targets or mechanisms to kill
a microbe get resisted at a slower pace (Demain and Sanchez 2009). Therefore, new
effective antibiotics are immediately required to combat these evolving resistant
strains. Natural microbial metabolites still remain one of the most potent options to
discover new chemotherapeutic agents (Rath et al. 2011). Soil from different
ecosystems and biogeographical areas can be analyzed for discovery of new
antimicrobial producing strains with novel mode of actions and secondary metab-
olites against the pathogenic resistant microbes.

1.2 Antibiotics

The word antibiotic which literally means “against life,” has been defined in several
ways by different researchers. Gottlieb (1967) defines antibiotics as low molecular
weight organic compounds produced by microorganisms which inhibit the growth
of other organisms in its vicinity at a very low concentration (Gottlieb 1967).
Similarly, Thomashow et al. (1997) refer to antibiotics as chemically heterogeneous
organic compounds of low molecular weight which are produced by some micro-
organisms to prevent growth and arrest the metabolic activity of other microorgan-
isms (Thomashow et al. 1997). These compounds are produced by microbes as
secondary metabolites, which do not play any part in the growth and reproduction.
Instead, these secondary metabolites are produced in stationary phase and are
released in the surrounding environment (Koberl et al. 2013). It was later realized
that higher forms of life such as algae, plants, and animals also produced low
molecular weight substances as secondary metabolites which possessed antimicro-
bial activity (Berdy 1980). Thus, Okafor (1987) defined antibiotics as compounds
produced by any living form (microbes, algae, plants, or animals) which had the
potential to inhibit the growth of other living form, at a low concentration (Okafor
1987). In a wider sense, antibiotics are chemotherapeutic agents which prevent the
growth of life forms such as bacteria, fungi, virus, and protozoa.
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1.2.1 History

The discovery of first antibiotic occurred by chance when a staphylococci agar plate
inoculated by Sir Alexander Fleming got contaminated by a mold. The mold colony
displayed a clear zone of bacterial inhibition around itself (Fleming 1980). The
compound which was suppressing bacterial growth was identified as penicillin,
which was then used as antibiotics to cure many infections and diseases caused by
bacteria (Skold 2006). Discovery of sulfonamides and f-lactam antibiotics in 1930s
leads to an immense improvement in health and medicine services as diseases and
bacterial infections which were fatal earlier became curable. Introduction of strep-
tomycin in 1944 was another achievement for the cure of tuberculosis. The golden
era for antibiotic discovery was marked till 1970, up to where maximum classes of
antibiotics were discovered (Shlaes 2010). Table 1.1 lists the antibiotics discovered
along with the source and year of discovery.

1.2.2 Classification

Antibiotics have been classified on the basis of several criteria such as mode of
action, producing organism, and route of biosynthesis (Berdy 1974; Queener et al.
1978). However, some microbes may produce many antibiotics or more than one
mode of action may operate simultaneously, making these criteria unmanageable.
Antibiotics were then classified into 13 groups on the basis of their chemical
structure. This classification is the most accepted one because it can easily accom-
modate the newly discovered antibiotics. The groups are aminoglycosides (e.g.,
kanamycin, neomycin, streptomycin), ansamacrolides (e.g., rifamycin), beta-lactams
(e.g., ampicillin, meropenem, penicillin G, ceftiofur, cefotiam), chloramphenicol and
analogues, lincosaminides (e.g., lincomycin), macrolides (e.g., erythromycin, olean-
domycin, tylosin), nucleosides (e.g., puromycin), oligosaccharides (e.g., curamycin),
peptides (e.g., neomycin, bacitracin, avermectin), phenazymes (e.g., myxin), poly-
enes (e.g., amphotericin B), polyethers (e.g., nigericin, monensin, salinomycin), and
tetracyclines (e.g., tetracycline, chlortetracycline, oxytetracycline) (Queener et al.
1978) (Fig. 1.1).

1.2.3 Mechanism of Action

An ideal antibiotic should not interfere with the normal functioning of the host cell
but should bring about inhibition of target microbe by disturbing its metabolism.
This disturbance can be interference or inhibition of any biomolecule such as
enzyme, nucleic acid, polysaccharides, or metabolites critical for survival (Shlaes
2010) (Fig. 1.2).
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Table 1.1 Antibiotics produced by various microorganisms with discovery date

Antibiotic Microorganism/source Discovery year
Penicillin Penicillium notatum 1929
Griseofulvin Penicillium griseojitlvum 1939
Tyrothricin Bacillus brevis 1939
Streptomycin Streptomyces griseus 1944
Bacitracin Bacillus subtilis 1945
Cephalosporins Streptomyces clavuligerus 1945
Chloramphenicol Streptomyces venezualae 1947
Neomycin Streptomyces fradiae 1949
Tetracyclines Streptomyces aureofaciens 1952
Viomycin Streptomyces vinaceus 1951
Vancomycin Streptomyces orientalis 1956
Kanamycin Streptomyces kanamyceticus 1957
Rifamycin Amycolatopsis mediterrane 1957
Fusidic acid Fusidium coccineum 1963
Gentamicin Micromonospora purpurea 1963
Fosfomycin Streptomyces fradiae 1969
Ribostamycin Streptomyces ribosidificus 1970
Mupirocin Pseudomonas fluorescens 1985
Biapenem Actinomycete 2002
Doripenem Actinomycete 2005
Retapamulin Fungus 2007
Ceftobiprole Medocaril Fungus 2008
Ceftaroline fosamil Fungus 2010

Adapted from: Handbook of Antibiotics, edited by Baron (1950) (Butler and Cooper 2011;
Procopio et al. 2012)

1.2.3.1 Replication (of Genetic Material) and Transcription Inhibitors

DNA (deoxyribonucleic acid) replication is one of the essential functions of
growing cells and hence inhibition of this process results in inhibition of cell
division. Antibiotics which bind to form complex with important components of
DNA replication such as topoisomerase can cause bacterial death (Franklin and
Snow 1981; Chopra et al. 2002). Similarly, all kinds of RNA (ribonucleic acid) are
synthesized by the action of DNA-dependent RNA polymerase through transcrip-
tion, which is again essential for growth. Rifamycins bind with the  subunit of
DNA-dependent RNA polymerase and inhibit the initiation and ribonucleotide
chain growth in transcription (Hmmond and Lambert 1978; Nikaido 2009). Acri-
dines disturb the phosphate backbone of DNA helix and actinomycin D binds with
DNA double helix to hamper the movement of RNA polymerase across the DNA
chain to inhibit transcription and hence cause bactericidal effect (Hmmond and
Lambert 1978; Franklin and Snow 1981).
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Fig. 1.1 Classification of antibiotics
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Fig. 1.2 Mechanism of action of antibiotics

1.2.3.2 Protein Synthesis Inhibitors

Synthesis of mRNA (messenger ribonucleic acid) involves the role of ribosomes
(30S and 50S) and its interaction with other components, which is the target of
antibiotics inhibiting translation. Streptomycin and tetracycline disrupt the 30S
subunit of ribosome to block its interaction with amino acyl tRNA (transfer
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ribonucleic acid) and discontinuing protein synthesis (Hmmond and Lambert 1978;
Brotz-Oesterhelt and Brunner 2008). Macrolides and chloramphenicol act by
blocking the 50S subunit whereas kanamycin and gentamicin act at the 16S
rRNA (ribosomal ribonucleic acid) of the 30S ribosome to inhibit protein synthesis
(Franklin and Snow 1981; Nikaido 2009).

1.2.3.3 Cell Wall Synthesis Inhibitors

Both the Gram-positive and Gram-negative bacterial cell walls are composed of
variable amount of peptidoglycan which maintains the integrity of cell wall and
helps the bacteria to survive extreme environmental conditions. Antibiotics such as
penicillin, cycloserine, and vancomycin either inhibit the synthesis of peptidogly-
can or its assembly with other components to form an intact and functional cell
wall, which then leads to bacterial cell wall lysis (Lancini and Parenti 1982;
Hmmond and Lambert 1978; Chopra et al. 2002).

1.2.3.4 Inhibitors of Cytoplasmic Membrane Function

Lipids, proteins, and lipoproteins are the major constituents to form cytoplasmic
membrane which acts as a differentially permeable barrier for exchange of ions,
nutrients, and water in a cell. Antibiotics like polymyxin, tyrocidin, valinomycin,
and amphotericin B disrupt the structure of the membrane and cause unwanted
exchange or leak of cellular components to outside (Ca®*, K*, Mg®* ions, metab-
olites, and nutrients). These components are involved in various essential processes
for survival such as maintaining osmotic pressure of cell, oxidative phosphoryla-
tion, and protein biosynthesis and hence cause bacterial cell death (Hmmond and
Lambert 1978; Franklin and Snow 1981).

1.2.4 Applications of Antibiotics

Antibiotics find their applications in medicine (human and animal), aquaculture,
and agriculture (Kummerer 2009). B-lactam antibiotics including penicillins and
cephalosporins are the most widely used group of antibiotics for human medicine
all around the world. In case of animals, antibiotics are also used for animal
breeding and promoting growth, other than veterinary practices (Gaskins et al.
2002). Antibiotics such as streptomycin with oxytetracycline are extensively used
to prevent infections in crops, vegetables, and fruit yielding plants. Oxytetracycline,
sulphonamides, premix, sarafloxacin, erythromycin, florfenicol, and several other
antibiotics have been applied in farming of aquatic animals like fish and molluscs
(Cabello 2004; Wolff 2004).
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1.3 Soil as a Source of Microorganisms

The surface layer of Earth’s crust is called soil which was formed by the weathering
of geological rocks, and the process still continues. This outer, loose part of
lithosphere is the region which supports the growth of plants, microbes, and other
soil inhabitants by supplying nutrients and providing anchorage. Soil is the live and
dynamic site for countless biological reactions and interactions which are life
supporting (Aminov 2009; Alvarez Lerma et al. 2010; Allen et al. 2010). Soils
also play significant roles in protecting and purifying freshwater ecosystems.
Various natural services such as land for construction, food production, deriving
raw material for several manufacturing processes, and other natural resources are
all supported by soil. Hence, soil is of significant importance to humans. Soil
consists of solid, liquid, and gaseous phases, and each type of soil varies in its
characteristics depending upon the parent rock material, geomorphological and
land use history, climate, and soil flora and fauna (Butler and Buss 2006).

1.3.1 Components of Soil

Soil is composed of several components such as minerals, organic matter, water,
air, and soil inhabitants (Fig. 1.3). The mineral or inorganic content of soil (which
consists of iron, aluminum, calcium, manganese, potassium, silicon, sulfur, phos-
phorus, and many other trace elements) is derived from the withering and corrosion
of parent rock material. Therefore, the mineral content and compounds vary in
different soil according to the parent rock. The organic matter in the soil which
primarily consists of carbon, nitrogen, and phosphate sources is derived from
living, fecal, and dead residues of plants and animals. Organic matter serves as a
source of energy for microorganisms and other soil dwellers. Soil’s water content
depends upon the available rain, snowfall, and irrigation, and hence, varies
according to the topographical position of the region. Soil gases consist of the
atmospheric air that fill the pores present between soil particles. Both soil water and
air are required for nutrient absorption, growth, and proper metabolism of plants
and microbial population (Baron 1950; Martinez et al. 2009).

Another very important component of soil is the soil organisms. These soil
dwellers can further be divided into soil flora and soil fauna. Soil microflora
includes bacteria, actinomycetes, algae, and fungi. Soil fauna is composed of
animals like protozoa, earthworms, nematodes, ants, rodents, etc. These soil organ-
isms decompose the organic matter present in the soil and facilitate nutrient
availability and absorption by higher plants and other organisms. Hence, these
organisms have a significant role to play in any soil system, but still some soil
organisms (bacteria, fungi, insects, or nematodes) can be parasitic and disease
causing in plants and animals (Martinez et al. 2009).
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Fig. 1.3 Components of soil

1.3.2 Types of Microorganisms in Soil

Microorganisms are microscopic creatures that either exists as single cells or from
colonies of cells. They can be grouped as bacteria, fungi, protozoa, micro-algae,
and viruses. These organisms can be found in water, food, animal intestines, and
several other different and extreme environments including soils (Lancini and
Parenti 1982; Fischbach and Walsh 2009).

1.3.2.1 Bacteria

Bacteria can thrive in habitat and are the most abundant microorganisms present in
soil. Bacteria are prokaryotic and unicellular microorganisms without any chloro-
phyll. They have been divided in three groups: Cocci (round-shaped), Bacilli
(rod-shaped), and Spirilla (long wavy chains of cells). Out of these, Bacilli pre-
dominate in soil, followed by Cocci and Spirilla. Pseudomonas, Arthrobacter,
Achromobacter, Clostridium, Enterobacter, Sarcina, Micrococcus, Cyptophaga,
and Chondrococcus are some of the bacterial genera that are most commonly
found in soil. Soil bacteria are very beneficial to plants and other soil organisms
as they are the one to start the decomposition process and increase nutrient
availability. Certain nitrogen fixing, nitrifying, denitrifying, and ammonifying
bacteria are very helpful in making the atmospheric nitrogen available to plants
(Ruan 2013).
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1.3.2.2 Fungi

A fungus is another microorganism present in soil which has filamentous myce-
lium. Most common soil fungi belong to genera Alternaria, Aspergillus, Botrytis,
Cladosporium, Cephalosporium Chaetomium, Mucor, Monilia, Penicillium, Fusar-
ium, Rhizopus, Gliocladium, Trichoderma, Pythium, Verticillium, etc. Fungi also
help to initiate decomposition of fresh organic matter and are resistant to acidic soil
conditions. Fungi are the prime decomposers of lignin and also important in decay
of cellulose, hemicellulose, and pectin (Ruan 2013).

1.3.2.3 Actinomycetes

These are microbes which have characteristics of both bacteria and fungi and have
been classified into a separate category. Actinomycetes are unicellular similar to
bacteria and have hyphae and conidia like fungi. Streptomyces, Nocardia,
Micromonospora, and Actinoplanes are the most common and predominant genera
present in soil. They also contribute in decomposition of organic residues and
humus in soil (Ruan 2013; Qin et al. 2009; Koberl et al. 2013).

1.3.2.4 Algae

Algae grow in swamps, paddy fields, depressions, or flooded land where plenty of
water and sunlight are available. Similar to plants, algae use sunlight to convert
atmospheric carbon into sugar molecules, which are then utilized to derive energy.
They help to maintain soil fertility and form mutualistic relationship with other
organisms (Martinez et al. 2009).

1.3.2.5 Protozoa

Protozoa are single celled animals which move with the help of several organs like
flagella, cilia, or pseudopodia. They are secondary consumers which feed on
organic material of soil, soil bacteria and fungi, and other protozoans. They help
in releasing nutrients from organic matter and maintain desirable microbial popu-
lation in soil (Martinez et al. 2009).

1.3.3 Importance of Soil Microorganisms

Soil microbes play a vital role in almost all reactions and interactions occurring in
soil, which support all the plants and consequently animals. As already discussed,
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soil microbes are primarily involved in breakdown and decomposition of organic
matter. Soil microorganisms are extremely important for recycling of life-
supporting nutrients such as carbon, nitrogen, and phosphorus which are critical
for the formation of biomolecules. Soil bacteria can fix atmospheric nitrogen by the
process of biological nitrogen fixation and ammonification. Several other nitrifying
and denitrifying bacteria are also involved in cycling of this fixed nitrogen. Inter-
action of plants with soil microbes is known to promote plant growth by increasing
nutrient availability and production of growth hormones and antibiotics. Beneficial
microbes prevent plant diseases by shielding the roots and suppressing the growth
of pathogenic bacteria and pests. Soil microbes also maintain soil structure by
increasing its porosity, formation of soil aggregates, and increasing water infiltra-
tion. Soil microbes are also important for recycling of waste material and its
detoxification. Several naturally occurring microbes are involved in biodegradation
of oil, pesticides, insecticides, heavy metals, xenobiotic compounds, and other toxic
contaminants. Many soil microbes also have potential uses in biofertilizers, biore-
mediation, biocomposting, and bioleaching. Another huge application of soil
microbes is in production of secondary metabolites such as antibiotic which has a
great impact on plants, animals, and human development, which will further be
discussed in detail (Falconer and Brown 2009; Aminov 2009; Baron 1950; Baltz
2008; Demain and Sanchez 2009) (Fig. 1.4).
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Humus
. formation
Improve soil
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Importance of Secondary
Plant growth . soil bolites
promotion Microorganisms production;
/ ANTIBIOTICS
Pest and \
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Fig. 1.4 Various aspects of benefit from soil microorganisms
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1.3.4 Isolation, Screening, and Ildentification of Antibiotic
Producing Microorganisms from Soil

The most common methods for isolation and primary screening of antibiotic
producing microbes from soil include the crowded plate method and dilution
plate method. In the crowded plate method, an aqueous dilution of soil sample is
plated on agar plates such that it develops a lawn of microbial growth. Microbial
colonies which show clear zone of inhibition around themselves are isolated for
further studies. Dilution plate method is applied to isolate antibiotic producing
microbes against a known microorganism. The diluted soil sample is mixed with
the melted agar medium, poured, solidified, and incubated till microbial colonies
appear. The plate is then inoculated or flooded with a growing culture of test
organism and incubated again. The microbial colonies which show a clear zone
of inhibition against the confluent growth of test microbe are selected for antibiotic
production. The media and growth conditions can be altered to isolate specific
groups of antibiotic producing microorganisms, i.e., bacteria, fungi, or actinomy-
cetes (Okafor 1987). Once a pure culture of antibiotic producing microbe has been
successfully isolated it is further tested for antibiotic production by several methods
such as cross streak, agar plug, replica plating, ditch plating, and gradient plating
methods (Okafor 1987).

After successful isolation of pure cultures, reliable identification of antibiotic
producing microbes is accomplished by the analysis of several physiological,
biochemical, and molecular characteristics of the microbe. Such identification
techniques comprise studying cell morphology, differential staining, protein analy-
sis, serological studies, flow cytometry studies, similarity of nucleotide (DNA and
RNA) sequences, PCR (polymerase chain reaction), and RT PCR (reverse transcrip-
tion polymerase chain reaction) techniques (Belgrader et al. 1999; Bentley et al.
2002; Omura et al. 2001). Several techniques being used, which are less time
consuming and tedious, include mass spectrometry, fluorescence spectrometry,
and capillary electrophoresis (Jarman et al. 2000; Saenz et al. 1999; Desai and
Armstrong 2003).

1.3.5 Antibiotics Producing Soil Microorganisms

Antibiotics producing microorganisms can be isolated from various sources like
soil, marine sources, endophytes, lichens, and even animals. According to Rinehart
(1992), some scientists have been regularly searching for novel antimicrobial
microorganisms from different places such as deep sea mud and seaweeds
(Gonzalez del Val et al. 2001; Rinehart 1992; Perez et al. 2016). In addition,
endophytes which reside in higher plants also comprise one of the important
sources of antibiotics which are effective against different types of pathogens
(Strobel and Daisy 2003).
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A previous study conducted by Burkholder et al. (1944) had shown that lichens
have high potential to produce useful antibacterial metabolites (Burkholder et al.
1944). In their study of 42 lichens species, 64.29% of the species did show active
antimicrobial activity against S. aureus and B. subtilis (Burkholder et al. 1944).
Besides, animals also become target for scientists to look for novel antibiotics.
According to Moore et al. (1993), a broad-spectrum antibiotic, squalamine, has
been successfully isolated from the stomach tissues of Squalus acanthias (dogfish
shark) (Moore et al. 1993).

As discussed above, there are several sources where antibiotics can be discov-
ered but soil still remains the most important target for a large group of researchers
in their efforts to discover novel antimicrobial metabolite that have pharmaceutical
values. This is because many microbes especially bacteria that inhabit in soil have
the ability to produce biologically active secondary metabolites such as useful
antibiotics.

Soil is a rich source where most antimicrobial producing microorganisms and their
secondary metabolites can be found. Gram-positive bacteria, actinomycetes which
form spore and filament are the most important group of antimicrobial producing soil
microbes since they contribute to 75% of the identified products which are widely
used in clinical applications (Oskay et al. 2004; Ceylan et al. 2008). According to
Demain and Fang (2000), there will be about 500 antibiotics from actinomycetes
continually being discovered each year (Demain and Fang 2000).

As reported by Oskay et al. (2004), of the 50 isolates that they obtained from
actinomycetes, 34% of the isolates did produce antibacterial compounds (Oskay et al.
2004). Besides, from the recent research work conducted by Ceylan et al. (2008), they
also reported that 15 isolates obtained from the genus of Streptomycetes showed the
capability of producing antibacterial compounds towards both Gram-positive and
Gram-negative bacteria which are resistance to several antibiotics (Ceylan et al.
2008). Streptomycetes are categorized in the family of Streptomycetaceae (Anderson
and Wellington 2001) and different species of bacteria classified under this genus
contribute mostly to the useful biologically active substances such as antibiotics that
have been authorized (Anderson and Wellington 2001).

Besides, the ability of Streptomyces to act as useful biological control agents in
retarding the growth of pathogenic fungi which infected plants also has been
reported by many researchers. These pathogenic fungi may either arise from soil
or air (Oskay 2009). In addition, the current research conducted by Oskay (2009)
has discovered that there was a novel strain of Streptomyces assigned as Strepto-
myces sp. KEH23 that has a high potential to produce useful antibiotics which can
actively act against pathogens that infected plants and human being (Oskay 2009).
Streptomycetes can be commonly found in both terrestrial and aquatic environ-
ments especially where nutrients are highly abundant such as in the soil, hay, and
composts (Locci 1989). Besides, there are several factors which can influence the
distribution of streptomycetes which includes the temperature, moisture, pH, and
climate (Williams et al. 1983; Locci 1989).

Besides Streptomycetes, other Gram-positive soil bacterium such as
Rhodococcus has also been identified to have high potential of producing useful
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antimicrobial compounds when they are in the stress condition. Kurosawa et al.
(2008) has isolated the amino glyceride antibiotic, rhodostreptomycin produced by
Rhodococcus (Kurosawa et al. 2008). This antibiotic is effective against many
types of test microorganism which including the hardy strain Streptomycetes.
Table 1.2 shows some clinical important antimicrobial compounds which have
been isolated from soil microorganisms.

1.4 Current Status

Despite the success of the discovery of antibiotics and advances in the process of
their production, infectious diseases still remain the second leading cause of death
worldwide, and bacterial infections cause approximately 17 million deaths annu-
ally, affecting mainly children and the elderly. The history of antibiotics derived
from Streptomyces began with the discovery of streptothricin in 1942 (Baron 1950),
and with the discovery of streptomycin 2 years later, scientists intensified the search
for antibiotics within the genus. Today, 80% of the antibiotics are sourced from the
genus Streptomyces, actinomycetes being the most important (Wright 2010).

Table 1.2 Some clinically important antibiotics

Site or mode of

Antibiotic Producer organism Activity action

Penicillin Penicillium chrysogenum Gram-positive Wall synthesis
bacteria

Cephalosporin | Cephalosporium Broad spectrum Wall synthesis

acremonium

Griseofulvin

Penicillium griseofulvum

Dermatophytic fungi

Microtubules

Bacitracin Bacillus subtilis Gram-positive Wall synthesis
bacteria

Polymyxin B Bacillus polymyxa Gram-negative Cell membrane
bacteria

Amphotericin | Streptomyces nodosus Fungi Cell membrane

B

Erythromycin Streptomyces erythreus Gram-positive Protein synthesis
bacteria

Neomycin Streptomyces fradiae Broad spectrum Protein synthesis

Streptomycin Streptomyces griseus Gram-negative Protein synthesis
bacteria

Tetracycline Streptomyces rimosus Broad spectrum Protein synthesis

Vancomycin Streptomyces orientalis Gram-positive Protein synthesis
bacteria

Gentamicin Micromonospora purpurea | Broad spectrum Protein synthesis

Rifamycin Streptomyces mediterranei | Tuberculosis Protein synthesis

Sneader (2005); Walsh and Wright (2005); Finch et al. (2003)
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The world’s demand for antibacterials (antibiotics) is steadily growing. Since
their discovery in the twentieth century, antibiotics have substantially reduced the
threat of infectious diseases. The use of these “miracle drugs,” combined with
improvements in sanitation, housing, food, and the advent of mass immunization
programs, led to a dramatic drop in deaths from diseases that were once widespread
and often fatal. Over the years, antibiotics have saved lives and eased the suffering
of millions. By keeping many serious infectious diseases under control, these drugs
also contributed to the increase in life expectancy during the latter part of the
twentieth century.

The increasing resistance of pathogenic organisms, leading to severe forms of
infection that are difficult to treat, has further complicated the situation, as in the
case of carbapenem-resistant Klebsiella pneumoniae, and other microorganisms.
Infections caused by resistant bacteria do not respond to treatment, resulting in
prolonged illness and greater risk of death (Butler and Cooper 2011). Treatment
failures also lead to long periods of infectivity with high rates of resistance, which
increase the number of infected people circulating in the community and thus
expose the population to the risk of contacting a multidrug-resistant strain (Butler
and Cooper 2011).

As bacteria become resistant to first-generation antibiotics, treatment has to be
changed to second- or third-generation drugs, which are often much more expen-
sive and sometimes toxic. For example, the drug needed to treat multidrug-resistant
Streptococcus pneumoniae, Staphylococcus aureus, Klebsiella pneumoniae, and
Mycobacterium tuberculosis and can cost 100 times more than first-generation
drugs used to treat non-resistant forms. Most worrisome is that resistance to
virtually all antibiotics has increased (Tuon et al. 2011).

According to Nikaido, 100,000 tons of antibiotics are produced annually, which
are used in agriculture, food, and health (Nikaido 2009). Their use has impacted
populations of bacteria, inducing antibiotics resistance (Wright 2010). This resis-
tance may be due to genetic changes such as mutation or acquisition of resistance
genes through horizontal transfer, which most often occurs in organisms of differ-
ent taxonomy (Sahoo et al. 2010). Mutations can cause changes at the site of drug
action, hindering the action of the antibiotic. Most of the resistance genes are in the
same cluster as the antibiotic biosynthesis gene. In nature, the main function of
antibiotics is to inhibit competitors, which are induced to inactivate these com-
pounds by chemical modification (hydrolysis), and changes in the site of action and
membrane permeability. A recent study carried out with Streptomyces from urban
soil showed that most strains are resistant to multiple antibiotics, suggesting that
these genes are frequent in this environment. Many resistance genes are located on
plasmids (plasmid A), which can be passed by conjugation to a susceptible strain;
these plasmids are stable and can express the resistance gene (Bosso et al. 2010).
The susceptibility to a particular antibiotic can be affected by the physiological
state of the bacteria and the concentration of the antibiotic; this may be observed in
biofilms through a mechanism known as persister formation—small subpopulations
of bacteria survive the lethal concentration of antibiotic without any specific
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resistance mechanisms although this mechanism does not produce high-level resis-
tance (Bosso et al. 2010).

Microorganisms growing in a biofilm are associated with chronic and recurrent
human infections and are resistant to antimicrobial agents (Costerton et al. 1987).
The spread of resistant strains is not only linked to antibiotic use, but also to the
migration of people, who disperse resistant strains among people in remote com-
munities where the use of antibiotics is very limited. Due to the difficulty of
obtaining new antibiotics, the drug industry has made changes to existing antibi-
otics; these semisynthetics are more efficient and less susceptible to inactivation by
enzymes that cause resistance (Yang et al. 2016). This practice has become the
strategy for the current antibiotics used today and is known as the second, third, and
fourth generation of antibiotics.

1.5 Future of Antibiotics Production from Soil

The first new antibiotic to be discovered in nearly 30 years has been hailed as a
“paradigm shift” in the fight against the growing resistance to drugs. Teixobactin
has been found to treat many common bacterial infections such as tuberculosis,
septicemia, and Clostridium difficile and could be available within 5 years. But
more importantly, it could pave the way for a new generation of antibiotics because
of the way it was discovered. Scientists have always believed that the soil was
teeming with new and potent antibiotics because bacteria have developed novel
ways to fight off other microbes. But 99% of microbes will not grow in laboratory
conditions leaving researchers frustrated that they could not get to the life-saving
natural drugs (Hunter 2015).

Now a team from Northeastern University in Boston, Massachusetts, has dis-
covered a way of using an electronic chip to grow the microbes in the soil and then
isolate their antibiotic chemical compounds (Piddock 2015). They discovered that
one compound, Teixobactin, is highly effective against common bacterial infec-
tions Clostridium difficile, Mycobacterium tuberculous, and Staphylococcus aureus
(Yang et al. 2016). The rise in antibiotic resistance is a threat to modern healthcare
as we know it so this discovery could potentially help to bridge the ever increasing
gap between infections and the medicines we have available to treat them.

1.6 Conclusion

There are several sources from where antibiotics can be discovered but soil still
remains the most important target for a large group of researchers in their efforts to
discover novel antimicrobial metabolite that have pharmaceutical values. This is
because many microbes especially bacteria that inhabit in soil have the ability to
produce biologically active secondary metabolites such as useful antibiotics.
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Chapter 2
Antibiotics Resistance Genes

Ahmad Hasnain, Wajid Nasim, Hussani Mubarak, Nosheen Mirza,
Sohaib Khan, Xiaomei Su, Sarfraz Ahmed, and Muhammad Zaffar Hashmi

2.1 Introduction

2.1.1 Antibiotic Resistance

The discovery that antibiotics can treat bacterial infections dramatically changed
human health, and many once deadly infections are now curable. Yet often we hear
about bacteria that are no longer killed effectively by antibiotics. These bacteria are
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Fig. 2.1 Antibiotic resistance tests: Bacteria are streaked on dishes with white antibiotic impreg-
nated disks. Clear rings, such as those on the /eft, show that bacteria have not grown—indicating
that the bacteria are not resistant. Those on the right are fully susceptible to only three of the seven
antibiotics tested (adapted from wikipedia)

known as antibiotic resistant (Fig. 2.1), and they are a growing problem in medicine
(Yang et al. 2010; Yun-jian and Dong-ke 2008).

Accidently, antibiotic (penicillin) was discovered by Alexander Fleming in 1929,
and by the 1940s, penicillin was available for medical use and was successfully used
to treat infections in soldiers during World War II (Bennett and Chung 2001; Shore
and Pruden 2009). Wherein, the dispersal of “foreign genes” into the environment
occur through—*horizontal gene transfer” and “vertical gene flow” by seed dis-
persal, pollen flow considered as major concern. However, there are multiple
national and international monitoring programs for drug-resistant threats, including
methicillin-resistant ~ Staphylococcus aureus (MRSA), vancomycin-resistant
S. aureus (VRSA), extended spectrum beta-lactamase (ESBL), vancomycin-
resistant Enterococcus (VRE), multidrug-resistant A. baumannii (MRAB).

There is substantial public concern about a potential spread of ARGs from
transgenic plants into the soil and intestinal bacteria (Rodriguez-Mozaz et al.
2015; Tang et al. 2015; Zhu et al. 2013). Antibiotics have been detected in
different environmental compartments such as groundwater of farms, in aquatic
and soil environments (Martinez 2009). Historic evidence for antibiotic-resistant
bacteria being a product of human activity is suggested by the study of Datta and
Hughes (1983), which found that from a collection of Enterobacteriaceae,
isolated between 1917 and 1954, 24% carried conjugative plasmids but only
2% were tetracycline resistant and all isolates were from the genera Proteus.
None of the Salmonella, Shigella, Escherichia, or Klebsiella isolates were pos-
itive for tetracycline resistance (Tcr) (Datta and Hughes 1983). However, by the
mid-1950s Tcr and multidrug-resistant Escherichia coli and Shigella were
described, which was later determined to be due to the presence of plasmid-
mediated antibiotic resistance (Akasaki et al. 1963). A lack of tetracycline
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resistance genes was also found in early enterococci (Atkinson et al. 1997) and
Neisseria gonorrhoeae (Cousin et al. 2003). These studies suggest that antibiotic
resistance genes were acquired as a result of increased antibiotic use by humans
in the last 60 years. Forty different tetracycline resistance (fet) genes with three
specific mechanisms (i.e., target modification with ribosomal protection protein,
antibiotic efflux pumps, and antibiotic inactivation) have been characterized to
date (Roberts 2005a). Four sulfonamide resistance (su/) gene types, including
sull, sul2, sul3, and sulA, have also been studied (Pei et al. 2006).

2.2 Mechanism of Antibiotics Resistance

There are a number of different ways that bacteria can become resistant to antibi-
otics. The first mechanism is due to random chromosomal mutations that lead to
changes in the gene product that altered or eliminated the expression of a protein
(Box 2.1). A second mechanism is by acquisition of new DNA (deoxyribonucleic
acid) that is available to a limited number of bacteria that are naturally transform-
able. These bacteria have receptors that allow them to take up DNA from related
strains or species and integrate this foreign DNA, which may be parts of genes,
complete genes, or even defined elements into their genome.

Box 2.1. Mechanism of Antibiotics Resistance. Source: Penesyan et al. (2015)

Bacteria resist the effect of antibiotics by using the following genetic strat-
egies, with thousands of variations:

» Producing destructive enzymes to neutralize antibiotics

» Modifying antimicrobial targets, by mutation, so that drugs cannot recog-
nize them

» Removing antimicrobial agents by pumping them out (efflux)

» Preventing antibiotics from entering by creating a “biofilm” or otherwise
reducing permeability

» Creating bypasses that allow target by antibiotics

The integration of new pieces of a gene creates a mosaic gene composed of the
host’s and foreign DNA, and this mosaic protein is able to reduce the antibiotic
susceptibility of the host bacteria. Some species of bacteria are able to acquire
foreign DNA by transduction, which uses bacteria phage for transmission of the
DNA. However, the most common way bacteria become antibiotic resistant is by
acquisition of new genes associated with mobile elements (plasmids, transposons,
and integrons). These mobile elements may carry genes for metal resistance, use of
alternative carbon sources, and/or classical virulence genes as well as a variety of
different antibiotic resistance genes. Mobile elements are the main driving force in
horizontal gene transfer between strains, species, and genera. They are normally
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Table 2.1 Tetracycline resistance genes unique to environmental bacteria®

Ribosomal protection | Enzymatic
Efflux 12/27 (44%) 3/12 (25%) 2/3 (66%)
tet A(P), tet(V), tet(30), tet(35), tet(33), tet(39), tet(41), | tetB(P), otr(A), tet tet(X)°,
tet(42), tet(43), otr(B), otr(C), tcr3 tet(34)

Adapted from Roberts (2011)

4Species and genera which are primarily found outside of humans and animals rather than in or on
animals or humans, even if on occasion they cause infections

"The ter(X) is only functional in environmental (aerobic) Spingohucttrium spp. though it is also
found in (anaerobic) Bacteroides spp.

responsible for the rapid spread of particular elements throughout bacterial commu-
nities around the world. Horizontal gene transfer is associated with three primary
mechanisms: (a) Conjugation, plasmid transfer from one bacterium to another;
(b) transduction, viral mediated (phage) gene transfer; and (c) transformation, the
uptake of naked DNA via the cell wall, and the incorporation of that DNA into the
existing genome or plasmids (Kumarasamy et al. 2010; Levy 2002). The tet genes
listed in Table 2.1 are associated with conjugative, nonconjugative, and mobilizable
plasmids, transposons, and conjugative transposons (Fig. 2.2).

2.2.1 Intrinsic Resistance

In some cases, a type of bacteria will survive antibiotic treatment and multiply because
it is intrinsically resistant. For example, although many types of bacteria have cell
walls, some don’t. An antibiotic like penicillin that prevents cell-wall building can’t
harm a bacterium that doesn’t build a cell wall in the first place (Fig. 2.3).

2.2.2 Acquired Resistance

Bacteria can also acquire resistance. This happens when a type of bacteria changes
in a way that protects it from the antibiotic. Bacteria can acquire resistance in two
ways: either through a new genetic change that helps the bacterium survive, or by
getting DNA from a bacterium that is already resistant.

2.2.3 Genetic Change

So how can a simple DNA change protect bacteria from antibiotics? Remember,
DNA provides instructions to make proteins, so a change in DNA can cause a
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Infection occurs
and the bacteria
spread.

Exposure
to bacteria
occurs.

Non-resistant Bacteria

The bacteria
multiply.

The bacteria
multiply.

23

Drug treatment
is used.

The bacteria die. The
person is healthy again.

The bacteria continue
to spread. The person
remains sick.

Fig. 2.2 Diagram showing the difference between non-resistant bacteria and drug-resistant bacteria.
Non-resistant bacteria multiply, and upon drug treatment, the bacteria die. Drug-resistant bacteria
multiply as well, but upon drug treatment, the bacteria continue to spread (adapted from wikipedia)

cell wall®

Fig. 2.3 Intrinsic resistance

£ ° no cell wall
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Fig. 2.4 Genetic change

change in a protein. Sometimes, this DNA change will affect the protein’s shape. If
this happens at the place on the protein where an antibiotic acts, the antibiotic may
no longer be able to recognize where it needs to do its job.

Changes like this can prevent an antibiotic from getting into the cell, or prevent
the antibiotic from working once it’s inside. Once a change occurs, it can spread in

a population of bacteria through processes like reproduction or DNA transfer
(Fig. 2.4).

2.2.4 DNA Transfer

Bacteria are very good at sharing genes, including genes for antibiotic resistance.
They can share resistance genes that have been in the population, as well as new
genetic changes that occur. If you explored Agent Antibiotic, you saw a bacterium
with an antibiotic resistance gene give a copy of that gene to another bacterium.
This process is called lateral gene transfer. There are other ways bacteria can
transfer DNA, for example, bacteria can get infected with a type of virus called a
bacteriophage? As part of its life cycle, the bacteriophage packages DNA. When
the bacterium dies, these packages of DNA (which sometimes include antibiotic

resistance genes) are released and can be taken up and used by other bacteria
(Fig. 2.5).
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Fig. 2.5 DNA transfer

2.3 Tetracycline Resistance Genes

Tetracyclines are one of the oldest classes of antibiotics used and the first broad-
spectrum class of antibiotics. Tetracyclines interact with the bacterial ribosomes by
reversibly attaching to the ribosome that blocks protein synthesis. Tetracyclines are
active against a wide range of Gram-positive, Gram-negative, anaerobic, and aerobic
bacteria, cell-wall-free microbes, intercellular bacteria, and protozoan parasites.
Tetracyclines are relatively safe, and the older compounds are inexpensive and
have been widely used in clinical, veterinary, and agricultural purposes for
60 years (Roberts 2005b). For this chapter, Gram-positive bacteria will also include
cell-wall-free Mycoplasma, Ureaplasma, as well as Mycobacterium, Nocardia, and
Streptomyces. The first Tcr bacteria were identified in isolates from the 1950s
(Watanabe et al. 1972). Bacteria may become resistant to tetracyclines, by mutation,
while the majority of bacteria become tetracycline resistant because they acquire new
genes that (a) pump tetracycline out the cell (efflux); (b) protect the ribosome from
the action of tetracyclines; or (c) enzymatically deactivate tetracyclines (Table 2.1).

2.3.1 Efflux

The first tetracycline-resistant efflux proteins were identified in the 1950s in Japan
where they were later hypothesized to be located on conjugative plasmids (Watanabe
1963). Today, there are 27 genetically distinct efflux genes characterized coding for
drug-Hp energy-dependent transmembrane sequence (TMS) proteins that span the
lipid bilayer of the inner cell membrane 9—14 times. These proteins have been divided
into seven different groups based on the number of TMS present (9-14), the G p C%
(guanine—cytosine) of the gene, and similarities to other tet efflux genes (Thaker et al.
2010). These efflux proteins normally export tetracycline and doxycycline but not
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Table 2.2 Mechanism of resistance of tet and otr genes

Enzymatic
Efflux (27) Ribosomal protection (12) 3) Unknown®
tet(A), tet(B), tet(C), tet(D), tet(M), tet(O), tet(S), tet(W), tet(X)° tet(U)
tet(E) tet(32)
tet(G), tet(H), tet(J), tet(V), tet(Q), tet(T), tet(36) tet(34)
tet(Y)

tet(Z), tet(30), tet(31), tet(33) tet(A), tet B(P)b, tet(44), tet tet(37)°
tet(35)°

tet(39), tet(41)

tet(K), tet( L), tet(38)

tet A(P), tet(40), tet(42), tet(43)
otr(B), otr(C), tcr3
Adapted from Roberts (2011)
tet(U) has been sequenced but does not appear to be related to either efflux or ribosomal
protection proteins

St B(P) is not found alone and ter A(P) and tet B(P) are counted as one operon

“let(X) and tet(37) arc unrelated but both arc NADP-requiring oxidoreductases
9Not related to other fet efflux genes

minocycline or tigecycline (a newer glycylcycline) out of the cell. The one exception
is the Gram-negative tet(B) gene that exports tetracycline, doxycycline, and
minocycline and confers resistance in the host bacterium to all three tetracyclines.
The efflux genes are the most commonly found tet genes in aerobic and facultative
Gram-negative bacteria (Tables 2.2 and 2.3). Twelve (41%) of the efflux genes [tetA(P),
tet(V), tet(Z), tet(30), tet(33), tet(35), tet(39), tet(41), tet(42), otr(B), otr(C), tcr] are unique
to environmental bacteria tetracycline-resistant genes coding for efflux proteins are the
most commonly found tet genes among Gram-negative aerobic and facultative bacteria.
Fifty-five Gram-negative and 25 Gram-positive genera carry these genes (Table 2.3). Of
the 76 Gram-negative genera known to carry tetracycline resistance genes, 27 (36%) of
these genera carry only efflux genes, of which 13 carry a single efflux gene and 14 carry
multiple efflux genes. Of the 47 Gram-positive genera, only 9 (19%) carry efflux genes
with 8 carrying a single efflux gene and Nocardia carrying 2 efflux genes (Table 2.3). The
tet(B) gene is the most common efflux gene among Gram-negative genera and has been
identified in 31 genera, while the tet(A) gene is found in 20, tet(C) gene in 10, tet(D) gene
in 16, tet(E) gene in 10, tet(G) gene in 13, the tet(H) gene in 8, and the tet(35) in two Gram-
negative genera. The tet(K) gene is found in 12 Gram-positive genera and the otr(B) gene
is found in Mycobacterium and Streptomyces. The tet(L) gene is found in 14 Gram-
negative and 19 Gram-positive genera, the tet(39) gene is found in 4 Gram-negative and
3 Gram-positive genera, while the tet(42) gene is found in 4 Gram-positive and 2 Gram-
negative genera (Table 2.3). Twelve (44%) of the efflux genes including the tet(J), tetA
(P) tet(V), tet(Y), tet(Z), tet(30),tet(31), otr(C), tcr, tet(33), tet(40), and tet(41)are found in a
single genera (Table 2.3). The tet(43) gene has been isolated from metagenomic DNA
library and has yet to be identified in a specific species or genus (Fig. 2.6) .
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Table 2.3 Distribution of tet resistance genes among Gram-negative and Gram-positive bacteria

One gene

Two or more genes

Efflux

Gram-negative

n=13 n=14

Aggregatibacter tet(B) Alcaligenes tet(A)(E)(39)

Agrabacterium tet(30) | Bordetella tet(A)(C)

Alteromoits tet(D) Brevundimonsa tet/(B)(G)

Brevundimonas tet(39) | Halomonas tet(C)(D)

Chlamydia tet(C) | Mannheimia tet(B)(G)(H)(L)

Chryseobacterium tet(A) | Morganella tet(D)J)(L)

Erwinia tet(B) Moraxella tet(B)(H)

Francisella tet(C) Ochrobactrum tet(G)(L)

Hisiophilus tet(H) | Plesiomonas tet(A)(B)(D)

Laribacter tet(A) | Roseobacter tet(B)(C)(E)(G)

Rahnella tet(L) Salmonella tet(A)(B)(C)(D)(G)(L)

Sporosarcina tet(L) Stenotrophomonas tet(35)(39)

Treponema tet(B) Variovorax tet(A)(L)
Yersinia tet(B)(D)

Gram-positive

n=2_8 n=1

Cellulosimicrobium | tet(39) | Nocardia tet(K)(L)

Geobacillus tet(L)

Lysinibacillus tet(39)

Micrococcus tet(42)

Oceanobacillus tet{L)

Pediococcus tet(L)

Vagocaccus tet(L)

Virgibacillus tet(L)

Ribosomal protection and/or e

fflux/enzymatic

Gram-negative

n=12 n =37

Acidaminococcus tet(W) | Acinetobacter tet(A)(B)(G)(H)(L)(M)(39)
Brachybacterium tet(M) | Actinobacillus tet(B)(H)(L)(O)

Eikenella tet(M) | Aeromonas tet(A)(B)(C)(D)(E)M)(Y)(3D)
Capnocytophaga tet(Q) | Anaerovibrio tet(0)(Q)

Chryseobacterium tet(A) | Bacteroides tet(M)(Q)(W)(X)(36)

Hafnia tet(M) | Butyrivibrio tet(O)(W)

Kingella tet(M) | Campylobacter tet(0)(44)

Lawsonia tet(M) | Citrobacter tet(A)(B)(C)(D)(L)(M)(O)(S)(W)
Pseudoalteromonas | tet(M) | Edwardsiella tet(A)(D)(M)

Ralstonia tet(M) | Enterobacter tet(A)(B)(C)(D)(G)(LY(M)(39)
Rhanela tet(M) | Escherichia tet(A)(B)(C)(D)(EKG)(L)Y(M)(W)(Y)

(continued)
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One gene Two or more genes
Spingobacterium tet(X) | Flavobacterium tet(A)(E)(LY(M)
Fusobacterium tet(G)(L)Y(M)(O)(Q)(W)
Gallibacterium tet(B)(H)(K)(L)(31)
Haemophilus tet(B)(K)(M)
Klebsiella tet(A)(B)(C)(D)(M)(S)(W)
Kurthia tet(L)(M)
Megasphaera tet(O)(W)
Mitsuokella tet(Q)(W)
Neisseria tet(BY(M)(O)(Q)(W)
Pantoea tet(B)(M)
Paenibacillus tet(M)(L)(42)
Pasteurella tet(B)(D)(H)(G)(L)(M)(O)
Porphyromonas tet(Q)(W)
Prevotella tet(M)(Q)(W)
Providencia tet(B)(E)(G)(M)j(39)
Photobacterium tet(B)(D)(M)(Y)
Pseudomonas tet(A)(B)(C)(E)(G)M)(34)(L)(X)(42)
Psychrobacter tet(H)(M)(O)
Proteus tet(A)(B)(C)(E)(G)(L)(H(M)
Selenomonas tet(M)(Q)(W)
Serratia tet(A)(B)(C)(E)Y(M)(34)(41)
Shewanella tet(D)(G)(M)
Shigella tet(A)(B)(C)(D)(M)
Subdoligranulum tet(Q)(W)
Veillonella tet(A)(LYM)(S)(Q)(W)
Vibrio tet(A)(B)(C)(D)(E)(G)(M)(34)(35)
Gram-positive/cell-wall-free/others
n=15 n=23
Abiotrophia tet(M) | Actinomyces tet(L)(M)(W)
Afipia tet(M) | Aerococcus tet(M)(O)
Anaerococcus tet(M) | Arthrobacter tet(M)(33)
Arcanobacterium tet(W) | Bacillus tet(K)(L)(M)(W)(39)(42) otr(A)
Amycolatopsis tet(M) | Bifidobacterium tet(LY(M)(O)(W)
Bacterionema tet(M) | Clostridium tet(K)(L)(M)(O)(P)(Q)(W)(36)(40)(44)
Brachybacterium tet(M) | Corynebacterium tetM)(Z)(33)
Catenibacterium tet(M) | Enterococcus tet(K)(L)(M)(O)(S)(T)(U)
Erysipelothrix tet(M) | Eubacterium tet(K)(M)(0)(Q)(32)
Granulicatella tettM) | Gardnerella tet(M)(Q)
Finegoldia tettM) | Gemellu tet(M)(O)
Mycoplasma tet(M) | Granulicatella tet(M)(O)
Roseburia tet(W) | Lactobacillus tet(K)(LYMM)(O)(S)(Q)(W)(Z)(36)
Ruminococcus tet(Q) | Lactococcus tet(M)(S)

(continued)
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One gene Two or more genes
Sporosarcina tet(M) | Listeria tet(K)(L)Y(M)(S)
Ureaplasma tet(M) | Microbacterium tet(M)(42)

Mobiluncus tet(0)(Q)
Mycobacterium tet(K)(L)Y(M)(V) otr(A)(B)
Paenibacillus tet(L)(M)(42)
Peptostreptococcus | tet(K)(L)(M)(0)(Q)
Staphylococcus tet(K)(L)Y(M)(O)(S)(U)(W)(38)(42)
Streptococcus tet(K)(L)Y(M)(O)(Q)(T)(U)(W)(32)
Streptomyces tet(K)(L)YM)(W) otr(A)(B)(C) tet3 tet

Adapted from Roberts (2011)

Antibiotic Targets  Antibiotic Resistance

Cell Wall

f-lactams
Vancomycin \

Trimethoprim

DNA/RMA Synthesis
Fluoroquinolones
Rifamycins
HaH

Fluoroguinolones
e Aminoglycosides

Tetracyclines
f-lactams
Macrolides
Immunity
& Bypass
Tetracyclines
Trimethoprim
Sulfonamides

Target Modification
Fluoroguinolones

Sulfonamides :‘::;vr:::n
Penicillins
Cell Membrane Protein Synthesis Inactivating Enzymes Macrolides
Daptomycin Linezolid f-lactams Aminoglycosides
Tetracyclines Aminoglycosides
Macrolides Macrolides
Aminoglycosides Rifamycins

Fig. 2.6 Mechanisms used by common antibiotics to deal with bacteria and ways by which
bacteria become resistant to them (adapted from wikipedia)

2.3.2 Ribosomal Protection

Twelve ribosomal protection genes have been characterized, of which three (25%)
[tetB(P), otr(A), tet] are unique to environmental bacteria (Tables 2.2 and 2.3). The
genes have been divided into three base groups related to their amino acid
sequences rather than G p C% content as is done with the efflux genes (Thaker
et al. 2010). The ribosomal protection genes code for cytoplasmic proteins of B
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72.5 kDa in size that protect the ribosomes from the action of tetracycline in vitro
and in vivo. Unlike the efflux genes, the ribosomal protection genes confer resis-
tance to tetracycline, doxycycline, and minocycline but not tigecycline (Roberts
2005a). Forty-nine Gram-negative genera have been characterized that carry at
least one ribosomal protection tet gene(s). Of these, 12 (24%) Gram-negative
genera carry a single ribosomal protection gene, while the remaining genera carry
multiple or ribosomal protection or efflux and ribosomal protection genes. Thirty-
eight Gram-positive genera carry ribosomal protection genes, of which 15 carry a
single gene and 23 carry one or more ribosomal protection and/or both ribosomal
protection and efflux tet genes (Table 2.4).

2.3.3 Mosaic

Mosaic tet genes consist of regions from two known tet genes with a descriptive
designation such as tet(O/W) representing a hybrid between the tet(O) at one end and
tet(W) at the other end of the gene (Stanton and Humphrey 2003). A tet(W/O/W)
designation would represent a hybrid between the tet(O) and tet(W) genes with a
partial tet(O) sequence between the ends of the tet(W) gene. Mosaic genes can only
be determined by sequencing the complete gene and at this time, the number of
different genera known to have them is very limited. Three different hybrid genes
have been sequenced from Megasphaera elsdenii, and the amino acids coded by
these three genes share 95.8, 89, and 91.9% identity with the TetW protein with
13—43% of their sequences at the ends of the gene related to tet(O) genes. All three of
the mosaic genes had G p C% between 50 and 55 similar to that of other tet
(W) genes. A new name was suggested for designating hybrid genes that coded for
proteins made of more than 50 amino acid residues in a single stretch that are from
different genes (Levy 2006). The various mosaic genes identified are tet(O/W), tet
(O/W/0), tet(032/0), and tet(O/W/32/W/O).

2.3.4 Enzymatic

Three genes that code for inactivating enzymes have been identified, tet
(X) (Bacteroides, Pseudomonas, Spingobacterium), tet(34) (Pseudomonas, Serratia,
Vibrio), and tet(37) (metagenomic). These three tet genes are found only in Gram-
negative species. Six of the seven genera that carry one of these inactivating tet genes
may carry efflux and/or ribosomal protection tet genes, thus their contribution to
bacterial Tcr compared to the efflux and ribosomal protection tet genes is unclear
(Table 2.1). Perhaps as more environmental bacteria are characterized, more genera
carrying one of these tet genes may be found and/or other inactivating tet genes will
be identified.
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Table 2.4 Tetracyline resistance genes linked to other genes

Gene | Linkage | Phenotype/element
Efflux
tet(A) blatem B-lactamase
str A, str B Streptomycin
sul2 Sulfamethoxazole
floR Florfenicol/chloramphenicol
SGI1 Salmonella genomic island 1
mer operon Mercury
Tn2l1, Tn 1721 Transposon
tet(B) blatgm B-lactamase
cat A Chloramphenicol
tel(M) Tetracycline
str A, str B Streptomycin
Sull. sul2 Sulfamethoxazole
mer operon Mercury
int 1 Class I integron
Tn 10 Transposon carrying blatgy
SGI1 Salmonella genomic island 1
tet(G) aad A2, aad B Aminoglycoside
dfr A Trimethoprim
floR Florfenicol chloramphenicol
sul 1 Sulfamethoxazole
cml A9 Chloramphenicol
SGI1 Salmonella genomic island 1
qacEAI Detergent resistance
tet(H) sul2 Sulfamethoxazole
str A, str B Streptomycin
tet(K) mec A Methicillin
dfr K Trimethoprim
mer operon Mercury
pT181 S. aureus plasmid
p1258 V. aureus plasmid with mer operon
SCCmec element 11 One of the characterized mec A elements
Tn554 Transposon carrying erm(A) [MLSg]
tet(L) dfrK Trimethoprim
tet(33) aadA9 Aminoglycoside
1S6100 Insertion sequence
tet(40) tet(0/32/0) Tetracycline (mosaic gene)
Ribosomal protection
tet(M) erm(B) MLSg
mef(A), msr(D) Macrolide
aph A-3 Kanamycin
tet(B) Tetracyclinc

(continued)
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Table 2.4 (continued)
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Gene Linkage Phenotype/element
mer operon Mercury
Tn917 Transposon carrying erm(B)
Tn916-Tnl545 Transposon family
tet(O) mef(A), msr(D) Macrolide
tet(Q) erm(B), (F), (G) MLSg
mef(A), msr(D) Macrolide
rte ABC excision
CTnDOT, Tn4351, Tn4400 Bacteroides conjugative transposons
tet(S) Tn916S Transposon
tet(W) TnB1230 Bifidobacterium transposon
ATE-1,-2,-3 Arcanobacterium transposon
Enzymatic
te1(X) | enn(F) | MLSg

Adapted from Roberts (2011)

2.3.5 Unknown

The tet(U) gene produces a small protein (105 amino acids) that confers low-level
tetracycline resistance (Chopra and Roberts 2001). The TetU protein has 21%
similarity over its length to the TetM protein, but it does not include the consensus
GTP-binding sequences, which are thought to be very important for tetracycline
resistance in ribosomal protection proteins. The tet(U) gene has been identified in a
vancomycin- and tetracycline-resistant S. aureus strain that did not carry the tet(K),
tet(L), tet(M), or tet(O) genes. From the same patient, vancomycin-resistant entero-
cocci were cultured that carried both the tet(U) and tet(L) genes and a few isolates
also carried the tet(K) and/or tet(M) genes (Weigel et al. 2004). The tet(U) gene has
also been identified in Enterococcus spp. The importance of the tet(U) gene is
unclear since both Enterococcus and Staphylococcus isolates are able to carry a
variety of efflux and ribosomal protection tet genes.

2.4 Sulfonamide Resistance Genes

The sulfonamides, the first antimicrobials developed for large-scale introduction
into clinical practice (in 1935), target dihydropteroate synthase. Their serendipitous
discovery (the antibacterial activity was seen initially in vivo when the active
compound was released as part of a dye) pales only in comparison with that of
Fleming’s chance discovery of penicillin (Levy 2002). Two sul genes (sull and
sulll) and one genetic element associated with mobile antibiotic resistance genes
[class 1 integron (intI1)] in eight livestock farms in Hangzhou, eastern China was
investigated (Cheng et al. 2013).
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2.5 Resistance Rates and Trends

Antibiotic resistance patterns of individual pathogens to the drugs used to treat them
vary considerably between and within countries. These differences are driven by
different patterns of antibiotic use, distinct national disease burdens, disparities in
access to first- and second-line treatments, and the burden of co-infections, partic-
ularly malaria, the human immunodeficiency virus (HIV), and tuberculosis (O’Neill
2014). Resistance rates have also been correlated with seasonal antibiotic use: in the
United States, spikes of resistant E. coli correlated significantly with seasonal highs
in aminopenicillin and fluoroquinolone prescriptions, lagging by 1 month (Sun
et al. 2012). Some antibiotic-resistant infections, such as H. influenzae in children
under five, have higher mortality rates compared with susceptible infections (27 ver-
sus 7% mortality). However, this increased risk of death is not universal: in the case
of healthcare-associated infections, antibiotic resistance does not greatly increase
mortality or length of hospital stay due to bloodstream infections or pneumonia
(Lambert et al. 2011). Antibiotic-resistant infections also contribute to the financial
burden on healthcare systems. In Europe, they cost an estimated.

1.5 billion euros annually, including healthcare expenditures and productivity
losses (i.e., both direct and indirect costs) (EMA and ECDC 2009). In the United
States, the annual cost to the healthcare system is as much as $20 billion, and
productivity losses total another $35 billion (CDC 2013). High-income regions
and countries. In the United States, CDC (2013) has estimated that more than
2 million infections and 23,000 deaths are due to antibiotic resistance each year.
In Europe, an estimated 25,000 deaths are attributable to antibiotic-resistant infec-
tions (EMA and ECDC 2009). Resistance of Streptococcus pneumoniae invasive
isolates to antibiotics has declined in the United States, from 34 to 17% from 1999 to
2013 for penicillins, and from 15 to 8% from 1999 to 2012 for third-generation
cephalosporins. From 1999 to 2012, resistance to microclines increased from 23 to
34%, but fluoroquinolone resistance remained stable, at 2%. Among E. coli and
K. pneumoniae isolates, resistance to third-generation cephalosporins and
fluoroquinolones increased steadily: for third-generation cephalosporin resistance
in E. coli, from 2 to 12%, and in K. pneumoniae, from 8 to 19%; for fluoroquinolone
resistance in E. coli, from 5 to 30%, and in K. pneumoniae, from 7 to 18%. Among
E. faecium invasive isolates, vancomycin resistance increased from 65 to 76%.
Compared with other high-income countries, the United States has higher rates of
resistance to many Gram-positive bacteria, including VRE and MRSA (CDDEP
2015). Low- and middle-income regions and countries K. pneumoniae is the most
commonly reported Gram-negative pathogen in Asia and Africa, making up nearly
half of all Gram-negative infections in neonates. In Asia, median resistance of
K. pneumoniae to ampicillin was 94%, and to cephalosporins, 84%; in Africa, it
was 100 and 50%, respectively. Multidrug resistance appeared in 30% of strains in
Asia and 75% of strains in Africa (Le Doare et al. 2014). In sub-Saharan Africa, rates
of multidrug resistance exceeding 50% have been reported in invasive typhoidal and
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nontyphoidal Salmonella infections. Resistance to the drugs used to treat multidrug-
resistant Salmonella, such as fluoroquinolones, is also increasing (Kariuki et al.
2015). Invasive nontyphoidal Salmonella infections are responsible for more than
600,000 deaths per year, 55% of them in Africa (Kariuki et al. 2015). Patterns of
antibiotic resistance differ slightly in Latin America and the Caribbean, where
prevalence of community-associated Enterobacteriaceae infections is higher than
in the rest of the world, especially in urinary tract infections caused by E. coli and
intra-abdominal infections caused by E. coli and Klebsiella spp. These infections
show increasing resistance to trimethoprim-sulfamethoxazole, quinolones, and
second-generation cephalosporins. In 2009, rates of resistance in urinary tract
E. coli isolates reached 71% in women and 85% in men, with the highest rates
occurring in Argentina and Peru (Salles et al. 2013). In Latin America and the
Caribbean in 2013, resistance in community S. pneumoniae isolates was generally
low to penicillins but ranged from 0% in Bolivia to 97% in Chile. No resistance was
detected to vancomycin, and very low resistance was detected in some countries to
third-generation cephalosporins. Resistance in E. faecium hospital isolates was
higher than for E. faecalis. Resistance in E. faecium was high to ampicillins and
vancomycin, reaching 100% resistance to ampicillins in Ecuador, El Salvador, and
Paraguay. Paraguay also had the highest resistance to vancomycin, at 75%.
E. faecalis resistance to ampicillin ranged from 0 to 15%, and resistance to vanco-
mycin ranged from 0 to 22% (PAHO forthcoming). In Nepal, resistance rates
exceeded 50% for S. pneumoniae and K. pneumoniae isolates to commonly used
treatments, having increased from 2000 to 2008. Resistance of Salmonella typhi and
Salmonella paratyphi strains have also increased since 1998 to the present, and in
E. coli, from 2006 to 2010. Resistance rates were above 50% to all drugs tested in
E. coli urinary tract infections, and high resistance rates were detected in gonorrheal
infections.

2.6 Global Patterns and Emerging Threats

The most recent worldwide estimates of global antibiotic resistance, published by
the World Health Organization (WHO) in 2014, list Escherichia coli, Klebsiella
pneumoniae, and Staphylococcus aureus as the three agents of greatest concern,
associated with both hospital- and community-acquired infections. In five of the six
WHO regions, some countries reported E. coli resistance of more than 50% to
fluoroquinolones and third-generation cephalosporins. K. pneumoniae resistance
rates to third-generation cephalosporins are above 30% in most WHO member
countries and exceed 60% in some regions (WHO 2014). MRSA resistance rates
exceed 20% in all WHO regions and are above 80% in some regions (WHO 2014).
Streptococcus pneumoniae, nontyphoidal Salmonella, Shigella spp., and Neisseria
gonorrhoeae were also identified as community-acquired infections of high global
concern. High rates of resistance to first- and second-line drugs are already increas-
ing reliance on last-resort drugs, such as carbapenems (WHO 2014). This report



2 Antibiotics Resistance Genes 35

provides an overview of the best available data on antibiotic resistance rates
worldwide, drawing from Resistance Map (www.resistancemap.org, a global data-
base of antibiotic use and resistance information, developed by the Center for
Disease Dynamics, Economics and Policy [CDDEP]), WHO, national sources,
and scientific publications.

2.7 Conclusions

Antibiotic pollution has been detected around the world in almost all compartments of
the environment. The impact of antibiotics and antibiotic resistance gene pollution has
become a major concern lately, and it is essential to understand the interaction of
antibiotics with ecosystems. The release of antibiotics into the environment resulted in
developing its resistance gene and other resistance genetic material (integrons, trans-
posons, etc.). These resistance genes were also found in human pathogens and pristine
environment, and now these genes can persist and spread even in the absence of
antibiotics. Resistance among common pathogens causing community- and hospital-
associated infections is increasing worldwide though regional patterns of resistance
vary. Antibiotic resistance patterns follow patterns in antibiotic use: for newer antibi-
otics, lower resistance levels are reported, particularly in developing countries, where
new drugs may be unaffordable for most. More comprehensive data collection and
systematic examination and dissemination of existing data are needed to complete the
global picture of antibiotic resistance. Seventeen (39%) of the 43 known tet genes
including 12 (44%) of the efflux, 3 (25%) of the ribosomal protection, and 2 (66%) of
the enzymatic tet genes are assigned to unique to environmental bacteria. It is possible
that over time, these “unique tet genes” will move into bacteria associated with
animals and/or humans as the tet(X) gene suggests. To a large extent what is in the
environmental bacterial population remains largely unexplored. However, over time
and as more of these environments are explored, it is clear that the number of new
environmental genera of bacteria carrying tet genes will continue to increase, as will
the number of tet genes identified from metagenomic DNA preparations from all types
of ecosystems. Unfortunately, it is likely that human activities will continue to pollute
the environment, which will make distinction between environmental and
nonenvironmental impacts increasingly difficult.
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Chapter 3

A Review on Antibiotics Consumption,
Physico-Chemical Properties and Their
Sources in Asian Soil

Sija Arun, Moitraiyee Mukhopadhyay, and Paromita Chakraborty

3.1 Introduction

Antibiotics are the widely used antimicrobial drugs either for prevention or treat-
ment of bacterial infections by inhibiting the growth of bacteria. A large variety of
antibiotics are extensively used across the globe to treat human as well as animals.
Antibiotics are used not only to treat individual animals with bacterial infections,
but also to promote growth. Consumption of antibiotics by livestock was reported to
be 63,200 tons in 2010, which is more than the total human consumption worldwide
(Van Boeckela et al. 2015). To meet the projected population of 8.5 billion in 2030,
the consumption of antibiotics may rise by two-thirds and may reach 105,600 tons
(United Nations 2015). This increase may be due to the increase in the number of
livestock production raised in large scale to meet the increasing demand (Van
Boeckela et al. 2015).
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Antibiotic consumption increased by more than 30% between 2000 and 2010,
from approximately 50 to 70 billion standard units. This is based on the data from
71 countries including most highly populated countries (Van Boeckel et al. 2014).
Out of the total consumption, about 20% of antibiotics are used in hospitals and
other healthcare clinics in most countries. Eighty percent is used in the commu-
nity, either prescribed by healthcare providers or purchased directly by consumers
over the counter without prescription (Kotwani and Holloway 2011). There is a
probability that more than half of this usage by the community is not used
appropriately, which means there is no health benefit for cough and cold from
the treatment but it only increases the burden of antibiotic resistance in the
environment.

It is estimated that India alone consumed 12.9 billion antibiotic pills in 2010
followed by China (10 billion) and the USA (6.8 billion). Antibiotic usage in
India alone has risen by 62%, from 8 billion pills in 2001 to 12.9 billion in 2010.
Globally, antibiotics usage increased by 30% in the first decade of the twenty-first
century.

Antibiotics used by the humans and animals are reaching the environment
through excreta. Human excreta in the form of wastewater are treated in wastewater
treatment plants, but 100% removal of antibiotics is simply not possible in conven-
tional wastewater treatment plants (WWTP). Some percentage of antibiotics parti-
tions in the sludge. So the sludge and final effluent from WWTP contains
antibiotics. The sludge is used as manure and the effluent is discharged into natural
resources. Liquid manure from the livestock farming is also used for soil enrich-
ment. Later, it has been found that these are the routes for the entry of antibiotics in
different environmental matrices. Hence, it is important to understand the behavior
of these compounds and their fate in the environment. This chapter aims to review
the physico-chemical properties of antibiotics, their consumption pattern across the
globe, and potential sources in soil.

3.2 Antibiotics: How Does It Work?

Effects of antibiotics include killing the bacteria by blocking the critical physio-
logical processes in bacteria and prevent further prolification, thereby helping the
body’s natural immune system to fight against the bacterial infection. Antibiotics
work differently for different types of bacteria. Antibiotics like amoxicillin and
gentamicin targets an extensive range of bacteria and hence are called broad-
spectrum antibiotics. Antibiotics like penicillin affect only a few strains of bacteria
and hence categorized as narrow-spectrum antibiotics. There are wide range of
antibiotics working in different manner against the bacteria. For example, as shown
in Fig. 3.1, penicillin a p-lactam destroys bacterial cell walls, while other antibiotics
can affect the way the bacterial cell work.
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Fig. 3.1 Hypothetical schematic representation showing the mode of action of different antibi-
otics against bacteria

3.3 Consumption of Antibiotics

Consumption of antibiotics is broadly divided into three categories viz.,
(a) combating microbial infections, (b) agricultural usage, and (c) livestock infec-

tions and production. Consumption pattern of these categories around the world are
described below.

3.3.1 Combating Microbial Infections

During 2000 and 2010, the rate of consumption of antibiotics has increased by 30%.
Nearly three-fourth of this increase was contributed by Russia, India, South Africa,
and China. With 12.9 x 10° units, India consumed the maximum number of
antibiotics in 2010, followed by China and the USA. Antibiotic consumption was
found to be seasonally varying in most countries. Two last-resort classes of
antibiotic drugs with increasing consumption rate were carbapenems (45%) and
polymyxins (13%) (Haley and Morrill 2015).
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Fig. 3.2 Consumption of antibiotics by different countries across the globe during 2000 and 2010
(data courtesy-Van Boeckel et al. 2014)

Penicillins and cephalosporins accounted for more than 60% of the global
consumption in 2010. These old antibiotics are still used for treating infections
and their use increased by 40% during the last decade. Fluoroquinolones and
macrolides consumption also increased by 30%. But there is not much increase in
the consumption of tetracycline, trimethoprim, and narrow spectrum of penicillin
from 2000 to 2010 (Van Boeckela et al. 2015).

From Fig. 3.2 it is evident that high income countries like France, Germany, and
the USA realized the threat caused by the antibiotics, and they have decreased their
consumption since 2000 (Van Boeckela et al. 2015). But in developing nations like
China, India, and South Africa, antibiotic consumption has drastically increased
from 2000 to 2010. In South Africa, the consumption has doubled. Variation in the
consumption of antibiotics followed seasonal pattern. There was a sharp increase in
antibiotic consumption during winter when compared to summer associated with
the increased rate of diseases during winter.

3.3.2 Livestock and Agricultural Usage

As the population increases, the demand for animal food also increases. Antibiotics
are therefore extensively used to promote the growth of poultry and aquaculture
farms. It was estimated that 63,200 tons of antibiotics were consumed by livestock
in the year 2010 (Van Boeckela et al. 2015), which accounts for more than 60% of
the estimated 100,000 tons of antibiotics produced annually across the globe (Bbosa
et al. 2014). With this projected increase, the global antibiotic consumption in
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livestock production may rise up to 105,600 tons by 2030. Sixty-six percent of this
increase was due to the raise in the number of animals, and the remaining 34% was
due to the shift from extensive to intensive farming (Van Boeckela et al. 2015). The
analysis of consumption pattern of antibiotics in 2010 showed that China consumed
the major part of the total consumption of antibiotics in livestock followed by the
USA, Brazil, Germany, and India. This is because the developed countries like
Germany reduced their consumption by understanding the threat caused by antibi-
otic resistance. With projected rise in population by 13% in 2030, the rate of
consumption of antibiotics is also expected to double in developing nations like
India, China, and South Africa (Van Boeckela et al. 2015).

3.4 Physico-Chemical Characteristics of Antibiotics

3.4.1 Tetracycline and Sulfonamides

Amphoteric antibiotics such as tetracycline and sulfonamides have pKa values
3 and 2, respectively. Though tetracycline is sparingly soluble in water, the solu-
bility of the corresponding hydrochloride is much higher. On the other hand,
sulfonamides are insoluble in water and under goes protonation at pH 2-3 and
deprotonation at pH 5-11 (Gao et al. 2014). Depending on the dissociation constant
(K4) value of tetracycline (range: 417-1026 mL/g) and sulfonamides (range:
0.9-18.1 mL/g), it has been reported that tetracycline has a higher tendency to
migrate in soil than that of sulfonamides.

3.4.2 Fluoroquinolones

Fluoroquinolones, the representative quinolone derivatives with fluorine at the sixth
position, are used as antibacterial agents with a broad range of therapeutic activity.
The quinolones are amphoteric and with a few exceptions, generally exhibiting
poor water solubility at slightly acidic or alkaline condition (pH 6-8). Although the
impact on therapeutic efficacy is not clear, they appear to act as weak bases and are
much less effective in acidic than in nonacidic condition. The quinolone nucleus
contains a carboxylic acid group at position 3 and an exocyclic oxygen at position
4 (hence the term 4-quinolones), which is the active DNA-gyrase binding sites. It
exhibits its antibacterial activity by preventing the unwinding and duplication of
the DNA.
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3.4.3 Macrolides

Macrolides are a group of antibiotics that can work on a broad range on bacteria
primarily by inhibiting the protein synthesis in bacteria. It has the inability to stay
activated in highly alkaline or acidic condition; it can stay activated only in pH
ranging from 4 to 10. The presence of one more deoxy sugar attached to the lactone
ring enhances the possibility of macrolides to undergo a varied number of chemical
reaction. The macrolide antibiotics typically have a large lactone ring in their
structure and are much more effective against Gram-positive than Gram-negative
bacteria. They contain a dimethyl amino group, which makes them basic. Although
they are sparingly soluble in water, they dissolve in polar organic solvents.

3.4.4 Aminoglycoside

Aminoglycoside antibiotics consist of an aminocyclitol group, with amino sugars
attached to the aminocyclitol ring in glycosidic linkage. The basic nature and high
water solubility characters of the antibiotics come from the amino groups and the
hydroxyl groups on the sugar, respectively. Removal of the hydroxyl group from
the amino sugars (e.g., tobramycin) increases the lipid solubility thereby increasing
the activity as it can be get absorbed in the lipid layer of the human body. One major
drawback of aminoglycoside drug is its pKa value ranging from 8 to 10 which limits
the movement of this drug in human body.

3.4.5 p-Lactam

These antibiotics are characterized by the four-membered p-lactam ring which is
the active component in the drug and acts on bacteria by inhibiting the cell wall
synthesis.

3.5 Sources of Antibiotics in Asian Soil

Antibiotics that are consumed by human beings and animals are not completely
absorbed or metabolized; therefore, they are released to the environment through
their excreta. Conventional wastewater treatment plant does not completely remove
these kinds of compounds. In some areas, treated water is used for irrigating land
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and sludge from the treatment plant is used as manure. Manure from the livestock
farms are also used as fertilizer. So eventually, 30-50% of the used antibiotics reach
different environmental matrices like surface water, groundwater, and soil. Some
studies also demonstrated the risk associated with the consumption of fresh vege-
tables grown in soil which is amended with antibiotic laden manures. It is therefore
very important to know the sources, environmental concentration, and risks asso-
ciated with the presence of antibiotics in soil as soil acts as sink for organic
compounds. Antibiotics may enter into the soil from different pathways:

(1) Using the sludge from wastewater treatment plant as manure
(i1) Using livestock excreta as manure
(iii) Using treated water for irrigation
(iv) Surface runoff from solid waste municipal dumpsite

(v) Use of antibiotics in aquaculture

(i) Using the sludge from wastewater treatment plant as manure

For a long period of time, sewage sludge was used as fertilizer because of high
nitrogen and phosphorous content. But later it was found that sewage sludge
contains heavy metals, pharmaceutical and personal care products, phthalates,
dioxins, polycyclic aromatic hydrocarbons, flame retardants, and other endocrine
disrupters. Wastewater to be treated in the plant includes industrial effluents, storm
water runoff, washings from agricultural fields, and domestic wastewater. Waste-
water from the WWTPs may enter the farmlands and might pose adverse impact on
health of both human and animals via exposure through the food chain. In sludge,
oxytetracycline was found to be dominant.

(ii) Using livestock excreta as manure

Antibiotics are used in livestock farms to suppress parasites, to treat diseases caused
by bacteria, and to promote growth of livestock production. The percent of absorp-
tion and metabolism of antibiotics in animal body is less. Approximately 30-90%
of the antibiotics used are being excreted through urine and feces and subsequently
released into the surrounding environment (Heberer et al. 2002; Bound and
Voulvoulis 2004). When comparing the antibiotic concentration in sludge and
livestock manure, the latter showed higher values. For example, tetracycline con-
tent in sludge and in livestock manure were 2.17 mg/kg and 56.95 mg/kg, respec-
tively. So it is evident that untreated antibiotics used for veterinary purposes may
affect the human health via food chain.

(iii) Using treated water for irrigation

Recycling of treated water for irrigation is an old practice. Regulation of treated
water for irrigation is limited to very few parameters even in the USA. Most of the
antibiotic compounds are not metabolized in the body and unused drugs are directly
disposed off into the sewage collection system (Kiimmerer and Henninger 2003).
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Various processes in the wastewater treatment plants do not completely remove the
antibiotics and therefore get discharged into the environment (Kiimmerer and
Henninger 2003). Antibiotics are considered as pseudo-persistent contaminants.
Antibiotics do not degrade easily hence with the increasing consumption, the concen-
tration of these pseudo-persistent contaminants are increasing in the environment.
Azithromycin, clarithromycin, ciprofloxacin, erythromycin, norfloxacin, ofloxacin,
sulfamethoxazole, and trimethoprim are the antibiotics normally detected in wastewa-
ter treatment plant effluents (Fatta-Kassinos et al. 2011; Zhang and Li 2011; Watkinson
et al. 2007). Some studies have detected antibiotics, such as erythromycin, sulfameth-
oxazole, trimethoprim, and tetracycline in wastewater irrigated soils. Variability in
distribution of antibiotics concentration depending on the land usage pattern shows that
the presence of antibiotics that depends on varied soil characteristics like microbial
diversity, moisture content, and soil temperature.

(iv) Surface runoff from solid waste dumpsite

After expiry date, all the unused antibiotics are improperly dumped into solid waste
disposal sites in developing nations. In most of the developing countries, the animal
waste from slaughtering houses, its excreta, the unused medicines all are collected
by municipality and finally it reaches solid waste dumpsite. During rainy season, all
these wastes are washed away and the surface runoff can ultimately end up in the
surface water. Leachate containing such leftover antibiotics in the solid waste
stream of the municipal dumpsites can penetrate into the groundwater. In some
countries, organic solid waste is converted into manure by composting. The amount
of removal of the antibiotics by composting is unknown. The final product from
composting is generally used as manure in agriculture. So this is a possible source
for entry of antibiotics in soil.

(v) Use of antibiotics in aquaculture

Antibiotics such as tetracycline and oxolinic acid are extensively used in aquacul-
ture farms (Table 3.1). The amount and type of antibiotics used in aquaculture
varies with farming practices, and local and governmental regulations. So the
overall consumption pattern of antibiotics in aquaculture differs from one country
to another. It has been found that antibiotic usage in Norway for aquaculture is 1 g
per metric ton while in Vietnam it is 700 g per metric ton. Unlike prophylactic use
of antibiotics metaphylactic usage is commonly practiced for aquacultural pur-
poses. In metaphylactic usage, the entire population is exposed to the medicine
even if it is not required by some part of the population.
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Table 3.1 Occurrence of antibiotics in Asian soil

Compounds | Soil (pg/kg) Country References
Tetracycline
Tetracycline 976.17 Shenyang, China
20.9-105 Northern China
20.83-177.64 Korea Awad et al. (2015)
22 Beijing, China
Oxytetracycline 2.5-50 (pg/g) Denmark
124-2683 Northern China
1398.47 Shenyang, China
0.09-0.71 Korea Awad et al. (2015)
423 Beijing, China
Chlortetracycline 1590.16 Shenyang, China
33.1-1079 Northern China
0.07-0.85 Korea Awad et al. (2015)
120 Beijing, China
Doxycycline 870.45 Shenyang, China

Fluoroquinolones

Enrofloxacin 2-200 (pg/g)
389 Beijing, China
Ciprofloxacin 250 Shenyang, China
10.3-30.1 Northern China
253 Beijing, China
Norfloxacin 69 Beijing, China
Ofloxacin 0.6-1.6 Northern China
Perfloxacin ND Northern China
Lomefloxacin 10 Beijing, China
Macrolide
Erythromycin ND Beijing, China
Roxithromycin 5.7 Beijing, China
Lincomycin 1.1-11.7 Northern China
Salfonamides
Sulfamethoxazole 671.52 Shenyang, China
0.1-0.9 Northern China
0.5-1.1 Korea Awad et al. (2015)
1.2 Beijing, China
Sulfadiazine 760.09 Shenyang, China
0.6 Beijing, China
Sulfamerazine 311.26 Shenyang, China
Sulfadimidine 11.45 Shenyang, China
Sulfamethazine 0.2-25 (pg/g)
ND-1.11 Korea Awad et al. (2015)
Sulfathiazole 0.04-0.38 Korea Awad et al. (2015)
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Chapter 4
Entry Routes of Veterinary Antibiotics
in the Environment

Reep P. Tasho and Jae Young Cho

Abbreviations

CAFOs Concentrated animal feeding operation

CDDEP Center for Disease Dynamics, Economics and Policy

ESVAC European Surveillance of Veterinary Antimicrobial Consumption

FAO Food and Agriculture Organization of the United Nations

FAOSTAT Food and Agriculture Organization of the United Nations Statistical
Databases

FEDESA European Federation of Animal Health

K4 value Sorption coefficient

Kow Octanol-water partition coefficient

OTC Oxytetracycline

PCU Population correction unit

VA’s Veterinary antibiotics

4.1 Introduction

Veterinary antibiotics (VA’s) are ubiquitous molecules that have, in recent years,
risen major concern in environmental safety. VA’s are antimicrobial agents that
have been exploited for other purposes, such as growth enhancement in livestock.
Therefore, their use and discharge into the environment, mainly anthropogenic,
have also significantly increased which is a major cause for concern. Alexander
Fleming discovered antibiotics for the first time in the 1920s. Since then its use for
disease treatment and prevention in all fields of medicine, including veterinary
sciences, has rapidly increased. However, it was not until 1950s that they started
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being used as growth promoters and enhancers in livestock. A group of American
scientists found that apart from treating diseases VA’s also promoted growth in
livestock (Ogle 2013). This discovery proved to be almost as essential as the initial
one that opened floodgates to the massive production, overuse, and misuse of these
biomolecules. In intensive livestock farming, antibiotic usage in feeds has contin-
ued for more than 60 years. According to the study by Wang and Tang (2010), the
total amount of annual use of antibiotics, including medical and VA’s, has reached
100,000-200,000 tons worldwide. The quantity of VA’s used in food animal
production is thought to be very high, by some estimates even comparable to
quantities used in human medicine.

There are several entry ways of VA’s into the environment which includes both
direct (animal droppings) and indirect methods (field application, waste disposal).
VA’s are not entirely digested within the animal gut, as a result, get excreted out of
the animal system (parent compounds or breakdown metabolites). Thereon, these
molecules find its way into the environment either directly or indirectly. Thus,
recognizing and acknowledging the current demand, the areas, and frequency of use
as well as understanding the properties of VA’s is imperative to comprehend the
various routes of VA’s entry in the environment.

4.2 Veterinary Antibiotics

Antibiotics are naturally occurring compounds, semisynthetic and synthetic, applied
parentally, orally, or topically as an antimicrobial agent. Over 150 antibiotics are in
use today more than 90% of which are natural products of bacteria and fungi (molds)
or semisynthetic modifications of natural compounds. However, a few such as
sulfonamides are completely synthetic (von Nussbaum et al. 2006). The term
veterinary antibiotics are used to define antimicrobial agents used specifically for
the treatment and prophylaxis of animal diseases. Around 2000 veterinary pharma-
ceuticals have been manufactured from 400 plus active chemical ingredients to treat
different animals including pigs, cattle, horses, sheep, goats, birds, fish, deer, cats,
and dogs (FDA 2012). Table 4.1 lists some of the commonly used VA’s.
Description of herd or flock antibiotics depends on their use for therapy, disease
prevention, control, and growth promotion (National Committee for Clinical
Laboratory Standards 2002). Therapy is the administration of antibiotics to an
animal, or group of animals, exhibiting clear clinical disease. Control is the
management of an antimicrobial to herd or flock animals, where the baseline
morbidity and mortality have exceeded. For prevention/prophylaxis, antimicrobials
are given to healthy animals that are considered to be at the risk contamination but
before the onset of expected disease symptoms. Lastly, growth promotion requires
the administration of antimicrobials, over time as feed additives, for enhancing the
animal’s physiological performance. However, the distinction between the purpose
of said antibiotic as a growth-promoting agent or for prophylactic applications is
often not easy. As evidenced in 2001, out of the 23 antibacterial products with US
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Table 4.1 Commonly used veterinary antibiotics and their characteristics in soil

Half- Ky Water
life value solubility
Drug Class Effect (days) |(L kg") (mg L™
Oxytetracycline | Tetracycline Growth promoter, 10-50 | >200 >200
Chlortetracycline veterinary medicine | 10-50 | >200 >200
Tetracycline 10-50 | >200 >200
Sulfamethazine Sulfonamide Disease treatment >50 <5 5-200
Sulfadiazine >50 <5 5-200
Tylosin Macrolide Disease treatment <10 5-200 5-200
Erythromycin 10-50 |0-20 0-20
Neomycin Aminoglycoside | Treatment and con- | na >200 >200
Streptomycin trol of bacterial na >200 >200
enteritis
Penicillin fB-lactam Disease treatment, 10-50 |na 5-200
growth
enhancement
Monensin Ionophore Weight gain in >50 0-20 5-200
cattle
Virginiamycin Peptide Promotes growth of | NA >200 na
poultry
Enrofloxacin Fluoroquinolones | Promotes growth of | >50 >200 5-200
poultry

na data not recorded; NA not available
Sarmah et al. (2006); Thiele-Bruhn (2003); Tolls (2001); Song and Guo (2014)

regulatory approval marketed for feed additive applications, only 15 had growth
promotion label claims (Phillips et al. 2004). The immoderate appliance of antibi-
otics results in environmental contamination with original substances or derivatives.

The physical and chemical properties of VA’s are an important determinant of
their fate in the environment. They determine the interaction of this pharmaceutics
with the soil particles. Being organic compounds VA’s show a broad range of
functional groups (ionic, amphiphilic, or amphoteric) that make their adsorption to
the soil particles relatively easy. These properties influence the characteristics of
VA’s in the environment, classified mainly by:

4.2.1 Degradation Rate

It can also be interpreted as the half-life of individual VA’s in soil. Half-life is the
time required for the inactivation/degradation of half the antibiotics present in
excreta, soil, or water, represented in days. The type of VA’s, prevailing climatic
conditions (especially temperature), type of soil, and other environmental factors
influence the half-life. Degradation rate can be high (deterioration in <10 days),
mediate (<10-50 days), and low (>50 days) .
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4.2.2 Soil Mobility

The sorption coefficient or K, value is a measure of the tendency of a chemical to
bind to soil particles. Different antibiotics have different adsorption affinity for the
solid phase depending upon their K4 value. The K4 value ranges from >200 L kg™
(high), 5 to 200 L kg_l (mediate), and O to 5 L kg_l (low). It is an important
determinant of soil mobility which is an indicator of the potential of VA’s to move
through soil into groundwater and surface runoff.

4.2.3 Water Solubility

As a measure for general hydrophobicity, the octanol-water partition coefficient
(Kow) 1s often used. It is the ratio of a compound’s concentration in a mixture of two
immiscible phases in equilibrium and therefore is a measure of the difference in the
solubility of the compound. VA’s usually have log K, values of less than five
which indicates that they are relatively non-hydrophobic (Tolls 2001). Water
solubility for the majority of antibiotics exceeds 1 g L™' making them relatively
hydrophilic. The range of the water solubility ranges from >200 mg L™ for high,
5 to 200 mg L™ for mediate, and 0 to 20 mg L™ for low solubility.

Thus, based on the physicochemical properties, VA’s that are bioavailable for a
longer period have:

(a) Low degradation rate
(b) High water solubility
(c) Low K4 (sorption coefficient) value

These characteristics effectively increase their chances of entering into different
environmental compartments.

4.3 Veterinary Antibiotics and Intensive Farming
Operations

Veterinary antibiotics are an integral part of intensive farming operations includ-
ing both livestock farming and aquaculture. According to FAOSTAT (2016),
livestock provides 14% of the total calories (kcal) and 33% of protein in people’s
diets. Industrial livestock operations make up 74% of the total global poultry
production, 40% of pig meat, and 68% of eggs, as reported by FAO. Farm
animals also significantly contribute to food security by helping combat
micronutrients deficiency, or “hidden hunger,” by providing people with essential
vitamins and minerals. Also, animal manure for fertilization purposes helps boost
crop productivity improving the economy and food security. Many farmers use



4 Entry Routes of Veterinary Antibiotics in the Environment 53

antibiotics to optimize production in intensive agriculture to satisfy the increasing
protein (animal) demands of the growing population. The performance of the
animal regarding productivity and labor decreases when they are diseased. Thus,
antibiotics are administered, often in an uncontrolled manner, to raise the animal
efficiency which in turn raises the profit margin.

There is also an over-reliance on intensive fish farming to meet the global
demand making aquaculture a booming industry worldwide. Therefore, antibiotics
are widely used in the production of farmed seafood. The major producers are
China delivering 80-90% of the world’s shrimp and carnivorous fish, and Chile
renowned for salmon cultivation (Marshall and Levy 2011). Such farming opera-
tions use at least a dozen antibiotics including a significant amount of quinolones
(Marshall and Levy 2011). The metaphylactic use, i.e., orally treating an entire fish
population even if only a small percentage are affected is common. However, the
prophylactic use of antibiotics is rare in aquaculture. The sick fish in such case will
usually not eat the medicine, so the medication, in reality, is to protect the healthy
ones until the sick fish die and the infection subsides. Therefore, the infection is
rarely completely cleared after the treatment.

Hence, an over-reliance pressurizes industrial farming to produce and provide
food at the global level leading to the misuse of VA’s on a large scale. Also, the
high densities required to make industrial livestock operations profitable often
exacerbate the use of VA’s in a vast majority of farming operations. However,
very few data regarding quantities of specific antibiotics employed in specific
species of food animals are available publicly worldwide. Usually, concentration
limit of the used antibiotics in the environment is not regulated, even though
numerous negative implications of such antibiotics in the environment have been
discussed.

Only a rough guestimate of the annual use of antibiotics can be made: in 1999 in
the EU and Switzerland 13,288 tons of antibiotics were in use of which 29% were
veterinary medicine, 6% growth promoters, and 65% were used in human medicine
(FEDESA 2001). Also, approximately 70%, out of the total 16,200 tons, of antibi-
otics used in a year is for livestock farming. Though based on incomplete data, 80%
of the antimicrobials used in the United States are for veterinary purposes and not
for humans; of which 90% are for non-therapeutic purposes. Before the ban of
growth promoters in Europe pigs and poultry were administered the majority of
antibiotics administered in agricultural livestock production, whereas other species
received only 1% of prescriptions (Ungemach 2000). In 2010, an estimated 63,151
tons of antimicrobials was consumed by livestock across the globe. By 2030, a 67%
increase from 63,151 + 1560 to 105,596 4+ 3605 tons is expected (Van Boeckel
et al. 2015). The rise in the number of animals raised for food production accounts
for two-third of the projected increase while the shift from small-scale to industrial-
scale production accounts for the remaining one-third (Van Boeckel et al. 2015). In
2003, China produced 28,000 and 10,000 tons of penicillin and oxytetracycline
(OTC), a 60 and 65% of the total global output making them the highest producer
and consumer of antibiotics (Yang et al. 2010). Figure 4.1 depicts the current top
ten countries with highest antibiotic consumption.
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Fig. 4.1 Top ten countries 35,000
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The different aqua-farming practices, local and national regulations and gov-
ernment enforcement ability all determine the type and amount of VA’s use in
aquaculture. In the recent years, some countries have introduced more strict
regulations concerning antimicrobial resistance and residues in food. However,
the majority of aquaculture production takes place in countries with “permissive
regulations” with limited environmental monitoring. Thus, the overall use varies
widely among countries. According to the findings of Defoirdt et al. (2011), VA’s
use ranges from 1 g mt™' ton of production in Norway to 700 g mt™" in Vietnam.

Tetracycline followed by sulfonamides and macrolides are the most commonly
used VA’s. Their use accounts for approximately 90% of the total antibiotics used
in the UK and 50% in Korea (Kim et al. 2011). According to ESVAC (2016), of the
overall sales of antimicrobials in the 29 European countries, the largest amounts
expressed as a proportion of mg PCU™" were accounted for by tetracycline (33.4 %),
penicillin (25.5%), and sulfonamides (11.0 %). However, as a result of the differ-
ences in the composition of the animal population and the production systems in
different countries, it is likely to have different reported sales and sales patterns for
VA’s. However, since the prohibition of growth promoters in 2006, an actual
decline in antibiotics used in agriculture has been recorded.

4.4 Introduction of Veterinary Antibiotics
in the Environment

Industrial farming operations are unfortunately very resource intensive and pollute
the soil, ground and surface water, emit greenhouse gasses, and also contribute to
antibiotic resistance. The introduction of VA’s in the environment occurs mainly
through direct or indirect contamination of soil/water by animal manure loaded
with undigested antibiotic compounds and metabolites (Fig. 4.2). Direct entry takes
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place in the form of fecal droppings of cattle on grassland while the cattle graze or
use grassland as an outdoor run. Indirect methods of entry include the use of
livestock waste as manure or slurry for fertilization purposes. Other minor entry-
ways of VA’s into the environment are as follows—(1) pharmaceutical companies,
(2) drug manufacturing process, (3) waste storage structures, (4) hospitals,
academic, and research institutes. However, in the scheme of today’s global
scenario with an overgrowing reliance on intensive livestock and agricultural
farming practices to produce food; the untreated and unsafe disposition of farm
animal excreta either as waste or as manure is the primary cause of VA’s entry into
the environment. Listed below are some of the direct and indirect methods of VA'’s
entry in the environment:

4.4.1 Grazing Animals

Numerous research suggests that responsible grazing offers many substantial
environmental benefits. Grazing increases plant and animal diversity. It is helpful
in controlling invasive plant species, erosion, wildfire threats, and habitat fragmen-
tation. Grazing helps improve vegetation and preserve open space meanwhile
providing food for consumers. Therefore, many industrial as well as household
livestock owners are opting for more natural feeding method of grazing. VA’s are
administered in the daily feed or water of animals for numerous reasons. Most
likely, VA’s are used to prevent animals from possible disease outbreaks. However,
antibiotics are also administered to promote weight gain or to counter the effects of
other treatments or hard to digest feeds. Even though the latter motive is question-
able, many would agree that treating a sick animal with medicine is also crucial.
Thus, many if not all animals are exposed to VA’s at therapeutic or subtherapeutic
dosage. As mentioned earlier, the animal gut is unable to digest the VA’s
completely. The undigested or partially digested VA’s and its breakdown
metabolites are then thrown out during excretion. Grazing animals excrete
much—if not all—of their manure directly onto the land. Depending on the sex,
type, and age of the animal, around 29.5 kg of dung and 13.2 1 of urine is produced
daily. Therefore, a hoard of grazing animals can release a significant amount of
VA’s that can directly enter the terrestrial environment Animals.

4.4.2 Aquaculture

One of the most unfortunate aspects of aquaculture production system is the use of
open net-cages placed directly in the ocean. Farm waste, chemicals, disease, and
parasites are potentially released directly into the surrounding waters. Aquaculture
waste is largely liquid but may also contain unconsumed fish feed, dead fish,
plankton, fecal matter, eggshells, and chemicals, including undigested antibiotics.
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When over half a million or more farmed fishes are penned in a small area, fish farm
waste can build up rapidly thereby disturbing the ocean bottom and surrounding
ecosystems, especially in shallow waters or areas that do not flush well. Regulatory
measures such as setting the cages in places with strong currents to wash away the
effluent and moving the cages yearly have been effective in deconcentrating the
bulk of waste discharge in any one area. However, the risk of antibiotic contami-
nation is still an alarming issue. Also, because of the high densities at which fishes
are farmed, disease and parasite outbreaks in fish farms can spread rapidly. Fish
farmers, therefore, administer antibiotics and other chemicals in fish feed to combat
these outbreaks. However, the effect of the drugs on the ecosystems around the
cages, as well as residual antibiotics winding up on consumers’ plates is a risky
possibility. These antibiotics not only promote resistant bacteria in the farmed fish
but also threaten to transmit resistance to wild fish populations and the broader
environment.

4.4.3 Manure Application in the Fields

The application of animal excreta, potentially loaded with VA’s, as manure for
fertilization without proper treatment before field application, is also a major cause
for concern. Sufficient nutrients and high organic matter content make animal
manure an excellent choice as a fertilizer. Crop yield with the application of animal
waste (liquid manure) at agronomics rate is equivalent to that of chemical fertilizers
(Schmitt et al. 1995). In the context of today’s global scenario where organic
agricultural practices predominate, the application of animal manure functions as
the principal source of antibiotic entry into the environment. Since 1990 the
worldwide organic food market has grown rapidly, reaching $63 billion in 2012
(Helga et al. 2013). In 2011, of the total world farmland, approximately 0.9%, i.e.,
37,000,000 ha constituted of organically farmed land (Willer and Kilcher 2011).
Due to its ease of availability and other beneficial aspects, livestock manure is an
excellent choice for organic farmers. According to the policies, the administration
of medicine to organic livestock is only for treatment when they are sick and not for
growth enhancement (FAO 2001).

The concentration of antibiotics in manure slurry varies from a trace to as high as
216 mg L' (Kumar et al. 2005). Detection of oxytetracycline concentrations 6, 7,
and <5 pg kg™ at the soil depth of 0, 30, and 60 cm depth after cattle manure
application at 96 Mg ha™' is reported by De Liguoro et al. (2003). In the same study,
tylosin concentration of <10 pg kg™' was detected as well. In fields amended with
swine liquid manure, Hamscher et al. (2002) reported tetracycline concentrations of
86, 199, and 172 mg kg™ of soil at 0—10, 10-20, and 20-30 cm depths. A large
number of antibiotics present in manure can potentially transport and persist in the
environment after field application (Gavalchin and Katz 1994). It is important to
note that in comparison to the farmer’s households a higher concentration of
antibiotic residues is reported in animal manures from industrial livestock farms.
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In the administered animals, the level of VA’s residue varies from pig
manure > chicken manure > cow manure. Furthermore, between the administered
animals the level of VA’s residue varies according to the type of animal:
pig > chicken > cow (Zhang et al. 2008b).

4.4.4 Land Input of Farm Animal Waste

Each year tons of meat is produced to satisfy customers worldwide, which corre-
sponds to the production of tons of animal waste annually worldwide. Livestock
produces an estimated one billion tons of urine and feces annually that potentially
may contain serious amounts of antibiotic metabolites which if not treated properly
can cause serious environmental health issues. During the period required for swine
to attain the market size of 114 kg (5-6 months), 1.5 tons of fresh manure is produced
on average (Richert et al. 1995). Among the major livestock, pigs generate the
largest amount of waste around 13.4 million tons/year. Beef, dairy, and chicken
account for about 7.5, 7.1, and 4.9 million tons/year, respectively. In 2007, 2.2
billion head of livestock and poultry generated approximately 1.1 billion tons of
manure. In South Korea, an annual 46.5 million tons of animal manure were
produced from 3.3 million cattle, 7 million pigs, and 140 million poultry birds
(Ahn et al. 2011). Studies show that as much as 90% of some antibiotics may be
excreted as their parent compound (Phillips et al. 2004; Kumar et al. 2005). The
nature of the antibiotic used, the animal species it is administered to, the type of
application procedure used, and the duration of antibiotic administration determines
the excretion rate. Interestingly, the level of VA’s residue in animal excreta shows
significant statistical difference depending on the sampling sites and the type of
animal species (Zhao et al. 2010). Safe and proper disposal of animal excreta,
produced daily, from intensive livestock farms that breed thousands of cattle,
often in small areas, is a challenge.

Concentrated livestock farming practices that produce tons of animal excreta
every day, often dump animal slurry into the surrounding areas from where the
antibiotics can easily migrate into the different environmental compartments. For
the disposal of large amounts of animal waste generated from the livestock farms,
land input is the most common and easiest. It also saves the cost of collection,
transport, and proper treatment of wastes for the farmer. Concentrated Animal
Feeding Operation (CAFOs) workers in the United States and Korea often apply
their effluents into the fields by signing contracts with nearby farm owners.
However, in most cases, it is not required by law to treat livestock waste. Therefore,
studying and evaluating the fate of antibiotics in livestock farms from administration
to excretion, waste collection to disposition, taking into account potential soil-water
transport is necessary.
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4.4.5 Waste/Manure Storage

Waste storage conserves nutrients contained in the manure which is valuable during
extended periods of bad weather, winter months when many forage crops are
dormant, that make application impractical. It also gives producers the option to
use manure as and when crops need or can best utilize the nutrients. However,
accumulating manure in a small area can be risky to the environment unless done
properly. Improperly managed manure can contaminate both surface and ground-
water with nutrients, disease-causing organisms, and even antibiotics. VA’s have
relatively slow degradation rate during storage (Boehm 1996 and Migliore et al.
1995). After excretion, the antibiotic metabolites can transform back into their
parent compound (Langhammer 1989). For instance, some antibiotics after their
transformation into conjugates such as acetylated metabolites become inactive and
analytically absent. However, the originally active form, after the cleavage of acetyl
groups, can release in manure (Christian et al. 2003).Thus, some effective biosolids
such as the active form of some antibiotics could be released into the environment
through leaching and runoff.

Storage facilities store livestock wastes in three forms: solid, semi-solid, and
liquid. Solid waste storage utilizes walls and slabs. For semi-solid waste, pumps or
scrapers are used to move manure into containment areas and may separate solids
from liquids. Tanks, pits, waste storage ponds, or lagoons are used in liquid waste
facilities to hold manure. Over an extended time, the waste storage facilities itself
may also incur environmental damage increasing the risk of waste leakage. The side
walls of the storage pits may crack and erode due to weathering, wave action, or
wetting and drying cycles. Wastes can seep into the underlying soil and contami-
nate groundwater with potential active VA’s or its metabolites. Also, improper
maintenance of waste storage facilities may cause leaking and contaminate soil.
Infrequent emptying of storage pits causes overflowing endangering surface water.
Pipes and pumps for moving wastes must be carefully installed and checked at
regular intervals for leakage. Steel and concrete structures should also be routinely
checked for cracks or the loss of watertight seals and must be repaired immediately.

4.4.6 Wastewater or Sewage Treatment Plants

Sewage treatment also referred to as wastewater treatment is the process of
removing contaminants from household sewage as well as industrial wastewater.
The treatment process implies physical, chemical, and biological processes to
eliminate contaminants and produce an environmentally safe treated wastewater
(or treated effluent). Usually, a semi-solid waste or slurry is formed as a by-product
(sewage sludge) which undergoes further treatment before being suitable for
disposal or land application. A large part of the administered VA’s end up in
wastewater. There are several ways in which VA’s find their way into wastewater.
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Those not broken down by the human body are passed to wastewater, expired
antibiotics from homes and hospitals also get dumped into wastewater, and there is
the discharge of antibiotic materials from pharmaceutical companies.

However, not all treatment facilities can remove VA’s from the waste. The type
of treatment technology used as well as the nature of the drug governs the efficiency
of removal. Surprisingly, new findings show that wastewater treatment is designed
to break down biological substances but not antibiotics. In a study by Hendricks and
Pool 2012, no significant difference in fluoroquinolone concentrations between raw
wastewater and treated sewage effluents from three treatment plants was found.
Thus, high loads of VA’s can still be discharged into the environment even after
treatment. Also, from lab findings, chlorine is not breaking down antibiotics but is
actually creating even stronger antibiotics than the first doxycycline (University of
North Carolina Press 2015).

4.4.7 Leaching and Runoff

Leaching and runoff are the main pathways of VA’s entry into the aquatic ecosys-
tem. Leaching and runoff are the methods of VA’s accession to the soil from
manure/slurry storage and land application of manure (Kemper 2008). In the soil,
antibiotic degradation, runoff, and sorption to soil particles may take place. Subse-
quently, both surface water and groundwater may contain antibiotic compounds.
The physicochemical properties and the amount of precipitation are the major
determinants of VA’s runoff/leaching potential (Taylor et al. 2011). Highly mobile
antibiotics have low Ky value (sorption coefficient). As a result, their presence in
surface and groundwater is higher than antibiotics with a high Ky value (Taylor
et al. 2011).

4.4.8 Academic and Research Institutes

The prolific use of VA’s opens up research opportunities for the study of both
beneficial and negative aspects of these biomolecules. Studies on novel drug
design/discovery and efficient mode of action may only be exceeded by those
done to study its impact on the ecosystem and the effective elimination/control
measures. Such an extensive study requires the use of tons of VA’s on a global
scale. Therefore, carelessness at even secondary levels can potentially release
untreated and active experimental drugs into the environment. Proper handling of
antibiotics under strict supervision, especially during discarding, is imperative to
prevent the discharge of VA’s. Most of the research facilities do have provisions for
proper storing and discarding of drugs. However, not undertaking a timely and
routine investigation of the quantity and type of antibiotics in storage, as well as in
waste, can lead to overstocking and overflow. Also, ignoring the routine checkup of
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the temporary waste storage and transportation units for damage may delay fixing,
causing antibiotic leakage.

4.4.9 Veterinary Hospitals

The use of VA’s in veterinary hospitals is given. It is also the preferred choice for
disease prevention and cure. It is also imperative for hospitals to be stocked with all
types and forms of VA’s to be used as and when needed. Therefore, mishandling and
carelessness on the part of hospital staff during storage, use, and disposal can release
untreated VA’s in the environment. Recommending VA’s without optimizing the
dosage required for treatment can lead to overuse and misuse of VA’s. Failure to set
up proper waste disposal may cause discarding of expired VA’s, empty containers,
and used syringes properly directly into the environment. Misrecording and not
maintaining logs of the VA’s both in storage and in use, their purchase and expira-
tion date, quantities sold and in stock are common and more times than not
overlooked. Therefore, routine legalized checks of hospitals and pharmacies to
ensure proper and up-to-date records of VA’s sales and diagnosis is a must.

4.4.10 Miscellaneous

Other minor entries of VA’s from agriculture sources into the environment may
occur through exhaust air of animal stable and ventilation containing antibiotics in
dust form (Hamscher et al. 2003). Stormwater runoff is another likely entry route of
VA'’s. As rainfall travels over roofs, streets, gardens, and other outdoor areas, it may
pick up various contaminants including animal waste loaded with VA’s. The runoff
water flows into the stormwater system that flows directly into local waterways, at
most times, without receiving any treatment. Improper handling and unsafe trans-
portation can also contribute to the antibiotic release. The released antibiotics get
adsorbed to colloids or soil particles or get dissolved which is then transported to
the surface and groundwater (Krapac et al. 2004).

4.5 Conclusion

There are many pathways for the entry of VA’s into the environment. However,
fertilization with antibiotics containing animal manures, biosolids, sewage sludge,
and sediments seems to be the most dominating pathway for their entry into the
tertiary environment. Apart from these, reclaimed water from wastewater treatment
plants, surface water, or groundwater that is frequently polluted by antibiotics is
also a potential source of VA’s entry in the environment. The residual antibiotics
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find its way into the soil from where it makes its way into the aquatic ecosystem.
Farm soil and groundwater serve as two main reservoirs of residual antibiotics.
Manure and waste slurries also potentially contain many antibiotics that can
transport and persist in the environment after field application. Intensive livestock
farming, therefore, may lead to the accumulation of animal wastes within relatively
small geographical areas (Ekunwa et al. 2006).

The judicious use of VA’s for the right reasons is paramount for limiting their
entry into the environment. Antibiotic-mediated growth promotion is the focus of
most legal and regulatory efforts to reduce the misuse of VA’s. Recent analyses
suggest that growth promoters have a smaller effect on animal growth than
assumed, particularly in production systems that are otherwise optimized
(Laxminarayan et al. 2015). For preventing the entry and mobility of active VA’s
in the environment focus should be driven towards the treatment and stabilization of
VA’s at the source of its entry. Therefore, future research needs to concentrate on
optimizing pre-treatment methods such as composting, anaerobic fermentation, and
irradiation. The development of a standard pre-treatment method that is both
efficient and affordable needs to be prioritized. Also, the countries with least
efficient farming systems have the highest expected increases in food demand and
simultaneous VA’s usage. Therefore, emphasis should be given to improving
productivity without the use of antibiotic growth promoters. Improved surveillance,
legal regulation, and public awareness are also essential in limiting the entry of
these biomolecules into the environment (Tasho and Cho 2016).
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Chapter 5
Monitoring of Antibiotics and Antibiotic
Resistance Genes in Agroecosystems

Sarfraz Ahmed, Muhammad Ibrahim, Rabia Khushi Muhammad,
Iqra Naseem, Rubbea Idrees, Muhammad Zaffar Hashmi,
and Ateeq-ur- Rehman

5.1 Introduction

Antibiotics are drugs used to execute or hinder microorganisms. Antibiotic agents
that eliminate microorganisms are called “bactericidal,” while those that hinder their
growth are called as “bacteriostatic”’ (Kumar et al. 2012). Different types of phenols,
acids, and aromatic compounds can be utilized as antibiotic agents (Tran-Thanh
etal. 2010). It is estimated that 210,000 tons of antibiotics is produced every year, of
which 48% are utilized as a part of farming and domesticated animal enterprises
(Lietal. 2015). A large amount of antibiotics as dynamic pharmaceutical fixings has
been utilized as a part of creature cultivation and on fish farms to achieve advance
development or controlled diseases. It has been reported that >80% of the antibiotics
utilized are discharged as dynamic metabolites in excrements or urine waste
(Awad et al. 2015). The extensive utilization of antibiotics is characteristically
connected to the occurrence of bacterial resistance against these compounds
(Williams-Nguyen et al. 2016).

Antibiotic resistance is the ability of microbes to survive potentially in the
presence of antibiotics at concentrations that would otherwise result in their death
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(Franklin et al. 2016). Release of antibiotics into the environment prompts the
strains of pathogenic antibiotic-resistant bacteria (Chee-Sanford et al. 2001). The
understanding of detection and estimation of antibiotic deposits antagonistically
show how these compounds affect the human well-being, animal health, and
different ecosystems (Aga et al. 2016). Antibiotic resistance is presently considered
a potential ecological threat in the United States and by global specialists. In 2014, a
board of trustees of the US official branch issued an alarming report encouraging
quick activity to address the approaching antibiotic resistance crisis (Williams-
Nguyen et al. 2016). The utilization of extensive amounts of these anti-infection
drugs brings up serious concerns about the arrival and pervasiveness of antitoxin
safe microorganisms and antibacterial resistance genes (ARGs) in nature. The
presence of antibiotic residues, antibiotic resistance genes (ARGs), and antibiotic-
resistant bacteria (ARB) in agroecosystems has turned into a noteworthy range of
research (Franklin et al. 2016). Agriculture ecosystems are of special interest for
checking the potential for antibiotic resistance that spreads through the environment
resulting in contribution to human exposure. The agroecosystems incorporate
domesticated animals, related administration frameworks, biosolids, manure
sources, soil, neighboring water bodies, and products of the soil developed with
anti-infection utilization. Furthermore, shifts in indigenous aquatic and terrestrial
microbial populations are possible, which are affected by the release and/or enrich-
ment of antibiotics, ARB, and ARGs into the environment. The use of antibiotic
drugs is believed to selectively enrich ARB and ARGs. But, still gaps remain at
large in investigating the relationship between antibiotic drugs, ARB, and ARGs in
diverse agroecosystems. In these ecosystems, subtle direct links between the
presence or absence of antibiotics and the occurrence of antibiotic resistance have
become challenging in recent era. The prime challenge in this regard is the natural
phenomenon of ARGs due to feature intrinsic resistance within the microorgan-
isms. Bacteria can acquire resistance through horizontal gene transfer (HGT) of
mobile genetic elements (MGEs) that contain not only ARGs but also several other
functional genes. The wide spread of resistance is largely due to HGT and span
growth of microorganisms; both of these factors facilitate the advantageous or dis-
advantageous spontaneous mutations and genetic elements (Normark and Normark
2002). These elements create a number of challenges in determining the bioavail-
ability, environmental fate, and effects of antibiotics, ARB, and ARGs in agro-
ecosystems. Molecular strategies which target DNA, RNA, and other subatomic
segments of bacterial cells show certain points of interest for describing and eval-
uating markers of antibiotic resistance and their lateral gene transfer (Luby et al.
2016).

Recently, a special report by World Health Organization (WHO 2014) suggests
that antibiotic flop is already a global concern and that investigation of antibiotic
drugs, ARB, and ARGs in the environment is a critical area for further research.
Agroecosystems with nontherapeutic use of antibiotics are of special interest, and
mitigation efforts to prevent antibiotics, antibiotic residues or metabolites, ARB,
and ARGs from reaching the environment are limited or absent. Unlike human
wastewaters and biosolids that encounter treatment before land application, it is
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uncommon for animal wastes to be applied to land. As a result, systemized full-
scale investigations are necessary to evaluate the impact of agroecosystems on the
spread of antibiotic resistance in the wide-ranging environments to elucidate the
potential influence of these systems on the development, movement, and survival or
continuance of ARB and ARGs. This chapter evaluates the presence of antibiotic
residues released into the agroecosystems and identifies ARGs in environmental
components such as sediment and soil, possibly affected by therapeutic or
nontherapeutic-based compost facility.

5.2 Monitoring of Antibiotics

From the time when penicillin was discovered in 1928 by Alexander Fleming, the
antibiotics became broadly accessible for utilization by human and in veterinary
medicine in the 1940s (Knapp et al. 2009). Antibiotics have led to the elimination of
various diseases in developed countries, but this efficiency of antibiotics led to their
overuse. In past, antibiotics were only consumed for therapeutic purposes, but
afterward they were used for both the therapeutic and nontherapeutic purposes.
The therapeutic purposes take account of its use in dealing with diseases in human
as well as in animals, while nontherapeutic purposes include its employment as a
food additive for reducing mortality rate and promoting growth of animals to
augment food production for humans since the 1950s (Chee-Sanford et al. 2009;
Halling-Sgrensen et al. 1998; Kumar et al. 2005, 2012; Kiimmerer 2009). For
instance, antibiotics such as bacitracin, lincomycin, and neomycin are used to
promote weight gain of chicken and swine, which were ranged from 4 to 10 mg/
L. But, recently their 10-20-fold enhanced level has been reported. The use of
antibiotics as growth promoters has been prohibited in Europe since 2006 (Chee-
Sanford et al. 2009; Kumar et al. 2012).

The excreted antibiotic residues from therapeutic or nontherapeutic use are
released to the surrounding environment or ecosystems, resulting in elevation of
antibiotic concentrations (Pei et al. 2006). The antibiotic residues of four antibiotic
groups, sulfonamides (SAs), tetracyclines (TCs), macrolides (MLs), and iono-
phores, are detectable in water and sediment near the mixed landscape of different
watersheds (Awad et al. 2015). The existence of antibiotic residues along water
ecosystem is more crucial as they are thought to be highly mobile (Awad et al.
2015). The excessive use of antibiotics may lead to the appearance of resi-
stant genes. If antibiotic resistance continues to rise, valuable treatments for a
huge number of infectious diseases in human and animal may be jeopardized.

To understand the relationship between antibiotics and corresponding ARGs,
seasonal monitoring of therapeutic or nontherapeutic antibiotics is needed due to
climate change features and overused annual consumption of antibiotics around the
world. The high-intensity temperature, rainfall, and difference between summer
and winter seasons due to the geographical monsoon impact should also be con-
sidered. The climate change can lead to the mobilization of antibiotics owing to the
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contamination of surrounding ecosystems or environment. A continuous monitor-
ing of antibiotics should be performed near agroecosystems with concentrated
animal or other farming operations (therapeutic or nontherapeutic). The antibiotics
could be detected in agroecosystem or its components such as sediment and soil.

5.3 Antibiotic Resistance

Antibiotic resistance (AR) is the capability of a bacterium to survive and grow in
the presence of an antibiotic at a concentration at which its growth is usually inhi-
bited (Fig. 5.1). Antibiotic resistance occurs when an antibiotic becomes ineffective
to efficiently suppress the growth of bacteria or due to exposure to megadoses of
antibiotics (Franklin et al. 2016). When antibiotics are used, there is a greater poss-
ibility of destruction of most susceptible bacteria, and survival of resistant bacteria
can lead to an increased antibiotic resistance and bacterial population (Kumar et al.
2012). AR may be intrinsic or acquired. Intrinsic AR occurs when there is no anti-
biotic target present in bacterial genome (Alekshun and Levy 2007; Pawlowski
et al. 2016), whereas acquired AR occurs due to mutation in the bacterial chromo-
somes (Alekshun and Levy 2007). AR may also occur by exchange of genetic
material between different bacteria through plasmids (Baker-Austin et al. 2006;
Witte 2004).

Antibiotic resistance gene (ARG) is a gene that confers resistance to a number
of antibiotics or antibiotic classes (Franklin et al. 2016). Some bacterial species
have natural ARGs for particular antibiotics, and in some species genes are trans-
ferred from non-disease-causing species to pathogenic species (Kumar et al. 2012).
Antibiotics such as penicillin and erythromycin, which were considered as the most
efficient antibiotics against various bacterial species have now become less effec-
tive due to enhanced bacterial resistance. A bacterium carrying several resistant
genes is known as multidrug-resistant (MDR) or superbug (Kumar et al. 2012). It
has been reported that about half million cases of multidrug-resistant tuberculosis
(MDR-TB) are reported from all over the world each year. And this MDR-TB could
not be treated by previous antibiotics that were used for the treatment of normal
TB. In the United States, about two million people are infected by ARB and about
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Fig. 5.1 Transfer of antibiotic resistance genes (ARGs) in bacteria and its effect
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23,000 people expire every year. There are ample chances that this threat of anti-
biotic resistance can spread to multi-environments or ecosystems through gene
transfer. There are various national and international programs regarding the threats
of ARB. Methicillin-resistant Staphylococcus aureus, vancomycin-resistant
S. aureus, and vancomycin-resistant Enterococcus are drug-resistant bacteria
reported.

It has established that release of antibiotics into the environment leads to the
pathogenic antibiotic-resistant bacterial strains (Chee-Sanford et al. 2001). For
example, TC resistance genes have been reported in water samples collected from
wastewater treatment plants near swine production facilities in the United States
(Chee-Sanford et al. 2001). Antibiotic resistance genes (ARGs) have been isolated
against MLs, TCs, and streptomycin in bacteria isolated from farmlands treated
with swine manure slurry (Sengelgv et al. 2003). It has been reported that dissem-
ination of ARGs severely degrades environments biochemically and should be
recognized as a pollutant (Rysz and Alvarez 2004). Once antibiotics or their
residues enter bacterial cells via passive diffusion, they inhibit bacterial growth
(Schnappinger and Hillen 1996). Tetracyclines including oxytetracycline (OTC),
chlortetracycline (CTC), minocycline (MNC), and doxycycline (DXC) inhibit pro-
tein synthesis in Gram-positive and Gram-negative bacteria by preventing the
binding of aminoacyl-tRNA molecules to the 30S ribosomal subunit (Schnappinger
and Hillen 1996). Bacterial resistance to all these antibiotics occurs by two mech-
anisms: (1) conferring of bacterial resistance and/or (2) the multi-antibiotic resis-
tance pump (Schnappinger and Hillen 1996).

Antibiotic research on resistance genes has been confined to culturable bacteria
isolated from wastewaters of pharmaceutical origin. The cultural isolation method
is the most commonly employed method; however, only a fraction of actual micro-
biota in systems containing ARGs can be determined through this method
(Amann et al. 1995). According to ARG occurrence in environments affected by
animal waste, the polymerase chain reaction (PCR) method is highlighted to
quantify genes conferring resistance to selective antibiotics. Several studies have
attempted to quantify ARGs by isolating DNA (Auerbach et al. 2007). It has been
shown that isolated DNA from five long-term soil series (over 60 years) was very
informative regarding ARG abundance and their resistance to antibiotics, revealing
that ARGs have increased sharply in the environment from 1940 to 2008. Primers
with unique designs are needed to detect antibiotic bacterial resistance (Knapp et al.
2009). Bacterial resistance to different types of antibiotics was primarily mediated
by synthetic primers, such as tet(G), tet(A)-(E), tet(M), tet(Q), tet(O), and tet(S), for
TCs (Auerbach et al. 2007; Burdett 1991) and sul(I) and sul(II) for SAs.
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5.4 Transfer of Antibiotics and Antibiotic Resistance
Genes in Agroecosystem

There are numerous ways of antibiotic access to ecosystem. They may enter the
ecosystem via seepage during transport, by dumping of drugs in water during their
synthesis, by disposal of drug containers, and through waste material containing
drugs (Boles and Wells 2010; Chee-Sanford et al. 2009; Pillai 2011; Subedi and
Kannan 2014; Youngquist 2014). Some of the antibiotics that are employed for
therapeutic or nontherapeutic purposes by animals are not digested and absorbed in
the gastrointestinal tract, and these antibiotics are entirely removed from the body
via feces referred to as manure. About 75% of the antibiotics utilized by agricultural
animals are removed into the ecosystem by several ways (Chee-Sanford et al. 2009;
Kumar et al. 2005; Sarmah et al. 2006; Tasho and Cho 2016). When the antibiotic-
contaminated water is applied for irrigation or animal manure is exploited as
fertilizer, antibiotics penetrate into the soil. The topmost layer of the soil is rich
in bacteria, thus incessant exposure of antibiotics to soil bacteria results in gener-
ation of antibiotic resistance in bacteria. On the other hand, the consumption of high
doses of antibiotics to promote weight gain in animals directs to the generation of
antibiotic resistance genes in bacterial species. These ARGs are eliminated along
with fecal material and get absorbed into the soil from manure during agriculture
practice. These ARGs enter into the soil bacteria to bring about ARB (Chee-
Sanford et al. 2009; Franklin et al. 2016). These ARB enter the crops or vegetables
and are finally ingested by human in the course of food supply (Fig. 5.2). They can
also be transferred from animals to human via dairy products or taken as a meat
source (Vieira et al. 2011). It has been studied that the direct contact with cattle can
also lead to the spread of ARB from animals to humans (Casey et al. 2013;
Chang et al. 2015).

Increased use of antibiotics coupled with advancements in technology has
resulted in more frequent detection of antibiotic compounds and, to a lesser extent,
their metabolites in a variety of agroecosystem compartments including soil, water,
sediment, and biota (Pruden et al. 2006; Zhang et al. 2013). In spite of advance-
ments in detection methods, limited data are available on the fate and occurrence of
antibiotics in agroecosystems, as well as their temporal and spatial distribution. A
causal model has been proposed for agroecosystems to explore the effects of
antibiotic drugs, ARB, and ARGs (Williams-Nguyen et al. 2016). The causal
model takes a One Health approach by describing the key interactions between
antibiotics, ARB, and ARGs as well as their resulting interactions within the agro-
ecosystem. This model is based on three specific conclusions: (1) ecosystem func-
tion, (2) human health, and (3) agricultural system productivity. To estimate
expected concentrations of antibiotics at the landscape scale, a predictive modeling
has been presented as an alternative to large-scale and high-cost monitoring
programs (Boxall et al. 2003). These models are counted on accurate antibiotic
usage data as well as mechanistic knowledge of the metabolism, transport, fate,
landscape, and hydrologic processes. But, usage data is not universally available



5 Monitoring of Antibiotics and Antibiotic Resistance Genes in Agroecosystems 71

M,‘ ARB enters the
ARG human via food
| Eg from Supp|y
manure

ARB removed via feces
again into the soil

AR genes

absorbing

in the soil

ARB entering
the plant

N
\_

ARG entered the
bacteria to form
ARB

Fig. 5.2 Transfer of ARGs in agroecosystem and from agriculture to human via food supply

with the lack of data for a number of medically important antibiotics. A number of
pathways have been suggested for the release of antibiotics into agroecosystems,
and their effect on ARB and ARGs depends on these specific pathways. The appli-
cation of wastewater and land manure solids is a common route for antibiotics to
enter the environment. The administration of manure with or without antibiotics is
thought to increase both ARB and ARGs (Franklin et al. 2016; Pruden et al. 2006;
Udikovic-Kolic et al. 2014); however, data availability is limited with inconsistent
results (Franklin et al. 2016; McLain and Williams 2014), elucidating the need for
further research. Biosolids, manure, and wastewater effluents sustain ARB and
ARGs, but preexisting or intrinsic resistance in populations of native bacteria
further enhances the complexity to modeling efforts. The resistance in soils that
is induced by the release of ARB, ARGs, and trace levels of antibiotics would
establish relationship between antibiotic use and antibiotic resistance present in
agroecosystems. Antibiotic-resistant bacteria with intrinsic ARGs pose a direct
threat to agroecosystem health based on the extensive studies of pathogenic bac-
teria, while ARGs are thought to pose an indirect risk.
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5.5 Determination of Background and Baseline Antibiotic
Resistance Levels in Agroecosystem

Research indicates that antibiotic resistance in an ancient phenomenon and the
utilization of anthropogenic antibiotic agents additionally impact the presence of
antibiotic compounds, ARB, and ARGs in a domain. Subsequently, it is emphasized
that the determination of background and baseline levels of antibiotic resistance is
crucial for the precise appraisal of the effects of anthropogenic contributions to
agroecosystems. All-around acknowledged meanings of background and baseline
levels for antibiotics are not found in literature. However, background is charac-
terized as the focus in a domain not affected by human activities, and baseline
includes range of antibiotic drugs, ARB, as well as ARG levels present at the
beginning of survey in an environment. Standardization of antibiotic resistance
found in agroecosystems against foundation and pattern levels will (1) permit
assessment of noteworthy modifications in the event of ARB or potentially ARGs
within the review, (2) enhance the capacity to compare the results within the
studies, and (3) distinguish interfaces between agricultural or ecological treatments
and activities.

5.6 Culture-Based Methods for Detection of Antibiotic
Resistance in Agroecosystem

Various culture-based strategies exist for investigating antibiotic resistance in
samples collected in agroecosystem. These methods target microorganism isolation
on general or selective media assessing their growth in response to specific concen-
trations of antibiotics. Culture-based techniques give chances to interface pheno-
typic and genotypic attributes and evaluate ARG exchange potential, considering
more prominent comprehension of general resistance designs and recognizable
proof of different antibiotic resistance within the single organism. Culture-based
methods commonly involve isolating target bacteria on general or selective media
and assessing growth in response to specific concentrations of antibiotics. The
microorganisms that are normally focused in culture-based studies to assess anti-
biotic resistance in agroecosystems are microbial groups that are clinically relevant
and simple to culture. These objective microorganisms are additionally indicators of
water quality. Generally, the most widely recognized organisms focused for eco-
logical investigation are Escherichia coli, Enterococcus spp., Salmonella spp., and
Staphylococcus spp. Recent research has recommended the expansion of Aero-
monas spp., Klebsiella pneumonia, and Pseudomonas aeruginosa. Before testing
of antibiotic resistance, identification of bacterial isolates is basic. When target
living beings have been effectively separated and distinguished, antibiotic resis-
tance testing can be performed by means of three common techniques; (a) broth and
agar dilution, (b) agar disk diffusion, and (c) E-tests. The choice of strategy relies on
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the extent of research; however, other considerations include lab limitation and
whether subjective and quantitative outcomes are desired or not. Agar disk diffusion
method reports number of isolates that are resistant, while broth microdilution
techniques are more quantitative and deliver MIC50 values that represent to the
fixation at which >50% of the isolates in the population are restrained. Given the
quantitative nature of this technique, analysts are urged to not overemphasize
MIC50 values in small test populations (10-30 isolates), when a couple of strains
with high MIC qualities may skew the MIC50 (Franklin et al. 2016). Epsilometer
test (E-test) methods for antibiotic susceptibility testing of selected microorganisms
use the agar dilution method as a standard to determine the MIC. The E-test provides
a direct quantification of antimicrobial or antibiotic susceptibility of microorgan-
isms (Nachnani et al. 1992). The culture-based methods have multifold advantages.
In particular, isolation of bacteria is key in understanding the phenotypic character-
istics of isolates and their resistance patterns. Majority of the projects around the
world for antibiotic resistance monitoring are isolate based.

5.7 Molecular Aspects of Antibiotic Resistance

Antibiotic resistance is characterized as phenotypic property, the capacity of a
bacterial cell to survive and develop within the sight of an antimicrobial fixation
that is inhibitory to susceptible cells. Antibiotic resistance genes encode the capac-
ity for bacterial cells to develop in the presence of antibiotics. There are many
means by which cells can accomplish this, including biofilms formation to offer
physical assurance from the assault. A schematic presentation of molecular aspects
of cell’s machinery that give resistance is depicted in Fig. 5.3. Antibiotic resistance
genes are heritable and are likewise generally equipped for being shared among
microscopic organisms, so specific monitoring can give data about the expansion of
antibiotic resistance in a framework. Consequent to extraction of DNA from
interest sample, ARGs are regularly recognized by PCR-based strategies (Luby
et al. 2016). Other regular focuses for antibiotic resistance investigation incorporate
RNA and proteins, which can track the expression of antibiotic resistance compo-
nents. Nonetheless, RNA- and protein-based strategies are testing procedures, and,
therefore, DNA-based techniques are most preferred for tracking ARGs (Franklin
et al. 2016). Monitoring RNA rather than DNA is one means by which it can be
anticipated that ARG is available inside a practical and dynamic bacterium. This is
commonly proficient by specifically extracting RNA from a specimen, rather than,
or couple with, DNA extraction. RNA can then be subjected to reverse transcription
followed by the same downstream investigations ordinarily connected for ARGs
and horizontal gene transfer markers. Other method for evaluating RNA expression
exploits the use of reporter gene, for example, the green fluorescence protein, which
affirms that a quality resistance is being initiated in an in vivo framework (Binh
et al. 2008; Musovic et al. 2010). Proteins are the molecular markers that most
nearly reflect cell work. It has been reported that techniques such as Western blots
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Fig. 5.3 Overview of molecular aspects of antibiotics

and immunostaining can be applied to identify particular proteins related with anti-
biotic resistance. For instance, carbapenemase activity presence can be affirmed in
Acinetobacter baumannii to comprehend conditions that control real expression of
resistance.

5.8 Molecular Methods for Assessing the Antibiotic
Resistance and ARGs

The strategies for recognizing, describing, and measuring molecular targets relating
to resistance are as follows.

5.8.1 Detection of Antibiotic Resistance Genes
in Agroecosystems

5.8.1.1 Sampling

Sampling can be done by collecting water from a source exposed to ARB or by
collecting sediment or soil rich in animal manure. For example, methods for assessing
the antibiotic resistance and ARGs from sampling to an end of study can be explained
by a study conducted in Korea. In March 2009, samples were drawn from the sites
located in Hongcheon, Gangwon Province, Korea. These sites of sampling were
thought to be influenced by antibiotic release from a swine manure composting
facility located at 37° 34 ft and 28 in. toward north and 127° 52 f. and 26 in. toward
east. The average temperature recorded was 17.5°C and total precipitation was
95.3 mm. Description of sampling sites is provided in Table 5.1.
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Table 5.1 Description of sampling

Samples Sample site description

Sediment #1 | Site located 0.2 km away from a swine manure composting facility

Sediment #2 | Site located 0.5 km away from a swine manure composting facility

Sediment #3 | Site located 1.0 km away from a swine manure composting facility

Sediment #4 | Site located 1.5 km away from a swine manure composting facility

Soil #1 Rice paddy soil treated with swine manure and have a distance of 2.0 km from a
swine manure composting facility

Soil #2 Rice paddy soil influencing antibiotics via irrigation and have a distance of
2.0 km from a swine manure composting facility

Awad et al. (2014); Ok et al. (2011)

Sample collection was based on the distance of sediments from the composting
facility, beside the Naerincheon River. Paddy soil collection was done from
two sites:

1. The soil which was directly applied with swine manure for agricultural practice
as soil #1.

2. The soil which was only irrigated by Naerincheon River as a water source as
soil #2.

Before analysis, samples must be air-dried. The study was a part of an inclusive
monitoring of antibiotics in water, sediment, and soil near swine composting facil-
ity (since April 2008) (Awad et al. 2014; Ok et al. 2011).

5.8.1.2 Antibiotic Extraction and Quantification

After sampling, the collected samples were firstly processed for the withdrawal of
antibiotic residues. The methods described by Kim and Carlson (2007) and Ok et al.
(2011) and others can be used for this extraction. Then these antibiotic residues
were quantified by high-performance liquid chromatography-tandem mass spec-
trometry (HPLC-MS/MS) (API 3000, Applied Biosystems, Foster City, CA, USA).

Extraction

For the extraction of antibiotics such as TCs and SAs, 1 g of sample along with
200 pL of 5% Na,EDTA and 20 mL Mcllvaine buffer, i.e., a citrate-phosphate buffer
(mixture of 0.2 M disodium hydrogen phosphate and 0.1 M citric acid) at pH 4, were
added to a 50 mL polypropylene centrifuge tube and centrifuged at 4000 rpm for
15 min (Centrifuge FLETA 5, Hanil Science Industry, Seoul, Korea). A 0.2 pm glass
fiber filter was used to filter the supernatant. The extraction process was repeated
again and again. Consequently the extracts obtain were then combined in a vial for
solid-phase extraction (SPE). SPE was carried out to keep the antibiotics on the
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cartridge for their useful extraction with methanol (Kim and Carlson 2005). Due to
broad range of pH, hydrophilic-lipophilic balanced cartridges are used for the
extraction of antibiotics (Kim and Carlson 2005).

Quantification

Electrospray ionization can be applied for the quantification of antibiotics by means
of HPLC-MS/MS in positive mode. The conditions previously maintained for
quantification of antibiotics for HPLC-MS/MS spectroscopy are given in Table 5.2.

5.8.1.3 Heterotrophic Plate Counts on Antibiotic-Selective Media

Firstly, the sample was diluted by sterilized water and briskly stirred for 30 min. Then
it was further diluted to 100-folds. Secondly, it was directly spread on an agar media,
say R2A agar media (Difco, Sparks, MD, USA), that enclosed a variety of antibiotics
or no antibiotic as a control to count and separate resistant bacteria. The concentration
fivefold to the reported average LDs, value was considered for the water-soluble
antibiotics such as TC, CTC, and STZ, while the maximum concentration which
dissolved in water after adding to melted agar was considered for the insoluble anti-
biotics such as SMX, SMT, and OTC (Pei et al. 2006). Finally treated plates were
incubated for a week or less. At the end of culture period, colony-forming units
(CFUs) were counted (Pepper and Gerba 2009).

Table 5.2 Conditions for HPLC-MS/MS spectroscopy

HPLC conditions MS conditions
Column temp. 15°C Ion source ESI,
positive

Column flow 300 pL/min Spray voltage 4500 V

rate

Injection 20 pL Vaporizer temp. 320°C

volume

Mobile phase A (99.9% water + 0.1% formic Drying gas flow 10.0 L/min
acid) Drying gas and nebulizer | Nitrogen
B (99.9% CAN + 0.1 % formic gas gas
acid)

Gradient A— 96% + B— 4% (0 min) Sheath gas pressure 40 psig
A— 70% + B— 30% (29 min) Aux gas pressure 5 psig
A— 96% + B— 4% (30 min)

Awad et al. (2014); Ok et al. (2011)
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5.8.1.4 DNA Extraction and Purification

FastDNA spin kit can be used to extort DNA from 0.5 g of sample. Then purifi-
cation of the extracted DNA was carried out using a Geneclean spin kit to reduce

PCR hang-up. The amount of DNA before or after purification and recovery was
determined (Awad et al. 2015).

5.8.1.5 Primer Design

On the basis of gene bank database, particular primers for nucleotide sequences
encoding specific ARGs were designed (Awad et al. 2015). Seven sets of primers
generated by Awad et al.’s work in 2015 are given in Table 5.3 (Awad et al. 2015).

5.8.1.6 Detection of ARGs Using Qualitative PCR

ARGs that code for ribosomal protection were detected using PCR. A Bio-Rad kit
can be used in a reaction mixture containing 2.5 mM dNTP having final volume of
20 pL. Amplification can be done using PTC-100 thermal cycler. Then annealing
was carried out at different temperatures for different ARGs. A Gel Doc 1000
apparatus (Bio-Rad) can be used to visualize PCR products on agarose gel (Awad
et al. 2015). Results were represented as peaks indicating the concentration of
particular ARGs and ARB in the collected sample.

Table 5.3 Primers designed for TC- and SA-resistant genes

Annealing Amplicon

Gene Primer Sequences temp. (°C) size (bp)

tet(S) tetS-FW* GAAAGCTTACTATACAGTAGC 50 169
tetS-RV® AGGAGTATCTACAATATTTAC

tet(T) tetT-FW AAGGTTTATTATATAAAAGTG 46 169
tetT-RV AGGTGTATCTATGATATTTAC

otr(A) otrA-FW GGCATTCTGGCCCACGT 66 212
otrA-RV CCCGGGGTGTCGTAAGG

sul(1) sul(1)-FW CGCACCGGAAACATCGCTGCAC |55.9 163
sul(1)-RV TGAAGTTCCGCCGCAAGGCTCG

sul(1r) sul(1)-FW TCCGGTGGAGGCCGGTATCTGG | 60.8 191
sul(m)-RV CGGGAATGCCATCTGCCTTGAG

sul () sul(rm)-FW TCCGTTCAGCGAATTGGTGCAG |60 128
sul(mr)-RV TTCGTTCACGCCTTACACCAGC

sul(A) sulA-FW TCTTGAGCAAGCACTCCAGCAG |60 229
sulA-RV TCCAGCCTTAGCAACCACATGG

Awad et al. (2014); Ok et al. (2011)
“Represents forward
PRepresents reverse
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Fig. 5.4 Flow chart for molecular detection of ARGs in agroecosystem

A flow chart is presented in Fig. 5.4 to show the molecular detection of anti-
biotics and ARGs from the sample to an end of study in agroecosystems.

5.8.2 Polymerase Chain Reaction-Based Assays

« Conventional polymerase chain reaction

Polymerase chain reaction has turned into a famous technique for identifying
ARGs of interest for ecological examples since it is exceptionally delicate, gives
generally quick outcomes (2-3 h), and yields coordinate data about the DNA
sequence of intrigue. It is a protein-based assay utilizing oligonucleotide pre-
liminaries that are integral to the flanking region of the objective to intensify
target genes or fragments of genes. Polymerase chain reaction has been effec-
tively and broadly connected to identify ARGs in samples from agroecosystems
since 2001 (Chee-Sanford et al. 2001). At the point when reporting PCR infor-
mation for sample from agriculture ecosystem, in addition to checking expected
item measurement by gel electrophoresis, it is firmly prudent to grouping the
PCR items from a delegate subset of sample to guarantee that the PCR is ampli-
fying the planned target. In addition to confirm the specificity of the objective,
arrangement inconstancy among ARG variations may likewise be of premium
and can be investigated by contrasting and GenBank or different databases
(Garder et al. 2014; Koike et al. 2007).

¢ Real-time quantitative polymerase chain reaction

Quantitative PCR (qPCR) gives the benefits of PCR, furthermore yielding
quantitative data about the abundance of the objective ARG. For qPCR, the
response itself is modified to incorporate either probes which give fluorescence
when bound to the objective DNA, or it gives color, for example, SYBR Green,
that binds to twofold stranded DNA. Quantitative PCR has been adjusted to
manage longer formats (up to 6 kb), which is fundamental to capture harm occa-
sions. It must be applied if the expectation is to survey the effects of
different types of medicine on the DNA itself (Luby et al. 2016).
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5.8.3 Horizontal Gene Transfer Assays

Horizontal gene transfer can be concentrated through location and quantification of
specific marker genes connected with versatile hereditary components which
include direct assays of transfer by means of conjugation, transduction, retrospec-
tive genome, and/or metagenome examinations (Luby et al. 2016).

5.8.3.1 Conjugation, Transduction, and Transformation Assays

Bacterial conjugation refers to the exchange of conjugative transposable hereditary
components or plasmids through close physical contact between a contributor and
beneficiary bacterium. Transduction is a virtual trade of DNA that is for the most
part constrained between firmly related strains and has just been shown for a couple
of organism varieties. Transduction happens when the virus exchanges bacterial
DNA from its past host into another bacterial host, which then fuses the new genes
into its genome to continue the repeats (Luby et al. 2016). Transformation is the
capacity of microscopic organisms to take up and consolidate extracellular or
foreign DNA, which is central to the idea of ARGs as toxins (Dodd 2012). Likewise
with conjugation and transduction, common change affects antibiotic resistance
since it can bring about exchange of ARGs among different sorts of microorgan-
isms and in this manner may upgrade their perseverance and dispersal. The capacity
to be changed (i.e., competence) has by and large been thought to be restricted,
particularly as a characteristic procedure; it has now been exhibited for no less than
80 strains of microscopic organisms (Johnston et al. 2014; Lorenz and Wackernagel
1994).

5.8.4 Metagenomic Methods

Metagenomics is the study of the metagenome, and metagenome is the collective
genome of microorganisms from an environmental sample to give an information
on ecology and the microbial diversity of a specific environment. Metagenomics
has proven to be a powerful tool to investigate the metabolic profiling, ecology, and
comparison of complex microbial communities. The key feature of genomic ana-
lysis is that it is performed using metagenomic libraries designed from total DNA
isolated from a particular niche rather than a laboratory culture. The metagenomic
analyses potentially investigate all the genetic resources present in an environment.
Samples used in metagenomics are taken directly from the environment such as
soil, water, and hot spring. Once the bacteria have been isolated from the eco-
system, the DNA can be extracted using extraction protocols following purification.
The DNA sample is then analyzed using fragment analyses or DNA sequencing
techniques and/or ultrahigh-throughput sequencing technologies. Next-generation
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sequencing can be even more useful to determine the sequence of a communal
genome. The analysis of such datasets is aimed at determining and comparing the
biological diversity and the functional activity of different microbial communities.
The metagenomic methods may include taxonomical approach, discovery rate data-
sets, functional assessment, metadata analysis, taxonomy-guided capture of reads,
and comparative visualizations. Sequence-based metagenomic analyses depend on
comparisons with databases of known genomic sequences, while functional ana-
lyses depend on screening libraries on the basis of the phenotype-cloned DNA that
can confer to host bacteria. This is the reason that functional analyses allow the
identification of novel genes with functions that otherwise could not have been
predicted from their DNA sequences. The computational analysis is also important
for metagenomic analysis not because of the large amount of metagenomic data but
also for the new questions introduced by metagenomic projects such as community-
realized functions, simultaneous assembly of multiple genomes, and host-microbe
interactions.

Recent metagenomic studies have uncovered an extensive variety of ARGs and
mobile hereditary components from different ecosystem (Bengtsson-Palme et al.
2014; Kristiansson et al. 2011). Excrement and its effects on soil are of special
interest for agricultural environments. Soil metagenomes have been revealed to
contain a very assorted pool of ARGs which include the most widely recognized
sorts of resistances found in other ecological metagenomes (Donato et al. 2010;
Nesme and Simonet 2015). Since metagenomics gives data on the aggregate genes
present, thus examination of information sets can give expansive logical data for the
identification of ARGs. For instance, identification of horizontal gene transfer
markers through plasmids and transposons can give intimations about how ARGs
may have spread starting with one environment then onto the next (Bengtsson-
Palme et al. 2014; Nesme and Simonet 2015; Ochman et al. 2000). Metagenomics
has likewise been connected to give a thorough correlation of ARGs and markers of
horizontal gene transfer in excrement and agrarian soils (Durso et al. 2012).

5.8.5 Culture-Based Methods: Advantages and Challenges

Most culture-based assays are time-consuming and recover a small subset of the
total bacterial community; however, they have distinct advantages such as direct
identification and analysis of antibiotic resistance in individual bacterial isolates
(McLain et al. 2016). Culture-based techniques also provide opportunities to link
phenotypic and genotypic characteristics by assessing ARG transfer potential. They
give greater understanding of overall resistance patterns as well as identification of
multiple antibiotic resistance in single organisms. Standard clinical classification
protocols exist to categorize bacterial isolates as susceptible, resistant, and inter-
mediate to antibiotics based on the bacterial growth at defined antibiotic concen-
trations which are called as breakpoints. These breakpoints measured as MICs are
used to determine specific dosage formulations for antibiotic treatments in clinical
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settings. The microorganisms that are commonly used in culture-based studies for
the evaluation of antibiotic resistance in agroecosystems are microbial groups
which are clinically relevant and easy to culture. The results of culture-based
methods have been found to be reliable and comparable in clinical settings.

The choice of culture-based methods predominantly depends on the scope of
research or studies; however, laboratory limitations exist that either qualitative or
quantitative results are desired (Franklin et al. 2016). Similarly, questions remain
that how many isolates are necessary per sample and how many samples within an
agroecosystem must be analyzed to produce a representative dataset for a precise
analysis of antibiotic resistance (Persoons et al. 2011). Culture-based methods have
other limitations that include inherent culture bias. Most of the bacterial species in
water or soil are not capable of being cultivated; thus, culture-based approaches
apply only to a small subset of the microbial species and do not provide the
full spectrum of diversity present in environmental samples. When culture- and
molecular-based techniques are used to identify ARB simultaneously, the results
have been found to be different (Garcia-Armisen et al. 2013). Another notable
limitation shows that culture methods cannot identify bacteria isolates that are in
the viable but nonculturable state. This state has important implications with regard
to antibiotic resistance as bacteria become resistant to antibiotics, yet they have a
potential to eventually return to be pathogenic and metabolically active (Franklin
et al. 2016). Another potential culture bias regarding antibiotic resistance is the
presence of persister cells which are dormant variants of regular cells and are highly
tolerant to antibiotics (Franklin et al. 2016). Even with their limitations, culture-
based methods are the basis of international surveillance efforts to monitor anti-
biotic resistance, and standardized molecular methods cannot replace them at full-
fledge scale. Future assessment of antibiotic resistance in the environment will
depend on standardized methods and techniques that will incorporate both culture-
and molecular-based procedures.

5.8.6 Molecular Methods: Advantages and Challenges

Molecular methods offer the distinct advantages, for instance, they provide direct
information about the extractable pool of DNA, RNA, and proteins within a sample.
The isolated DNA, RNA, and protein can be sequenced and directly compared
against publicly available databases. Utilization of molecular methods also helps to
avoid biases associated with culture-based methods. Molecular methods offer a
means of tracking the fate of various antibiotic resistance indicators in and between
agrosystems for the analysis of antibiotic resistance. The usage of molecular
methods as a measure of antibiotic resistance analysis requires certain knowledge
such as properly framed research questions, familiarity with common molecular
techniques based on specific molecular targets, and awareness of advantages and
disadvantages of various methods for the accurate interpretation of data (Luby et al.
2016).
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Traditional PCR that is one of the most popular methods for the detection of
known ARGs in environmental samples is highly sensitive and provides relatively
rapid results and direct information about the DNA sequence of interest. However,
challenges and limitations exist for applying PCR to samples from agroecosystems.
One of the most significant challenges is that PCR is dependent on the extraction of
DNA which should be optimized for the matrix of interest to capture clean DNA
from as many different kinds of bacteria as possible and applied consistently across
samples intended for comparison. Furthermore, sequencing a subset of the PCR
products obtained during analysis is advisable to verify that PCR is amplifying the
intended product. Direct polymerase chain reaction (PCR)-based and metagenomic
techniques exhibit great promise to characterize ARG diversity and abundance in
complex environment. However, these methods do not enable functional validation
of identified resistance mechanisms and generally cannot correlate between specific
ARGs and bacterial phyla (Franklin et al. 2016; Nordmann et al. 2012).

Real-time quantitative PCR (qQPCR) provides the same benefits as PCR, yielding
additional information about the copy number of a particular ARG. Determination
and reporting of limits of quantification are critical in JPCR as a standard quanti-
tative method. Further, normalization to 16S rRNA genes is believed to aid for
minor variations in extraction efficiency as well as providing information about the
proportion of total bacteria carrying ARGs in the samples (Franklin et al. 2016;
Heuer et al. 2011). The development of qPCR arrays is a promising way to analyze
multiple targets. However, it can be best used as a screening tool as the limit of
detection is higher than traditional qPCR. One major drawback of PCR-based
methods is that sequences for the genes of interest must be known and selected
ahead of time, which may bias the results by overlooking key genetic elements
associated with antibiotic resistance.

Direct assays, for example, conjugation, transduction, and transformation, are
useful to determine mechanisms of action, transfer rates of ARGs on mobile ele-
ments, and host ranges including the identification of functionality of ARGs.
Horizontal gene transfer allows bacteria to share ARGs through MGEs (mobile
genetic elements) such as plasmids, integrons, and transposons (Franklin et al. 2016;
Klumper et al. 2015; Nandi et al. 2004). But, these analyses need recipient cells to be
culturable, which limits their application in agroecosystem research. The use of a
reporter gene such as green fluorescent protein can reduce the need for culturing and
selection steps by confirming that the genes of interest are actually being expressed
under the specific conditions of the study (Klumper et al. 2015). It has also been
observed that RNA- and protein-based methods are challenging techniques in hand-
ling; therefore, DNA-based methods are generally preferred for tracking ARGs. The
development of next-generation DNA sequencing methods has led to a new era of
molecular characterization of environmental and agroecosystems. These techno-
logies overcome the need for PCR and give a broad snapshot of the MGEs, ARGs,
various other functional genes, and virulence genes in the samples of interest
(Bengtsson-Palme et al. 2014; Franklin et al. 2016). These also provide broad con-
textual information beyond identification of ARGs and other targets of interest.
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Identification of HGT elements provides information on how ARGs may pass from
one environment to another (Nesme and Simonet 2015). Identification of genes of
interest from metagenomic datasets is facilitated by publicly available databases and
tools. But, several challenges are associated with data analysis, for example, further
development of approaches and consensus in the scientific community that standard-
ized analysis would be beneficial or not. Combining molecular- and culture-based
methods can present some advantages to assist in linking genotype with phenotype.
Regardless of the method or combination of methods selected, experimental design
is predominant and must be carefully planned to address the research questions and
problems.

5.8.7 Impact of Antibiotics and Antibiotic Resistance Genes
and Challenges

Antibiotics are being considered as pervasively occurring persistent contaminants
in agroecosystems, and their ecological risks are a growing problem with respect to
agro-environmental quality. Many antibiotics are chronic with longer half-lives in
soil. Long-term accumulation of these antibiotics and their metabolites in agro-
ecosystems are bioactive and ecotoxic to soil microorganisms and crops, parti-
cularly bacteria (Baguer et al. 2000).

Some negative impacts of antibiotics on agroecosystems are:

(a) Inhibition of seed germination and crop growth

(b) Hampered microbial activity and soil enzymatic activity
(c) Antibiotic accumulation in crop biomass

(d) Leaching and runoff diffusion into groundwater

Besides deleterious effects on soil microflora and crop growth, antibiotics can
provoke resistant pathogens through long-time exposure due to genetic variation
and transfer. As novel persistent pollutants, antibiotics were included in limitations
issued by the Food and Agriculture Organization (FAO) in the United States
(Du and Liu 2012) There is a wide consensus that antibiotic use enriches micro-
scopic organisms conveying the antibiotic resistance genes (ARGs). These
antibiotic-resistant microorganism and antibiotic resistance genes from agricultural
settings can be physically exchanged to humans. Complicating the estimation of
agricultural antibiotic resistance and its potential for affecting human well-being
are physical, synthetic, spatial, transient, and biological complexities of common
frameworks and the “many ecologies” of resistance. Continued development of
sensitive and robust analytical methods will permit improved measurement of
bioavailable fractions of antibiotics and improve risk analysis. Large-scale efforts
involving multiple agencies and university research groups would be valuable in
attempting to unify information and approaches to improve fate and risk assessment
of antibiotics in agroecosystems (Franklin et al. 2016).
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The health effects in humans who have exposure to low levels of antibiotics and
ARB from environmental sources are unknown. The pathway for human exposure
to antibiotics may include ingestion of contaminated water, food, and inhalation of
contaminated dust particles. Antibiotic sediments measurement has been taken into
account in food crops, water sources, and animal-based food products but often at
lower levels (Franklin et al. 2016). The effects of long-term chronic exposures to
low levels of antibiotics in humans need to be investigated; however, available data
suggest that low levels of antibiotics may promote ARB and ARGs (Lin et al.
2014). Studies have also shown a toxic response to antibiotics in fish invertebrates
and cyanobacteria. The impact of antibiotics on ecosystem function primarily
focuses on soil microorganisms. Research has shown that antibiotics in the envi-
ronment have the potential to alter the microbial biomass, community structure, and
functional endpoints such as substrate-induced respiration, ammonification, iron
reduction, nitrification, and mineralization (Franklin et al. 2016; Guo et al. 2015;
Solis et al. 2011; Toth et al. 2011). These alterations in soil microbial function may
ultimately affect higher-level organisms and ecosystem processes. The effects of
ARB or ARGs on ecosystem function have not been well studied. Various hypo-
theses have been proposed for alterations in microbial function, diversity and
composition (Martinez 2009), as well as effects on wildlife health (Franklin et al.
2016). However, more evidence is essential for their thorough evaluation. The
effects of single antibiotic compounds on different agroecosystems have been
selectively characterized. Toxicological effects of mixtures have not well investi-
gated with limited research on antibiotic mixtures. It has been reported that
combinations of these compounds and their metabolites can often result in syner-
gistic, additive, and antagonistic effects enriching ARB (Franklin et al. 2016; Liu
et al. 2014). Predicting the biological effects of these mixtures is challenging as
alterations in the composition of these compounds can change mixture toxicity
from synergistic to antagonistic level (Liu et al. 2014). The mixtures of contami-
nants found in agroecosystems urge for future evaluation of environmental risk
assessment of antibiotics and their adverse effects. Lastly, the possible links
between the occurrence of ARB in the environment and agricultural systems have
yet to be determined.

The ARB from environment spread to agricultural systems quoting the docu-
mented links between wildlife (e.g., birds) and common food-borne pathogens in
agricultural products (Greig et al. 2015), indicating transfer to animals and crops
within an agroecosystem. Detection and measurement of antibiotics and their
residues are essential for understanding their potential to affect ecosystem function,
agricultural systems, and animal and human health. The potential for antibiotics to
have adverse impact in agroecosystems is directly related to its original use, in vivo,
and its environmental persistence and inherent biological activity. Not only anti-
biotic compounds and their wide range are of concern, but their metabolites trans-
formation products may also affect biological activity and therefore need to be
elucidated while conducting environmental studies.

The development of sensitive analytical methods is essential to measure the
concentrations of antibiotics in complex environmental samples. In recent years,
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the technology has made possible to detect antibiotic limits in the picogram per
gram or parts per trillion ranges. But, difficulties in separating antibiotics and their
degradation products or metabolites from complex matrices (e.g., soils, manures,
and wastewaters) still limit the ability to measure accuracy and reproducibility
(Wilga et al. 2008). A greater challenge in this context is the determination of the
ecological implications and significance of the bioavailable fractions of antibiotics
at their predicted environmental concentrations. Unfortunately, absolute recovery
of multiple antibiotic residues from environmental matrices is typically not possi-
ble, even using improved analytical techniques; the fraction recovered from soil or
other samples does not necessarily correspond with the fraction that plants or
microbes are exposed to in the environment (Naidu et al. 2008).

Quantitative analysis requires elaborate extraction and cleanup procedures to
lessen interferences. The choice of extraction and cleanup techniques for aqueous
samples is solid-phase extraction (SPE) because of improved specificity, selectiv-
ity, and reproducibility, minimal organic solvent consumption, shorter sample
preparation time, and ease of operation and automation (Franklin et al. 2016).
Preparation of semisolid and solid samples such as manure or soil is extremely
challenging due to high concentrations of natural organic matter. Instrumental ana-
lyses using high-performance liquid chromatography and tandem mass spectro-
metry (LC/MS/MS) have been established as the primary analytical tools for
quantification of antibiotics. High-resolution instruments such as quadrupole
time-of-flight and Orbitrap MS (Thermo Fisher Scientific) are best suited for
identification of unknown samples, whereas triple quadrupole gives high selectivity
for antibiotic detection (Johnson et al. 1990). Ion trap mass spectrometry helps to
identify transformation products, which is critical, as many transformation products
preserve antimicrobial properties (Diaz-Cruz and Barcelé 2007). Currently, stan-
dard methods do not exist for the detection of antibiotics in environmental samples
(Franklin et al. 2016) because methods are not yet standardized and well-described
procedures including details of validation are needed to make comparisons between
studies. Furthermore, procedures and methods to determine the limits of detection
variations should have been the subject of environmental literature (Franklin et al.
2016). Enzyme-linked immunosorbent assay (ELISA) is going to be used as a
screening tool and a semiquantitative method for the determination of total analyte
concentrations within a class of antibiotics (Aga et al. 2005). The value of this
technique is that the ELISA has the potential to estimate bioavailability regardless
of a compound’s structure, while targeted analysis using LC/MS/MS would not be
able to detect an unknown transformation product. Bioreporters, which are genetic-
ally engineered cells, can be capable of producing detectable signals in the presence
of a target compound and thus can be useful alternatives to chemical analyses
(Franklin et al. 2016). Continued development of sensitive and robust analytical
methods will permit improved measurements of bioavailable fractions of anti-
biotics and their residues with improved risk assessments.

At present, the pathways that permit antibiotic compounds, ARB, and ARGs to
move through the environment are not completely understood. However, this data
is not complete and additional research is important to completely clarify the
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current reservoir of antibiotic-related contaminants in the environment, while addi-
tionally recognizing those that are not known. All-around well-developed standard
techniques for exact investigation of antibiotics, ARB, and ARGs from ecological
specimen are uncommon. While techniques have been developed for examination
of antibiotic and antibiotic resistance in clinical settings, these strategies cannot
promptly be connected in environmental settings. Standard techniques have not
been developed for antibiotic research in environment; most labs must build up
their own particular strategies. This restrains the capacity to make correlations
between samples analyzed in different research centers and impedes risk assess-
ment analysis. Surveillance programs for monitoring antibiotics and antibiotic resi-
stance in the environment are lacking to date. The development and execution of
these sorts of projects at nearby, national, and worldwide level would give long-
term, comprehensive data about how and where antibiotics and antibiotic resistance
are affecting agroecosystem. These projects would give information about the
general effects within the agroecosystem to help in determining areas that require
additional research focus. Surveillance data would also help in recognizing the
reservoirs of antibiotics, ARB, and ARGs, pathways that permit these contaminants
into and out of agroecosystem (Franklin et al. 2016).

5.9 Conclusion

The interpretation of antibiotics and antibiotic resistance in agroecosystems is an
important field of research in which a one health strategy is required to entirely
understand the health implications of antibiotic drugs, ARB, and ARGs in the eco-
system. Since the use of antibiotics is not declining and the prevalence of antibiotic
resistance is on the augment in human and animal populations, a greater conception
of the transport and fate of antibiotics, ARB, and ARGs in the environment is
critical to conclude the probable risks and impacts on human, animals, and ecolog-
ical health. Food production systems and biosolid applications are recognized as
remarkable input sources of antibiotic-related contaminants, while the direct and
indirect impacts on agroecosystems are not known. Development of standard
approaches and their implementation among the scientific community is needed
for an accurate identification and quantification of antibiotics, ARB, and ARGs in
soil, water, manure, and other environmental matrices. Additional focus on stan-
dard research approaches and execution step in obtaining the reliable data are
essential to provide an inclusive assessment of antibiotics and antibiotic resistance
in agroecosystems.
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Chapter 6
Role of Antibiotics in Climate Change

Rida Akram, Muhammad Zaffar Hashmi, and Wajid Nasim

6.1 Introduction

Climate change is considered as a long-term change in the statistics of the weather.
These changes include variations in average values of temperature and
precipitation/rainfall. It is estimated that the last decade of the twentieth and
beginning of the twenty-first century is the warmest period in the whole global
instrumental temperature record (NOAA 2007). It is found that the trend of average
temperature and volatile rainfall patterns are increasing faster as predicted National
Academy of Science (2001). Most of these changes in climate (90-95%) are caused
by human being, and the average global temperature is increased by 1.4-5.8°C
between the 1900 and 2100 (IPCC 2001, 2007). It is also estimated that the average
global temperature will be increased by 0.3-1.3°C during the next upcoming
30 years (Zwiers 2002).

R. Akram
Department of Environmental Sciences, COMSATS Institute of Information Technology
(CIIT), Vehari, Pakistan

M.Z. Hashmi
Department of Meteorology, COMSATS Institute of Information Technology (CIIT),
Islamabad, Pakistan

W. Nasim (D<)
Department of Environmental Sciences, COMSATS Institute of Information Technology
(CIIT), Vehari, Pakistan

CIHEAM-Institut Agronomique Mediterraneen de Montpellier (IAMM), Montpellier, France

National Research Flagship, CSIRO Sustainable Ecosystems, Toowoomba, QLD, 4350,
Australia
e-mail: wajidnaseem2001@gmail.com

© Springer International Publishing AG 2017 91
M.Z. Hashmi et al. (eds.), Antibiotics and Antibiotics Resistance Genes in Soils,
Soil Biology 51, DOI 10.1007/978-3-319-66260-2_6


mailto:wajidnaseem2001@gmail.com

92 R. Akram et al.
6.2 Causes of Climate Change

These are the following causes of climate change:

6.2.1 Greenhouse Gasses and Climate Change

When sunlight radiations reach earth’s surface, there are two possibilities that it can
either be reflected to the space or absorbed by the earth’s surface. Greenhouse
gasses (GHGs) cause the atmosphere to retain the heat and are considered as main
contributors to climate change via direct and indirect sources.

* Direct sources
It occurs when gasses (CO,, CHy, N,O, O3, and water vapors) itself absorbs
radiation.
¢ Indirect sources
It occurs when transformation of chemical substances produces greenhouse
gasses as a product (IPCC 2013).

These climatic changes mostly due to the anthropogenic GHG emissions are
going to produce a series of serious environmental issues. But it is also fact that
agriculture sector is responsible for 30-35% of the global GHG production (Foley
et al. 2011).

6.2.2 Ozone Depletion and Climate Change

Ozone (O3) forms a layer in the stratosphere and considered vital to maintain life on
earth. It has the ability to absorb the ultraviolet (UV) rays that come from the sun
and have damaging effect on the living organisms. Only 3% or fewer amounts of
UV rays that come through the O3 layer seriously cause many health problems like
sunburns, skin allergy, and skin cancer. So, if there is no Oj layer at all, then what
will happen? Bitter consequences! And we are not ready to face it.
Chlorofluorocarbons (CFCs) are considered as the main reason for the ozone
layer depletion. In the twentieth century, CFCs become most demanding in market
for its use in refrigerators and aerosol products. In start, it is considered that CFCs
are harmless, and mostly don’t have the ability to easily react with other substances.
But chemical stability permits CFCs to stay for a long duration that is enough for its
drift into the stratosphere after the emission. When reached to stratosphere, CFCs
react with O3 and cause its depletion. So, with ozone depletion excessive amount of
sun radiation enters and enhances the overall temperature of the earth, ultimately
bringing severe changes in climate (Ozone Depletion and Climate Change 2011).
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6.2.3 Chemistry in Climate Change

In stratosphere, CFCs break down as it become exposed to UV rays. Free chlorine
radicals (CI°) are produced, and taken as chemically reactive substance. During the
process of decomposition of O3, CI' behave as a strong catalyst, change two O3
molecules into three O, molecules. Also lose UV absorbing ability during this
decomposition reaction. The produced catalysts mostly not undergo in another
chemical reaction, the same CI continues the further destruction of O3 (Eq. 6.1).

CFCl; + UV light — CFCl, + CI°
Cl' + 03 — ClO + O, (6.1)
ClO+0 —Cl' +0,

On polar sides, the stratosphere is cool enough to make polar stratospheric
clouds (PSCs) and provides optimal conditions for the CI" to produce CIO (chlorine
monoxide). There was a catalytic cycle of CI" and ClO that continues the Os;
depletion. Antarctica is a more suitable region for O; depletion than the Arctic,
just because of lowest temperatures and its wind system that prevent the drifting of
O3-depleting substances out of the area (Ozone Depletion and Climate Change
2011).

6.3 Methane Production in Livestock and Climate Change

Methane (CH,) has 25 times more ability to trap heat than CO, in the atmosphere.
In last 250 years, overall concentration of CH, increases by 160% (IPCC 2013;
CDIAC 2015). Methane gas production from the ruminants is considered as natural
and unavoidable process during the digestion of feed. Mostly, CH, leaves the
ruminant body via expired air and small friction approximately 2% forms in the
large intestine. These animals stomach have millions of microorganisms like
bacteria, fungi, and protozoa that break down the food, mainly consisted of
carbohydrates (e.g., starch). Enzymatic activity breaks the starch, but the presence
of microorganisms is essential for the breakdown of cellulose. These microorgan-
isms break the carbohydrates present in the feed to fatty acids, acetic, propionic,
and butyric acid. With the formation of acetic acid and butyric acid, hydrogen ions
release. Hydrogen ions have damaging effect to cattle, but CH4 producing bacteria
start the metabolism of hydrogen ions to CH, and H,O (Berglund et al. 2008).
According to the estimation, 6.5% of gross energy present in the diet is lost as CHy.
Cow yielding 9000 kg milk annually produces approximately 120-130 kg CH,/year
(IPCC 2006).

Global emission of these GHG mostly from the livestock production system was
18% of total anthropogenic GHG emissions and considered nearly equal to emis-
sions from the global transportation systems (Asner and Archer 2010). In 2050, the
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direct GHG emission rate from production of milk, meat, and egg has the ability to
increase approximately 39% above the 2000 years levels (Pelletier and Tyedmers
2010).

Cows belong to the class of ruminants, having four-chambered stomach. They
regurgitate their feed as cud before the chewing and eating it again. The digestion of
plants and grass is difficult; that’s why these ruminants have four chambers, so food
is initially digested in the first two chambers and then digested food (cud) is brought
back and rechewed, and finally it goes to stomach and intestine to digest again.
Microbes that are present break the food and produce CH,4 as a by-product (Pradhan
2015).

Cows produce a massive amount of CH, through belching and lesser amount via
flatulence. The agricultural CH4 production could increase by the 60% by 2013.
Worldwide 1.5 billion cows and billions of grazing animals produce dozens of
GHGs especially CHy, 2/3 of all NH; comes from cow. Some expert’s reports
indicate that a cow emits 100-200 liters a day (about 26-52 gallons), while others
say itis up to 5001 (132 gallons) a day. That is a lot of CH4 and a comparable to the
pollution produced by a car (Lean 2006).

Beef cattle are relatively considered as a large source of GHG emissions
(Crosson et al. 2011). Direct emissions of GHG from the beef cattle production
was estimated by the EPA (environmental protection agency), mostly based on
three most obvious localized sources, that are, (1) CH,4 from enteric fermentation,
(2) CH,4 from manure decomposition, and (3) NO from manure (both direct and
indirect) (EPA 2010). Beef cattle produce a significant amount of CO, through
respiration and enteric fermentation (Table 6.1).

6.4 Role of Antibiotics in Climate Change

Antibiotics are used to increase the milk and meat production rate as well as to
maintain health of livestock. Previous studies show that there is no relationship
between use of antibiotics and climate change. But recent some reports show that
dosing livestock animal with antibiotics increases GHG emissions, especially from
the cow dung. The antibiotics boost the production rate of CH, in cows. Clear
damaging impacts of antibiotics were measured and producing 1.8 times more CH,.
Methane generated by cattle is released as burps (release of gas from the digestive
tract), and antibiotics are considered to increase burped CH, as well (Harrabin
2016).

Farmers feeding their livestock antibiotics and may be doing more than the level
of creating drug resistance microbes. The excessive use of antibiotics boosts up the
GHG emissions. Tetracycline is taken as a commonly used antibiotic. A 3-day
treatment was used to measure the amount of CH, produced within the cattle
manure. It is observed that the emission of planet warming CH, from the manure
of antibiotic-dosed cattle was 80% higher than the manure of untreated cattle. This
increase in CHy may be due to the increase in CH4 producing microbes that is
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Table 6.1 Livestock emissions of CH, and N,O in the USA (1990 and 2008)

1990 2008
Gas/animal type Tg* CO, Eq.% of total Tg CO, Eq.% of total
CH, from manure
Total US livestock 29.3 100.0% 45.0 100.0%
Dairy cattle 10.2 34.8 19.4 43.1
Beef cattle 2.6 8.6% 2.5 5.6%
Sheep 0.1 0.3% 0.8 1.8%
Poultry 2.8 9.6% 2.6 5.8%
NO from manure
Total US livestock 14.4 100.0% 17.1 100.0%
Beef cattle 6.3 43.8% 74 43.3%
Dairy cattle 5 34.7% 5.5 32.2%
Sheep 0.1 0.7% 0.3 1.8%
Poultry 1.5 10.4% 1.8 10.5%
CH,, enteric fermentation
Total US livestock 132.0 100.0% 140.6 100.0%
Beef cattle 94.5 71.6% 100.8 71.7%
Dairy cattle 32.0 24.2% 33.1 23.5%
Sheep 1.9 0.0% 1 0.7%

#One teragram is equal to 1012 g, or 1 million metric tons

present in the digestive system of cattle treated with tetracycline, due to the
suppression of antibiotic susceptible bacteria. The CH, emission from the cud
chewing livestock worldwide account for approximately 4% of the GHG emission
related to anthropogenic activity (Perkins 2016).

If this hypothesis is correct, then antibiotics (tetracycline) have the same effect
on the livestock as well as on direct gaseous emissions. Because the livestock will
generate CH, (a potent GHG) that, in turn, contributes to climate change. Tetracy-
cline changes the microbial competition inside the intestine of cow and hampers the
balance. In addition, the same effect occurs in case of belching that would be a
cause of great concern. Cattle is a known source of CH4 which is taken as more
potent GHG than CO,. Cow dung fed with tetracycline was compared with the cow
dung not fed with antibiotic to measure the amount of CO,, N,O, and CH,. Activity
of gut microbes that is known as archaea produces CH, in cow intestine. These gut
microbes flourish in air free (anaerobic) condition. This study shows abrupt alter-
ation in the microbiota of the cow’s dung and enhances the rate CH4 emission.
Tetracycline may also increase CH4 amount of cow farts and burps (Roy 2016)
(Fig. 6.1).
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Fig. 6.1 Antibiotics increase CH4 amount of cow farts and burps

6.5 Effect of Antibiotics on Soil Microbes Combat Against
Climate Change

Antibiotics are introduced to agro-ecosystem through land application of manure
and associated with potential health. Antibiotics have negative impacts on soil
microbes and also bring changes in working of these microbes (Unger et al. 2012).

In addition to the development of antibiotic resistance, the use of antibiotics
increasingly disrupts the ecology of the microbes, and microbes may not perform
vital functions such as nutrient recycling (Guarner and Malagelada 2003). Dung
beetle plays a key role in recycling of nutrients and reduction of CH, emission by
break down of cow pats. This is done by reducing the anaerobic archaea and
oxygenation of cow dung. The dung beetle also alters the microbiota. So, increase
in antibiotics feeding cause increase in CH4 emission (Roy 2016).

These antibiotics change the microbes present in digestive system of dung
beetles, which are considered vital in carbon cycling and also improving soil. A
recent study shows that methanotrophs have the ability to use large amounts of
copper for the purpose of CH, oxidation. Copper is taken as a vital element and
used for the biological CH,4 oxidation for over 30 years. This information is helpful
to make new approaches for exploiting the bacteria in laboratory as well as in
environment. New copper storage proteins (Csp) was identified and present in wide
range of bacteria, and these proteins have the ability to store metal in a way that was
not seen previously. So, methanotrophs are the biological mechanism for avoiding
too much amount of CH, from the environment by consuming it for carbon and
energy. For the oxidation of CH,, methanotrophs use an enzyme (methane
monooxygenase) that requires copper/iron to work (Mathewson 2015; Reay 2003;
Singh et al. 2010) (Fig. 6.2).
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Fig. 6.2 Microbial control on GHG emission (modified after Singh et al. 2010)
6.6 Conclusion

It is concluded that by minimizing the negative impact of anthropogenic activities
in environment less use of antibiotics can help combat against climate change.
Further investigation is also required to explain the whole processes that how use of
antibiotics in livestock increases the rate of CH,4 gas production.
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Chapter 7

Potential Dissemination of ARB and ARGs
into Soil Through the Use of Treated
Wastewater for Agricultural Irrigation: Is
It a True Cause for Concern?

Nada Al-Jassim and Pei-Ying Hong

7.1 Introduction

Antibiotic resistance is increasingly being recognized as an emerging contaminant,
threatening effective treatment of infections and carrying a great risk to public
health. Anthropogenic activities such as the rise in antibiotic use for medical and
agricultural purposes are considered a major cause for escalating the threat.

In all cases of usage, antibiotic end up in sewage waters at subtherapeutic levels,
that is, in concentrations not high enough to kill bacteria but instead impose a
selective pressure to favor the occurrence of antibiotic resistant bacteria (ARB)
with their associated antibiotic resistance genes (ARGs) (Pruden et al. 2013). In
recent years, WWTPs have been shown to be potential hotspots for ARB and ARGs
propagation (Rizzo et al. 2013). Despite undergoing treatment, the treated munic-
ipal wastewater can still contain a significant amount of ARB and ARGs. This
problem is of particular concern in water-scarce countries with pressing needs to
reuse the treated wastewater. Reuse of treated wastewater effluents might impose a
potential risk to the public health if ARB and ARGs accumulate in the agricultural
soils.

Soils, however, also inherently contain a baseline abundance of ARB and ARGs.
It is therefore required to account for how much of the ARB and ARGs in
agricultural soils are truly contributed by wastewater during irrigation events, and
also which of these ARB and ARGs are potential new threats of concern.
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This book chapter aims to address the underlying question of whether the use
of treated wastewater for agricultural irrigation can lead to dissemination of
ARGs and ARB. To achieve this aim, the chapter starts by first stating that
pristine soils or even soils that predate the antibiotic era naturally contain ARB
and ARGs. Findings from earlier studies are collated to provide both sides of the
argument on whether wastewater reuse can lead to accumulation of ARB and
ARGs in agricultural soils. Emphasis is made on the emerging ARGs, particularly
the blanpm gene that confers resistance against carbapenem. Carbapenem is an
antibiotic typically used as a last line of defense against Gram-negative bacterial
infections (Walther-Rasmussen and Hgiby 2007). Bacterial pathogens possessing
the blaypm gene are hence associated with patient morbidity and mortality rates.
The fate and persistence of emerging ARGs (e.g., blanpny) are not studied in
depth but the chapter reviews insights that have been gained from studies
involving other types of ARGs to discern if horizontal gene transfers are likely
in a wastewater-irrigated soil matrix. Finally, the chapter discusses several inter-
vention strategies, namely solar irradiation and phage treatment that can poten-
tially be applied in the agricultural setting to combat against emerging ARB and
ARGs threats.

7.2 Pristine Environments Harbor ARBs and ARGs

Natural environments are thought to be the origin of most antibiotic resistance
genes and serve as reservoirs for antibiotic resistance (D’costa et al. 2006; Wright
2007). Soil environments are a particularly significant reservoir as they are one of
the richest habitats for microbial diversity and abundance (Cytryn 2013). In one
study, a majority of the 93 bacterial colonies isolated from a cave that had been
secluded for over 4 million years were revealed to be multi-drug resistant. These
bacterial isolates demonstrated resistance to a wide range of structurally different
antibiotics, including the last-resort antibiotic daptomycin (Bhullar et al. 2012).
However, resistance patterns showed relatively little resistance to new classes of
synthetic antibiotics compared to natural antibiotics. In another study on deep
terrestrial subsurface soil samples, 153 bacterial isolates were tested against 13 anti-
biotics and results found 70% of these isolates to be resistant to more than one
antibiotic, with over 35 isolates resistant to five or more antibiotics (Brown and
Balkwill 2009). Most frequently noted resistance was against nalidixic acid,
mupirocin, or ampicillin, and to lesser extents, against ciprofloxacin, tetracycline,
neomycin, and chloramphenicol. Resistance against rifampin, streptomycin, kana-
mycin, vancomycin, erythromycin, and gentamicin was also detected.
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7.2.1 Overview of Range of Antibiotic Resistance Classes
in Pristine Environments/Soil

Given the presence of ARB in pristine environments, detection of ARGs is expected
too. An analysis of the ARGs distribution in glacier environments showed a
widespread distribution of ARGs in samples from various glaciers in Central
Asia, North and South America, Greenland, and Africa (Segawa et al. 2013).
Reported ARGs included blatgp.1, tetW, aac(3), aacC, and strA and even metallo
beta-lactamase gene (blapyp), encompassing ARGs of both clinical and agricultural
origins. In another study, soil DNA was cloned into vectors and expressed for the
insert genes. It was determined that at least nine clones were resistant to
aminoglycosides and one to tetracycline (Riesenfeld et al. 2004). Aminoglycoside
resistance genes sequences were further analyzed and six of them resembled genes
that express 6'-N-aminoglycoside acetyltransferase [AAC(6)] enzymes. All but
one of the aminoglycoside resistance genes encode amino acid sequences that are
considerably different (<60% identity) from any previously reported sequences.
This indicates that natural soil environments are not only reservoirs for common
ARGs, but are also reservoirs for genetically diverse and novel ARGs. Another
study used functional metagenomics to study remote Alaskan soils and revealed the
presence of diverse beta-lactamases, namely Ambler classes A, C, D (active site
serine beta-lactamases), and B (metallo beta-lactamase) (Allen et al. 2009). Class A
beta-lactamase were recovered from Burkholderiapseudomallei, Pseudomonas
luteola, and Yersinia entercolitica, and these recovered beta-lactamases were
distantly related to the clinically relevant CTX-M family. The lone representative
of the class D beta-lactamases was linked with a class C beta-lactamase as part of a
single open reading frame harboring two full-length genes, making the study one of
the first to report a bifunctional beta-lactamase. Class D causes resistance to
amoxicillin, ampicillin, and carbenicillin, while class C causes resistance to ceph-
alexin. Class B beta-lactamase in the Alaskan soils fell into one of the three
subgroups of known metallo beta-lactamases, but were more closely related to
the ancestral beta-lactamases than beta-lactamases isolated in clinical settings.
They, however, remained capable of conferring resistance to E. coli despite this
evolutionary distance, demonstrating that resistance genes residing in the environ-
mental reservoir do pose a threat to human health, especially if they are horizontally
transferred to pathogens.

7.2.2 ARGs Predate the Use of Antibiotics

Pristine environments are those subjected to minimal perturbation by human
activities, but they might still be indirectly subjected to unknown anthropogenic
contamination due to weather elements and animal migration. For an assessment of
samples free from modern anthropogenic activities and antibiotic influences, insight
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can be gained from examining pre-antibiotic era bacterial isolates. Retrospective
studies have found ARGs in bacterial isolates sampled prior to 1950, with some of
the detected resistance elements being able to be transferred via conjugation (Hughes
and Datta 1983; Smith 1967). Metagenomic analysis of ancient 30,000-year-old DNA
from permafrost sediments also identified a highly diverse collection of genes
encoding resistance to beta-lactam, tetracycline, and glycopeptide antibiotics, and
confirmed the similarity of a complete vanA gene to modern variants (D’Costa et al.
2011).These results showed that ARGs exist naturally in the environment even prior to
extreme selection pressure imposed by rampant antibiotic use. ARGs appear to
facilitate bacterial survival in the natural environment and may be co-selected for by
environmental factors like solar radiation or the presence of heavy metals and other
toxic compounds in soil (Piepersberg et al. 1988; Nies 2003; Poole 2005). It may also
be possible that ARGs occur consequentially from symbiotic relationships shared
among different microorganisms. For instance, to defend against antibiotic-producing
Streptomyces, other bacterial species may have co-evolved resistance against the
corresponding antibiotics (D’Costa et al. 2011; Allen et al. 2010).

7.2.3 Baseline Abundance of ARGs in Soil

Despite the vast information related to the diversity of ARB and ARGs that could be
recovered from pristine soils or from soils predating the antibiotic era, little
information is available on the baseline abundance of ARGs in such samples.
Wang and coworkers utilized qPCR arrays to report the relative abundance of a
wide diversity of ARGs. Their results found seven ARGs (blatgwm, blasro, blarox,
cphA, mexF, oprD, and oprJ) that were frequently and evenly represented across all
samples, suggesting that the examined Antarctic region is a reservoir for these
genes (Wang et al. 2016). However, the study only provides relative abundance of
genes and not absolute copy numbers. Instead, such information can be inferred
from another study that used qPCR to quantify values of different classes of ARGs
in agricultural soil samples collected over the 1940s, 1960s, 1970s, 1980s, and
2000s (Knapp et al. 2010). The study revealed that some genes increased in
abundance with time. Specifically, genes tetQ, tetO, tetM, blatgy.; were among
ARGs with the highest rates of increment, coinciding with the increase in industrial
antibiotic production in the 1950s and the increased use of related antibiotics (i.e.,
tetracycline and beta-lactam) in the recent years (Van Boeckel et al. 2014). To
illustrate, at one of the study’s sampling sites (Site C), ferQ, tetO, and blagy.; had
abundance of 107%°, 10~%", and 107"* copies, respectively, per gram of dry soil
collected in 1942. The abundance of tetQ, tetO, and blargy,.; increased to 107262,
102 and 107" copies, respectively, per gram of dry soil collected in 1975.
Although this study only examined archived soils collected from the Netherlands
and may not be representative of baseline ARG abundance on a global scale,
knowledge of the baseline ARG abundance would allow one to infer the required
ARG fluxes from anthropogenic sources to significantly perturb the baseline ARG
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abundance. This would suggest that irrigation with municipal wastewater and/or
manure application, both of which inherently contain high abundances of ARB and
ARGs (Da Silva et al. 2006; Munir et al. 2011; Zhu et al. 2013; Munir and
Xagoraraki 2011), may be potential contributors of ARGs and ARB to the soils.
The following subsection therefore aims to further review potential impact on soils
arising from manure application and wastewater irrigation.

7.3 Antibiotic Resistance Genes in Anthropologically
Perturbed Soils

Numerous studies showed that application/irrigation of manure and wastewater can
lead to potential detrimental impacts on soils. Soils applied with dairy or swine
manure were compared to inorganically fertilized soils (Marti et al. 2013) and
results showed enrichment of ARB and increment of ARGs abundances in manure-
applied soils. However, there was no coherent corresponding increase in abun-
dances enumerated from vegetables grown in the soils. Heuer and coworkers
applied manure-containing sulfadiazine, an antibiotic typically used on livestock,
to soils and compared the abundance of sulfonamide resistance genes against the
non-treated soils. Their findings showed an increase in sulfonamide resistance gene
numbers compared to non-treated soils and that sulfonamide resistance genes
continued to be detected more than 2 months after manure application (Heuer and
Smalla 2007). When sulfadiazine-supplemented manure was applied repeatedly to
soils, sulfonamide resistance gene abundances accumulated within the soil samples
(Heuer et al. 2011). Although such studies demonstrate an increase in ARGs as a
result of manure application, the increase could be due to a higher nutrient input that
subsequently changed the microbial community and enriched for bacterial
populations that inherently possess the associated ARGs. To address this, a separate
study examined soils treated with a single application of manure derived from cows
which had not received any antibiotics treatment (Udikovic-Kolic et al. 2014). For
over 130 days, the ARG abundances in manure-applied soils were compared to that
detected in soils adjusted to the same nutrient input load (i.e., nitrogen, phosphorus,
potassium) levels with inorganic fertilizer (i.e., controls). It was reported that
manure-applied soils contained a higher abundance of beta-lactam-resistant bacte-
ria with blacgp (i.e., cephalothin) resistance genes. The increase in abundance for
this gene was linked to the enrichment of beta-lactamase-harboring resident soil
bacteria. A further identification showed an increase in abundance for Pseudomo-
nas spp. and Janthinobacterium sp.; both known to harbor beta-lactamases. This
suggests that increases in the abundance of ARGs and ARB after manure applica-
tion can possibly be accounted for by the influx of contaminants associated with the
manure. On the same note, a qPCR-based assessment on tetracycline resistance
genes and integrase genes found that manure application caused gene abundances
to increase by sixfold (Hong et al. 2013). These genes remained above background
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levels for up to 16 months. Through 16S rRNA gene analysis, the study found that
soil microbial communities collected before and after manure application did not
change significantly, suggesting that the increase in the ARGs due to manure
application possibly arose from the influx of these ARGs from the animal feces
and not due to changes in microbial communities.

The impact on soils arising from wastewater irrigation seems to differ from
manure application depending on the extent of wastewater treatment received. A
recent study analyzed soils that were continuously irrigated with untreated waste-
water for 100 years (Dalkmann et al. 2012). Compared to control soils, sulfonamide
resistance gene copy numbers increased when normalized to either 16S rRNA
genes or per gram of dry soil. The wastewater-irrigated soils were also noted to
have increased total number of 16S rRNA gene copies, and this long-term increase
in biomass correlated to the increase in absolute concentration of resistance genes
in soils.

In contrast, negligible or insignificant detrimental impact was observed when
wastewater was first treated prior to reuse. To exemplify, a comparison between
treated-wastewater-irrigated and freshwater-irrigated soils found that ARB and
ARGs levels were on the whole identical or sometimes even lower in treated-
wastewater-irrigated soils (Negreanu et al. 2012). The findings indicate that the
high numbers of ARB that entered the soil did not compete successfully against the
resident soil bacteria, and hence were unable to survive in the soil environment.
Another study irrigated soil microcosms with secondary-treated (i.e., wastewater
that received treatment in a biological activated sludge process), chlorinated, or
dechlorinated effluents in a single irrigation event, and did not observe any signif-
icant changes in the ARG levels compared to microcosms irrigated with deionized
water (Fahrenfeld et al. 2013). However, there were elevated levels of sulfonamide
resistance genes in soils upon repeated irrigation with secondary-treated wastewater
but not with the chlorinated and dechlorinated effluents. A follow-up study moni-
tored abundances of ARB and ARGs in vegetables grown in fields fertilized with
digested biosolids or untreated municipal sewage sludge. When compared to
inorganic fertilizer (Rahube et al. 2014), results did not show that either treatment
had a significant impact on viable coliform ARB, except in one instance where
sewage sludge application increased the occurrence frequency of ARB from 46.4 to
79.2%. However, the PCR approach detected gene targets in both treated soils and
vegetables grown in them that were not present in inorganically fertilized soils.

7.4 Performance of Wastewater Treatment Plants

These combined reports emphasize the importance of treatments achieving
sufficient microbial contaminant removal before wastewater is used to irrigate
agricultural soils. A conventional municipal wastewater treatment plant (WWTP)
comprises a primary clarifier that serves to provide sedimentation of settleable solid
particulates from the raw wastewater (i.e., influent), followed by biological activated



7 Potential Dissemination of ARB and ARGs into Soil Through the Use of. .. 105

sludge process. Within the activated sludge process, microorganisms serve to
biodegrade the organic matter, hence reducing the organic and nutrient load. The
wastewater generated from the biological activated sludge tank is then channeled to
a secondary clarifier to separate the supernatant from the settleable solid particu-
lates. Effluent generated at this point is typically referred to as the secondary-treated
wastewater. In most WWTPs, chlorination is performed on the secondary-treated
wastewater to achieve an additional inactivation of microbial agents present. In most
instances, secondary biological treatment processes can achieve satisfactory treat-
ment with regard to fecal coliforms in wastewater, and generally are able to meet a
discharge requirement that includes a permissible level of fecal coliforms in waste-
water <1000 CFU/100 mL for restricted irrigation or <2.2 CFU/100 mL for
unrestricted irrigation (Al-Jassim et al. 2015; Al-Jasser 2011).

However, secondary treatment processes do not necessarily address specific
classes of pathogens and/or emerging microbial contaminants like ARB and
ARGs, which are more difficult to remove than fecal coliforms. To illustrate, an
investigation of the performance of a full-scale wastewater treatment plant assessed
influent, secondary-treated, and chlorinated effluents using culture-based and
molecular methods (Al-Jassim et al. 2015). Results found that abundance of
regulated contaminants like coliforms and fecal coliforms was effectively reduced
and met quality standards for restricted irrigation. However, removal rates of
emerging contaminants were lower and that proportions of pathogenic genera and
multi-drug-resistant bacteria increased over the treatment schematic. An assess-
ment of the performance of a full-scale and a bench-scale membrane bioreactor for
wastewater treatment found variable but never total removal of pathogens from the
influent to the effluent, despite the use of microfiltration membranes (Harb and
Hong 2016).

Given that a total removal of microbial agents is not likely to be achieved by
most WWTPs, more care should be placed to ensure removal of emerging ARB and
ARGs that do not constitute a part of the baseline ARGs and ARB in soils, as
discussed earlier. The blanpy is an example of a gene that has thus far not been
found to constitute part of the baseline ARGs in soils. It results in the production of
New Delhi metallo-beta-lactamase (NDM), an enzyme that confers resistance to a
wide spectrum of beta-lactams, including carbapenems. A study addressing the
occurrence of blanpy genes at different phases in two wastewater treatment
facilities in northern China found that blanpy genes were detected in the influent,
effluent, and chlorinated effluent, which in turn resulted in the discharge of signif-
icant levels of these genes to the environment (Luo et al. 2013). The findings from
that study therefore indicate that blaypy is an emerging contaminant of special
concern when the treated wastewater is to be reused for agricultural irrigation.
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7.4.1 New Delhi Metallo-Beta-Lactamase as an Emerging
Contaminant of Special Concern

Carbapenems are beta-lactam antibiotics that have been used to combat severe
Gram-negative bacterial infections and represent a last line of defense treatment
(Walther-Rasmussen and Hgiby 2007). Hence, emergence and global spread of
carbapenem resistance in bacteria that would render this last-resort treatment
ineffective can be a cause of great concern to public health. Resistance is conferred
through carbapenemases, a type of beta-lactamase enzymes categorized into
Ambler classes B, A, C, and D (Bush 2010). Class B carbapenemases are
metallo-beta-lactamases, MBLs, that use bound zinc atoms in the active site to
help ionize and coordinate a nucleophilic hydroxide ion to mediate hydrolysis,
while class A, C, and D carbapenemases are serine carbapenemases that use active
site serine as a nucleophile (Bush 2010; Wang et al. 1999). The New Delhi Metallo-
beta-lactamase is a broad-spectrum beta-lactamase that falls into Ambler class B
and is a novel MBL that was identified in 2009 in a Swedish patient of Indian origin
who traveled to New Delhi, India, and acquired a carbapenem-resistant
K. pneumoniae infection (Yong et al. 2009). MBL enzymes exhibit tendency to
have a broad-spectrum substrate profile. Biochemical characterization of protein
structure of variant NDM-1 has shown that it has an expansive active site with a
unique electrostatic profile that leads to accommodation of a wide variety of
substrate molecules (King and Strynadka 2011). Furthermore, the protein also
exhibits a molecular profile that allows for broad-spectrum antibiotic substrate
binding and product release, hence conferring a bacterium with NDM its unique
trait of exhibiting broad-spectrum antibiotic resistance (King and Strynadka 2011).

Since discovery, blaypm-positive infections have been reported in nosocomial
environments in numerous countries (including the United States, Canada, the
United Kingdom, Germany, Kenya, South Africa, Oman, Pakistan, Honk Kong,
Japan, Australia, and more) in all continents except Antarctica (Table 7.1). Besides
the NDM-positive Enterobacteriaceae as shown in Table 7.1, blanpy has also been
detected in numerous, including virulent, bacterial species such as Acinetobacter
spp., Aeromonascaviae, Enterobactercloacae, Pseudomonas spp., and
Vibriocholera (Kumarasamy et al. 2010; Walsh et al. 2011), some of which are
listed in Table 7.1. The encoding gene for blaypy Was initially detected in a 180-kb
plasmid for K. pneumoniae and a 140-kb plasmid for E. coli, of which both were
easily transferable and at a high frequency to susceptible E. coli J53 (Yong et al.
2009). Since then, the gene has been found in plasmids of various sizes (~50-300 kb)
that belonged to different incompatibility (Inc) groups (A/C, FI/FII) (Table 7.1). In
2011, a variant of NDM-1 (designated NDM-2) that differed by a single amino acid
was reported (Kaase et al. 2011). In 2013, a review paper reported that a series of
further variants (designated NDM-3 to NDM-7) have been reported on the Lahey
Clinic beta-lactamase website (http://www.lahey.org/Studies/) (Johnson and
Woodford 2013). A subsequent search on the same database showed reports of
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NDM variants that include all the way to NDM-16, suggesting a rapid variation of
NDM.

In addition to the wide substrate range and the rapid variation of NDM, the
problem arising from NDM is further aggravated by a number of complications.
These complications include a lack of standard routine phenotypic tests for MBL
detection (Miriagou et al. 2010). A commonly used approach as of now is the use of
EDTA as a chelator of zinc to detect loss of MBL activity. Consequently, high
prevalence of unrecognized asymptomatic carriers is probable, which would lead to
an underestimation of the global dissemination of NDM-harboring bacteria. Given
that the blanpy gene is often encoded in plasmids that are of various types of
incompatibility classes, this indicates to the possibility of horizontal gene transfer
among many different types of Gram-negative bacteria. Moreover, the scarcity of
available effective antibiotics poses challenges to treatment, hence indicating a
higher risk of morbidity or mortality for patients who are infected by NDM-positive
pathogens.

7.4.2 New Delhi Metallo-Beta-Lactamase in Wastewater

The presence of blanpm-positive isolates is not restricted to only nosocomial
environment. Instead, blanpym-positive isolates have also been isolated from
non-nosocomial environments. To illustrate, a K. pneumoniae carrying the
blaypwm.1 gene was isolated from river water in Hanoi, Vietnam (Isozumi et al.
2012). Various reports also implicate wastewaters as reservoirs for bacterial isolates
carrying blanpnm genes. Bacterial species carrying NDM have been isolated from
waste seepage and tap water sampled from New Delhi, India, city center and
surrounding areas (Walsh et al. 2011), and from untreated wastewater in Jeddah,
Saudi Arabia (Mantilla-Calderon et al. 2016).

In one of these studies, in-depth genomic characterization of the blanpy-positive
E. coli that was isolated from wastewater influent showed that this bacterium
possessed a mosaic of traits representative of different E. coli pathotypes
(Mantilla-Calderon et al. 2016). Furthermore, the isolate was demonstrated to
internalize into mammalian cells, and has a genome encoding for various virulence
traits. The non-chromosomal genome of this bacterium also includes at least one
plasmid that encodes for the blanpny gene, suggesting possible exchange of
carbapenemase genes between this isolate with other competent recipients. Besides
the presence of viable NDM-positive bacteria in wastewater, blaypn.; genes were
also shown to be present at significant numbers in municipal wastewaters, which
include wastewater discharged from hospitals. Untreated hospital wastewater from
two hospitals in Singapore contained 2.29 x 10° gene copies/mL of blaxpy and
4.08 x 107,1.25 x 10° and 6.19 x 10’ gene copies/mL of genes blaxpc, blacrs-m,
and blagyy, respectively (Le et al. 2016).Another study that monitored blanp.1
numbers in raw wastewater entering a WWTP in Saudi Arabia reported 3.4 x 10*
+ 2.3 x 10* copies/m> (Mantilla-Calderon et al. 2016). Similarly, significant copy
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numbers of blanpm.1 persisted through several treatment units (including disinfec-
tion by chlorination) in two WWTPs in northern China (Luo et al. 2013). Levels
present in the effluent discharged from both WWTPs were from 1.3 x 10°
+ 23 x 10* to 1.4 x 10° + 2.5 x 10? copies/mL, representing a range of
4.4-93.2%, respectively, of influent levels.

Collectively, the presence of viable NDM-positive bacteria and the ubiquitous
detection of blanpy genes reiterate causes for concern. This is especially in cases of
wastewater release into the environment or application of these waters onto soils in
agricultural settings.

7.5 Fate and Persistence of ARB and ARGs

Although introduction of ARB and ARGs, particularly those that encode blanpm
genes, into soils via wastewater application might carry various risks, the full extent
of the potential risks would need to be further elucidated by understanding the fate
and persistence of these bacteria in the environment. Upon dissemination into the
soil environment, ARGs can be adsorbed or degraded or taken up by competent
cells. Similarly, ARB can be adsorbed onto particulates or inactivated or internal-
ized into other hosts. Hence, not all of the ARB and ARGs contributed by the
wastewater into the soil matrix would remain available to impose potential public
health risks. Conversely, if ARGs or ARB continue to persist or multiply in their
copy numbers within the soil environment, the risks would be potentially exponen-
tially amplified. The following subsection aims to elaborate on these various
scenarios.

7.5.1 Horizontal Gene Transfer

Horizontal gene transfer, HGT, is a mechanism for exchange of genetic material
that can occur via transformation (i.e., uptake of naked DNA by bacteria) or
conjugation (i.e., transfer mediated by cell-to-cell junctions and a pore through
which DNA can pass) (Thomas and Nielsen 2005). It is now widely recognized that
HGT is a major mechanism of bacterial adaptation to clinical antibiotic concentra-
tions. This is even more evident when considering that the most potent ARGs in
pathogens are often encoded on mobile genetic elements (Nesme and Simonet
2015; Stokes and Gillings 2011; Schliiter et al. 2007; Djordjevic et al. 2013).In
the case of blanpy genes, they are often found on plasmids belonging to different
incompatibility groups that have a broad host range and can be replicated in
different bacterial lineages (Table 7.1). The blanpnm genes are also often found on
conjugative plasmids that possess all the genes required for their autonomous
transfer (Nesme and Simonet 2015; Carattoli et al. 2012). Further highlighting the
risk associated with HGT, many human pathogenic bacteria including
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representatives of the genera Campylobacter, Haemophilus, Helicobacter,
Neisseria, Pseudomonas, Staphylococcus, and Streptococcus are naturally trans-
formable (Lorenz and Wackernagel 1994). Soil environments present a large
genetic diversity at small spatial scale, and ample opportunities for cell-to-cell
contacts, cellular movement, or activity. Soil matrices are therefore considered to
be hotspots conducive for the exchange of genetic materials through HGT. A
review by Elsas and Bailey names the plant rhizosphere and plant tissue,
phyllosphere, manured soil, guts of soil animals, aquatic sediments, sewage, and
sludge environments as some of the most prominent hotspots (Van Elsas and Bailey
2002). Collectively, these environmental compartments may contribute to ARG
dissemination between bacteria and eventually acquisition by pathogens (Nesme
and Simonet 2015).

Natural transformation of naked DNA is dependent upon exposure of bacteria to
extracellular DNA molecules in the environment. DNA can enter the environment
through release from decomposing cells, disrupted cells, and virus particles, or
excreted from living cells (Thomas and Nielsen 2005). This extracellular DNA may
(1) persist by binding to soil minerals and humic substances, (2) be degraded by
microbial DNases and used as a nutrient for plant and microbial growth, or (3) be
incorporated into a bacterial genome as a possible source of genetic instructions
(Levy-Booth et al. 2007). Extracellular DNA ranges at approximately 0.03—1 pg/g
of material in soil and sediments (Ogram et al. 1987; Selenska and Klingmiiller
1992), and in approximately 0.03—88 pg of dissolved DNA per liter of fresh and
marine water (DeFlaun and Paul 1989; Karl and Bailiff 1989). Work estimating
extracellular DNA in activated sludge found 4-52 mg/g of volatile suspended solids
(VSS) in sludge collected from different wastewater treatment plants (Dominiak
et al. 2011).

In the environment, various factors can affect transformation and success rate of
recombination for this available extracellular DNA. One is that DNA adsorption to
soil matrix is influenced by soil characteristics such as concentration of humic
substances, soil mineralogy, cation concentration, and soil pH (Levy-Booth et al.
2007). Work by Nielsen et al. found that cell lysates persisted for up to 4 days after
incubation in sterile soil and remained accessible for uptake by competent
Acinetobacter sp. during this period. However, transformation activity was limited
to 4-8 h in nonsterile soil because of DNA degradation, loss of DNA stability with
temperature, and because DNA no longer maintained by cellular repair mechanisms
decays faster (Nielsen et al. 1997a, b, 2000). Nielsen et al. provides a more detailed
review of factors affecting stability of extracellular DNA (Nielsen et al. 2007), and
readers of this chapter are encouraged to refer to that review paper for more details.

DNA degradation can also take place, resulting in fragmentation of long DNA to
shorter sizes of approximately 400 bp. GC content affect DNA degradation kinetics.
For example, DNA from high-GC-content Gram-positive Actinobacteria was found
to persist longer in frozen soil than DNA from low-GC-content Gram-positive
Clostridiaceae (Hofreiter et al. 2001). Although it has been acknowledged that
long fragments may recombine more effectively compared to short linear DNA
fragments of a few bp to less than 200 bp, such estimates may not be entirely
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accurate since recombination events resulting in nucleotide changes of only a few
bp can be difficult to distinguish from genetic changes arising from sequential
mutations. In this manner, HGT can hence be easily overlooked (Feil and Spratt
2001; Ikeda et al. 2004). Additionally, integration of foreign DNA into genome is
influenced by a number of factors including competent cells availability and
sequence homology between genomic DNA and foreign strand. This is particularly
so if one were to consider that recombination typically occurs between chromo-
somal DNA and sequence that is less than 25% divergent (Matic et al. 1997; Vuli¢
etal. 1997; de Vries et al. 2001; Majewski and Cohan 1998; Majewski et al. 2000).

Upon natural transformation, DNA may be integrated into the host’s chromo-
some. Foreign DNA in the cytoplasm that is not integrated is degraded quickly by
nucleases and enters the internal DNA metabolism cycle since the salvaged nucle-
oside can be used for the synthesis of nucleotide at a lower ATP cost. Different
bacteria have different rates of DNA internalization and success of integration.
Under in vitro conditions, DNA uptake occurred at rapid speeds of 100 bp/s and
60 bp/s in S. pneumoniae and A. baylyi competent bacteria, respectively (Palmen
and Hellingwerf 1997; Méjean and Claverys 1993). Successful recombination of
internalized DNA, also under optimal in vitro conditions, has been reported at 0.1%
of internalized DNA in A. baylyi and up to 25-50% of internalized DNA in
B. subtilis and S. pneumoniae (Palmen and Hellingwerf 1997).

Besides natural transformation, conjugative transfer is a process more specifi-
cally linked to plasmid acquisition. Plasmids are autonomously replicating genetic
elements that can remove the need for a foreign gene to integrate into the recipient
chromosome to become established (Thomas and Nielsen 2005). Plasmid conjuga-
tion depends on the hosts, and thus the fate of conjugative plasmids depends on host
fitness, efficiency of transfer to new hosts, and selective advantages and disadvan-
tages conferred by the plasmids (Van Elsas et al. 2000; Fernandez-Astorga et al.
1992). Different plasmids also have different host ranges, with some exhibiting
broader host range (e.g., IncA/C,, IncL/M, IncN, IncP, IncQ, and IncW incompat-
ibility group plasmids (Novais et al. 2007; Gotz et al. 1996)) while others exhibit
narrower host range(e.g., IncF, IncH, Incl and IncX (Novais et al. 2007; Suzuki
et al. 2010)).

Abiotic factors also affect conjugative plasmid transfer and have been exten-
sively reviewed by Van Elsas et al. (Van Elsas et al. 2000; Van Elsas and Bailey
2002). As examples, extreme pH and temperature values are detrimental to cells,
while the presence of nutrients in wastewater and soil might enhance bacterial
donor’s activity. However, a study assessed conjugation in E. coli strains and found
that conjugative plasmid transfer can take place within a wide range of conditions
(Fernandez-Astorga et al. 1992). Conjugation was not affected in a wide range of
pH (6-8.5), low nutrient levels (down to 1 mg of carbon per liter), and low
temperatures (8—15°C).



116 N. Al-Jassim and P.-Y. Hong
7.5.2 HGT on Plant Surfaces

Plant-associated bacteria have been observed frequently to form assemblages or
biofilms. Biofilm formation can be due to passive processes like accumulation of
bacterial cells as water moves along plant surfaces, or due to active bacterial
attachment and production of exopolymeric substances (Morris and Monier 2003).
An example is the genus Pseudomonas, which are ubiquitous in the terrestrial
ecosystems, and are frequently found in association with plants (Espinosa-Urgel
2004). They aggregate at high cell densities, forming biofilms that are conducive for
horizontal gene transfer and plasmid conjugation. Plant components like rhizo-
sphere and phylloplane are hotspots for bacterial metabolic activity and HGT, as
are other biofilm-supporting environments, with transconjugant to donor ratios
(T/D) as high as 107 or even 10~ for indigenous or foreign plasmids (Van Elsas
and Bailey 2002; Lilley et al. 1994). This is in contrast to bulk environments such as
bulk water and bulk soil where plasmid transfer efficacy is lower (T/D < 107) and
usually requires nutrient enrichment (Sgrensen and Jensen 1998). In other plant
components, like the phytosphere, elevated transfer frequencies have generally been
attributed to plant exudates stimulating bacterial metabolic activity (Sgrensen and
Jensen 1998; Lilley et al. 1994). These observations suggest a likelihood that ARGs,
if present in the wastewater that is to be used for agricultural irrigation, can be
horizontally transferred to other bacterium attached on plant surfaces, as well as in
the soil matrix.

To illustrate more specifically the potential risk from ARG presence in waste-
water, the following analysis is presented. Past study has shown that the transfor-
mation frequency of antibiotic resistance in native populations of nonsterile
sediments were approximately 3 x 10~ when 10 pg of DNA were added to 1 cm®
of sediment (ref). Given the abundance of blaypy.; gene in WWTP discharge
reported in China (approximately 1374 copies/mL) and that blanpy.; genes have
been located on conjugative plasmids of size 126 kb (assumed average size based on
E. coli and K. pneumoniae plasmids reported in Table 7.1), this would equate to an
approximate amount of 0.19 pg/mL of extracellular plasmid DNA (based on
Avogadro’s constant of 6.022 x 10** g/molecule). Thus, this would mean that up
to 52 m’of treated wastewater would need to be irrigated in order to account for the
required amount of DNA to cause a transformation frequency of 3 x 10~° per cm> of
sediment.

Hence, it is unlikely that a single event of reusing the treated wastewater would
lead to any substantial concerns in terms of horizontal gene transfer. Even if the
same plot of land is to be continuously exposed to treated wastewater, and if the
ARG continues to persist indefinitely and accumulate in the soils, this would equate
to approximately less than one horizontal gene transfer event per cm® of soil when
conditions are favorable for transformation. This estimate is made on the basis of an
estimated cell number of 10® cells per gram of soil (Raynaud and Nunan 2014). It is
however to be pointed out that these calculated transformation events may not
provide accurate estimate of the actual events as the assumed transformation rates
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did not take into account the variation in natural competence of different bacterial
cells. Furthermore, it is likely that the transformation frequency may vary with
different physicochemical factors like concentrations of ions, temperature, pH, and
natural organic matter content (Lorenz and Wackernagel 1994). Regardless, this
estimation suggests that the contribution of ARGs by wastewater to agricultural soil
may not be imposing that much of a concern although it cannot be concluded
whether the wide multitude of different types of ARGs in the same wastewater
would collectively result in a concern or not.

7.5.3 Internalization of Pathogens

Besides HGT of ARGs, pathogenic ARB that may be present in the treated
wastewater should also be assessed for their likelihood of internalizing into plants.
There are various routes by which bacteria can enter plant tissues. Entry can occur
through natural openings in the plant surface (stomata, lenticels, sites of lateral root
emergence, etc.) and/or through sites of biological or physical damage (Brandl
2008; Itoh et al. 1998; Kroupitski et al. 2009). Following closure of the guard cells,
internalized bacteria can be protected from various sanitizers (Gomes et al. 2009).
Bacteria may also be passively carried into the plant tissue with water (e.g., water
used to soak seeds, irrigate plants, or to wash produce crops following harvest)
(Deering et al. 2012). Bacteria can also be recovered from above-ground portions of
the plant following exposure of the roots to water containing the pathogen, indi-
cating that the bacteria can be taken up through the roots and move within the plant
(Deering et al. 2012).

Bacteria of concern may actively infect and colonize plant tissues. It has been
shown that certain plant pathogenic bacteria like Pantoea agglomerans and endo-
phyte K. pneumoniae have been associated with opportunistic infections in animals,
including humans (Holden et al. 2009). To illustrate further, recent studies on the
plant pathogen Pectobacterium atrosepticum and the plant-associated Klebsiella
pneumoniae were shown to share a remarkably high proportion of their genome
with the human-pathogenic K. pneumoniae (Bell et al. 2004; Fouts et al. 2008; Toth
et al. 2006; Holden et al. 2009). Many plant and animal pathogens share a common
molecular mechanism, namely the Type III secretion system (TTSS), for attacking
their host (Rahme et al. 1995; Staskawicz et al. 2001; Deering et al. 2012).
Alternatively, wounding or destruction of living tissue in plants can be mediated
by plant pathogen first, which in turn creates a microenvironment that is favorable
for the survival and/or replication of human pathogens in the plant tissues.

Many studies have shown that both Salmonella spp. and E. coli O157:H7 can
internalize within a variety of plant tissue types and that there are numerous factors
that can influence the extent of internalization (Deering et al. 2012). Lettuce plants
that were grown in manure amended with fluorescently marked E. coli O157:H7
were shown to harbor bacteria that had internalized into the plant tissue, including
the edible parts of it (Holden et al. 2009; Solomon et al. 2002). Long-term
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persistence of E. coli O157:H7 in fresh produce has been demonstrated with carrots
and onions grown in artificially contaminated manure compost (Islam et al. 2004).
This study showed that the bacteria could be detected from carrots for up to
12 weeks after initial application and in onions for up to 9 weeks. A similar study
showed that S. enterica could be detected in tomato plants harvested 7 weeks after
the seeds were sown in soil artificially contaminated with the bacteria (Barak and
Liang 2008).

7.6 Intervention Strategies Needed

Given that the presence of ARGs and ARB in wastewater can be a potential cause of
concern during long-term reuse events, this section aims to discuss several natural
or low-cost intervention strategies to reduce ARB and ARGs presence in wastewa-
ters. The known effect and limitations of sunlight radiation are discussed, and the
idea of water augmentation by bacteriophage therapy to improve ARB reduction is
visited.

7.6.1 Solar Inactivation

The biocidal effect of sunlight is attributed to the UV portion of its irradiance
(wavelength ranges of UV are: 400-315 nm for UV-A; 315-280 nm for UV-B; and
280-100 nm for UV-C (McGuigan et al. 2012)) that can result in photo-degradation
by direct or indirect mechanisms. In direct photoinactivation, components like
microbial genome and proteins absorb shorter wavelengths of sunlight radiation,
and subsequently degrade (Boehm et al. 2009). Studies have shown that
UV-irradiation on growing Escherichia coli cultures results in DNA lesions
where some of that light is absorbed by the pyrimidine rings of thymine and
cytosine bases in the DNA. This leads to the formation of new bonds between
adjacent pyrimidine bases, forming pyrimidine dimers (pairs connected by covalent
bonds) (Goodsell 2001; McGuigan et al. 2012). These dimers prevent base-pairing
with the complementary purines on the other strand of DNA, which changes the
shape of the DNA molecule, in turn making it difficult for polymerases to move
through the region of the dimer. The end result is a transient block on the essential
processes of replication and transcription (Courcelle et al. 2001). In indirect
photoinactivation, endogenous (e.g., porphyrins, flavins, quinones, NADH/
NADPH, and others (Eisenstark 1987; Jagger 1981; Lloyd et al. 1990; McGuigan
et al. 2012; Webb and Brown 1979)) or exogenous molecules (e.g., humic sub-
stances and photosynthetic pigments like chlorophyll (Blough and Zepp 1995;
McGuigan et al. 2012; Schwartz et al. 2003; Curtis et al. 1992) may absorb UV
light and subsequently damage other cellular material through generation of
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reactive oxygen species(ROS, examples include singlet oxygen, hydroxyl radicals,
or alkyl peroxyl radicals) (Pattison and Davies 2006; Santos et al. 2012).

The efficacy of solar photoinactivation on pathogenic waterborne bacteria and
pathogen indicators has been variable in study reports. For instance, many studies
found rapid inactivation of fecal indicator organisms within a few hours of exposure
to natural sunlight, and it was reported that all of the classically defined waterborne
pathogenic bacteria were readily amenable to 6 h of solar disinfection under suitable
field conditions (Boyle et al. 2008; McGuigan et al. 1998; Ubomba-Jaswa et al.
2009; Wegelin et al. 1994; McGuigan et al. 2012). But on the other hand, numerous
studies also reported fecal coliforms showing much slower inactivation rates, and
that some indicator bacteria remained detectable after a full day of sunlight exposure
(Oates et al. 2003; Rijal and Fujioka 2003; Fisher et al. 2008; Fisher et al. 2012;
Sinton et al. 2002; Sommer et al. 1997). A study examined the use of effluent from a
municipal WWTP, without and after solar disinfection, prior to its use as irrigation
water for cultivated lettuce crops (Bichai et al. 2012). The effluent was from
secondary treatment, i.e., after receiving a standard biological treatment (activated
sludge) followed by sedimentation in settling ponds. Results of inactivation assays
showed that solar disinfection processes can reduce bacterial concentrations from
>107 to 10* E. coli CFU/mL in real WWTP effluent to <2 CFU/mL. Out of the
16 lettuce samples irrigated with untreated WWTP effluent (i.e., not treated with
solar irradiation), 14 samples were contaminated and positive for the presence of
E. coli 24 h after irrigation. On the other hand, out of 28 lettuce samples irrigated
with solar-disinfected WWTP effluent, only two samples were positive, confirming
improved safety of irrigation practices due to solar treatment. Positive presence of
E. coli for one of the two lettuce samples was tracked back to a highly contaminated
WWTP effluent with an initial E. coli concentration of 1.3 x 10* CFU/mL
vs. 2.4-3.8 x 10° CFU/mL in all other wastewater samples. The other positive
sample is speculated to have had incomplete inactivation and/or microbial regrowth,
as the wastewater effluent still contained organic carbon and nutrients that can be
assimilated to allow for bacterial survival and replication during dark storage.
Another study examined the effect of solar disinfection on two antibiotic-resistant
E. coli isolates from a WWTP effluent (Rizzo et al. 2012). The inactivation rate
observed during solar radiation test for both E. coli strains investigated, namely
60 and 40% removal after 180 min of irradiation, was quite low compared to
previous works on similar inactivation of E. coli in confined systems (Malato et al.
2009; Dunlop et al. 2011). The differences might be explained by variation in
experimental design, but more importantly, the antibiotic-resistant E. coli strains
may have characteristics that affected their resistance to photoinactivation, resulting
in a lower inactivation rate.

In regard to the effect of solar disinfection on ARGs, information on their
inactivation kinetics upon exposure to solar irradiance is lacking, and this knowl-
edge gap requires more in-depth and systematic future studies. Most available
literature explores the use of UV-disinfection to reduce ARG loads within
WWTPs. For example, one of the early studies was performed by McKinney and
Pruden (2012) to explore the use of UV to dimerize ARGs, with the intention of first
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inactivating these genes prior to their discharge. Their findings revealed that this
would require UV doses that are at least 1 order of magnitude higher than those
required for inactivation of the associated host bacterial cells. Generally, about
200—400 mJ/cm? of UV dosage is required to result in 3—4 log removal of an
ARG. This UV dosage is slightly higher than the highest recommended UV dose
of 186 mJ/cm? to achieve 4-log removal and/or inactivation of viruses (USEPA
2006). The study also found that certain ARGs like tetA and ampC were significantly
harder to inactivate than mecA and vanA. To illustrate, a UV dose of 186 mJ/cm?
would only achieve an inactivation of 1-2 log for fetA and ampC, while the same
dose would have inactivated mecA and vanA by 3—4 log.

The inefficacy in reducing ARGs by UV is repeatedly shown in other studies. To
illustrate, an independent study assessed ARG removal by UV (with UV transmit-
tance of 45%, total power of 900 kW, and light intensity >100 mJ, /sz) ina WWTP
using advanced treatment systems, and found no apparent decrease in tetM, tetO,
tetQ, tetW, sull, sul2, and intll genes in total extracted DNA from treated waste
samples (Chen and Zhang 2013). In another study that used UV fluence of up to
249.5 mJ/cm? on secondary-treated municipal wastewater effluent samples, only
0.58-log removal of tetX gene was observed, with a less effective removal
(at 0.36-0.4-log) of sull, tetG, and intll genes (Zhang et al. 2015). Yet another
study that assessed UV/H,0, advanced oxidation processes for disinfection of
sterile water spiked with blatgy gene-carrying E. coli found that the treatment
could inactivate the tested antibiotic-resistant E. coli strain, but did not significantly
change the copy number per mL of blatgy gene (Ferro et al. 2017). All these
studies were in contrast with a study that assessed the effect of UV on secondary-
treated municipal wastewater effluent samples and surprisingly found 3- and 1.9-
log reduction of erythromycin and tetracycline resistance genes, respectively, by
the time 5 mJ/cm*fluence is reached (Guo et al. 2013). Another study found that
UV/H,0, disinfection achieved a reduction of 2.8-3.5 logs in copy numbers of
sull, tetX, and tetG from secondary-treated municipal wastewater effluent (Zhang
et al. 2016). Little explanation was offered for these discrepancies in literature, and
comparisons are made harder due to the differences in experimental designs, UV
sources, tested water matrices, and ARB/ARGs.

In application, the efficacy of solar photoinactivation can be subjected to various
factors. These factors include atmospheric conditions like water vapor, CO,, ozone,
and oxygen, in addition to pollutants in the atmosphere, which can scatter and
absorb various portions of the light (McGuigan et al. 2012). Water quality param-
eters can have a big influence on efficacy of solar disinfection in water bodies with
turbidity being one of the important factors, and dissolved solids such as iron can
absorb UV light and decrease the UV transmittance (Jones et al. 2014). Exogenous
photosensitizers naturally present in surface waters include humic acids and chlo-
rophyll, both of which can absorb sunlight and then react with oxygen to produce
ROS (Blough and Zepp 1995; McGuigan et al. 2012; Schwartz et al. 2003). Organic
and inorganic matter present in water bodies can cause bacterial growth instead of
inactivation (McGuigan et al. 2012) or may generate ROS upon sunlight irradiation
(Corin et al. 1996; Rizzo et al. 2012). Water salinity and alkalinity also play a role
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in the end efficacy of solar irradiation. The presence of ions may help to retain
bacterial integrity, and if ions are present in high concentrations, they could have a
limiting effect on photoinactivation. To illustrate, UV-A mediates its biological
effects on bacteria by ROS like hydrogen peroxide and hydroxyl radicals. If
bicarbonates HCO; ™ are present in water, they react with hydroxyl radicals pro-
ducing CO5"~, which has a slower reaction with organic molecules when compared
to "O (Canonica et al. 2005; McGuigan et al. 2012). Also, HCO3™ induces photo-
absorption, which limits the amount of light reaching bacteria in water. Other
anions such as phosphates, chloride, and sulfates are shown to be absorbed by
bacteria but do not illicit a direct effect on solar inactivation unless in the presence
of a photo-catalyst such as titanium dioxide (McGuigan et al. 2012).

The total irradiance dose received by the bacteria influence the extent of
photoinactivation damage, and there is evidence that the rate at which that dose is
delivered is an equally important factor. Additionally, different portions of UV light
also have different effects. UV-A radiation wavelengths bordering on visible light
are not sufficiently energetic to directly modify DNA bases, but are able to induce
cellular membrane damage through the production of reactive oxygen species
(Khaengraeng and Reed 2005; Rizzo et al. 2012; McGuigan et al. 2012). UV-B
and UV-C are the more germicidal portions of UV light and represent the most
genotoxic wavebands of solar radiation reaching the Earth’s surface, causing direct
DNA damage by inducing the formation of DNA photoproducts (Pfeifer 1997,
Rizzo et al. 2012) as well as indirectly through photosensitization processes (Bolton
et al. 2010; Muela et al. 2002; Santos et al. 2012).

Lastly, bacteria may differ in their response to solar irradiance and their capacity
to combat its effects. For example, bacteria with larger genome sizes were observed
to be more susceptible to UV damage, presumably because larger genomes offered
more sites for UV damage (McKinney and Pruden 2012).

7.6.2 Bacteriophages

A potential strategy that might be augmented into existing systems to alleviate ARB
and ARG load is the use of bacteriophages as control agents. Bacteriophages are
viruses that infect and lyse bacteria and are categorized into virulent (or lytic) and
temperate (lysogenic) bacteriophages (Withey et al. 2005). The two categories of
viruses differ in their life cycles. During lytic infection, virulent phages inject their
nucleic acid into the host cell after attachment. Expression of the phage genome
directs the cellular machinery of the host to synthesize new phage capsule material.
The resulting phage progeny are released by fatal cell lysis, enabling the lytic cycle
to continue as new cells are infected. In contrast, during lysogenic infection,
temperate phages’ nucleic acid recombines with the host cell genome forming a
dormant endogenous phage (known as a prophage). The prophage is reproduced in
the host cell line and confers immunity from infection and remains dormant until
host conditions deteriorate, perhaps due to depletion of nutrients. Subsequently, the
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prophages become active. At this point, they initiate the reproductive cycle,
resulting in lysis of the host cell (Mason et al. 2011). Bacteriophages, or phages
for short, have several characteristics that make them attractive options as
therapeutic agents or agents of biocontrol (Jassim and Limoges 2014). Such
characteristics include their effectiveness in killing their target bacteria (i.e., host
specificity), adaptability, natural residence in the environment and the fact that they
are self-replicating and self-limiting (Jassim and Limoges 2014; Sulakvelidze et al.
2001; Jassim et al. 2016).

Bacteriophages can be isolated from the environment. However, bacteriophage
isolation is a time-consuming process, and it may be difficult to isolate the desired
bacteriophages that demonstrate the right host specificity. Furthermore, bacteria
may become desensitized to the isolated phages after long-term exposure and
would require repetition of the entire isolation process.

Alternatively, new synthetic phages can be programmed and used. Synthetic
phages offer a powerful advantage in their potential to specifically target certain
ARB of concern, functioning to sensitize bacteria to antibiotics and selectively
killing ARB. A proof-of-concept study utilized temperate phages to deliver a
functional CRISPR-associated (Cas) system, otherwise known as interspaced
short palindromic repeats that are clustered regularly, into the genome of ARB
(Yosef et al. 2015). The delivered CRISPR-Cas system destroyed antibiotic
resistance-conferring plasmids via sequence-targeting DNA cleavage. In addition,
the CRISPR-Cas system genetically modified lytic phages to kill only antibiotic-
resistant bacteria while protecting antibiotic-sensitized bacteria. This linkage
between antibiotic sensitization and protection from lytic phages was a key feature
of the tested strategy.

Currently, phage treatment is utilized in a number of ways. Most notably, phage
therapy is applied in medical settings for the treatment of ARB infections, in
veterinary settings for the treatment and prevention of infections in animals, as
well as for the treatment of plants (Balogh et al. 2010; Jones et al. 2012). Other
examples demonstrating the use of bacteriophages on larger scale include phage
application for treatment and preservation of foods, phage treatment of aquaculture
and fish, and in wastewater treatment (Araki 1986; Withey et al. 2005; Brockhurst
et al. 2006; Goldman et al. 2009). When applied to wastewater treatment processes,
phages have been proposed as an eco-friendly tool to control the abundance of
filamentous bacteria, which pose bulking and foaming problems in wastewater
activated sludge process (ASP) systems (Withey et al. 2005; Khan et al. 2002a, b;
Thomas et al. 2002; Weinbauer 2004; Petrovski et al. 2011a, b; Khairnar et al. 2014;
Pal et al. 2014). During ASP for sewage treatment, sludge settles in tanks and the
supernatant is drained off for further purification. This process is detrimentally
affected by filamentous microbes, which because of their filamentous morphol-
ogies, have high surface area and low density, hence impeding settleability of
biomass (Withey et al. 2005). Sphaerotilus natans, a filamentous bacteria, was
targeted by specific phages isolated from sewage (Choi et al. 2011). Phage appli-
cation was observed to reduce sludge volume and produced clearer supernatant
after 12 h. In addition, the phages remained stable and active for over 9 months and
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tolerated temperature and pH fluctuations common to activated sludge processes
(Jassim et al. 2016).

Regardless of the potentially promising results, the application of phages in
wastewater treatment systems for control of ARB and ARGs is still in need of
systematic and in-depth experimentation. Some of the challenges and obstacles in
utilizing phage in wastewater treatment and/or application in a field scale are:
(1) high concentrations of phages must be used for a successful application;
(2) use of polyvalent phages with broader host range could lead to the degradation
of useful bacterial populations (e.g., nitrifying populations, phosphate accumulat-
ing bacteria, etc.); (3) specific phages must be identified by WWTP operators to
target specific undesired bacterial populations; (4) microbial analysis of the system
is a prerequisite to phage application as the bacterial population may vary between
wastewater treatment plants (Jassim et al. 2016). As of now, there are no studies
demonstrating successful phage application directly into the agricultural soil and/or
in combination with other intervention strategies. Therefore, it is likely that some
other unique factors such as pH, temperature, multiplicity of infection (MOI, ratio
of phage to bacterial particles), decay rates under solar irradiation, and so on could
affect efficacies of bacteriophages in agricultural settings and would require further
examination.

7.7 Concluding Statement

This book chapter discussed the native and introduced resistomes of natural envi-
ronments. Soil environments are rich natural reservoirs of ARGs and are the source
of many clinically relevant ARGs today, including undiscovered ARGs that may
impose new health threats. Soils often receive high inputs of clinically relevant
ARGs through manure and reused wastewater application. These ARGs, including
novel ARGs of pressing concern such as the blanpy genes/plasmids, confer a wide
range of antibiotic resistance, persist through WWTP schematics, and accumulate
in soil environments. As soil and wastewater environments are conducive matrices
for microbial interaction and horizontal gene transfer, the potential of ARG transfer
to new and pathogenic bacteria poses great risks, and intervention strategies are
necessary. Solar inactivation is a naturally available resource that has shown to
reduce the numbers of ARB in water bodies and can be further exploited to disinfect
treated wastewater before irrigation. However, sunlight alone is much less effective
in ARG removal, and bacteriophages offer a novel potential strategy to specifically
target certain ARB and ARGs in water bodies. This tool still faces many obstacles
before it can be applied effectively, and further investigation is required.
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Chapter 8
Antibiotic Resistance Gene Due to Manure
Application

Srujana Kathi

8.1 Introduction

Veterinary manure is a significant pool of antibiotics and antibiotic-resistant bacteria
(Yang et al. 2014). Antibiotic resistance has become a most intractable challenge in
twenty-first century global public health issue resulting in the release of, antibiotic
resistance genes (ARGs) into the receiving environment through waste disposal
processes such as manure application on agricultural soil. Growing scientific evi-
dence show that ARGs are emerging environmental contaminants (He et al. 2014).
The practice of spreading manure on agricultural soils not only introduces nutrients
required for maintaining the soil fertility but also antibiotics, their transformation
products (TPs), and antibiotic-resistant bacteria (Ding et al. 2014). They possess a
potential for reaching the soil environment where they develop resistance and can
impact the soil ecosystem services (Hashmi et al. 2017). An urgent need exists to
improve our understanding of the mechanisms associated with the spread and
development of ARGs in both clinical and veterinary settings, the human body, as
well as in engineered and natural environments (Sanderson et al. 2016). Manure
management can impact the persistence, survival, and distribution of bacteria and AR
genes in agroecosystems (Durso and Cook 2014).

Vegetables grown in soil receiving raw or digested manure are at risk of
contamination with manure-borne antibiotic-resistant bacteria compared to those
grown in ground receiving composted manure (Tien et al. 2017). Soil microbiota
are a natural pool of antibiotic resistance determinants to antibiotics. Group of
genes conferring resistance to antibiotics are referred to as the antibiotic resistome
(Jechalke et al. 2015). A collection of all the ARGs is referred to as the antibiotic
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resistome, which includes intrinsic resistance genes, acquired resistance genes,
proto-resistance genes, and silent resistance genes (Perry et al. 2014; Cytryn 2013).

8.2 Fate of Veterinary Antibiotics in Manure and Soil

Abundance of ARGs was reported in chicken, pig, and duck manure (Chen and
Zhang 2013; He et al. 2014, 2016; Cui et al. 2017). Manure is the primary source
by which AR bacteria and AR genes gain entry into the surrounding environment.
So, manure is considered as starting point for monitoring AR levels and a critical
control point for isolating and remediating AR before it is transported more
broadly in agroecosystems (Pruden et al. 2013). Animal manures that gain entry
into agricultural fields carry antibiotic-resistant bacteria that can influence the
antibiotic resistome of agricultural soils. Application of some antibiotics can help
bacteriophage-mediated transfer of ARGs in agricultural soil microbiomes (Ross
and Topp 2015). Typical antibiotics that are widely used in livestock production
are tetracyclines including chlortetracycline, oxytetracycline, tetracycline, and
sulfonamides including sulfamethazine, sulfamethoxazole, and sulfadiazine
(Tang et al. 2015). Fifteen tetracycline resistance genes (fetA, tetG, tetM, tetQO,
tetQ, tetW, and others) were detected in soil samples in the vicinity of nine swine
farms located in Beijing, Tianjin, and Jiaxing of China (Wu et al. 2010). The fate of
manure-originated antimicrobials applied to the soil will be affected by their
sorption properties to soil particles and susceptibility to biotic and abiotic degra-
dation (Joy et al. 2013).

8.3 Implications for Human Health

ARGs are readily caught by human pathogenic bacteria (HPB) to form superbugs
such as Salmonella, Bacteroidales, Campylobacter, Shigella, and E. coli O157:H7
(Fischbach and Walsh 2009; Forsberg et al. 2012; Fang et al. 2014). Approximately
75% of antibiotics are not absorbed by animals and are excreted. Gastrointestinal
bacteria are involved in antibiotic resistance selection, which are also excreted in
manure (Chee-Sanford et al. 2009). It is a matter of concern to study the direct
transfer of food-borne pathogens with clinically relevant resistances and the indi-
rect transfer mediated through bacteria of clinically relevant resistance encoding
mobile genetic elements such as plasmids, transposons, and bacteriophages from
manure to human beings (Durso and Cook 2014).

These HPB species confer antibiotic resistance and pathogenicity and easily
infect humans by contact or by consumption of raw vegetables (Fang et al. 2014).
Horizontal transfer of these elements to bacteria adapted to soil or other habitats
supports their environmental transmission independent of the original host (Heuer
et al. 2011). The World Health Organization (WHO) is developing a 5-year Global
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Fig. 8.1 Process of occurrence of antibiotic resistance

Antimicrobial Resistance Surveillance System to support the Global Action Plan on
Antibiotic Resistance with a major focus on antibiotic resistance in human patho-
gens (Su et al. 2016). The ARGs were found in clusters originated from a taxo-
nomically diverse set of species, suggesting that some microorganisms in manure
harbor multiple resistance genes. Microbiomes of farm animals are reservoirs of
antibiotic resistance genes, which might affect distribution of antibiotic resistance
genes in human pathogens (Wichmann et al. 2014). Efforts to understand the
missing links in the transfer of antibiotic resistance to human beings are mediated
through molecular epidemiology between antibiotic resistance genes in the envi-
ronment and those in human or animal pathogens and these studies might elucidate
key transmission pathways (Smalla et al. 2016) (Fig. 8.1).

8.4 Analytical Methods for Determination of Soil Bound
Antibiotics

Measurement of these compounds are limited by the complexity of the sample
matrices and the difficultly in eliminating interferences that affect antibiotic detec-
tion. Efficient extraction methods combined with high sensitivity analysis by liquid
chromatography/mass spectrometry can provide accurate quantification of antibi-
otics and their transformation products. In order to reflect their bioavailable frac-
tions and effects in the environment, chemical analysis should be accompanied with
biological assays (Aga et al. 2016). As a result, changes in soil microbial population
such as the ability to degrade contaminants and their role in chemical cycles, such
as nitrification might be significantly affected. Persistent antibiotics can accumulate
in the top layers of soil, may leach to the ground water, or can be transported to
surface waters. Sulfonamide antibiotics are persistent in the environment and do not
bind strongly to soil that have been impacted by agricultural and human activities
(Wegst-Uhrich et al. 2014).
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8.5 Functional Metagenomics for Identification of ARGs

Culture-based, culture-independent, and single-cell genomic approaches can be
employed to measure and monitor antibiotic resistance in animals; each has its
advantages and disadvantages. Metagenomic analysis of microbial communities
from cattle manure have revealed diverse and abundant ARGs (Su et al. 2016;
Kopmann et al. 2013; Rahube and Yost 2012). Molecular techniques, such as
PCR, quantitative PCR (qPCR) and DNA microarray have been commonly used
to determine the fate of environmental ARGs (Li et al. 2015). Amplification-based
methods such as PCR and qPCR have several limitations, including low-throughput,
limited availability of primers, amplification bias, false-negative results due to
inhibition in PCR and false-positive results due to nonspecific amplification. Zhu
et al. (2013) reported that high-capacity quantitative PCR arrays have been applied
to detect ARGs in manure, compost, and soil to overcome the capacity limitations.
Bacterial groups such as Escherichia coli, Klebsiella pneumonia, Aeromonas
spp., Pseudomonas aeruginosa, Enterococcus faecalis, Enterococcus faecium, and
genetic determinants like intll; sull and sul2; blactx.m and blatgy, blanpmei,
blaym, blagpc, qnrS, aac-(6')-Ib-cr, vanA, mecA, ermB and ermF, aph have been
suggested as possible indicators to assess the antibiotic resistance status in environ-
mental settings (Berendonk et al. 2015). The genome location of resistance genes is
likely to shift towards mobile genetic elements such as broad-host-range plasmids,
integrons, and transposable elements (Heuer et al. 2011). ARGs can be identified by
homology search in the databases, such as the Antibiotic Resistance Gene Database,
the National Centre for Biotechnology Information, and the Comprehensive Anti-
biotic Resistance Database. In large metagenomes, sequence-based homology
search has the advantage over automatic annotation of ARGs (McArthur et al. 2013).
Knapp et al. (2011) demonstrated an exponential increase of antibiotic resistance
genes in agricultural soils, applying real-time PCR of antibiotic resistance genes to
total DNA from archived soils, over six decades of increasing use of antibiotics.
The abundances of 18 genes coding for resistance to beta-lactams, erythromycins,
or tetracyclines were quantified in archived soil samples taken from five Dutch
arable field sites. All three groups of resistance genes exponentially increased in
copy numbers relative to 16S rRNA gene copies, which coincided with the dramatic
increase in the production of the veterinary antibiotics since 1950. Durso et al.
(2012) conducted a study that uses metagenomic sequencing to compare antibiotic
resistance gene profiles in fecal, soil, and aquatic samples, including identification
of taxa likely to be carrying specific types of resistance genes in each sample. This
study raises the question of whether the underlying biology of individual bacterial
taxa can contribute to their likelihood of transfer via the food chain. Microorgan-
isms associated with agricultural manure have relative abundance of the clinical
class 1 integron-integrase gene, intll. intll is linked to genes conferring resistance
to antibiotics found in a wide variety of bacteria. A single DNA sequence variant of
intll is now found on a wide diversity of xenogenetic elements which are complex
mosaic DNA elements fixed by means of human selection (Gillings et al. 2015).
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Manure has been shown to promote the horizontal transfer of antibiotic resis-
tance genes in soil by using vectors such as broad-host-range plasmids. Mainly the
plasmid groups IncP-1 and IncQ were highly abundant in 15 field-scale manures as
revealed by southern blot hybridization of amplified backbone genes, and IncN and
IncW plasmids were also frequently detected (Heuer et al. 2011). Among plasmids
that transfer resistance genes, plasmids the Incl8-type has been identified as an
important transmitter of antibiotic resistance. The host range of the InclS8-type
plasmids spans from Gram-positive to Gram-negative bacteria. Enterococcal plas-
mids were shown to mediate the horizontal transfer of chromosomal regions up to
857 kbp in size (Manson et al. 2010).

The usage of DNA microarrays where detection of a large number of ARGs in a
single assay is possible is limited by the possibility for cross-talk of different probes
coupled with low-sensitivity restricts its applications for comprehensive surveys of
ARGs in complicated environmental samples (Yang et al. 2013).

8.6 Influence of Treatment Strategies on ARGs

Treatment of animal manure before field application, usage of alternative bio-agent
for disease treatment, and a well-targeted legalized use of antibiotics are the methods
that can be suggested to limit the entry of veterinary antibiotics into the environment.
It appears to be a challenging attempt when we try to limit the movement of biosolids
in the environment because of their varying physiological interactions. Supervised
inoculation of beneficial microorganisms and electron irradiation can be effective
remediation strategies (Tasho and Cho 2016). Ye et al. (2016) evaluated the feasi-
bility of using aqueous DNA solution as an agent for soil washing to remove PBDEs,
heavy metals, antibiotics, ARG-contaminated soil, and examined the combined
effects of ultrasonication and successive washings on the removal efficiency. This
strategy was found to be environmentally friendly technology which is prominent
for the risk assessment and management of mixed contaminated sites.

Composting has been shown to be effective in significantly reducing the levels of
antibiotics in soil (Arikan et al. 2009; Selvam et al. 2012a). For example, Selvam
et al. (2012b) manifested the abundance of ARGs and the bacterial diversity during
composting of swine manure spiked with chlortetracycline, sulfadiazine,and cipro-
floxacin at two different levels. After 28-42 days of composting, among resistance
genes of tetracycline (tetQ, tetW, tetC, tetG, tetZ, and tetY), sulfonamide (su/l, sul2,
dfrAl, and dfrA7), and fluoroquinolone (gyrA and parC) reported, only parC, were
detectable in the composting mass indicating that composting is a potential method
of manure management. Polymerase chain reaction-denaturing gradient gel electro-
phoresis analysis of bacterial 16S rDNA of the composting mass indicated that the
addition of antibiotics chlortetracycline, sulfadiazine, and ciprofloxacin, respec-
tively, elicited only a transient perturbation and the bacterial diversity was restored
in due course of composting. Two different biochars, namely rice straw biochar and
mushroom biochar, had an opposite influence on the fate of ARGs during chicken
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manure composting (Cui et al. 2016). Cui et al. (2016) reported that in pig manure
composting, mushroom biochar addition increased the average removal value of
ARGs. The proper biochar should be considered when adding it into different
manure compostings. The quality of poultry manure as organic fertilizer after
anaerobic thermophilic treatment may raise significantly due to the elimination of
ARG and self-transmissible plasmids (Anjum et al. 2017).

8.7 Antibiotic Resistance: Global Challenges

Treatment of antibiotic-resistant infections annually costs between US$21,000 and
US$34,000 million in the United States alone and around 1500 million € in Europe
(ECDC 2009). A lot of new generation antimicrobials have become ineffective
against previously susceptible organisms which is a huge challenge for global
health care management, especially for those involved in the development of new
antibiotics (Jindal et al. 2015). Roca et al. (2015) suggested that a global and
coordinated initiative will be needed to tackle antibiotic resistance to persuade
the general population, policy makers, regulatory agencies, pharmaceutical com-
panies, and the scientific community of the advantages of combating the threat of
antimicrobial resistance.

There are several public databases and global surveillance projects, such as the
Antimicrobial Resistance Global Report on Surveillance from the World Health
Organization (WHO); the European Centre for Disease Prevention and Control
(ECDC)-based European Antimicrobial Resistance Interactive Database (EARS-Net),
EUCAST, and the European Antimicrobial Susceptibility Surveillance in Animals
(EASSA) in Europe; the Surveillance Network Database (TSN) in the United States
and Australia; and the Study for Monitoring Antimicrobial Resistance Trends
(SMART) task force in the Asia—Pacific region. In addition, there are two centralized
databases on ARGs: the Comprehensive Antibiotic Resistance Database (CARD) and
the Antibiotic Resistance Genes Database (ARDB) (WHO 2014; Liu and Pop 2009;
McArthur et al. 2013). The association of these data to both generic like European
Molecular Biology Laboratory (EMBL) or GenBank and metagenomics databases such
as Metagenomic Rapid Annotations using Subsystems Technology (MG-RAST) would
further provide access to related sequence data and metadata from gene fragments to
metagenomes, transcriptomes, and proteomes (Berendonk et al. 2015).

The US National Organic Program states that manure should be applied to soil at
least 120 days prior to harvest for plants whose edible parts come into contact with
soil (Code of Federal Regulations 2013). The application of manure from swine fed
subtherapeutic concentrations of antibiotics requires more than 6 months to return to
background levels of ARGs; in contrast, ARG levels in dairy manure-amended soils
return to backgroundconcentrations within 6 months (Sandberg and LaPara 2016).

Increasing resistance to third-generation cephalosporins has been observed for
E. coli and Klebsiella pneumoniae, with high proportions of these resistant isolates
ascertained as extended-spectrum B-lactamase-positive (65-100% for E. coli and
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75-100% for K. pneumoniae) (ECDC 2011). Combined resistance of E. coli to
aminopenicillins, augmented suggestively in 10 of 28 European countries from 2007
to 2010. Combined resistance of K. pneumoniae to third-generation cephalosporins,
fluoroquinolones, and aminoglycosides was found in 19% of isolates (Paphitou 2013).

8.8 Conclusions

More comprehensive understanding of the mechanisms associated with the acqui-
sition and spread of antibiotic resistance needs to be achieved in a global perspec-
tive. Recent advances in functional screening and the growth of metagenomic
databases contribute to characterize the diversity and prevalence of resistance
genes present in the antibiotic resistome. It is essential to make concerted effort
on the part of academic researchers, industry, and policy makers to battle against
transfer of antibiotic-resistant genes from field to human beings.
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Chapter 9
Antibiotics and Antibiotics Resistance Genes
Dissemination in Soils

Eddie Cytryn, Zdzistaw Markiewicz, and Magdalena Popowska

9.1 Introduction

Soil plays an important role in the ecosystem. It functions as a nutrition source,
provides habitat for plants and other organisms, and also serves as an enormous
bioreactor, where processes of pollutant decomposition and nutrient modification are
carried out. It is also a place of interactions between autochthonic microorganisms
and antibiotics, which flow into the soil with natural fertilizers and wastewaters. In
alkaline or neutral soils, arable land with humus, at a depth of 5-30 cm, there are
3-15 tons of bacteria per 1 ha. In 1 g of soil, there can be billions of bacteria. There
are an estimated 60,000 different bacterial species. Only 1% of all bacteria can be
cultured in laboratory conditions; most of them are unknown. Only through
metagenomic studies can we learn about their diversity and species richness. Most
live in the top 10—15 cm of soil, where organic matter is present. Soil bacteria carry
out many important processes in the environment: decomposition of organic
materials (e.g., Bacillus subtilis and Pseudomonas fluorescens; a number of
decomposers can break down pesticides and toxic pollutants in soil), nitrogen fixation
(Rhizobium—this form of nitrogen fixation can add the equivalent of more than
100 kg of nitrogen per hectare per year, or Azotobacter, Azospirillum, Agrobacterium,
Gluconobacter, Flavobacterium, and Herbaspirillum are all examples of free-living,
nitrogen-fixing bacteria, often associated with nonlegumes), nitrification
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(Nitrosolobus multiformis-, Nitrosomonas europaea-, Nitrococcus mobilis-, and
Nitrobacter winogradskyi-nitrifying bacteria oxidize ammonium (NHy,) to nitrite
(NO,-) and then to nitrate (NOs_)), denitrification (Pseudomonas-, Bacillus,
Alcaligenes-, and Flavobacterium-denitrifying bacteria convert nitrate to nitrogen
(Ny) or nitrous oxide (N,O) gas), breakdown of humates and humic acids in soil
(Actinobacteria), sulfur oxidation (Thiobacillus bacteria can convert sulfides into
sulfates—a form of sulfur accessible for plants), degradation of starch (Bacillus
polymyxa, B. subtilis, B. macerans, B. stearothermophilus, Pseudomonas stutzeri,
Clostridium spp.), urea decomposition (Urobacterium, Urobacillus, Sporosarcina,
Proteus, Bacillus sp., Corynebacterium sp., Clostridium sp.), ammonification (Bacil-
lus, Proteus, Pseudomonas), or proteolysis (Pseudomonas fluorescens,
P. aeruginosa, Bacillus mycoides, Clostridium sporogenes).

In the soil there are also plant pathogens, including Zymomonas spp., Erwinia
spp., and Agrobacterium spp., and human and animal pathogens, e.g., Listeria
monocytogenes, Salmonella spp., Shigella sp., Yersinia pestis, Bordetella pertussis,
Bacillus anthracis, Clostridium botulinum (Buscot and Varma 2005; Nannipieri
et al. 2003).

The above data indicate that many soil microbial functions may be essential for
efficient plant growth. For example, the rate of soil organic material decomposition
by soil microorganisms governs the supply of organic and inorganic forms of nitrate
and nitrogen to plants (Herridge et al. 2008; Dungait et al. 2012). Inhibition of these
processes by antibiotics may therefore affect the access of crop plants to nitrogen,
an element essential to efficient plant growth. The impact of antibiotics on nitrogen-
fixing plant symbionts, such as Rhizobia, which supply up to 80% of total nitrogen
in pasture legume plants (Xie et al. 2012), is also possible (Kleineidam et al. 2010;
Cevheri 2012). Thus, antibiotic contamination of agricultural soils can have serious
implications for agriculture.

Antibiotics have revolutionized medicine, but the increasing intake and
inappropriate use of these drugs, especially in nonhospital treatment, agriculture,
veterinary medicine, and, until recently, animal husbandry (growth stimulators),
resulted in rapid escalation of bacterial resistance (Gootz 2010). Shortly after
antibiotics went into common usage, antibiotic-resistant bacteria (ARB) and
multidrug resistance (MDR) emerged and rapidly spread (Aminov 2009). The
only way to fight this process effectively is to determine the role of antibiotic
resistance in biology and evolution of bacteria and the means of its dissemination
and also to identify genes and mechanisms of resistance. Currently used antibiotics
act extensively on bacterial cells, targeting crucial life processes, such as DNA
replication, RNA synthesis, cell wall synthesis, or protein synthesis. Drug perfor-
mance is a very complex process. It starts from physical interaction of the molecule
with its molecular target, which leads to growth inhibition (bacteriostatic action)
and/or cell death (bactericidal action) (Chopra and Brennan 1998; Brotz-Oesterhelt
and Brunner 2008). It would seem that we have “an ideal weapon” against patho-
genic bacteria. However, there are multiple antibiotic resistance genes (sometimes
several genes determining resistance to one antibiotic), while only a few mecha-
nisms of antibiotic action in the bacterial cell.
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Over 20,000 genes are recognized as potentially coding resistance to antibiotics
of nearly 400 different types (Liu and Pop 2009). Infections caused by ARB are
extremely difficult or at times even impossible to cure. As a result of the omnipres-
ence of antibiotics and other pharmaceuticals, questions rise regarding the direction
of resistance transfer, dependence on industrial pollution, and prevention
possibilities.

Resistance dissemination is driven mainly by antibiotic resistance genes’
(ARGS) presence on mobile genetic elements (MGEs), which comprise, i.e., plas-
mids, genomic islands, and transposable elements (Frost et al. 2005). These small
DNA molecules are transferred between cells by mechanisms of horizontal gene
transfer (HGT), using one of three processes: conjugation (bacterium-bacterium),
transformation (bacterium-exogenous DNA), or transduction (bacterium-
bacteriophage). However, to maintain the acquired genetic information within the
cell and express encoded proteins, selective pressure in the surrounding environ-
ment is necessary. Production of certain proteins related to specific resistance
mechanisms brings about a considerable energy input for the cell. Only when the
pressure occurs, that is, when antibiotic is present in the environment, the cell
would try to survive at any cost and therefore undertake costly protein synthesis and
maintenance of the acquired genetic material (Levy and Marshall 2004). What
should be emphasized, a mechanism for co-selection has been observed, which is
connected with a prevalent pollution of the environment by heavy metals and
detergents (Martinez 2008, 2009).

Numerous research results indicate that wastewater treatment plants and soil are
hotspots for antibiotic resistance dissemination, both considered significant reser-
voirs of antibiotic resistance genes (Piotrowska and Popowska 2014, 2015;
Piotrowska et al. 2017; Miller et al. 2016; Popowska et al. 2012). This is caused
by the presence of antibiotics, as well as antibiotic-resistant bacteria, including
human and animal pathogens, within these areas. Both habitats share the charac-
teristic of suitable reproduction conditions, resulting in high bacterial number and
encouraging genetic transfer by HGT (Zhang et al. 2011; Ding and He 2010;
Thanner et al. 2016).

Most antibiotics are not easily degradable in soil, and they remain active for a
long time (Thiele-Bruhn 2003). Resistant and multidrug-resistant bacteria, resis-
tance genes, and antibiotics themselves may spread through surface water, posing a
real threat to human and animal health.

Bacterial antibiotic resistance is widespread, yet particularly soil bacteria carry
multiple distinct resistance determinants against natural and synthetic antibiotics,
commonly used in treatment (D’Costa et al. 2006; D’Costa et al. 2007; Wright
2010). What is interesting, antibiotic resistance genes identified in the soil turned
out to be identical or very similar to those of clinical significance, found in resistant
human pathogens (Forsberg et al. 2012). Many studies demonstrate that environ-
mental resistance dissemination poses a constant threat to clinical antibiotic use,
even in the case of novel synthetic compounds, while the emergence of pathogens
resistant to a new drug is still likely.
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Metagenomic and functional analyses proved the existence of resistance genes
in uncharted lands (D’Costa et al. 2011; Bhullar et al. 2012), which clearly states
that antibiotic resistance surpasses the clinical use. Nevertheless, unlike natural/
inner resistance, developed by bacterial populations before the antibiotic era,
acquired resistance is a consequence of human actions. The pool of resistance
genes related to plasmids and other mobile genetic elements hosted by bacterial
pathogens and environmental strains as well indicates a potential existing through-
out the world, ready to transfer in case selective pressure occurs, such as the
presence of antibiotics or other compounds, including heavy metals.

Antimicrobials used in human and animal therapy reach the natural environment
through manure, wastewater, agriculture, etc. To estimate the occurrence and range
of ARB and ARGs in environmental strains, numerous studies have been carried
out. The results demonstrate unambiguously that the natural environment is the
largest and oldest repository of potential ARGs and that soil bacteria form a
reservoir of resistance-determining factors, which may be mobilized to transfer to
pathogenic bacteria (Aminov and Mackie 2007; Allen et al. 2010; D’Costa et al.
2011; Knapp et al. 2010). One of excellent examples is the resistance to
tetracycline, an antibiotic from the tetracyclines group, an important class of
broad-spectrum antimicrobials against numerous pathogens. Rising prevalence of
resistance among opportunistic pathogens widespread in soils, e.g., Pseudomonas
aeruginosa, Acinetobacter spp., Burkholderia spp., and Stenotrophomonas spp., as
a result of selective pressure, has had an enormous impact on the clinical use of
these pharmaceuticals (Thaker et al. 2010; Popowska et al. 2010). Furthermore,
resistance to many other antibiotics, such as aminoglycosides, macrolides,
fluoroquinolones, sulfonamides and p-lactams, and other drugs containing
telithromycin, has already been identified in soil (Allen et al. 2010; Popowska
et al. 2012; Riesenfeld et al. 2004).

Those determinants are located mainly on MGEs, which ensure their
dissemination by HGT (Martinez 2009; Stokes and Gillings 2011). Multiple studies
showed that the frequency of resistance plasmids occurrence in soils is very high.
Among the replicons contributing to antimicrobials resistance, representatives of P,
Q, N, and W incompatibility groups were identified. IncP-1 plasmids may serve as
an example of such genetic elements (Popowska and Krawczyk-Balska 2013).
Plasmids carrying resistance genes have been isolated from pathogenic bacteria
from genera Escherichia, Salmonella, Shigella, Klebsiella, Aeromonas, and
Pseudomonas, which reside in soil and water (Stokes and Gillings 2011). What is
important, those replicons encode factors determining resistance to at least one
heavy metal (Ni, Cd, Co, Cu, Hg, Pb, Zn) and antimicrobials from different groups,
i.e., tetracyclines, quinolones, aminoglycosides, sulfonamides, p-lactams, and
chemotherapeutic agents (Sen et al. 2011; Seiler and Berendonk 2012). The alter-
native mechanism resulting in antibiotic resistance—mutations—should also be
borne in mind, especially those in genes encoding transcriptional and translational
apparatus, which lead to changes in global metabolism (Derewacz et al. 2013).
There is abundant evidence concerning HGT between environmental bacteria and
clinical pathogens, obtained by high-throughput functional metagenomic approach
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(Forsberg et al. 2012). It was shown that, i.e., multidrug-resistant soil bacteria carry
gene cassettes, encoding resistance to five classes of antimicrobials (fB-lactams,
aminoglycosides, amphenicols, sulfonamides, and tetracyclines), with high nucle-
otide identity to genes from diverse human pathogens. Because of this, it is essential
to examine the level of antibiotic resistance in soil environment, with an emphasis
on determining the latent potential of the resistance mechanisms, including novel,
but clinically important mechanisms, or novel MDR pathogens.

9.2 Antibiotics in Soils

It seems that in nature, the role of antibiotics in soil is rather different from what
could be expected. Some of them, for instance, rifampicin, gentamicin,
streptolydigin, or some beta-lactams, have been found to modulate the transcription
of virulence—or motility-associated genes—which may play a role in the mainte-
nance of microbial communities in the soil (Yim et al. 2006, 2007). Beta-lactams
were shown to strongly enhance the expression of the alpha-toxin coding /la gene
of Staphylococcus aureus, whereas the macrolide erythromycin and certain
aminoglycoside antibiotics reduced the expression of this gene. Subinhibitory
concentrations of the beta-lactam ampicillin were found to cause genomic
rearrangements in some pathogenic enteric bacteria, with subsequent dissemination
of strains having increased virulence. It would seem that sub-MIC concentrations of
antibiotic molecules resulting in behavioral changes of microbes affected would be
environmentally relevant and of greater importance than cidal amounts. In this case
antibiotics serve as signal molecules in inter-bacterial communication, bringing
about changes in the characteristics of a microbial community (Sengupta et al.
2013). There are many examples of signaling activity. Subinhibitory concentrations
of various antibiotics have been shown to induce different states in bacteria like the
SOS response, biofilm formation, or changes in primary metabolism, which may
even include tolerance to antibiotics (Anderson and Hughes 2012; Bernier and
Surette 2013; Tsui et al. 2004; Yim et al. 2011). Antibiotics have been found to have
sex pheromone activity, stimulating bacterial conjugation, and in the case of
Streptococcus pneumoniae, a competence-stimulating peptide involved in genetic
transformation can stimulate the production of various bacteriocins. Subsequent
DNA exchange is enhanced by the secretion of the bacteriocins, suggesting that
co-stimulation of bacteriocins with competence provides an adaptive advantage in
the exchange of genetic material (Wholey et al. 2016). Another example of the role
of low doses of antibiotics in microbial communities is the inhibition of the
outgrowth of Clostridium difficile spores by fidaxomicin and vancomycin
(Babakhani et al. 2011; Allen et al. 2013).

Antibiotic molecules have also been shown to play a significant role in quorum
sensing. The dialkylresorcinols (DARs), including 2-hexyl-5-propyl-
alkylresorcinol (HPR), produced by many bacteria, such as Pseudomonas
aurantiaca, have moderate antibacterial and antifungal properties, and some of
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their analogs, like resorstatin, can act as free radical scavengers (Kato et al. 1993).
The DARs have also been recently shown to be implicated as novel bacterial
signaling molecules that are sensed by a LuxR homologous receptor. They are
endogenously produced in a specific subset by the insect and human pathogenic
bacterium Photorhabdus asymbiotica as well as by many other bacterial species
(Brameyer et al. 2015). Molecules with antibiotic activity that also play a role as
intracellular signaling molecules are synthesized by a wide number of bacterial
species. A good example are the quinolones belonging to the family of 2-alkyl-4-
quinolones (AQs) produced by Pseudomonas aeruginosa. Besides having
antimicrobial properties, compounds of this family act as quorum-sensing signal
molecules, controlling the expression of many virulence genes as a function of cell
population density (Heeb et al. 2011; Rampioni et al. 2016).

Antibiotics can enter the environment through very many different routes. They
can be released from a hospital setting as hospital wastewater effluent. Sludge from
wastewater treatment plants can be dispersed on fields as a fertilizer or released
directly into surface waters. Antibiotics are also used therapeutically or as growth
promoters in livestock husbandry and poultry breeding. Manure from antibiotic-fed
animals exacerbates the resistance spread, as demonstrated by the high levels in
manure-amended vegetable garden soils. The spread of resistance and
multiresistant strains of pathogens and opportunistic bacteria that can infect humans
and animals is aided and enhanced by the fact that they are frequently carried on
mobile genetic elements, notably plasmids and transposons, that can be transferred
not only among bacteria of the same species, but among different species creating
an interesting but at the same time dangerous soil resistome (Popowska et al. 2012).
Many other studies have been carried out with similar results. It has been shown, for
instance, that ARGs are more abundant in rivers downstream of wastewater puri-
fication plants, pharmaceutical industry or other anthropogenically impacted areas
such as farms or orchards where antibiotics are used. Some examples of such
activities are horrifying, like the discarding by pharmaceutical producers of
ciprofloxacin in excess of 50 kg a day into rivers in central India (Fick et al.
2009). It is highly probable that ARGs and resistant bacteria mix with the indige-
nous flora. Such environments are very likely “hotspots” where new resistant
strains can be readily created by HGT (Walsh 2013; Berglund 2015; Blazquez
et al. 2012).

Antibiotics, and resistance genes therefore, occur naturally in soil due to the
“arms race” between microbial species competing for nutrients. Almost 50% of
Actinomycetes isolated from soil are capable of synthesizing antibiotics, which
provide a natural antibiotic residue in soils, but the use of antibiotics to promote
livestock growth boosts the resistance pool to a whole new level, as demonstrated
by the differences in antibiotics and ARG levels between agricultural and forested
soils. Manure from antibiotic-fed animals exacerbates the resistance spread, as
demonstrated by the high levels in manure-amended vegetable garden soils. The
spread of resistance and multiresistant strains of pathogens and opportunistic
bacteria that can infect humans and animals is aided and abetted by the fact that
they are frequently carried on mobile genetic elements, notably plasmids and
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transposons, that can be transferred not only among bacteria of the same species,
but among different species creating an interesting but at the same time dangerous
soil resistome (Popowska et al. 2012). Many other studies have been carried out
with similar results. It has been shown, for instance, that ARGs are more abundant
in rivers downstream of wastewater purification plants, pharmaceutical industry, or
other anthropogenically impacted areas such as farms or orchards where antibiotics
are used. Some examples of such activities are horrifying, like the discarding by
pharmaceutical producers of ciprofloxacin in excess of 50 kg a day into rivers in
central India (Fick et al. 2009).

The examples presented above clearly show and stress several aspects of
antibiotic production and resistance to these compounds. It is indisputable that
antibiotics have been produced by microorganisms for a very long time, well before
the appearance of humans. Currently, over 80% of the antibiotics used in clinical
practice are of soil origin. The soil is very rich in antibiotic-producing organisms
producing a rich variety of antibiotic molecules, many of which have not yet been
identified. The same is true for antibiotic degrading molecules involved in resis-
tance mechanisms. Structure-based phylogeny of serine and metallo-f3-lactamases,
for example, established that these ancient enzymes originated more than 2 billion
years ago, with some serine f-lactamases being present on plasmids for millions of
years (Hall and Barlow 2004; Garau et al. 2005). Phylogeny of the p-lactamase and
housekeeping genes is highly compatible in Klebsiella oxytoca implying that these
genes have been evolving in this host for over 100 million years (Fevre et al. 2005).
A similar phylogenetic analysis of B-lactamases in metagenomic clones derived
from the 10,000 years old cold-seep sediments in the Bismarck Archipelago area
indicated that most of the diversity of these enzymes is the result of ancient
evolution (Song et al. 2005; Davies and Davies 2010).

In the following sections, we present current knowledge on antibiotics in soil,
antibiotic-producing bacteria in soil, dissemination of antibiotics in soil, and con-
tribution of agriculture and animal husbandry in this phenomenon; and finally, we
present a scheme of general sources of antibiotics ARB and ARG in wastewater
treatment plants and soil, in an attempt to better understand the complexity of the
problem of antibiotic resistance in soil.

9.2.1 Antibiotic-Producing Bacteria in Soil

It is to be kept in mind that soil is inhabited by microorganisms able to synthesize
antibiotics (Thiele-Bruhn 2003). Considering quantity and variety of bacteria
species, part of which is capable of production of several dozen of biologically
active compounds, a chemical diversity of soil microbial compounds may be well
estimated (Wright 2010). For example, bacteria of Actinobacteria class produce
millions of biologically active molecules (Allen et al. 2010; Weber et al. 2015). As
proven, over half of these bacteria possess the capacity to synthesize antimicrobials.
Most of these are found in the rhizosphere in concentrations up to 5 pg/g of soil
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Table 9.1 Bacteria- and fungi-producing antibiotics

Bacteria Antibiotic Fungi Antibiotic
Streptomyces spp. Penicillium spp.

S. griseus Streptomycin P. notatum Penicillin
S. spectabilis Spectinomycin

S. erythreus Erythromycin

S. aureofaciens Tetracycline

S. venezuelae Chloramphenicol

S. orientalis Vancomycin

S. teichomyceticus Teicoplanin

Micromonospora spp. Cephalosporium spp. Cephalosporin
M. purpurea Gentamicin

Bacillus spp.

B. licheniformis Bacitracin

B. brevis Gramicidin

B. polymyxa Polymyxin

Data selected based on Weber et al. (2015)

(Thiele-Bruhn 2003). Among them, clinically important antibiotics have been
identified.

Generally, microorganisms are the main antibiotic-producing organisms
(Table 9.1). More than 60% of whole production is attributed to microbes,
including over 50% of the most popular antimicrobial pharmaceuticals, such as
tetracyclines, gentamycin, or erythromycin, synthesized by Actinobacteria from
Actinomycetales order (Streptomyces, Micromonospora, Saccharopolyspora
genus) (Procopio et al. 2012), the rest being synthesized mainly by bacilli from
the genus Bacillus (Mannanov and Sattarova 2001), e.g., gramicidin-producing
Bacillus brevis (Baltz 2007). Fungi generate about 16—18% of all antibiotics, with
imperfect fungi accounting for 10-12%, while Basidiomycota and Ascomycota for
about 6%. The remnant is produced by lichens, plants, and animals.

The question therefore arises, what is the role of antibiotic production and
resistance to these compounds in a natural environment, such as the soil? Fortu-
nately, the problems of drug production by microorganisms and microbial drug and
multidrug resistance, though difficult, are amenable to experimental studies which
are beginning to shed some light on the issue. However, most of the information we
have on antibiotic production and resistance to antibiotics is from detailed studies
embracing pure cultures of a single species or even strain, and this knowledge can
by no means be extrapolated to what goes on in the natural environment, such as
soil. This research, though some progress has been made, can regrettably be said to
be still in its infancy.

Antibiotics in the soil are produced by microorganisms as secondary metabolites
at concentrations far lower than those used, e.g., in medicine. Even though their
production does not seem to be a prerequisite for survival, in most cases, it involves
many steps and products of antibiotic resistance genes (ARGs) as well as the natural
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expenditure of energy, which shows that these antibiotics must serve some impor-
tant purpose. In nature microbial communities are composed of very many diverse
species which exist as a community or network of cells that frequently have to
compete for nutrients. When the latter become scarce, the microbes begin to secrete
an abundance of secondary metabolites, including those with antibiotic activity.
Davies (2011) coined the phrase parvome for this enormous array of mostly low
molecular weight compounds. The molecules forming the parvome have only
recently begun to be studied, with particular focus on those with antibiotic activity.
Specific examples of the use of antibiotic molecules produced by members of one
microbial species to eliminate competing bacteria are few and far between (e.g.,
Neeno-Eckwall et al. 2001; Cafaro and Currie 2005), this most likely because these
exist in the environment in amounts far below their minimum inhibitory concen-
trations (MICs) against other species. Moreover, most of the very many microor-
ganisms that produce antibiotics also carry genes coding resistance determinants for
protection. In fact, antibiotic producers may have been the original sources for
many of the antibiotic resistance genes circulating in the clinic environment
(Humeniuk et al. 2002; Perry and Wright 2013).

9.2.2 Dissemination of Antibiotics in Soil

As a consequence of human actions in natural ecosystems such as soil, an increase
in antibiotic concentration has been observed (Allen et al. 2010). Most of the
antibiotics, delivered to prevent or cure human and animal infections, after being
metabolized, are released into the environment in often unaltered form (Martinez
2009). The sources of antibiotics, ARB, and ARGs in soil are illustrated in Fig. 9.1.
The average antibiotic level in soil ranges between 0.8 and 2700 pg/kg; the highest
levels are detected in soils fertilized with manure (De La Torre et al. 2012).
Antibiotics are washed off with groundwater and move forward.

Some antibiotics, e.g., amoxicillin and erythromycin, are used to eliminate
human pathogens and in veterinary medicine as well, but they also were applied
as growth promoters (Table 9.2). On January 1, 2006, a ban on merchandising the
feed supplemented with antibiotics as growth stimulators became effective (http://
europa.eu). Until 2006, 90% of antibiotics used in agriculture had been destined for
growth stimulation and only 10% for fighting bacterial diseases. Statistical data
indicate that in the last 50 years, over one million of tons of antibiotics were
introduced into the environment, 50% derived from veterinary medicine and
agriculture. Unfortunately, numerous news bulletins and journalistic provocations
revealed the existence of a black market in this area. Greed for money drives the
reckless use of antibiotics in agriculture (Allen et al. 2010). Antibacterial
compounds are still applied in fish farming (carp, salmon, trout), dispersed over
farmlands and orchards (streptomycin, tetracycline), and used for improving the
freshness of vegetables, fruits, and flowers (McManus et al. 2002; Berger et al.
2010; Gillings 2013).
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Fig. 9.1 Sources of antibiotics, ARB, and ARG in waste water treatment plants and soil

Application of antibiotics in agriculture promotes resistance, which is important
for therapeutical reasons not only in animals, but also in humans, as in veterinary
medicine one uses antibiotics of the same classes as in human treatment (Table 9.3).
This concerns especially the pathogens transmitted via food, e.g., Campylobacter
Jjejuni, Escherichia coli, Salmonella, and Enterococcus faecium. The same strains
may hence colonize animals and humans, yet resistance genes disseminate easily
between closely related species. Additionally, antibiotics may remain within animal
cells and, as food pollution, stimulate the development of allergic reactions and
resistance within human microbiota (Martinez 2009).

As a result of exposure to antibiotics, the structure, as well as activity of the
microbial population (i.e., denitrification, nitrification, enzyme activity), may
reshape. Most commonly used indicators for changes within the population are
the balance between bacteria and fungi and the balance between Gram-positive and
Gram-negative bacteria. The first one is closely connected with ecosystem perfor-
mance. Many researchers have proven the increase in fungi number in relation to
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Table 9.2 List of the most important antibiotics added to feed in recent decades

Antibiotic Active against Antibiotic Active against
Aminoglycosides® | Gram-negative bacteria, Beta-lactams® Gram-positive and
(hygromycin) fungi, and higher (penicillin) Gram-negative
eukaryotic cells bacteria
Aminocoumarins Staphylococci—sensitive Polyene antibiotic* | Fungi
(novobiocin) to novobiocin (nystatin)
Diterpene Gram-positive bacteria, Polyether antibiotic | Gram-positive
antibiotic mycoplasmas (monensin, bacteria, parasitic
(tiamulin) salinomycin) protozoa of the
genus Coccidia and
Eimeria causing
coccidiosis
Glycopeptides® Gram-positive bacteria Polypeptides Gram-positive
(bambermycin) (bacitracin) bacteria
Tonophores Gram-positive bacteria Streptogramins Gram-positive cocci
(laidlomycin, (virginiamycin)
lasalocid,
monensin, narasin,
salinomycin)
Lincosamides® Gram-positive and Gram- | Tetracyclines® Gram-positive and
(lincomycin) negative bacteria, (chlorotetracycline, | Gram-negative
mycoplasmas, oxytetracycline bacteria, Chlamydia,
mycobacteria, some rick- Mycoplasma, and
ettsia, and chlamydia Rickettsia
Macrolides® (ole- Gram-positive and Gram- | Quinoxalines Gram-positive and
andomycin, negative bacteria, Myco- (carbadox) Gram-negative

tilmicosin, tylosin,
spiramycin)

plasmas, Mycobacteria,
some Rickettsia, and
Chlamydia

Erythromycin
antibiotic complex
(avilamycin)

Gram-positive bacteria

bacteria

Based on National Research Council (1980) and FDA (2015)
#Antibiotics used to treat people and animals

Table 9.3 Antibiotic classes used in veterinary medicine and in medicine

Antibiotic class

Antibiotic class

Aminocoumarins Nitrofurans
Aminoglycosides Polypeptides
Aminopenicillins Streptogramins
Amphenicols Sulfonamides
Beta-lactams Tetracyclines
Cephalosporins Quinolones
Cyclopolypeptides Nitroimidazole®
Lincosamides Trimetoprim®
Macrolides

Based on Marshall and Levy (2011)

“Chemotherapeutic
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bacteria after enriching the soil with antibiotic-containing fertilizer. Then again,
different classes of antibiotics have a diverse influence on Gram-positive and
Gram-negative bacteria. It is related, among other factors, to differences in cell
wall composition. The outcome depends also on soil properties, microorganism
type, and antibiotic concentration (Ding and He 2010). Significantly, the effect of
antibiotic action in natural water ecosystems is less visible than in soil (Zhang et al.
2009). It presumably results from lower concentration of these compounds due to
considerable dilution (0.003—1.9 pg/l) (Kiimmerer 2009). It is also harder to detect
the microbes in such environment to determine or compare the structure of the
bacterial population. On the other hand, lower concentration and short-time expo-
sure makes the effects less predictable, but it does not necessarily mean that the
impact on water ecosystems is limited in comparison to soils. What is more, it was
shown that even sublethal dose of antibiotic affect microorganisms. In contrast, in
fish ponds, as a consequence of antibiotic abuse, these compounds reach enormous
concentrations up to several hundreds of mg per kg in the sediment.

As a result, the number of bacteria decreases, coupled with resistance dissem-
ination, and altogether this alters the functioning of the ecosystem. It should be
noted that human existence is inseparable from water. The presence of antibiotics in
soil and water ponds promotes the growth of resistant strains, as well as disturbs the
structure and physiology of microbial populations (Martinez 2009). Moreover, it
poses a serious threat of extensive antibiotic and/or resistance gene dissemination
(Ding and He 2010; Popowska et al. 2010).

Bacteria in natural ecosystems form mostly complex communities, in which the
nutrient and chemical resources are shared, with metabolic products and secondary
metabolites, such as antibiotics, among them. In such intricate habitat-like soil,
comprising antibiotic-producing microorganisms, bacteria are naturally exposed to
lethal and nonlethal concentrations of these compounds. Nonlethal antibiotic doses
may alter the expression of genes associated with various life functions, such as
metabolism, regulation, virulence, DNA repair, or stress response (Goh et al. 2002;
Tsui et al. 2004; Davies et al. 2006; Yim et al. 2006, 2007, 2011; Blazquez et al.
2012), as well as modify the behavior of bacteria within the biofilms or play role in
its formation (Baquero et al. 2013). These observations suggest that antibiotics in
natural ecosystems, such as soil, act as signaling molecules in regulatory pathways,
not as antimicrobial particles (Yim et al. 2007; Aminov 2009; Allen et al. 2010).

In vitro studies enable to determine the action of antibiotics on bacterial cells
(pure cultures), which may be of bactericidal or bacteriostatic character. Minimal
inhibitory concentration (MIC) or minimal bactericidal concentration (MBC) may
be calculated. Antimicrobial properties of antibiotics may be verified in vitro and
in vivo as well, but biological role of antibiotic resistance and of the compounds
themselves in natural ecosystems is still unclear. Further understanding of interac-
tions between bacteria, mediated by antibiotics and other molecules, would be of
vital importance for developing novel strategies to fight antibiotic resistance.
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9.2.3 Contribution of Agriculture

In apple and pear orchards, streptomycin and oxytetracycline are routinely used for
the prevention of fire blight disease (causative agent Erwinia amylovora). The use
of streptomycin is strictly controlled within the EU, and it is authorized only for use
on a yearly basis. Streptomycin, initially used in plant breeding in the USA, was
replaced by oxytetracycline because of the development of resistance among
E. amylovora strains, isolated from apple orchards. In other countries, such as
Israel or Japan, oxolinic acid is applied (Shtienberg et al. 2001); in Mexico and
Middle America, gentamicin stands as the main treatment for this and other
vegetable diseases (Stockwell and Duffy 2012). It was not until the problem of
resistance emerged that the discussion about the use of antimicrobials in agriculture
was initiated, although the amount of antibiotics used in plant breeding is low
compared with human and veterinary medicine and animal production (McManus
et al. 2002).

Irrigation with wastewater effluent also poses a potential route of entry of
antibiotics into soil ecosystems. Multiple studies point out the presence of ARGs
and ARB in wastewater effluent (Auerbach et al. 2007; Manaia et al. 2010; LaPara
et al. 2011; Munir et al. 2011; Piotrowska and Popowska 2015; Piotrowska et al.
2017), but no attention has been devoted to the impact of residing antibiotics on
ARGs or ARB level (Negreanu et al. 2012; McLain and Williams 2014). Previous
studies indicate that irrigation does not seem to impact AR levels in the soil
microbiome (Gatica and Cytryn 2013). At the same time, researchers conclude
that further studies aimed at assessing the scope of horizontal gene transfer between
effluent-associated ARB and soil bacteria need to be further conducted.

Microcosm studies of soil systems indicate that antibiotic exposure may induce
changes in microbial biomass, community structure, and outcomes of functional
endpoints, such as substrate-induced respiration, iron reduction, N-mineralization,
nitrification, or the potential to degrade other anthropogenic substances (Williams-
Nguyen et al. 2016). Antibiotics transferred into the soil may also affect the
microorganisms and other biota inhabiting the niche. Research suggests that these
interactions also affect mixture toxicity (Majewsky et al. 2014; Aga et al. 2016).
Likewise, data indicate that wildlife such as birds and bats can accumulate
nonantibiotic pharmaceutical compounds through the food chain and can also be
affected (Bean et al. 2014); however, the importance of accumulation of antibiotics
in tissues of wildlife species is not known.

9.2.4 Contribution of Animal Husbandry

The antimicrobials, used in the treatment of human diseases from the mid-1940s,
were also introduced in veterinary medicine shortly afterwards. Even though some
drugs are exclusively designed for veterinary use, most belong to the same
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antimicrobial classes as those used in human medicine with identical or very similar
structures (Heuer et al. 2011). Currently the application of livestock manure in
agriculture is occurring at large scale, causing serious threats of antibiotic dissem-
ination in the environment as excreta of farm animals may contain high doses of
antibiotics (Marshall and Levy 2011; Lathers 2001; Sarmah et al. 2006). Also,
aquatic environments are contaminated by land application of antibiotics in
agriculture (Anjum and Krakat 2015).

In the last dozen or so years, a large number of antibiotics from a wide range of
classes, including fluoroquinolones (ciprofloxacin, enrofloxacin, norfloxacin),
lincosamides (lincomycin), macrolides (erythromycin, tilmicosin, tylosin,),
sulfonamides (sulfadiazine, sulfamethazine, sulfamethoxazole), tetracyclines
(chlortetracycline, doxycycline, oxytetracycline, tetracycline), thiamphenicol
analogs (chloramphenicol, florfenicol), and other classes (monensin, trimethoprim),
have been detected in agroecosystems across the world. The research was
conducted in North and South America, Europe, and Asia and in a variety of
environmental compartments, including soils, surface waters, sediments, and
biota such as plants and earthworms (Williams-Nguyen et al. 2016).

All growth promoters in the feed of food-producing animals were banned in the
European Union (EU) countries from January 1, 2006 (http://europa.eu).
Avoparcin, spiramycin, tylosin, and virginiamycin were banned from use for
growth promotion in 1997 and 1998, respectively. In the USA, politicians are
discussing the introduction of a similar ban on the use of antimicrobials in animal
husbandry for growth promotion (http://www.govtrack.us/congress/bills/109/
s742). Despite these bans, in some parts of the world, medically important antibi-
otics are still routinely fed to livestock as a precaution to increase profits and to
ward-off potential bacterial infections in stressed and crowded livestock and
aquaculture environments (Cantas et al. 2013).

Upon a request from the European Commission, the European Medicines
Agency (EMA) has created the European Surveillance of Antimicrobial Consump-
tion (ESVAC) program (http://www.ema.europa.eu/ema/index.jsp?curl=pages/reg
ulation/document_listing/document_listing_000302.jsp). ESVAC project collects
information on how antimicrobial medicines are used in animals across the
EU. This type of information is essential to identify possible risk factors that
could lead to the development and spread of antimicrobial resistance in animals.
EMA started this project in April 2010 and is involved in monitoring and evaluating
the risks of veterinary use of antibiotics in animals and looking in particular at the
risk of the development of antimicrobial resistance in animals and the transmission
of resistance to humans. During 2014, in 29 European countries, the sale of
antimicrobial drugs for therapeutic use as veterinary medicine varied from 3.1 to
418.8 mg/kg biomass (Sales of veterinary antimicrobial agents in 29 European
countries in 2014, Sixth ESVAC report). The largest amounts, expressed as a
proportion of mg/PCU, were accounted for by tetracyclines (33.4%), penicillins
(25.5%) and sulfonamides (11.0%). From the antimicrobial classes listed in the
third World Health Organization (WHO) list of critically important antimicrobials
(CIAs) with the highest priority in human medicine, the sales for food-producing
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animals of third- and fourth-generation cephalosporins, fluoroquinolones, and
macrolides accounted for 0.2%, 1.9% and 7.5%, respectively, of the total sales in
the 29 countries participating in ESVAC in 2014. Overall, the sales of polymyxins
(mg/PCU) accounted for 6.6% of the total sales, with colistin representing more
than 99% of the sales of polymyxins.

One of the concluding remarks was: “The substantial decline in the sales of
antimicrobials for food-producing species observed for some countries indicates
that there is also a potential for a decrease in other countries.”

9.3 Antibiotic Degradation Rates in the Environment

Most of the antibiotics routinely used in medicine is only partially metabolized
(Kiimmerer 2004). Metabolites often remain in the environment, and their
inactivation is impossible (Thiele-Bruhn 2003). Antibiotics are introduced into
the fields in the form of natural fertilizers (utilized in animal husbandry) or by
watering the plants with wastewaters. Eventually they persist in the soil, sediment,
or groundwater. Through sewage systems, antimicrobials are released into the
water resources. From the soil surrounding the fish ponds with large-scale antibiotic
usage, they may be rinsed with rainwater and end up in water systems (Fig. 9.1).

The rate of degradation of antimicrobials in the environment varies and is
dependent on a range of environmental conditions, for example, antibiotic
concentration, chemical structure of the compound, composition and structure of
soil/sediment, humic acid content, humidity, pH, temperature, sorption capacity,
chemical composition of the environment, presence of other sources of carbon,
presence of inorganic matter, and availability of oxygen and microorganisms that
support biodegradation (Kiimmerer 2004, 2009). Table 9.4 shows the time needed
for decomposition of selected antibiotics. These are degraded in one of the follow-
ing pathways: light-dependent, chemical, or biological (Martinez 2009). In the
environment, a basic process of substance elimination is dependent on bacterial
activity (particularly in sediment, soil and polluted water). Antibiotics entering the
ecosystem are subject to transformations, such as photodegradation, hydrolysis
(catalyzed by bacterial enzymes), decarboxylation, or hydroxylation (Thiele-
Bruhn 2003; Kiimmerer 2004). We should remember that the process of
antimicrobial inactivation proceeds not always fully effectively, e.g., it is slowed
down in low temperatures (Martinez 2009). A crucial process to neutralize all
pharmaceuticals is their biodegradation and/or bacterial sorption. As a result of
antibiotic degradation, the compound may be mineralized as carbon dioxide,
converted to more hydrophobic derivative, or transformed into more hydrophilic
substance (Kim and Aga 2007). Notably, products of antibiotic decomposition
often differ only slightly from initial substrate. Another as important process is
the sorption, which may promote resistant strains, as the drug maintains its
properties.
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Table 9.4 Degradation rates of pharmaceuticals in the environment

Concentration

(pefe)” Degradation | Time
Class of pharmaceuticals Soil Manure (%) (days)
Tetracyclines (chlorotetracycline, 4.7-300 pg/ | 5.6-100 pg/l | 0-50 10-180
tetracycline, oxytetracycline) kg
Sulfonamides (sulfabenzamide, 1.0 250-1000 pg/ | 0-50 14-64
sulfadiazine, trimethoprim) 1
Aminoglycosides (streptomycin) 5.6 5.6 0 30
B-lactams (penicillin, mecillinam) 5.6 500 pg/l 0-50 149
Macrolides” (erythromycin, 5.6-100 25 mg/l 0-50 5-30
spiramycin, tylosin)
Fluoroquinolones (sarafloxacin, 10 10 0-30 56-80
enrofloxacin, ciprofloxacin)
Imidazole (metronidazole) 10 - 50 14-75
Polypeptides (bacitracin, 1.0 5.6-25 12-90 2-173
virginiamycin)
Polyethers (monensin) - - 30 70
Phospholipoglycosides (flavomycin, 5.6 10 0-100 6-119
flavophospholipol)

Based on Thiele-Bruhn (2003)
“If not indicated otherwise
®This group does not include the modern macrolides with very long elimination half-lives

It is known that most antibiotics are not fully inactivated through sewage
treatment; especially semisynthetic and synthetic compounds are very stable and
have an excessive sorption capacity. This is why they accumulate easily and reach
very high concentrations. It was proven that as a result of water chlorination,
trimethoprim and P-lactams undergo degradation, likewise sewage utilization
enables fluoroquinolones and tetracyclines elimination. Other antibiotics may be
removed by carbon filtering, ionization, or coagulation. In the case of antimicro-
bials bound with soil, sediment, or clay particles, decomposition progress is slower,
but they may be separated from water, which stops the long-distance dissemination
(Martinez 2009).

9.4 Antibiotic-Resistant Bacteria

According to Her Majesty’s Stationery Office, the definition of resistance stands as
“the ability of the microorganism to oppose to antibiotic.” It can be classified as
intrinsic or acquired. Acquired resistance regards initially sensitive bacteria, which
evolve into resistant either as a result of mutations or by acquisition of resistance-
determining gene or set of genes. Intrinsic resistance is a natural feature of a specific
strain or species (Markiewicz and Kwiatkowski 2006; Martinez et al. 2015).
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To describe the influence of antibiotic on microorganism, minimal inhibitory
concentration (MIC) and minimal bactericidal concentration (MBC) were
established. These indexes specify the level of resistance to antibiotic or chemo-
therapeutic agent. MIC value describes a minimal drug concentration, which
inhibits the growth of the microbe under given laboratory conditions. MBC states
a minimal bactericidal drug concentration, on which the number of microorganisms
capable of forming a colony decreases to zero (in practice the value of less than
0.1% is adopted). For clinically relevant bacteria, there are adequate guidelines for
determining which strains are sensitive and which are resistant to a given group of
antibiotics (EUCAS, The European Committee on Antimicrobial Susceptibility
Testing—breakpoint tables for interpretation of MICs and zone diameters in EU
or CLSI, The Clinical and Laboratory Standards Institute—Performance Standards
for Antimicrobial Susceptibility Testing in the USA). Such guidelines for environ-
mental bacteria do not exist.

The phenomenon of antimicrobial resistance is, in fact, not new. Studies from
the past decade have shown that antibiotic resistance is an ancient biological
mechanism whose proliferation has been strongly amplified through human
activity. Metagenomes isolated from samples of up to 30,000-year-old permafrost
show the presence of many genetic elements capable of conferring resistance to
some beta-lactam, aminoglycoside, and glycopeptide antibiotics, among others.
These genes are mostly identical to those functioning in contemporary pathogens
(D’Costa et al. 2011; Perron et al. 2015). Studies involving species of bacteria
isolated from a 4-million-year-old cave in Mexico, from soil samples from 30,000
years ago as well as from the deep ocean and deep below the Earth’s surface showed
that most of the isolates showed some level of resistance to one or more of the many
antibiotics tested, including daptomycin, currently considered a treatment of last
resort. In addition to well-known patterns of resistance, the studies revealed novel,
not previously known, drug resistance mechanisms (Bhullar et al. 2012; Pawlowski
et al. 2016). Research by Italian and American researchers on the microbiome of
paleofeces in the colon of an eleventh century A.D. pre-Columbian Andean
mummy using 16S rRNA gene high-throughput sequencing and metagenomics,
which avoid the need for cultivation of bacteria, demonstrated that the microbiome
profile of the paleofeces was unique when compared to previously characterized
coprolites that did not undergo natural mummification. Unexpectedly, putative
antibiotic resistance genes conferring resistance to penicillin, fosfomycin,
chloramphenicol, aminoglycosides, macrolides, sulfa, quinolones, tetracycline,
and vancomycin were found (Santiago-Rodriguez et al. 2015). It has been
postulated that, in fact, some antibiotics may date back from more than 40 million
to even 2 billion years (D’Costa et al. 2011). The examples mentioned above well
document the fact that bacterial drug resistance was established long before the
“discovery” of these compounds and their subsequent use in medicine, agriculture,
and other areas.

A real breakthrough in resistance research was the discovery made in 1973,
declaring that antibiotic resistance is not limited to pathogenic bacteria. It turned
out that the source of resistance lies within non-pathogenic bacteria, inhabiting the
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natural environment and capable of producing the antibiotics themselves. It was an
astounding finding, as opportunistic pathogens showed much higher resistance level
of those infectious strains. What is more, it was shown that resistant bacteria were
not restricted to the upper soil layer; at a depth of 173259 m, numerous multidrug-
resistant strains were identified (Benveniste and Davies 1973). Originally,
antibiotic presence within the natural environment was a natural selective factor
contributing to genetic diversity of bacteria. In response to surrounding stimulus,
complex defensive mechanisms, such as receptors, transporters, or enzymes
introducing chemical modifications to the molecules, were developed (Wright
2010). Shortly after introduction of antibiotics into human treatment, bacteria had
already been capable of developing resistance, not only via mutations, but mainly
by acquisition of existing genes, encoding the resistance to antimicrobials. The
reservoir of these genes and even resistance plasmids (R) was attributed to envi-
ronmental microbiota. It a common knowledge now that those “original” antibiotic
resistance genes were associated mainly with antibiotic-producing bacteria and
usually encoded within the chromosomes, but moreover not always were they
directly related to resistance, but rather with general physiological functions.
Research demonstrates that bacteria, which do not produce antimicrobial
compounds, carry resistance or even multiresistance determinants as well. Efffux
pumps are great examples of such mechanism, as they remove all toxic compounds
from the cell. Mutation leading to constitutive transporter expression ensures
bacterial resistance. Pumps are omnipresent within all groups of microorganisms,
with one cell usually encoding more than one type of the pump (Martinez 2008;
Martinez and Baquero 2014). The original function of pumps, contributing to MDR
phenotype (encoded mainly chromosomally), was proven to be connected with
detoxification of metabolic pathways intermediates, homeostasis, and internal
signal transduction and also with virulence (Aminov 2009). Another example is a
group of enzymes hydrolyzing f-lactam ring—f-lactamases, at first being probably
PBP proteins, involved in peptidoglycan synthesis. The ability to inhibit
B-lactamases emerged as “side effect” of their basal, initial function (Martinez
et al. 2009).

It is the result of a strong selective pressure in the course of the last decades, from
the moment of introduction of antibiotics into therapy, that the genes changed their
location and functions without alterations in nucleotide sequences to become
resistance genes. Primary resistance genes present in the environment are termed
as a “natural resistome.” Natural response of the cell to antibiotics comprises the
use of actual “machinery,” i.e., engaging resistance genes encoded in antibiotic-
producing bacteria, modification of existing (proactive response), or acquired (post-
active response) genes. In most cases, bacteria from Streptomyces spp. isolated
from soil are the natural source of resistance genes (Canton 2009). Basic
mechanisms determining the resistance are distinguished as follows: efflux pumps
systems, modifications within genes, which products serve as targets for antibiotics,
and enzymatic inactivation of antimicrobials.

Environmental microbiota has been proven to possess considerably higher
number of resistance genes than only those acquired by pathogenic bacteria, and
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not always are they limited to the producers of antibiotics (Allen et al. 2010).
Moreover, different habitats may contain diverse resistance genes, which implies
one’s disability to even estimate the number of potential resistance genes, residing
within the natural environments. What is more important, genes located on MGEs
in human pathogens are found far and wide, including uncharted lands or wild
animals with no record of antibiotic contact (Martinez 2009). This means that
antibiotic resistance genes have always been present in the natural environment,
and they persist irrespectively of selective pressure. However, it was not until the
antibiotics were introduced into the environment because of human actions that
they have spread among bacteria as an effect of omnipresent selective pressure and
also have developed novel specialized resistance mechanisms and their
rearrangements.

9.4.1 Antibiotic Resistance of Natural Bacteria

The dissemination of antibiotic resistance among pathogenic bacteria, especially
resistance to multiple antibiotics, is a serious problem in the management and
treatment of human diseases. The recent WHO’s first global report on antibiotic
resistance (WHO 2014, 2015) has shown how relevant the problem is worldwide,
being a major threat to public health. This report has been followed up by a WHO
Antimicrobial Resistance fact sheet (WHO 2016) and a list of “priority pathogens”
for which new effective antibiotics are urgently needed (WHO 2017). These
priority pathogens include some bacterial species commonly found in soils.

As mentioned above, most of the information we have regarding the production
of antibiotics or the mechanisms of resistance to these compounds comes from
laboratory or clinical studies of single or limited number of strains of microorgan-
isms. It is only recently that research on drug resistance has focused on the soil
environment from which antibiotics were originally obtained. The situation in the
soil is very complex, and, in addition, most of the microorganisms living in it,
anywhere up to 99% of them, are unculturable (Pham and Kim 2012).

However, it can safely be said that the vast majority of resistance mechanisms
found in the soil are the same as those intensively studied under laboratory
conditions. This is because the targets of the inhibitory action of antimicrobials
are the same. There are approximately 200 conserved essential proteins in a
bacterial cell, but the number of targets currently exploited by humans is very
small. The most successful antibiotics used in medicine hit only one of a limited
number of targets or pathways: the protein synthesis machinery, i.e., the 50S and
30S subunits of the ribosome, which are the target of aminoglycosides, chloram-
phenicol, macrolides, oxazolidinones (e.g., linezolid), or tetracyclines; nucleic acid
synthesis, which is inhibited by fluoroquinolones and the rifamycins; cell wall
synthesis that is disrupted by beta-lactams and glycopeptides (e.g., vancomycin)
as well as by antibiotics like certain glycopeptides, targocil, and ticlopidine that
interfere with teichoic acid synthesis; and, last but not the least, bacterial
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membranes which are disrupted by numerous polymyxins and lipopeptides (e.g.,
daptomycin) (Markiewicz and Kwiatkowski 2006, Davies and Davies 2010,
Sengupta et al. 2013). Of course, the number of targets overall is larger since
some antibiotics, such as the sulfonamides, can interfere with specific metabolic
pathways (Markiewicz and Kwiatkowski 2006; Davies and Davies 2010; Blair et al.
2015; Munita and Arias 2016).

Some bacteria can be intrinsically resistant to certain antibiotics, which may
result from the inherent absence of a target for a particular antibiotic or be more
complex. Examples are rather numerous, from very simple to quite complex.
Klebsiella spp. and several other species produce beta-lactamases that destroy
ampicillin and/or other penicillins before they can reach their penicillin-binding
protein (PBP) target. Listeria monocytogenes is intrinsically resistant to broad-
spectrum cephalosporin antibiotics, but not to the other group of the beta-lactam
antibiotics, the penicillins. This resistance is mediated by a complex cephalosporin
resistome (Krawczyk-Balska and Markiewicz 2016). All Gram-negative bacteria
are resistant to the action of vancomycin, which disrupts the synthesis of cell wall
peptidoglycan because the presence of an outer membrane stops the antibiotic from
reaching its site of action, the D-Ala-D-ala terminal dipeptide of the cell wall
precursor. However, some Gram-positive bacteria, like Lactobacilli or Leuconostoc
spp., are also resistant to the action of vancomycin because they lack the D-ala-D-
ala moiety the antibiotic binds to (Swenson et al. 1990; Handwerger et al. 1994).
Anaerobic bacteria are inherently resistant to aminoglycosides that bind to the 30S
ribosomal subunit and cause a misreading of the genetic code, which leads to the
disruption of normal bacterial protein synthesis. This resistance is caused by the
lack of oxidative metabolism to drive the uptake of aminoglycosides. Similarly,
insufficient oxidative metabolism is the reason for the intrinsic resistance of
enterococci to this group of antibiotics. Gram-negative bacteria are resistant to
the action of daptomycin, which kills Gram-positive bacteria. This resistance is
brought about by differences in the composition of the cytoplasmic membrane
(CM) of both these groups of bacteria. Gram-negative bacteria have a lower
proportion of anionic phospholipids in the CM than Gram-positive bacteria,
which reduces the efficiency of calcium-mediated insertion of the antibiotic into
the CM that is a prerequisite of its antibacterial activity (Randall et al. 2013;
Mueller et al. 2016).

In addition to intrinsic resistance, bacteria can acquire or develop resistance to
various antibiotics, and this resistance can arise via different mechanisms which
basically fall into one of three major categories: (1) those that minimize the
intracellular concentration of an antibiotic as a result of its impeded penetration
into the cell or its removal from the cell by efflux, (2) alteration or protection of the
bacterial target sites as a result of genetic mutation or posttranslational modification
of the target, (3) inactivation of the antibacterial drug by hydrolysis or its modifi-
cation, and (4) modification of a metabolic pathway to bypass the antibiotic effect.
From an evolutionary perspective, bacteria use two major genetic strategies to
adapt to the antibiotic attack: mutations in genes often associated with the
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mechanism of action of the compound and the acquisition of extraneous DNA
coding for resistance determinants through horizontal gene transfer.

9.4.2 Dissemination of Antibiotic-Resistant Bacteria to Soil

Over 80% of antibiotics in clinical use today originated from soil bacteria, either
directly or as their semisynthetic derivatives. Knowledge of resistance mechanisms
gained from laboratory and clinical research prompted numerous studies on the
dissemination of antibiotic resistance genes in the soil environment. These studies
have employed the polymerase chain reaction (PCR) amplicon surveys and, more
recently, metagenomics to screen for resistance genes, i.e., resistance mechanisms,
in the soil environment (Zhang et al. 2011; McGarvey et al. 2012; Popowska et al.
2012; Nesme et al. 2014; Nesme et al. 2016). Large-scale endeavors have also been
launched, such as TerraGenome (Vogel et al. 2009) or the Earth Microbiome
Project (Gilbert et al. 2014). The function of ARGs in the environment would
seem, of course, to protect strains carrying them from the action of antibiotics,
frequently produced by the ARG-harboring strains themselves, and also to regulate
the responses induced by subinhibitory concentrations of antibiotics. Some ARGs,
for instance, participate in the regulation of antibiotic biosynthesis.

One of the first similarities between the mechanisms of resistance of soil bacteria
and pathogenic strains of the Enterobacteriaceae to antibiotics were described for
the aminoglycosides kanamycin A and B, gentamicin, and neomycin (Benveniste
and Davies 1973). The soil species Streptomyces kanamyceticus and S. spectabilis
were found to contain aminoglycoside-modifying enzymes acetylating the 6’-amino
group of kanamycin A and B, gentamicin, and neomycin and the 2’-amino group of
the hexose ring of gentamicin. These acetylases catalyzed reactions identical to
those carried out by enzymes found in plasmid-carrying Gram-negative bacteria.
Other good examples of similarities are the presence of resistance genes coding for
extended spectrum CTN-X beta-lactamase in soil bacteria and the plasmid-borne
gene gnr mentioned above that encodes pentapeptide repeat proteins, which reduce
susceptibility to quinolones. These resistance mechanisms were found in free-living
Kluyvera and Shewanella isolates, respectively, and are identical to those of well-
known pathogens (Farmer et al. 1981; Poirel et al. 2005).

There are many studies that prove that contamination of soil by either antibiotics
or bacteria-carrying ARGs contributes to enhanced levels of antibiotic-resistant
strains in the soil over the intrinsic levels and that ARB in livestock manure used as
fertilizer and spread over agriculture land may pose a threat to the health of humans.
Considering this, the concentrations of tetracycline, oxytetracycline, and
sulfathiazole in the surface soil were quantified using liquid chromatography-
mass spectrometry. These antibiotics were used in animal production and were
found in fertilizer produced from livestock excretions. Species of ARB were
identified using 16S rDNA. Soil samples were collected, and three compounds
were detected: tetracycline, oxytetracycline, and sulfathiazole. The results of 16S
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rDNA gene analysis indicated that Pseudomonas spp., Arthrobacter spp., and
Rhodococcus spp. showed persistent resistance to the three antibiotics tested.
DNA quantification results revealed strong resistance of Pseudomonas spp. to
sulfathiazole, whereas Arthrobacter spp. and Rhodococcus spp. were resistant to
tetracycline and oxytetracycline (Yeom et al. 2017). An elegant study by Popowska
et al. (2012) points to the widespread presence of high-level antibiotic-resistant
bacteria in agricultural soils.

Bacterial drug resistance is being potentiated by human activity, creating
“hotspots” in which antibiotic pressure leads to higher levels of resistance and the
acquisition ad exchange of genetic material, also that from pathogenic bacteria
introduced into the environment from medical settings, municipal wastewater
systems, animal husbandry facilities, etc. (Berendonk et al. 2015).

9.5 Antibiotic Resistance Genes in Soil

Conventionally, the presence ARGs in natural environments is believed to stem
from the release of animal and human bacteria from anthropogenic point sources
such as sewage and animal husbandry, coupled to selective pressure from clinically
and agriculturally derived antibiotic compounds. However, the realization that
many clinically associated ARGs originated in terrestrial and aquatic microbiomes,
and the fact that these genes predated antibiotic use by millions of years (Lebreton
et al. 2017), necessitates a more holistic approach when assessing the distribution,
abundance, and dynamics of ARGs in soil ecosystems. In the following sections, we
explore current knowledge on native ARGs in soil; attempt to elucidate the impact
of anthropogenic activities on the dissemination of ARGs in soil; and finally,
present a holistic model that integrates native and anthropogenic factors, in attempt
to better understand antibiotic resistance gene dynamics in soil.

9.5.1 Native Antibiotic Resistance Genes in Soil

A comprehensive study by D’Costa et al. (2006) first revealed the vast dimensions
of antibiotic resistance in soil. The authors demonstrated that this resistance is
associated with both novel and clinically characterized ARGs, postulating that the
scope of antibiotic resistance in soil stems from both the high complexity of its
microbial community and the profusion of antibiotic-producing bacteria in soil. The
authors coined the “resistome,” a collection of all known and novel ARGs in a
specific environment, and indicated that the soil resistome may be a critical source
for the emergence of novel ARGs in clinical pathogens (D’Costa et al. 2007). A
metagenomic analysis of ancient DNA from 30,000-year-old permafrost soil
strongly supported the resistome hypothesis by demonstrating that soil-associated
ARGs predated clinical use of antibiotics. In this rigorously authenticated study, a
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highly diverse collection of ARGs encoding resistance to f-lactam, tetracycline,
and glycopeptide antibiotics were detected that were highly similar to modern
pathogen-associated ARGs (D’Costa et al. 2011). It has been suggested that
under certain conditions, mobilization of ARGs from environmental microbiomes
to clinical pathogens can significantly increase ARGs activity. This is believed to
the case for certain fB-lactamases that became significantly overexpressed when
mobilized from soil bacterial chromosomes to pathogen-associated plasmids with
strong promotors (Perry and Wright 2013).

To further elucidate the scope of the soil resistome (Allen et al. 2009), apply a
novel functional metagenomics pipeline to pinpoint ARGs in highly pristine
Alaskan soil. Functional metagenomics provides evidence that detected ARGs are
actually functional in a specific host cell such as Escherichia coli, contrary to many
other molecular-based methods that identify ARGs based on in silico comparisons.
The authors characterized a f-lactam-resistant gene that was evolutionarily distant
from clinically known -lactamases. The fact that these genes conferred resistance
in E. coli without manipulating the hosts gene expression machinery, demonstrated
that soil ARGs have the potential to mobilize and function in human pathogens. A
metagenomic analysis aimed at discovering streptomycin resistance in an apple
orchard soil that had experienced repeated treatment with the antibiotic failed, but
the authors discovered 13 antibiotic resistance genes that included p-lactamases,
aminoglycoside acetyltransferases, multidrug efflux pump, and bifunctional protein
containing a natural fusion of a P-lactamase and a sigma factor (predicted
transcriptional regulator). This bifunctional protein conferred resistance to
ceftazidime, a third-generation cephalosporin with broad-spectrum activity against
Gram-positive and Gram-negative bacteria. The low sequence identities of the
enzymes identified in this study highlight the novelty of these proteins. Many of
the best matches in the NCBI nr database shared less than 60% amino acid identity
with the enzymes found in the soil metagenomic library. Furthermore, nucleotide
BLAST analysis of the NCBI nr database consistently failed to identify genes with
significant matches (Donato et al. 2010). The pool of ARGs in the soil environment
is little explored, and in addition many of these genes may be carried by bacteria
that are not yet culturable. For pathogenic bacteria to acquire an ARG from the soil
environment pool, it must be transferred by horizontal gene transfer. Functional
metagenomics employed to search for ARGs in soil samples not subjected to
antibiotic pressure revealed the presence of 11 novel resistance genes, four confer-
ring resistance to trimethoprim, three to ampicillin, two to gentamicin and two to
chloramphenicol. Shortly after the detection of this novel soil-derived p-lactamase,
Wachino et al. (2011) described a carbapenem-resistant Serratia marcescens strain
that was isolated from a Japanese hospital in 2010. Surprisingly, the carbapenem
resistance of this strain was attributed to the production of a novel
metallo-fB-lactamase that was highly similar (75% identity) to the fused
B-lactamase identified in the apple orchard soil analysis described above (Allen
et al. 2009). In another study soil samples were collected from 20 prairie sites and
screened for tetracycline-, sulfonamide-, f-lactamase-, and macrolide-resistance
genes and characterized for soil physical and chemical parameters. All prairie
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sites contained tetracycline- and cefotaxime-resistant bacteria, and 48% of isolates
collected were resistant to two or more antibiotics. Most (98%) of the soil samples
and all 20 prairies sites had at least one tetracycline resistance gene. Sulfonamide
genes, which are considered a marker of human or animal activity, were detected in
91% of the samples, despite the lack of human or animal inputs at these sites (Durso
et al. 2016). In another paper were identified 45 clones conferring resistance to
minocycline, tetracycline, streptomycin, gentamicin, kanamycin, amikacin, chlor-
amphenicol, and rifampicin. The similarity of identified ARGs with the closest
protein in GenBank ranged from 26 to 92%; more than 60% of identified ARGs had
low similarity less than 60% at amino acid level. The identified ARGs include
aminoglycoside acetyltransferase, aminoglycoside 6-adenyltransferase,
ADP-ribosyltransferase, ribosome protection protein, transporters, and other
antibiotic-resistant determinants (Su et al. 2014). These results suggest that func-
tional metagenomic approach is powerful in discovering novel ARGs and resistant
mechanisms.

Despite sporadic indications, very few studies have provided direct evidence of
ARG mobilization from soil resistomes to clinical pathogens. Using a high-
throughput functional metagenomic approach that targeted DNA from a pooled
collection of multidrug-resistant soil bacterial isolates, Forsberg et al. (2012)
identified ARGs that conferred resistance to five classes of antibiotics (B-lactams,
aminoglycosides, amphenicols, sulfonamides, and tetracyclines) that had perfect
nucleotide identity to genes from known human pathogens. Surprisingly, not only
were the ARG sequences identical, but sequences encoding transposable elements
that flanked both the soil strains and the pathogens were also 100% identical.
However, most of the identified resistance genes had previously not been known.
While still circumstantial, this study provided strong evidence that ARGs are
mobilized from the soil microbiomes to clinical pathogens. However, a more
comprehensive functional metagenomics-based study by the same research group
that targeted 18 agricultural and grassland soils (Forsberg et al. 2014) indicated that
the frequency of ARG transfer between soil bacteria and human pathogens is
extremely rare. In this study, the authors identified close to 3000 ARGs that
conferred resistance to 18 different antibiotics. Many of the ARGs identified here
were novel, and most were only distantly related to clinically associated ARGs. The
authors found that ARG composition was strongly linked to the bacterial
community structure, indicating that phylogeny significantly dictates resistome
composition. Furthermore, they determined that the association between ARGs
and mobile elements was much lower in the soil resistome than in human-
associated pathogens, providing a mechanistic explanation for the low mobility of
ARGs from soil microbiomes to clinical environments. How can the discrepancies
between these two studies be explained? Potentially, by the fact that the first study
specifically targeted fast-growing “culturable” bacteria, while the second applied a
culture-independent approach that incorporated ARGs from the entire soil
microbiome, including a vast array of slow-growing bacteria that are commonly
found in soil (Pham and Kim 2012). It may be suggested that significant differences
in HGT frequency occur between fast- and slow-growing bacterial strains, and
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these may also be linked to phylogenetic constraints as described above. For
example, certain fast-growing - and y-proteobacteria strains, including members
of the Burkholderia and Enterobacteriales taxa, have hyper-potential for acquisi-
tion and dissemination of functional genes (primarily via conjugation), and
therefore these taxa may represent “hubs” within gene transfer networks (Kloesges
et al. 2011). Furthermore, certain Burkholderia and Enterobacteriales strains are
common in both soil and clinical ecosystems; and these or similar taxa may bridge
between the two environments. On the other hand, numerous studies have pointed
to the presence of ARGS in sites subject to human activity, be it the release of
antibiotics or of pathogenic bacteria to waters and soils. The abundance of
pathogens that can survive in soils gives a potent mix that can result in the
emergence of antibiotic resistance in the clinical setting.

9.5.2 Mechanisms of Resistance Dissemination

ARGs are a major platform for the spread of antibiotic resistance in both clinical
and natural environments (Davies 1987). Dissemination of these genes within
bacterial communities is facilitated by either vertical acquisition, where genes are
transferred from parent bacteria to their offspring, or horizontal (or lateral) gene
transfer, where ARGs are mobilized to a recipient bacterium (Ochman et al. 2000).
Three modes of HGT are primarily intra- and interspecies transfer of ARGs:
(a) transformation, where free extracellular DNA enters a recipient bacterium,
and is integrated into the bacterial chromosome; (b) transduction, where
bacteriophage DNA containing an ARG is injected into a recipient bacterium and
is integrated into the bacterial chromosome (lysogenic stage); and (c) conjugation,
where plasmids and MGEs such as conjugative transposons are transferred from a
host to a recipient bacterium and are either autonomously replicated or are
integrated into the chromosome of a recipient bacterium (de la Cruz and Davies
2000).

Bacteria acquire resistance through transfer of determinants by HGT and specific
mutations. Still a vast majority of mechanisms are obtained through HGT from
different, often distantly related species (Alekshun and Levy 2007; Aminov 2009).
Among HGT-related mechanisms, they comprise drug modification, antibiotic
target “protection,” replacement of the sensitive target, and developing novel
system of efflux pumps (Andersson and Hughes 2010). Mutation in genes encoding
target proteins is a common mechanism of resistance to, e.g., quinolones,
rifamycins, and phosphomycin.

The advancement in resistance is a complex and not fully understood process.
But three facts stand undeniably as follows: (1) use of antibiotics promotes the
increase in the resistance to various compounds, even those displaying distinct
mechanisms of action (cross resistance); (2) resistance cannot always be foreseen,
i.e., frequently, there is no correlation between the concentration of antibiotic or its
metabolite and the effect caused by such pressure; and (3) it is hard to estimate the



170 E. Cytryn et al.

time of antibiotic persistence without selective pressure (Kiimmerer 2004).
Variations in organism tolerance resulting from exposure to certain compound are
measured by pollution-inducted community tolerance index (PICT). PICT value is
often analyzed in addition to other methods, e.g., PLFA (phospholipid fatty acid
analysis), which indicates simultaneous changes in microbial community structure
(Ding and He 2010).

It is also known that transfer and development of new resistance genes
combinations occur more often in complex communities with high density of
bacterial populations, i.e., in biofilms (Hgiby et al. 2010). Biofilms are found in
various areas related to medicine, industry, wastewater treatment tanks, sediments,
soil, and water (Kiimmerer 2004). Formation of such consortia is a method for
survival in challenging and unstable environmental conditions. Literature data
indicates stress factors in polluted environment as promoters of recombination and
HGT, which additionally results in resistance genes dissemination (Martinez 2008).
Plasmids may encode several genes providing the ability to survive in the presence
of toxic compounds, such as petroleum products, detergents, heavy metals, and
pesticides, which, regarding the increasing pollution, favor the survival of microbes
carrying such plasmids (Martinez et al. 2009, 2015). It was proven that contamina-
tion with heavy metals promotes the selection of resistant strains (Martinez 2008). It
was also shown that cross resistance to heavy metals and antibiotics linked with
plasmid resistance genes aids resistance maintenance even in the case of absence of
the antibiotic but with the presence of metal (Martinez 2009).

Studies demonstrate the potential of diverse, previously unknown resistance
mechanisms lurking within the soil ecosystem (Riesenfeld et al. 2004). In one of
the articles, the authors describe 480 strains of Streptomyces genus, capable of
growth in the presence of 21 antibacterial compounds (natural, semisynthetic, and
synthetic) of eight different groups, divided by cellular target (D’Costa et al. 2006).
All strains displayed resistance to 7 or 8 compound at once; two strains were
resistant to 15 and 21 antibiotics. Genetic analysis revealed almost 200 distinct
resistance profiles, and all strains were resistant to phosphomycin, trimethoprim,
and daptomycin—a novel drug in streptococcal infection treatment. The resistance
to vancomycin and macrolides: erythromycin and telitromycin, was also observed,
the latter being a drug of last resort in eradication of pathogens resistant to other
macrolides (D’Costa et al. 2006). Another papers brought the discovery of resis-
tance mechanisms connected with enzymatic drug modification or efflux pumps,
encoded within genes unrecognized before (Riesenfeld et al. 2004; Dantas et al.
2008). Furthermore, a gene encoding broad-spectrum p-lactamase (CTX-M) was
detected before it became a serious clinical concern (Knapp et al. 2010). Regarding
the range of the research and our capability to culture only a small percentage of all
bacteria, it seems that nature bears considerably higher level of resistance and
mechanism diversity than it was previously believed.

What is crucial for predicting the fate of resistance genes in natural environment
is a thorough understanding of their influence on bacterial physiology. As was
mentioned, antibiotics target the essential life functions in bacteria. Therefore, it
seems reasonable that resistant strains “suffer” from reduced fitness, i.e., metabolic
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ability to survive and reproduce (Andersson and Hughes 2010). Transfer of resis-
tance genes involves the decrease in metabolism, as it is energetically costly
process for the cell. It is demanded that reduction of antibacterial drugs intake is
to be accomplished to raise the sensitivity to antibiotics in bacteria and replace
resistant bacteria with sensitive ones. In a long-time perspective, such approach
would enable sensitive bacteria to win the competition with resistant strains.
However, many examples illustrate that in spite of the potential, reversion of
such phenotype proceeds very slowly (Andersson and Hughes 2010). In addition,
a part of the population remains resistant, as resistance genes are difficult to
eradicate despite the lack of antibiotic selective pressure (see above, heavy metals).
It was proven that if a small number of resistant strains survive in the habitat, in the
case of reintroduction of antibiotic, resistance spreads and transforms much more
rapidly than originally. Taking this into account, a full and stable reversion is
unfortunately improbable.

9.5.3 Dissemination of Anthropogenically Associated
Antibiotic Resistance Genes to Soil

Section 9.5.1 provides solid evidence that soil microbiomes encompass a diverse
array of novel- and clinically characterized ARGs. Nonetheless, the transient and
constant influx of anthropogenically derived factors to soil ecosystems is believed
to result in proliferation of the soil resistome (Perry and Wright 2013; Perry et al.
2014). Based on the “wisdom of the crowd,” this phenomenon is believed to be
associated with dissemination and persistence of ARGs from anthropogenic sources
such as wastewater, animal manure, or municipal biosolids, coupled to residual
concentrations of selective elements such as antibiotics, heavy metals, and deter-
gents linked to these activities. Anthropogenic-derived ARGs can be horizontally
transferred to native soil communities, or, alternatively, selective elements can
stimulate native soil resistome constituents. Although several studies supporting
both of these concepts have been published, much of the data is circumstantial and
does provide direct evidence linking specific factors to individual ARGs; while
other studies show clear evidence that factors previously unconsidered may also be
important. Collectively, it is becoming increasingly clear that the dynamics of the
soil resistome is much more complex than originally assumed. In the following
section, we explore how anthropogenic activities impact the diversity and abun-
dance of ARGs in soil, provide suggestions for differentiating between background
ARG levels and anthropogenic effects, and make suggestions for risk assessment of
ARG in soils.

The realization that clinically associated ARGs are naturally present in soil
microbiomes necessitates understanding of background levels in order to differen-
tiate between native soil- and anthropogenically derived ARGs. Various studies that
compared ARG levels in wastewater- and biosolid-amended vs. treated soils, have
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determined that in many cases background levels can be higher than the actual
treatments (Munir and Xagoraraki 2011; Negreanu et al. 2012). This not only
necessitates identifying ARGs that are abundant in anthropogenic point sources
that can be used from source tracking but also requires identification of prominent
“background” ARGs that are profuse in specific soils. A recent study that applied a
high-throughput gPCR-based approach to identify prominent ARGs and MGEs in
DNA extracted from soils in Antarctica (Wang et al. 2016) identified seven ARGs
(blaTEM, blaSFO, blaFOX, cphA, mexF, oprD, and oprJ) that were ubiquitous to
all of the soils regardless of anthropogenic activities, and these were regarded to be
background genes. In contrast, several other genes were found to be associated with
anthropogenic activities, as determined by the distance of these soils to research
stations; however, specific biotic and abiotic factors that facilitated the propagation
of these “anthropogenic” genes could not be determined.

Soil archives provide a unique opportunity to evaluate ARG diversity and
abundance in soil. A groundbreaking study by Knapp et al. (2010) that assessed
the relative abundance of 18 clinically relevant ARGs in an archived soil collection
found that the relative abundances of all of the targeted ARG families significantly
increased in the soils since the 1940s when antibiotic compounds were first used.
This was especially evident for specific tetracycline resistance genes, whose
abundance increased by 15-fold by the 1970s. The study strongly suggests that
anthropogenic activities associated with antibiotic use may be responsible for the
increase in ARG abundance but fails to characterize specific factors associated with
the observed increase in antibiotic resistance. A subsequent study by the same
authors (Graham et al. 2016) applied a similar gPCR approach to assess ARG levels
in archived Danish soils documented from 1923. In this study, the authors specif-
ically targeted four broad-spectrum f-lactamases bla(TEM), bla(SHV), bla(OXA),
and bla(CTX-M) as well as class-1 integron genes (intl) in manure and inorgani-
cally fertilized soils. Two interesting trends were revealed from this study:
(a) composite assessment of all of the targeted p-lactamase abundances were
significantly higher in manure-fertilized vs. inorganically fertilized soils suggesting
potential transfer of manure-associated ARGs to the soil; and (b) from a temporal
perspective, the abundance of individual p-lactamases increased approximately
parallel to the initial detection of these ARGs in clinical isolates. While this study
provides broader evidence of anthropogenic stimulation of the soil resistome, it
does not specifically highlight individual factors (i.e., residual concentrations of
antibiotic or other contaminants, influx of antibiotic-resistant bacteria, or
MGE-harboring ARGs) that facilitate this stimulation. Although specific links
between antibiotic exposure and increased abundance of ARGs in archived soils
has not been shown, there is evidence indicating that heavy metals, especially
copper, stimulate ARG abundance in soil. This may be linked to profusion of
multidrug efflux pumps in bacterial communities exposed to heavy metals or to
co-resistance whereby linkage between metal resistance genes and specific ARGs
result in increased ARG abundance in metal-contaminated environments (Knapp
et al. 2011).
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Several antibiotic compounds are frequently used in animal husbandry for
clinical and prophylactic treatment and as growth promotors; and these compounds
may stimulate antibiotic resistance in animal microbiomes. Animal manure is a rich
source of nitrogen and phosphorus and, therefore, is often applied to soil as organic
fertilizer with or without stabilization. However, application of manure to soil
transfers fecal-derived ARGs from animals as well as residual antibiotic
compounds in the manure that can select for native soil ARGs (Heuer et al.
2011). In order to specifically assess the effects of antibiotic residues in manure
on ARG dynamics, Jechalke et al. (2013) monitored the mobility of sulfonamide
resistance genes (sull and sul2) in the rhizosphere of maize and grass and in bulk
soil, in response to sulfadiazine-spiked vs. antibiotic-free manure. The authors
found that the abundances of both su/ genes were significantly higher in the
sulfadiazine-spiked manure-amended plots than in plots that received manure
without antibiotics. Furthermore, they found that plasmid transfer frequencies
were higher in the antibiotic manure amendments suggesting that the increased
abundance of sul in the soil may be partially associated with HGT. Interestingly,
contrary to the bulk soil where the difference in su/ abundance between the two
treatments decreased over time, the rhizosphere samples continued to show
significantly higher su/ abundance in the antibiotic treatment even 6 weeks after
manure application, suggesting that organic matter in the form of root exudates or
mucilage may also impact ARG dynamics in the soil.

Temporal factors are crucial when evaluating the impact of manure and biosolid
application on ARG abundance, because these amendments are generally
performed only once or twice in a growing season. A comprehensive study that
applied a qPCR array that detected over 300 ARGs and MGEs determined that the
relative abundance of many of these genes rapidly decreased in soil following
application of manure of untreated animals (Muurinen et al. 2017), suggesting
that proper environmental stewardship can significantly reduce the risks of ARG
propagation due to agricultural practices. Comprehensive understanding of
temporal ARG dynamics in anthropogenically impacted soils necessitates long-
term monitoring to assess accumulative effects on the soil resistome. A recent study
applied a high-throughput gPCR ARG and MGE array-based approach that mon-
itored the long-term effects of sewage sludge soil application (Xie et al. 2016).
Initially, the authors characterized a wide array of multidrug efflux pumps, as well
as specific B-lactam, macrolide-lincosamide-streptogramin B (MLSB), tetracycline,
vancomycin, and aminoglycoside resistance genes that were present in both
amended and non-amended soils, as background ARGs. Subsequently, they
identified specific aminoglycoside and tetracycline resistance genes that were
attenuated shortly after sludge application. Interestingly, the authors found that
while annual applications of sludge impacted the soil resistome, this was primarily
associated with stimulation of the intrinsic soil resistome and not with the influx of
sludge associated ARGs. Evidence of limited dissemination of ARGs from
anthropogenic sources to soil is also supported by previous studies that assessed
impact of wastewater irrigation on the soil microbiome (Gatica et al. 2016; Gatica
et al. 2015). Collectively, the failure of anthropogenically associated bacteria and
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ARGs to survive in soil may be explained by the fact that the vast diversity and
highly competitive nature of the soil microbiome significantly limits influx of
invaders (van Elsas et al. 2012). An additional long-term experiment that monitored
the abundance of specific ARGs and MGEs in Mexican soils irrigated with raw
sewage for different periods of time found increased abundance of several of the
genes in the sewage-irrigated vs. nonirrigated soils but failed to find a correlation
between abundances of these genes and the duration of the irrigation. This indicates
that while soil resistome are influenced by anthropogenic impacts, there appears to
be a certain resilience that regulates the scope of this impact.

As described in Sect. 9.5.1, functional metagenomics is a groundbreaking
method because it sheds light on soil-associated ARGs that are active and can be
transcribed by model human pathogens such as E. coli. In attempt to pinpoint ARGs
and elucidate factors that impact the soil resistome, Udikovic-Kolic et al. (2014)
applied a functional metagenomics approach to soils with and without manure
amendment from cows that were not treated with antibiotics. It revealed that soil
treated with manure contained a higher abundance of f-lactam-resistant bacteria,
which were attributed to enrichment of resident soil-associated p-lactamases. The
study presents two interesting findings. First, it supports previous observations that
anthropogenic perturbations primarily impact the soil resistome through activation/
modification of soil-associated components and not as a result of ARG influx; and,
second, based on the notion that applied manure did not contain residual antibiotic
concentrations, the study indicates that the stimulation of the soil resistome by
anthropogenic perturbations may often be associated with biotic or abiotic factors
such as nutrients and organic matter and not necessarily with antibiotics, detergents,
or other contaminant believed to induce antibiotic resistance.

9.5.4 Integrating the Native and Anthropogenic: A Holistic
Model for Understanding Antibiotic Resistance Gene
Dynamics in Soil

As comprehensively explored above, the scope and dynamics of ARGs in soil are
determined by a myriad of factors. These may include the abundance and diversity
of ARGs within the native soil microbiome and their capacity to replicate (vertical
transfer) and mobilize (horizontal transfer) to other bacteria, the abundance and
diversity of ARGs that are transmitted to the soil through natural and anthropogenic
inputs (i.e., dust, runoff, applied manure or biosolids, irrigation) and their capacity to
successfully mobilize into native soil bacterial genomes (horizontal transfer), the
ability of ARG-harboring bacteria from the external environments described above
to survive and replicate in soil ecosystems (vertical transfer), the scope and intensity
of selective pressure (i.e., residual antibiotic compounds, heavy metals, or deter-
gents) exerted on the soil microbiome, and by the level of competition within the soil
microbiome, which can be facilitated by a variety of biotic (i.e., predation,
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Fig. 9.2 Conceptual model depicting the effect of various native and anthropogenic factors on the
soil resistome. Legend: IARG—indigenous soil-associated antibiotic resistance elements;
EARG—external (anthropogenically derived) antibiotic resistance elements that enter and persist
in the soil (by vertical or horizontal gene transfer); SE,,—Ilevel of selective pressure propagated
by antibiotic compounds or co-selection propagated by heavy metals, pesticides, etc.;
SE omp—selective pressure propagated by increased competition associated with external organic
inputs and moisture; HGTompy—horizontal gene transfer frequency of individual indigenous and
external ARGs; Fc—fitness cost for maintaining individual ARGs; Re—random founder
effects—defined as IRE containing resistant bacteria proliferate following antibiotic amendment

vegetation) and abiotic (i.e., soil organic matter, nutrients, moisture, temperature)
factors. A conceptual model that summarizes the various factors that impact of the
scope and abundance of ARGs in soil microbiomes is shown in Fig. 9.2. It is well
known that soil is highly heterogeneous, and therefore the soil resistome is dictated
by both spatial and temporal dynamics. Future studies need to produce empirical
data that can be used to feed this and similar models in order to better understand the
dynamics of the soil resistome.

9.6 Summary and Perspectives

Regarding the position of environmental strains of bacteria as a source of examined,
as well as novel resistance mechanisms, it appears that the problem of resistance
dissemination is unequivocally linked with omnipresent pressure resulting from
antibiotic inflow into the environment as a consequence of human activity.

In 1998, the European Union banned the administration of clinical antimicro-
bials to livestock as growth promoters. The goal was to diminish the impact of
antibiotics used in agriculture on selection of resistant strains among human
pathogens. In 2006, the ban was extended to all antibiotics. What is more, in line
with the European Commission’s regulations, all EU Member States must establish
and involve cross-sectoral teams to establish rules for the monitoring of antibiotic-
resistant strains, relevant etiologic agents, in human and veterinary medicine, and
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assessment of the level and structure of antibiotic use and make appropriate
interventions. International cooperation is essential in all these areas. For natural
environment no such program exists. Then again, two European actions on
environmental antibiotic resistance within the scope of the COST program
(European Cooperation in Science and Technology, http://www.cost.esf.org/)
have already been held on researcher’s initiative: TD0803 “Detecting evolutionary
hot spots of antibiotic resistances in Europe (DARE)” (2009-2013) and ES1403
“New and emerging challenges and opportunities in wastewater reuse (NEREUS)”
(2014-2018). Despite the increasing need for antimicrobials, pharmaceutical
industry does not participate in developing new drugs, mainly due to enormous
costs (Wright 2010). Recent findings on this topic allow one to look more
optimistically into the future. In 2015, a group of microbiologists from
Northeastern University in Boston, Massachusetts, published the discovery of a
novel antibiotic, teixobactin, synthesized by soil bacterium Eleftheria terrae (Ling
et al. 2015). Research showed that teixobactin damages the cell wall of Gram-
positive bacteria. It is effective in treatment of many prevalent bacterial infections,
including tuberculosis, sepsis, and infection caused by Staphylococcus aureus, with
strain resistant to methicillin (MRSA) among them (Smith et al. 2009). It has been
the first “new” antibiotic for 30 years, but before it can be introduced into the
so-called market, long-term clinical trials are necessary. This discovery demon-
strates how big a potential is available for new potential bacteriostatic or bacteri-
cidal agents in the soil.

The question of the direction of antibiotic resistance transmission remains open.
Initially many scientists and physicians were of opinion that the route is as follows:
medicine-veterinary medicine-environment. After thorough analyses of collected
data, it seems that it may be the other way round. The multitude of bacteria and their
physiological and genetical determinants evolve in response to selective pressure,
generating improved mechanisms. In the era of routine administration of
antibiotics, all routes of dissemination of antibiotics, ARB, and ARGs seem to
somehow connect. Then above all, what matters is the limitation of antibiotic abuse
in medicine (particularly in nonhospital treatment), veterinary medicine, and
agriculture as well to eradicate the mechanisms associated with selective pressure.
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Chapter 10
Dissemination Mechanism of Antibiotic
Resistance Genes in Environment

Manoj Kumar, Ram Prasad, Shivesh Sharma, Ajit Varma,
and Vivek Kumar

10.1 Introduction

Antimicrobials or antibiotics, and their resistance genes do appear naturally in the
environment owing to the protective race between microbial communities competing
for their territory and survival. Nearly 50% of actinomycetes species isolated from
ecosystem have capabilities of antibiotics synthesis, which results in a natural
antibiotic deposit in the ecosystem. But the application of antibiotics to encourage
the livestock growth also increases the resistance to the whole new level, as
established by the variances in the resistance level in forest and agricultural soils.
Chen et al. (2007) and D’Costa et al. (2011) have demonstrated that manure from
antibiotic fed animals aggravates the spread of resistance, as established by the high
levels in the manure applied vegetable garden soils. The increase of antibiotic
resistance and multiresistant strains of microbial pathogens and opportunistic bacte-
rial strains that can infect humans and animals is helped and supported by the fact that
they are regularly carried on mobile genetic elements, such as transposons and
plasmids, that can be transferred not only among bacteria of the same species, but
also among the different species, as reported by Davies (2006).

The ever growing degree of antimicrobial resistance (AMR) that comes across
human pathogens is a great apprehension for public health all over the world. On
the other hand, treatment limitations options for bacterial infections and thereby
lessening clinical effectiveness while enhancing the treatment prices and mortality
rate. With a lack in progress of new antibiotics, and ever increasing resistance even
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to last resort antibiotics, there is an urgent need to preserve the ones available with
us. The natural antibiotics have been existed for billions of years (Aminov 2009;
Sengupta et al. 2013), which provides a choosy benefit for the antibiotic producing
microbial strains by constraining or eliminating other bacteria competing for the
resources (Bernier and Surette 2013). Furthermore, their function as cell-to-cell
signaling molecules involved has also been described by Davies and Davies (2010).
We understand that as the presence of antibiotics in the environment are ancient, so
are the antibiotic resistance genes (ARGs) in the environment, as demonstrated by
studies which identify numerous antibiotic resistance genes in early permafrost
samples (D’Costa et al. 2011; Wright 2010) and on the other hand (Allen et al.
2010) isolated microbiomes from cave ecosystem. Resistance or challenge to
antibiotics can happen either by acquirement of resistance conferring genes via
horizontal gene transfer method (HGT) or by mutations, of which the earlier is
deliberated to be the most significant factor in the existing epidemic of AMR as
described by Kiimmerer (2004).

Nowadays, antibiotic resistance genes among microbes is a well-known world-
wide health problem. As per the report of WHO (2014), many antibiotics are
nevertheless very effective at treating several bacterial infections, but some strains
are very problematic to treat, and therefore, therapeutical options are getting rarer.
This is further exacerbated by the point that the short expected time of valuableness
of a novel antibiotic compound before resistance arises means that limited compa-
nies are attracted in developing the new antibiotics (Martinez 2008). It has been
assessed that in the European Union, in the USA, and in Thailand, antibiotic-
resistant bacteria (ARB) are responsible for more than 27,000, 25,000, and 39,000
deaths per annum, correspondingly (Wright 2010; WHO 2014). In a nutshell, the
antibiotic resistance is getting more predominant and widespread while few new
antibiotics are in progress. It has been presumed that, as the situation of antibiotic
resistance stands today, there is a clear-cut danger that manhood will return to
medical conditions like those before the therapeutical beginning of the antibiotics
(Bernier and Surette 2013). The overuse of antibiotics “should be regulated to
hazardous bacterial infections, and to severe medical administration to prevent its
widespread in the environment and also not to allow the sensitive bacteria as well as
pathogenic bacteria resistant to antibiotics (Davies 2006)”.

10.2 Initiation of Antibiotics in the Environment

The antibiotics were originally discovered as chemical compounds manufactured
by the environmental fungi and bacteria capable of killing other microbes. Subse-
quently, these chemical compounds were effective at eliminating bacteria, and it
was commonly presumed that the reason of antibiotic production was to fend off
competing microbes (Levy and Marshall 2004). On the same note, when antibiotic
resistance genes were discovered, it has been believed that they have evolved in
bacteria producing the antibiotics which aim bacteria in order to protect against the
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antibiotics effects (Aminov 2009; Allen et al. 2010). Although this view point is not
essentially wrong, newly other aspects of the ecological functions of antibiotics
have begun to be searched. The concentration levels of antibiotic manufactured by
the environmental bacteria are normally far below the minimum inhibitory concen-
trations (MICs), which advocates that antibiotics may have primarily some other
important function (Cabello 2006; Aminov 2009). Research proof suggests that
subinhibitory doses of antibiotics excreted by bacteria play numerous roles in the
ecosystem as a regulatory or controlling substance and as a signaling molecule in
interbacterial interaction (Martinez 2009; Andersson and Hughes 2012). Strangely,
subinhibitory concentrations (SIC) of various antibiotic compounds have been
shown to persuade different states in bacteria, chiefly including the biofilm forma-
tion, SOS response, and changes in key metabolism. These states can upsurge
tolerance towards antibiotics (Wright 2010; Bernier and Surette 2013). Antibiotic
resistance genes have also likely to be evolved to fulfill other reasons than being
defensive bacteria from antibiotics. One probability is that the main functions of
antibiotic resistance genes in the ecosystem are to act as rheostat to manage the
responses generated from (SICs) of antibiotic compounds. Some antibiotic resis-
tance genes may play controlling roles in the biological synthesis of the antibiotics
(Allen et al. 2010). It has been advocated that p-lactamases are the enzymes which
at one point were implicated in peptidoglycan biosynthesis (Martinez 2009). It is
important to point out that even though antibiotic compounds and antibiotic resis-
tance genes seem to have functions distinct to antibiosis in the natural ecosystem, it
has been established that subinhibitory concentrations of antibiotic compounds,
about 200 times below minimum inhibitory concentration values, can select for
antibiotic-resistant bacteria (ARB) (Cabello 2006; Sengupta et al. 2013).

10.3 Antibiotics Functions and Resistance Genes
in the Ecosystem

Antibiotic compounds were initially discovered as chemical compounds produced
by fungi and bacteria present in ecosystem and capable of killing other microbes.
Since these chemical compounds were effective at eliminating bacteria, it was
commonly presumed that the reason of antibiotic compounds production was to
stave off the competing microbes. On the same note, when antibiotic resistance
genes were discovered, they were supposed to have evolved in bacteria manufactur-
ing the antibiotics and aim bacteria in order to defend against the effects of
antibiotic compounds (Wright 2010). While this view point is not essentially
wrong, in recent times other features of the environmental functions of antibiotic
compounds have also begun to be investigated. The concentration levels of antibi-
otic produced by the environmental bacteria are usually far below the minimum
inhibitory concentrations (MICs), which advocates that antibiotic compounds may
mainly serve some other function also (Aminov 2009).
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The antibiotic resistance genes have also likely progressed to fulfill other points
rather than protecting the bacteria from antibiotic compounds. One option is that the
key functions of antibiotic resistance genes in environment are to control the
responses persuaded from subinhibitory antibiotics concentrations. Some antibiotic
resistance genes may play controlling roles in the biological synthesis of antibiotics
(Martinez 2009; Allen et al. 2010; Andersson and Hughes 2012).

10.4 Role of Gene Transfer in Ecosystem and ARG’s
Propagation

In an environment, for a pathogenic bacterium to get an antibiotic resistance genes
from the existing environmental gene pool, it need to be transferred via one of the
three processes of horizontal gene transfer (HGT) methods such as conjugation,
transformation, and transduction.

10.4.1 Conjugation Process

Conventionally, the conjugation method has been regarded as the chief helper of
antibiotic resistance genes transfer between bacteria. This process of antibiotic
resistance transferable by bacterial conjugation means was discovered by Davies
and Davies (2010) in the 1950s. Since then, antibiotic resistance genes transfer-
able by the process of conjugation have been recorded numerous times. The
advantages of this mode of gene transfer include the possibility to transfer DNA
among the extensive host range of species (Smillie et al. 2010). The conjugation
process has even been established from bacterial cells to the eukaryotic cells also
(Calero-Caceres et al. 2014) and has been observed in numerous diverse environ-
ments, which includes soil, aquatic sediment, marine water, activated sludge and
sewage wastewater (Brown-Jaque et al. 2015). The most significant genetic
elements capable of being transferred by conjugation process are by the plasmids
and integrative conjugative elements (ICEs) (Calero-Caceres et al. 2014).

10.4.2 Transformation Process

The transformation is one of three processes of gene transfer in bacterial cell in
which the exogenous genetic material can be introduced into the bacterial cell. Not
long ago, the significance of transformation process in facilitating environmental
transfer of antibiotic resistance genes has begun to be reconsidered. Transformation
process in environment may instinctively sound like an infrequent event
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considering the sensitivity of DNA to degradation by enzyme nucleases and by the
dilution effects in aquatic environments. Nonetheless, DNA strand may be stabi-
lized by linkage to particles from sediment and the soil. The dilution effects may
also be a lesser amount of imperative if transformation process occurs in the
biofilms where newly dead bacteria lyse and allow their adjacent bacteria to uptake
their freed DNA (Davison 1999). The natural transformation process has also been
established in many dissimilar environments, such as groundwater, marine water,
rivers, wastewater, and soil (Davison 1999), and it has been connected as account-
able for the distribution of penicillin resistance genes in Streptococcus spp.
(Johnsborg and Havarstein 2009). In one study conducted by Mao et al. (2014),
concentrations of extracellular DNA were compared to intracellular DNA in a river
basin in China. It was observed that extracellular DNA (including antibiotic
resistance genes) was more plentiful than intracellular amount of DNA, implying
that extracellular DNA is a significant ecological pool for genes availability via
transformation process.

10.4.3 Transduction Process

In transduction process, transfer of DNA takes place between bacteria via bacte-
riophages or phage; this process may also be more significant in environmental
gene transfer rather than formerly thought (Muniesa et al. 2013). The bacteriophage
particles are well suitable for facilitating DNA transfer in the ecosystem. Opposing
to the naked DNA, they are comparatively resilient to the environmental degrada-
tion and their compacted size further make simpler their distribution (Johnsborg
and Havarstein 2009). Additionally, some phages are also known to have very
broad host ranges, some phages even are capable of infecting dissimilar bacterial
classes (Jensen et al. 1998). These possessions make a phage ideal for transporting
genes between spatially indistinct bacterial groups, for example, from ecological
communities to the human microbiomes (Muniesa et al. 2013). The transduction
process has also been shown to be very common in the marine environments (Jiang
and Paul 1998). Moreover, the evolutionary studies have established that significant
parts of bacterial genomes have prophage origins, which implies the prominence
and degree of viral alterations in the bacterial chromosome (Briissow and Hendrix
2002). Using viral metagenome analyses technique, the p-lactamase genes have
been spotted in the activated sludge and urban sewage also (Rolain et al. 2012).
Gene conferring methicillin resistance in the methicillin-resistant S. aureus bacte-
rium (MRSA), mecA, has also been found in phage DNA from a wastewater
treatment plant and from the receiving water (Colomer-Lluch et al. 2011).
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10.4.4 Integrons Process

A particularly well-studied genetic transfer element in environmental contexts is
the integron. Integrons are genetic assembly platforms capable of capturing and
expressing gene cassettes, which can encode antibiotic resistance determinants. A
defining feature of all types of integrons is a gene coding for a site-specific tyrosine
recombinase called an integrase which can excise and integrate gene cassettes into
the integron. It can also reshuffle the order of gene cassettes which affect the
relative rate of expression of the individual cassettes (Mazel 2006; Cambray et al.
2010). The gene encoding the integrase (intl) is induced by the SOS response.
Interestingly, antibiotics such as trimethoprim, quinolones, and f-lactams are
known to induce the SOS response. Exposure to any of these antibiotics will thus
induce excision, integration, and changes in expression rates of gene cassettes,
increasing the likelihood that at least some bacteria in the population carrying the
integron will have a high expression rate of a relevant ARG (Guerin et al. 2009).
The SOS response has also been shown to be inducible by conjugative DNA
transfer, which means that integrons transferred to another host cell on a
conjugative plasmid are likely to reshuffle their cassettes and thus increase the
phenotype variability in a population (Baharoglu et al. 2010).

Integrons are typically divided into mobile integrons and chromosomal
integrons. While chromosomal integrons are usually stationary in the bacteria,
mobile integrons are readily disseminated between bacteria. While mobile
integrons cannot mobilize and transfer themselves per se, they are often associated
with genetic elements which can, such as plasmids (Guerin et al. 2009; Domingues
et al. 2012a). Recent studies have also indicated that natural transformation may be
important in the dissemination of integrons (Domingues et al. 2012b). Mobile
integrons are often capable of changing genetic locations within the host cell as
well since they are commonly associated with transposable genetic elements such
as insertion sequences (ISs) and transposons (Domingues et al. 2012a). Class
1 integrons, a class of mobile integrons commonly found among clinical isolates,
are associated with transposons derived from Tn402, which in turn can be carried
by larger transposons, such as Tn21. Although mobile integrons usually only have a
few gene cassettes in their cassette arrays, they often encode antibiotic resistance
functionality and other phenotypes which give the host bacteria an adaptive advan-
tage (Mazel 2006, Cambray et al. 2010).

10.5 Propagation of ARGs in Ecosystem

The environmental presence of antibiotic resistance genes is well recognized for
numerous and different types of environments. The extent of antibiotic resistance
genes dissemination is likely to be dependent upon the genetic context of
particular gene.
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10.5.1 Sulphonamide Resistance

Sulphonamide resistance genes sull and sulll are examples of antibiotic resistance
genes which are prevalent in environment. As sull is normally found as a conserved
part of class 1 integrons, as described by Johnsborg and Havarstein (2009), it can
also be expected to be found wherever these extensive mobile genetic elements are
omnipresent. Gene sulll is most usually found on plasmids of the incQ group
(Huovinen et al. 1995; Skold 2001). Gene sull and sulll have also been found in
the river water from Colorado region, USA (Pei et al. 2006), from Danish pigs
(Wu et al. 2010), from Australian and German surface waters (Stoll et al. 2012), and
from the freshwater and marine water in Philippines (Suzuki et al. 2013). Gene sull
has also been found to be reported in wastewater (Gao et al. 2012).

10.5.2 Quinolone Resistance

The first quinolone resistance gene was discovered, qnrA, located on the plasmid
pMG252. Since then, many qnr genes have been found to be associated with
plasmids and other related mobile genetic elements. Genes qnrA and qnrB are
often found on class 1 integrons, making quinolone resistance a trait which is often
associated with other resistance determinants which is co-carried on the integrin
part (Robicsek et al. 2006). Numerous studies have been reported the isolation of
qnr genes from the environmental sources. Gene qnrS has also been isolated from
numerous dissimilar sources, including the activated sludge of a wastewater treat-
ment plant in Germany (Bonemann et al. 2006), also from the Seine river in France
(Cattoir et al. 2008), from a lake in the Switzerland (Picao et al. 2008) and from a
river water in Turkey (Ozgumus et al. 2009). Gene qnrB has also been found in
wastewater effluent from a wastewater treatment plant in Italy (Forcella et al.
2010), genes qnrB and gnrS have been reported in Mexican soils which has been
irrigated with wastewater (Dalkmann et al. 2012), and gene qnrA, qnrB, and qnrS
have also been found in an urban coastal wetland which close to the US-Mexican
border (Cummings et al. 2011).

10.5.3 Trimethoprim Resistance

The trimethoprim resistance genes of the dfr family normally appear to be found on
the integrons as cassettes (Alekshun and Levy 2007). For example, dfrA1l has been
found as a gene cassette on both class 1 and class 2 of integrons. The dfr genes
tendency for being carried on integrons is likely to have helped their widespread
distribution in the ecosystem (Alekshun and Levy 2007). Genes dfrAl, dfrAS,
dfrA6, dfrAl12, and dfrA17 have also been detected as cassettes in the class
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1 integrons in a river from India (Mukherjee and Chakraborty 2006). In Portugal,
genes dfrAl, dfrA7, dfrA12, and dfrA17 were also found as integron cassettes in a
polluted lagoon (Henriques et al. 2006), and genes dfrAl and dfrA12 were detected
in a wastewater treatment plant which is connected to a slaughterhouse (Moura
et al. 2007). Gene drfAl has been detected in the surface waters from areas of
Germany and Australia.

10.5.4 Vancomycin Resistance

The vanA operon, which encodes vancomycin resistance, is characteristically found
to be carried on Tn1546 or Tn1546 like elements. While the former transposable
element is non-conjugative, the latter is frequently found to be associated with
conjugative plasmids. Distribution of the vanB operon is believed to be chiefly
owing to the spread of Tn916 like integrative and conjugative elements (ICEs) and
related elements carrying the gene cluster (Courvalin 2006). Both vanA and vanB
gene have been found in wastewater in England (Caplin et al. 2008) and in Sweden
(Iversen et al. 2002). Gene vanB has also been reported in receiving river and
wastewater effluent in Sweden (Berglund et al. 2013). Furthermore, gene vanA and
vanB have also been found in meat from bovine and swine sources (Messi et al.
2006), and in oceanic water in the USA (Roberts et al. 2009). Gene vanA has also
been found from Portugal wastewater (Aradjo et al. 2010), and drinking water and
wastewater from Germany (Schwartz et al. 2003). Remarkably, a variant of the
gene vanA operon has also been found in 30,000-year-old Beringian permafrost
(D’Costa et al. 2011), which advocates that vancomycin resistance gene is both
prehistoric and also prevalent in the ecosystem.

10.5.5 Tetracycline Resistance

There are many tetracycline resistance determinants which are chromosomally
encoded, and the majority of tet genes are found on the plasmids, transposons, and
integrative and conjugative elements. Many of the mobile genetic elements which
carry tet genes are conjugative in nature and also carry genes encoding resistance to
the other antibiotic compounds. For instance, tetM gene can be found on the
Integrative and conjugative element Tn2009 which also carries the macrolide-
lincosamide-streptogramin B resistance gene ermB, and macrolide efflux genes
mefA and mfrD. It is very likely that great range of tet genes and the variety and
mobility of the genetic elements in which they live have provided appreciably to
their distribution among many different bacterial genera (Roberts 2005). Genes
tetA, tetB, tetC, tetD, tetE, tetG, tetM, tetO, tetS, and tetQ have been found in the
wastewater from two wastewater plants in Wisconsin region, USA (Auerbach et al.
2007), gene tetO and tetW from river water in Colorado, USA (Stoll et al. 2012),
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genes tetB, tetL, tetM, tetO, tetQ, and tetW from archived soil collected from the
Netherlands (Knapp et al. 2010). Genes tetA, tetC, tetG, tetM, tetS, and tetX have
also been discovered in the activated sludge from 15 diverse sewage treatment plants
in China (Zhang and Zhang 2011), and genes tetA and tetB from the surface water
from Germany and Australia (Stoll et al. 2012).

10.5.6 Macrolide Resistance

The ermB is the most prevalent of the macrolide resistance genes, and it is
connected with a variety of dissimilar mobile genetic elements including integra-
tive and conjugative elements located on both the chromosomes and plasmids as
well as on to the non-conjugative transposons as reported by Roberts (2008). The
integrative and conjugative elements among which ermB gene have been found to
be carried include transposable elements Tn1545, Tn2010, and others of the Tn916
family, representing that ermB gene is often associated with other antibiotic
resistance determinants on the conjugative platform (Roberts 2008). The erm
genes are predominant in environment, and they have also been found in a variety
of dissimilar ecosystems. Genes ermA and ermB have also been found in milk from
Brazil cows (Duarte et al. 2004) and from poultry production environments in the
eastern seaboard of the USA (Hayes et al. 2005).Furthermore, gene ermB have also
been found in the poultry samples (Novais et al. 2005), isolated from wastewater in
Portugal (Aradjo et al. 2010), and also from the German and Australian surface
waters (Stoll et al. 2012). Genes ermA, ermB, ermC, ermF, ermT, and ermX have
also been found in swine and bovine manure as well as from the swine waste lagoon
(Chen et al. 2007).

10.6 Distribution Ways of Antibiotics and ARGs

Antibiotics of human origin can enter the environment through a number of
different routes. Antibiotics and their metabolites are released from hospitals
with urine and feces from patients as hospital wastewater effluent. Similarly,
antibiotics are released into the wastewater treatment system via people taking
antibiotics from home. From the WWTPs, the antibiotics can end up in sludge
dispersed on fields as fertilizer, or released as run-off directly into the receiving
surface waters (Halling-Sgrensen et al. 1998). Wastewater can also be treated by
releasing it into wetlands (Scholz and Lee 2005). In such cases, the wetlands will be
exposed to antibiotic contaminants in the wastewater. Antibiotics are also used
therapeutically or as growth promoters in livestock and poultry. Antibiotics and
their metabolites will spread through animal excrements and end up in fields and
groundwater, or in the case of antibiotic use in fish farms, directly into the aquatic
environment (Halling-Sgrensen et al. 1998). It is also worth noting that wherever
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antibiotics are spread, it is also likely that resistant bacteria follow the same routes
of dispersal (Baquero et al. 2008). This results in environments where antibiotics,
ARG s, resistant bacteria, and the environmental bacterial flora (which may also
harbor ARGs and potential ARGs) are mixed. These types of environments are
likely resistance hotspots where ARGs proliferate and new resistant strains are
created by HGT. The routes by which humans may come into contact with these
bacteria are numerous. They include consumption of crops grown by contaminated
sludge used as fertilizer, drinking water drawn from contaminated ground or
surface water, and frolicking in marine water linked to contaminated surface
water. When these resistant bacteria enter humans, they have the opportunity to
spread their ARGs to the human microbiome (Wellington et al. 2013).

10.7 The Gene Transferring Agents

The gene transfer agents (GTAs) were first identified in bacteria Rhodobacter
capsulatus (RcGTA) in 1974 by Marrs (1974). These are host cell or by bacterial
cell produced small particles that look like or resemble a phage and are capable of
transferring the genetic content of a bacterial cell. The gene transfer agents have
several typical and distinctive features, such as: (1) the gene transfer agents carry
random pieces of the producing cell’s genome rather than carrying the DNA
encoding for their own cell machinery (as happens with the self-propagating
phages), (Marrs 1974; Hynes et al. 2012); (2) the amount of DNA packaged by
the gene transfer agents is not sufficient to encode all of their protein constituents,
therefore, making them unable to self-replicate or self-propagate (Lang and Beatty
2001, 2007); (3) the gene transfer agents production is controlled by the cell
regulatory tools (Leung et al. 2012; Brimacombe et al. 2014); (4) the gene transfer
agent particles are discharged through the bacterial cell lysis (Hynes et al. 2012)
though the bacterial cultures do not display noticeable lysis on Petri plates (Marrs
1974). This is because that only a small subpopulation of the gene transfer agents
producing cultures (~3%) is responsible for ~95% of the gene transfer agents
discharge (Fogg et al. 2012; Hynes et al. 2012); (5) not long ago, it has been
anticipated that the gene transfer agents combine key aspects of mechanisms like
transduction and transformation for bacterial cell entry, which require proteins
involved in natural process of transformation (Brimacombe et al. 2015).

Though the gene transfer agents particles do not essentially carry any
GTA-encoding genes (Lang et al. 2012), the RcGTA-like gene clusters are
prevalent in alpha-proteobacteria, particularly in the order Rhodobacterales.
Lang and Beatty (2007) and Lang et al. (2012) have demonstrated that a com-
prehensive set of RcGTA-like structural genes has been demonstrated in nearly
every sequenced member of the Rhodobacterales. Furthermore, in the order of
Rhodobacterales, there are two species viz. Roseovarius nubinhibens and
Ruegeria mobilis, which are known to manufacture the gene transfer agents,
and there is evidence of GTA production in bacterium Ruegeria pomeroyi
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(McDaniel et al. 2010; Lang et al. 2012). Other known gene transfer agents have
also been reported such as in the spirochaete Brachyspira hyodysenteriae
(VSH-1), in the delta-proteobacterium Desulfovibrio desulfuricans (Dd1), and in
the archaeon Methanococcus voltae (VTA) (Lang and Beatty 2007; Lang et al.
2012). The genes required for gene transfer agents manufacture are contained
within the bacterial host genome and seem to have been proliferated through the
process of vertical transmission (Lang and Beatty 2007).

It has been proposed that gene transfer agents have numerous benefits over the
mechanisms like horizontal gene transfer (HGT) (Stanton 2007). The gene transfer
agents’ particles also afford DNA defense and protection by damaging environ-
mental factors. This is opposed to the naked DNA involved in the process of natural
transformation and compared to the process of conjugation; the transfer ability of
gene transfer agents is likely to be maintained after conditions such as killing the
bacterial cell. Moreover, this is not inhibited by cell-to-cell contact; and lastly,
compared to the process of transduction, the gene transfer agents’ particles chiefly
carry arbitrary pieces of the host or bacterial genome, rather than mostly phage
DNA. In the marine ecosystem, the gene transfer agents facilitated transfer events
which have been reported to be unusually high, which up to the several million
times greater than earlier estimates of horizontal gene transfer in the marine
environments, and which exceeds formerly pronounced process like transformation
and transduction (McDaniel et al. 2010). Furthermore, the genes can be swapped
between bacterial phyla (McDaniel et al. 2010; Lang et al. 2012), which suggests
the possible prevalent involvement of gene transfer agents in determining and
driving acclimatization of the natural environmental factors.

10.8 Concluding Remarks

The enhancement in the levels of antibiotics in the environment, which has been
driven by medical and agricultural need, is unparalleled and has disturbed and
interrupted the natural equilibrium and stability between microorganisms and
antimicrobial products. The adverse effect of antibiotics on the microbial commu-
nities is increasing and wide-ranging, which result in a progressively perceptible
risk to the healthcare, as resistance to all known antibiotics spreads quickly around
the sphere. Our information and acquaintance of the communications between
antibiotics or antimicrobials and challenge against it has been observed not only
in the clinical field but also throughout diverse ecosystems around the globe. This
situation is rapidly increasing and has provided valuable insights also to make
scientists and clinical practitioners aware. Though, it is imperative that we continue
to unknot the extent of and spreading between microbial resistomes and their
ecosystems. Since we understand that any effort at coming to terms with the
antimicrobial resistance problem will have to account for the vast pools of antibi-
otic resistance genes.
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Chapter 11
Fate of Antibiotics in Soil

Rida Akram, Asad Amin, Muhammad Zaffar Hashmi, Abdul Wahid,
Muhammad Mubeen, Hafiz Mohkum Hammad, Shah Fahad,
and Wajid Nasim

11.1 Introduction

Antibiotics exist and are being used for the betterment of public health; use of antibiotic
starts in the beginning of twentieth century in cattle feed (Knapp et al. 2010). A
beneficial aspect of antibiotic addition in animal feed was reported by American
Cyanamid publication in 1950 (Ogle 2013). Since then, the practices of antibiotics
addition in animal feed have become more frequent and fired as global trend.
Approximately 150 antibiotics are used of which about 90% is obtained from the
natural compounds like bacteria, fungi, and semisynthetic modifications and taken as
“natural products,” and some are totally synthetic (von Nussbaum et al. 2006). The total
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amount of annual use of antibiotic is about 100,000-200,000 tons worldwide including
medical and veterinary antibiotic (Wang and Tang 2010).

About 400 active chemical constituents are synthetically manufactured and used
to make 2000 veterinary drugs to treat animals (including various species like pigs,
cattle, horses, sheep, goats, birds, fish, deer, cats, and dogs) (FDA 2012). The use of
these veterinary drugs is crucially important for animal production. But, animals
don’t have the ability to utilize all these applied antibiotics, depending on the
animal species and chemical constituents of veterinary drugs, 10-90% of the
supplemented antibiotics is excreted in the form of animal urine or feces and behave
as integral parent complexes or bioactive metabolites (Kumar et al. 2005).

Most antibiotics are organic in nature with a wide range of functional groups and
can behave as ionic, amphiphilic, or amphoteric and have the capability of absorp-
tion on the soil surface (Tasho and Cho 2016). The absorption and fixation rate of
different antibiotics on the soil particles surfaces mainly depends on the soil pH
(HoltenLutzhoft et al. 2000), physico-chemical characteristics, climatic conditions,
soil type, composition, and quality of organic matter and many other environmental
factors (Doretto and Rath 2013). Antibiotics with different sorption affinity at the
solid phase depends upon their Kd value that controls their mobility in the envi-
ronment and considered as an indicator of the potential of antibiotics mobility
through soil into different environmental sources like groundwater and surface
runoff. There is another important point that dissolved organic matter minimized
the sorption of antibiotics to clay with maximize the mobility rate (Kulshrestha
et al. 2004).

With land application of farmyard manure (FYM) (containing animal waste) as
an organic fertilizer these residual veterinary antibiotic and antibiotic-resistant
microorganisms may enter into soil and influence ecosystem (Solomon et al.
2010; Carlsson et al. 2013). Environmental features like climate and soil charac-
teristics also affect the fate of antibiotics (Boxall 2004; Topp et al. 2008).

To assess the fate and probable risks associated with antibiotics land application
of FYM, the existence of animal antibiotic compounds in animal manure and their
fate and transport in agricultural ecosystems are essential to be addressed. There are
several procedures that are involved including chemical nature, transport, leaching
and runoff, sorption, plant uptake, and biodegradation that determine the fate of
antibiotic in soil (Meena et al. 2015).

11.2 Chemical Nature of Antibiotics in Soil

Biodegradation/transformation into metabolites forms a sink for antibiotics in soil.
Therefore, high quantities of antibiotics reach to agricultural fields by manure
application or directly through animal excretion (via urine and faces), depending
on their structure and chemical nature they can persist for years (Du and Liu 2012).

Sequential extraction is used to analyze soil (manure-amended) samples to
explain the sequestration behavior of SDZ and its main metabolites further
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(Forster et al. 2009). However, this residual fraction is apparently not covalently
bound. So it can be remobilized to a possible long-term risk in soil. Several data
sets are available on the fate of SDZ after application of manure to soil
(Hammesfahr et al. 2008; Heuer et al. 2008).

Sulfadiazine, widely used antibiotic, has two main metabolites that are:

(a) 4-hydroxy-SDZ
(b) N-acetyl-SDZ

These two metabolites are formed during the passage through the animal
(Lamshoft et al. 2007). Soil amended with manure having 14C-labeled SDZ and
with its main metabolites, the only substantial transformation process evaluated
was de-acetylation of biologically inactive N-acetyl-SDZ to the parent compound
SDZ (Forster et al. 2009) (Fig. 11.1).

2-aminoprimidine

Other Small } Aniline

Bound Residues

in Soil/Manure

__..* Biotransformation

S Photo-transformation

Fig. 11.1 Chemical behavior of sulfadiazine modified after (Sukul et al. 2008)
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11.3 Effect of Transport on Fate of Antibiotics in Soil

Antibiotics transport in the environment is associated with its physico-chemical
properties. The transport of antibiotics in soils is mainly controlled by the
sorptivity, life time, soil solution pH, and ionic strength (Chen et al. 2012). In
addition, sorptive ability of antibiotics it also forms strong associations with the
colloids and dissolved organic matter and migrates in soil profile via preferential
flow channels (Ding et al. 2014).

The antibiotics like ciprofloxacin, tetracycline, doxycycline, and clindamycin
are strongly sorbed on the surface of aerobically digested biosolids. But other
antibiotics such as sulfamethazine and sulfamethoxazole are weakly sorbed on
particles surface. The affinity of certain antibiotics to adsorb on the particles surface
may reduce their bioavailability (Wu et al. 2009) and results in decreased degra-
dation rates (Dolliver et al. 2007). Mostly, antibiotics have short half-lives (days to
weeks), but at high concentration some antibiotics persist for months to years
within soil (Teeter and Meyerhoff 2003).

Manure storage has no effect on tetracyclines and sulfadiazine (Chen et al.
2012). The metabolites of sulfadiazine reversibly converted into sulfadiazine.
Therefore, it is suggested that frequent application of manure contaminated with
sulfadiazine and its metabolites may accumulate in soil and causes environmental
contamination (Lamshoft et al. 2010) (Fig. 11.2).

The transport of approximately seven different antibiotics that are used for
animal production, during the rainfall event, also determines their relationship
with the sediment/aqueous phase. The percentage of partitioning is different from
these seven antibiotics into aqueous/solid phases. Consequently, sulfathiazole,
sulfamethazine, and monensin are mostly connected with the aqueous phase,
while tylosin and erythromycin are closely associated with the solid phase (Davis
et al. 2006).

Amntibiotics
Plant Uptake Leaching Sorption Runoff
v
Biotransformation Biodegradation Bioaccoumnulation

Fig. 11.2 Possible pathways of antibiotics transport in soil
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11.4 Runoff and Leaching from Soil

Antibiotic transport within soils and to ground/surface water may occur by both
leaching and runoff. Surface transport of sulfonamides via runoff was attributed to
delayed infiltration of water into the soil because of surface sealing through manure
and particle bound transport (Burkhardt et al. 2005; Kreuzig and Holtge 2005).

But some antibiotic like tylosin was not noticed in soil or leachates (2—120 days)
after application of large amounts of tylosin when dissolved in slurry (Kay et al.
2005). The mobility rate of antibiotics in the soil depends on several factors,
including chemical properties, temperature, moisture content, the timing of manure
application, and weather conditions (Sarmah et al. 2006). The rapid movement of
antibiotics, largely depends on soil macropores, while smaller macropores have less
significant effect on antibiotic leaching (Kay et al. 2004).

To decrease runoff losses of antibiotic chemicals, instantaneous soil integration
of land applied animal manure becomes important. Runoff losses of antibiotic
(sulfonamides) might be one to two orders of level higher from the grassland than
from the cultivated land that receives surface use of manure slurry/waste (Kreuzig
and Holtge 2005). Furthermore, surface application of animal manure can consid-
erably increase the rate of runoff water from the treated field, due to the surface
sealing effect of manure particles (Burkhardt et al. 2005). Surface runoff of
antibiotics from animal waste spreads the chemicals to the general water
environment.

It is also reported that the erosion control practice has the ability to control the
leaching and runoff of antibiotics like tetracyclines because it has extremely low
aqueous concentration with lowest absolute losses, and this method proved to be
beneficent to reduce the transport of these antibiotics in soil (Davis et al. 2006). On
the other hand, sulfonamides are easily water soluble (Hu et al. 2010) so can
transfer easily through leaching and runoff.

11.5 Sorption of Antibiotics in Soil

In soils, antibiotics interact with soil organic matter, clay, and mineral particles that
result in sorption, binding/attachment, and fixation of the chemicals on the soil
matrix. The strength of this interaction totally depends on the chemical nature of
species and the soil characteristics and also influenced by temperature, humidity,
and the soil solution chemistry (Kumar et al. 2005).

Antibiotics with increased aromaticity and electropolarity show higher sorption
values and strongly bind on soils surface (Thiele-Bruhn et al. 2004). The sorption is
usually rapid when antibiotics spiked (400-12,000 mg kg™') soil slurry under
agitation. In this condition, more than 95% of the chlortetracycline adsorption
occurred within 10 min and 95% of the tylosin adsorption occurred within 3 h to
a sandy loam and a clay soil (Allaire et al. 2006).
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Many antibiotics have functional groups like amines, carboxyls, and hydroxyls.
So, protonation or deprotonation of these functional groups in pH-specific media
produces positive or negative charges, positively charged antibiotics bind to soil
particles through the electrostatic attraction or cation exchange (Gao and Pedersen
2005; Wang et al. 2012).

Anionic antibiotic molecules form complex compound with cations that are
adsorbed on the surface of negatively charged soil particles. The cation linking
ability enables the antibiotics to being retained in soils (Tolls 2001). In case of
alkaline solutions, antibiotics may form complexes with particles of clay minerals
through the anion exchange processes and show strong sorption when carboxylic
groups of antibiotics directly substitute the OH-groups on mineral surfaces
(Sassman and Lee 2007).

Furthermore, sorption rate of antibiotics to soil minerals is also affected by pH,
ionic strength, and natures of exchangeable cations (Pils and Laird 2007; Wang
et al. 2012). The media pH effects antibiotic—soil interactions by changing the
charges of antibiotics and the cation exchange capacity (CEC) of soils. At pH 5.0,
oxytetracycline has zero charges and interacts with organic matter of soil generally
via hydrophobic partitioning. But at lower pH, the antibiotic becomes positively
charged and sorbed on the surface of mineral soil via cation exchange and higher
pH becomes negatively charged and sorbed to soil mineral particles mainly via
cation bridging (Kulshrestha et al. 2004). The presence of Cu®* improves the
sorption rate of tetracycline to montmorillonite in an extensive pH range (Wang
et al. 2008). Polar antibiotic compounds are also sorbed to soil particles through the
interactions (via van der Waals force, electric attraction, cation bridging, and anion
exchange) with organic matter (MacKay and Canterbury 2005; Gu et al. 2007)
(Fig. 11.3).

Most of the antibiotics contain both hydrophobic and hydrophilic moieties
(chemistry), it can be concluded that sorption of antibiotics in soils is a result of
interactions of the chemicals with soil clay minerals and soil organic matter chiefly
through the hydrophobic separating, electric attraction, and cation binding. The
interactions are determined by the physico-chemical nature of the antibiotics and
the soils, e.g., the quantity and the type of soil clay and soil organic matter and are
stuck by the soil solution chemistry (Song and Guo 2014).

The sorption rate of antibiotics on different surfaces like (1) sterile manure,
(2) compost, and (3) humic acid was affected by contact time and high pH for
sorption of sulfathiazole and sulfamethazine to sand particles and loamy soils
(Kurwadkar et al. 2007). Electrostatic forces are responsible for the sorption of
these antibiotic by-products to charged surfaces of mineral and organic exchange
sites in soil (HoltenLutzhoft et al. 2000).

Presence of sulfonamides in the environment brings changes in microbial pop-
ulation which is also hazardous to human health as well (Baran et al. 2011).
Noxiousness due to the degraded antibiotic composites has been reported in micro-
organisms (Ge et al. 2010). Jones et al. (2005) reported that soil texture, CEC, and
iron oxide content as the most important factors that determined the sorption values
of antibiotic (oxytetracycline) in soils. Sorption of sulfamethazines in different
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mineral soils was influenced by soil organic content, total soil surface area, and also
soil solution pH (Lertpaitoonpan et al. 2009).

The toxicity associated with antibiotics can range from damaging the vital
microbes that are needed for supplying nutrients to the plants, difference in micro-
bial population due to the resistant selection by altering soil microbial composition
and function, and increased occurrence in different soil bacteria (Knapp et al. 2010).

11.6 Uptake of Antibiotics by Plants

An extensive use of antibiotics promotes the growth and reduces the diseases in
animals. So the continuous application of antibiotics in soil through repetitive
manure use may ultimately build up concentration high enough to enter into the
terrestrial environment as a potent hazard (Bassil et al. 2013) (Fig. 11.4).
Different plant organ and tissues respond differently towards antibiotics
depending upon its concentration and exposure time. Mostly roots, cotyledons,
and cotyledon petioles exhibited a toxic effect, while other parts like internodes and
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Fig. 11.4 Phytoremediation to uptake/accumulate antibiotic

leaf length showed an increased growth at lower antibiotic concentrations and
toxicity at a higher level (Migliore et al. 2010a).

Recently, new research is also conceded out on the phytoremediation potential
of plants against the different antibiotics. In general, plants are used for the
phytoremediation of toxic materials (like heavy metals, PAH) from soil in the
past. But nowadays, phytoremediation (phytostabilization, phytotoextraction,
phytovolatilization, and phytoaccumulation) emerging as a new technique was
considered to be effective in elimination of antibiotic (tetracycline and
sulfadimethoxine) from planted soil (Lee et al. 2009; Michelini et al. 2014).

Vegetables like corn, potatoes, and lettuce have the ability to absorb antibiotics
at different rates when grown in soil that is fertilized with animal manure. The
vegetables that are grown on the soil improved with liquid manure containing
antibiotic mainly sulfamethazine in a greenhouse. All plant leaves and potato tubers
showed the presence of sulfamethazine; thus, root crops (potatoes, carrots, and
radishes) that have direct contact with soil are more vulnerable to antibiotic
contamination. Some of the staple foods that are enjoyed worldwide are mostly
root vegetables, and the uncontrolled application of antibiotics in the agriculture
can jeopardize food security (Dolliver et al. 2007). The antibiotics bound tightly to
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the soil particles and moved deeper/further into the field soil (Hu et al. 2010). Small
concentrations of chlortetracycline accumulated in different plant tissues (Kumar
et al. 2005).

Plants uptake antibiotic (chlortetracycline) from loamy sand and sandy loam soils
when mixed with antibiotic having raw hog manure. Thus, surface/groundwater and
agricultural soil become reservoirs to antibiotics due to the current manure
managing practices (Hu et al. 2010; Chang et al. 2010). Different antibiotics have

effects on normal plant growth (Migliore et al. 2003) (Tables 11.1 and 11.2).

Table 11.1 Effect of different antibiotics on plant growth

Antibodies used (via
Plants animal manure) Effects on plants Reference
Cucumis sativus L., Enrofloxacin Length of primary root, Migliore
Lactuca sativa L., hypocotyl, cotyledons, and et al.
Phaseolus vulgaris L., the number/length of leaves | (2003)
Raphanus sativus L. modified
Medicago sativa Oxytetracycline Stem and root growth Kong
inhibited et al.
(2007)
Oryza sativa, Cucumis Chlortetracycline, tet- | Seed germination inhibited Liu et al.
sativus, Avena sativa racycline, tylosin, (2009)
sulfamethazine,
trimethoprim
Brassica rapa sub. Sulfadiazine, Root elongation and shoot Jin et al.
pekinensis, Solanum sulfamonomethoxine, | elongation affected (2009)
lycopersicum enrofloxacin
Lolium (ryegrass) Tetracycline Plant biomass, especially the | Wei et al.
roots reduced; plant P assim- | (2009)
ilation decreased
Lythrum salicaria Sulfadimethoxine Phytotoxic effect varied from | Migliore
organ to organ. Internodes et al.
and leaf length showed an (2010a)
increased growth at lower
drug concentrations
Zea mays Oxytetracycline, Hormetic growth in the Migliore
chlortetracycline hypogeal system. Antibiotic | et al.
absorption varies in field and | (2010b)
pot cultures
Arabidopsis thaliana Sulfamethazine Decreased plant folate pool Zhang
mutant size which causes methyl et al.
deficiency and reduction in (2012)
DNA methylation and the
repressive histone mark
Salix fragilis Sulfadimethoxine, Sulfonamide antibiotics, tol- | Michelini
Sulfonamide erance to antibiotic increased | et al.
antibiotics with the exposure duration, (2014)
probably due to the onset of
acclimation mechanisms
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Table 11.2 Accumulation of antibiotics in dry weight (DW) and fresh weight (FW) in plants

Antibiotics Plants Accumulation rate Reference
Chlortetracycline, Brassica oleracea var. 0.002-0.017 mg kg~ Kumar
tylosin capitata, Allium fistulosum | (FW) chlortetracycline et al.
detected (2005)

Sulfamethazine Zea mays, Lactuca sativa 0.1-1.2 mg kg Dolliver

L., Solanum tuberosum (DW) sulfamethazine in all | et al.

three plants (2007)

Oxytetracycline, Capsicum annum, Solanum | Oxytetracycline and tetra- Yao et al.
tetracycline tuberosum, Ipomoea cycline concentrations in (2010)

batatas, Ipomoea aquatica, | the range of 0.041-0.174

Chinese flowering cabbage, |and 0-0.048 mg kg™'

Lactuca sativa L., Daucus (DW) detected, respectively

carota, Momordica

charantia, Benincasa

hispida
Chlortetracycline, Vegetables 10 pgkg™! Kang
monensin, (FW) concentration of all et al.
sulfamethazine, five antibiotics detected (2013)
tylosin, and from the test crops
virginiamycin

11.7 Biodegradation of Antibiotics

Bioavailability of antibiotics depends on the chemical compound’s hydrophobicity,
which determines their degradation rate (Ingerslev and Halling-Sorensen 2000).
Therefore, chemical properties antibiotics and manure-related medium characteris-
tics transform the antibiotics reluctance to biodegradation and also play a major role
in removal of antibiotic from the soil (Storteboom et al. 2007). The specific adsorp-
tion characteristics are different for the same antibiotic in different types of animal
manure matrices (Motoyama et al. 2011). The physico-chemical characteristics of
different antibiotics associated with the degradation profiles (Thiele-Bruhn 2003).
The physico-chemical properties, the chemical structure of antibiotics and their
degradation determines whether they degrade during the biological treatment (Ben
et al. 2008). Degradation of antibiotics in different mediums like compost, soil,
manure, and sediments have same metabolic mechanisms. However, between
liquid and solid phases differences among media matrices bring changes in
fractioning of antibiotics (Buyuksonmez et al. 2000). The removal of antibiotic
(oxytetracycline) varied from as low as in soil (55-70%) to anaerobic digestion
(55-75%) to composting (85-99%). The high rate of degradation during
composting is due to the presence of the extra aerobic bio-activity as compared to
anaerobic digestion alone. Both soil and composting have same aerobic-anoxic
situations but composting shows that higher degradation rate is just because of the
existence of good inoculum as compared to soil conditions (Masse et al. 2014).
The degradation kinetics of antibiotic (sulfadimethoxine) is affected by initial
concentration because the activity of microorganisms is inhibited at high antibiotic
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Table 11.3 Biodegradation of antibiotics in soil
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Observed
Treatment | Antibiotic Concentration reduction Reference
Manure amended soil
Soil Tetracycline 5-300 pg kg™ 0% Hamscher et al.
Chlortetracycline |4.7 pg kg™ 0% (2002)
Sulfanilamide 0.25-1.0mgL™" | 0%
Tylosin 5.6 pg L 0%
Erythromycin 5.6 pg L 25%
Storage Sulfadiazine 156 mg L 0% (10 and 20°C) | Lamshoft et al.
Difloxacin 17.6 mg L™ 7% (10 and 20°C) | (2010)

concentrations (Wang et al. 2006). It is also reported that tetracycline and
sulfamethoxydiazine initial concentrations is decreased to approximately 50%
within 12 h after continuous anaerobic digestion and just traces of antibiotics are
detected after 2—3 days (Shi et al. 2011) (Table 11.3).

11.8 Conclusion

It is concluded that if the ability of antibiotics utilization by the animals is enhanced
it can decrease the exposure rate of these antibiotics to the soil via manure
application. In addition, phytoremediation as new emerging techniques can be
helpful in removal of antibiotics from the soil and these plants with accumulation
of antibiotics in different plant parts can be discarded in a proper way.
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Chapter 12
Uptake of Antibiotics by Plants

Sandra A. Youssef and Isam 1. Bashour

12.1 Introduction

Antibiotics are often used to maintain the health of humans and animals. Those used
in human medicine belong to the same general classes as those used in animals, and
even if they are not exactly the same compounds their mode of action is similar
(Phillips et al. 2004).

Their regular use in animals, especially food-producing animals, has raised
several apprehensions about not only the development of antibiotic resistant bac-
teria in the environment but also the appearance of antibiotics in food and water
supplies. According to Kang et al. (2013), the main cause behind these effects is
when manure holding antibiotic is applied to land. As proven by research, up to
90% of an administered dose of antibiotics may be excreted through urine and feces
(Phillips et al. 2004; Kumar et al. 2005a) ending up in manure. Therefore, crops
become exposed to antibiotics because antibiotics tend to persist in soils from a few
to several hundred days depending on the antibiotic compound, sorption interac-
tions with soil, and environmental conditions (Dolliver et al. 2007).

The continuous use of antibiotics in animal production increases the chances of
bacteria developing resistance to antibitoics used in humans. The accumulation of
antibiotics may or may not disrupt the growth and development of plants; however,
the uptake into plants may indicate a notable exposure pathway of these compounds
to humans and other biota. Thus, as stated by Kong et al. (2007) there is a potential
risk that plants are capable of spreading antibiotics from the soil into the food chain.
Therefore, it is important to understand the potential impact of veterinary antibiotics
in the environment and their uptake and accumulation in different plant tissues.
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12.2 Classification of Antibiotics

Antibiotics can mainly be classified according to their spectrum of activity and their
mechanism of action.

Broad-spectrum antibiotics refer to an antibiotic that function against a wide
variety of disease-causing bacteria. In other words, it acts against both Gram-negative
and Gram-positive bacteria. Narrow-spectrum antibiotics tend to have a limited
action against bacteria. They are effective against selective families of bacteria. In
other words, they are either effective against Gram-negative or Gram-positive bac-
teria. Antibiotics can also be separated according to their mechanism of action and
their target sites in the bacterium (Kohanski et al. 2010). Mechanism of action varies
with the varying classes of antibiotics (Table 12.1).

12.3 Veterinary Antibiotics

Veterinary antibiotics are antibiotics having disease-fighting and growth-promoting
capabilities. Approximately half of all antibiotics manufactured are for human
consumption, and the other 50% are administered to livestock either to treat sick
animals or used as growth promoters. In general, antimicrobials are used in
everything from apples to aquaculture. As mentioned by Henderson and Coats
(2010), veterinary antibiotics are feed additives of poultry, swine, cattle, equine,
and aquaculture. The problem ascends when such practice results in the develop-
ment of bacterial resistance. Livestock production is one of the fastest growing
agricultural subsectors in the developing countries (Thornton 2010). Therefore,
there is a growing demand for livestock products driven mainly by the population
growth leading to a continuous and upsurge usage of veterinary antibiotics.

Table 12.1 List of some antibiotic classes with different mechanism of action

Antibiotic Mechanism of action
Tetracycline, macrolides, aminoglycosides Protein synthesis inhibitors
Beta-lactams Cell wall synthesis inhibitors
Fluoroquinolones Nucleic acid inhibitors

Isoniazid Mycolic acid synthesis inhibitors
Sulfonamides Folic acid synthesis inhibitors

Source: Kohanski et al. (2010)
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12.3.1 Usage in Animal Production

With the rapid development of stockbreeding and aquaculture an extraordinary
augmentation in the used amount of veterinary antibiotics is undergoing (Du and
Liu 2012).

Veterinary antibiotics serve a wide purpose of administration. They may be used
therapeutically in animals as an integrated disease management approach for
treating bacterial diseases, or used non-therapeutically as growth promoters, pro-
phylaxis, and metaphylaxis treatments (Song and Guo 2014). The latter is the main
cause of the problem. The non-therapeutic administration to animals is a long-term
process given through feed and water but at low dosage and is fed to whole flock or
herds. According to McEwen and Fedorka-Cray (2002), growth-promoting antibi-
otics are often administered in relatively low concentrations, ranging from 2.5 to
125 mg/kg (ppm), depending on the drug and species treated. Prophylactic practice
is a preventive measure, where antibiotics are admitted to healthy animals before
disease exposure. The metaphylactic practice is mass medication of a group of
animals that is administered after an exposure to an infectious agent to prevent
spread of disease. The growth promotion treatment of antibiotic applied to feed
creates the ideal situation for the selection of antibiotic resistant bacteria (Barton
2014). All antibiotics acting as growth promoters were banned in the European
Union in 2006 (Thornton 2010). This issue is under discussion among many
countries in the world.

Tables 12.2 and 12.3 are adopted from Regassa et al. (2009) showing a partial
list of FDA-approved antibiotics used in the production of beef, cow-calf, and
poultry.

12.3.2 Usage Around the World

It was estimated that the total amounts of annual use of antibiotics had reached
100,000-200,000 tons worldwide including veterinary antibiotics and medical

Table 12.2 FDA-approved commonly used antibiotics for therapeutic and subtherapeutic pur-
poses in beef and cow-calf production

Drug Level in feed (mg/head/day) Treatment objective

Bacitracin zinc 35-70 Feed efficiency and growth
Bambermycin 1-5 Feed efficiency and growth
Chlortetracycline 350 Disease control

Monensin 25400 Intensive feeding and weight gain
Oxytetracycline 75 Feed efficiency and growth
Oxytetracycline 75 Disease control

Oxytetracycline 0.1-5 mg/lb. of body weight Disease control

Tylosin 8-10 Disease control
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Table 12.3 FDA-approved commonly used antibiotics for the therapeutic and subtherapeutic use
in poultry production

Drug Level in feed (g/ton) | Treatment objective

Arsanilic acid 75-120 Feed efficiency, growth, and pigmentation
Bacitracin 4-50 Feed efficiency and growth

Bambermycin 1-20 Feed efficiency and growth
Chlortetracycline 10-100 Feed efficiency, growth, and disease control
Oxytetracycline 5-50 Feed efficiency, growth, and disease control
Tylosin (Banned in EU) | 4-50 Feed efficiency and growth

antibiotics (Wang and Tang 2010). In the year 2000, it has been stated that
897 tons of antibiotics were applied to animal production in the United Kingdom
(Thiele-Bruhn 2003). In Turkey; antimicrobial usage has been reported to be 33%
of the total veterinary pharmaceutical consumptions (Karci and Balcioglu 2009).
Kumar et al. (2005a) stated that by the year 2005 the annual EU consumption of
veterinary antibiotics was approximately 5000 tons.

Intensive animal farming implies considerable drug use. It is vital to stress on the
fact that most antibiotics used in animal production are more or less comparable to
those used in humans. The World Health Organization (2011) estimated that the top
three classes by global sales for animal use in 2009 were macrolides ($600 million),
penicillins ($600 million), and tetracyclines ($500 million) all of which are con-
sidered as critically important in human medicine.

Nonetheless, as stated by Van Boeckel et al. (2015), worldwide in 2010, at least
63,200 tons of antibiotics were mainly used up by livestock, an amount much likely
to be matched by human consumption. This digit is expected to escalate by
two-third reaching 105,600 tons to meet the demand of a projected 8.5 billion
human population in year 2030. The two-third upsurge is contributed to the increase
in the number of food-producing animals and to the shift from small scale to
industrial scale production system.

It is evident that the uncontrolled consumption and usage of veterinary antibi-
otics disturb not only the environment and ecosystems but also the human health. In
many countries, unfortunately, there is no adequate data or statistics displaying an
assessment of the total amount of veterinary pharmaceuticals utilized and this is
because livestock production is barely monitored or surveyed and farmers may tend
to use more than the recommended dosage. In Lebanon, a survey done to assess
antibiotic usage across several Lebanese farms stated that the top five mostly used
antibiotics by dairy farms are streptomycin, gentamicin, penicillin, oxytetracycline,
and tylosin. (Choueiri 2008).
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12.4 Antibiotics in the Environment

The occurrence of antibiotics in the environment is caused by unmonitored excre-
tion done by humans and animals. Antimicrobials can be present in the environment
through several different ways, these include, the drug manufacturing process,
disposal of unused drug containers, medical waste, and through the use and
application of waste material containing the drugs.

Animal agriculture is only one source of entry of drug residues in the environ-
ment. The problem is that livestock manure holds elevated levels of veterinary
antibiotics that stay active even after normal digestive procedure (Kim et al. 2011).
Once in the environment, antibiotics can be transported either in dissolved phase or
adsorbed to colloids or soil particles into surface and groundwater (Chee-Sanford
et al. 2009).

Consequently, the persistence of antibiotic in the environment will lead to
microbial resistance. Therefore, drugs have the properties they need to accumulate
in organisms and cause change in water and soil ecosystems (Lillenberg et al.
2010). All characteristics of antibiotics in soils are interrelated and determined by
crop, soil microorganisms, water, and anthropogenic activities, which will eventu-
ally decide the spatial temporal distribution and environmental impacts of antibi-
otics (Du and Liu 2012).

12.5 Antibiotic Levels in Manure and Soil

Manure containing antibiotic residue is being used as a source of fertilizer to
enhance soil quality, consequently affecting the soil flora and accumulating in
plants. Drugs and their metabolites found in soil are either mineralized by soil
organisms or enter the groundwater unaltered (Lillenberg et al. 2010). Most anti-
biotics fed to animals are poorly absorbed in the animal’s gut and as much as 90%
of them can be excreted as their parent compounds. Boxall et al. (2002) and Kumar
et al. (2005a) illustrated further in the topic. They explained that the excretory
organs eliminate polar compounds such as tetracycline and tylosin more efficiently
than compounds that have high lipid solubility. Lipid soluble antibiotics are often
not eliminated until they are metabolized to more polar compounds. A field study in
Germany showed that a concentration of 15 pg/kg of sulfamethazine, member of
the sulfonamide group, was measured in the soil after 7 months of manure fertil-
ization on fields (Accinelli et al. 2006). Sarmah et al. (2006) stated that about 95%
of the excreted antibiotics enter the environment in active forms. Namely, out of a
dose of 70 mg/head/day of chlortetracycline, a growth promoter, 14 pg/g was found
in fresh manure (Sarmah et al. 2006).

The destiny and persistence of an antibiotic in the environment rest upon several
aspects such as binding to soil, biodegradation, chemical complexation or chela-
tion, hydrolysis, and photolysis. Consequently, the antibiotic residues lead to
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serious environmental problems including ecological risk and human health
damage.

Song and Guo (2014) mentioned that the worldwide heavy use of veterinary
pharmaceuticals in confined animal feeding operations has resulted in annual
discharge of 3000-27,000 tons of drug chemicals through livestock manure into
the environment. Baguer et al. (2000) claimed that land application of antibiotic-
laced manure seems to be the ruling pathway for the release of antibiotics in
terrestrial environment and in fact is the main source of resistance.

With the advance of analytical techniques, many researchers estimated the level
of antibiotics in manure. For example, antibiotics such as tetracycline, tylosin,
monensin, sulfadimidine, and sulfathiazole have been detected in swine slurry,
cattle manure, poultry litter, and fish farm sediment from different countries at a
wide concentration ranging from traces to 200 mg/kg (Kumar et al. 2005b). In
addition, in their study, Hamscher et al. (2002) estimated the level of antibiotics in
manure and confirmed that the concentrations of tetracycline and chlortetracycline
were 4.0 and 0.1 mg/kg, respectively. Song and Guo (2014) reported that more than
50 major antibiotics have been detected in poultry, swine, cattle, and horse manures
at 0.01-765 mg/kg dry manure mass. Table 12.4 shows a number of reported
concentrations of residual veterinary antibiotics in animal manures.

Some veterinary pharmaceuticals degrade rapidly through biochemical reac-
tions, demonstrating a half-life of 2-30 days. Heuer et al. (2011) indicated that
the macrolide class of antibiotics such as tylosin once excreted along with manure
degrades quickly during storage with half-life in the order of days, yet many other
antibiotic compounds are transferred to soil. Moreover, tetracycline class of anti-
biotic is the most persistent antibiotic and persists in water, manure, and soil, with
half-lives approaching 100 days.

The physical and chemical properties, such as molecular structure, size, shape,
solubility, and hydrophobicity of antibiotic vary with the compound and thus, the
sorption and fixation of these substances in soils vary significantly. Some antibiotics
seem to persist a long time in the environment, especially in soil, while others
degrade very fast. Many aspects can possibly affect the distribution of antibiotics
in soils. The dilution with soil, degradation, leaching, and uptake by plants are main
reasons why the residue of antibiotic in soil is usually much lower than that in
manure (Hu et al. 2010).

The persistence of antibiotic in soil poses an environmental, animal, and human
risk making it a controversial research topic. To date, however, according to
Larsson (2014), there is no clear evidence for interrupted ecosystem services in
soil communities due to antibiotic exposure given the prevailing exposure levels
documented in the field.
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Table 12.4 Reported concentrations of residual veterinary antibiotics in animal manures

Concentration

Manure type Antibiotic (mg/kg) Country | References

Swine Tetracycline 0.3-56.8 China Liet al. (2013)
Tylosin 0.2-1.9

Poultry Tetracycline 0.5-13.4 China Liet al. (2013)
Tylosin 0.2-0.4

Poultry Tetracycline 0.05-0.5 Turkey Karc1 and
Enrofloxacin 0.01-0.08 Balcioglu (2009)

Dairy cow Tetracycline 0.2-10.4 China Liet al. (2013)
Tylosin 0.2-0.3

Fresh cattle Oxytetracycline | 872 Italy De Liguoro et al.
Tylosin 116 (2003)

Newly removed cattle | Oxytetracycline | 367 Italy De Liguoro et al.

bedding Tylosin 32.8 (2003)

Aged cattle Tetracycline 0.05-0.4 Turkey Karci and

Balcioglu (2009)

Cattle (matured-5m) Oxytetracycline | 0.82 Italy De Liguoro et al.
Tylosin 0.1 (2003)

Cattle (day 30—day Oxytetracycline | 2-19 Italy De Liguoro et al.

135) Tylosin 0.001-0.1 (2003)

Poultry Chlortetracycline |23 Canada | Warman and

Thomas (1981)

Liquid Tetracycline 20 Germany | Winckler and

Sulfadimidine 40 Grafe (2001)

Source: Song and Guo (2014) and Kumar et al. (2005a)

12.6 Fate of Veterinary Antibiotics in Soil

Antibiotics may become persistent in the environment once it is released from
manure into soil (Wang and Yates 2008). It was estimated that the concentration of
antibiotics found in soil ranged 0.1-2683 pg/kg (Hu et al. 2010). Several factors
may possibly affect the dispersal of antibiotics in soils, the dilution with soil,
degradation, leaching, and uptake by vegetables.

Depending on the antibiotic, excreted material may contain not only the original
antibiotic but also a significant proportion of both active and inactive metabolites
(Aust et al. 2008). Antibiotics are mostly excreted as their parent compounds or
their metabolites. As stated by Kim et al. (2011), these metabolites are usually
bioactive and even if they weren’t they can be transformed back to the bioactive
parent compound after excretion. The parent compound or its metabolites may
reach the aquatic environment through surface run-off or leaching through the soil
profile depending on the sorptive properties of the antibiotic and the rate of
degradation (Rabglle and Spliid 2000).
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The extent of antibiotic adsorption to soils rest on the antibiotic species and the
soil properties including pH, organic matter content, and the concentration and
type of divalent cations existing (Rabglle and Spliid 2000). A parameter known as
distribution coefficient (Kd) is a parameter used to predict the transport and
behavior of organic contaminants in the soil. The soil Kd values of animal
antibiotics vary dramatically with the chemical species, from 0.3 to 6300 L/kg
(Song and Guo 2014). Compounds with high Kd values are strongly bound to soil
particles and less mobile. Compounds with less Kd value are less strongly bound
and more mobile in the soil. The latter group of antibiotics can be easily
transported to contaminate the ground as well as surface waters. Strongly bound
antibiotics can however be transported mainly to surface waters with the sedi-
ments during run-off losses of soil (NAAS 2010). For example, it has been found
that chlortetracycline strongly binds to soil components and may accumulate in
the soil environment (Hamscher et al. 2002) and that a substantial amounts of
oxytetracycline were bound to the soil irrespective of soil type (Rabglle and Spliid
2000). Nevertheless, the Kd varies with the soil type. For example, in sandy and
sandy loam soils, oxytetracycline Kd were 420 and 1030 L/kg, respectively, while
the Kd values for tylosin ranged from 8 to 11 L/kg for sandy soil and 62—128 L/kg
for sandy loam soils (Rabglle and Spliid 2000). Rabglle and Spliid (2000)
concluded that oxytetracycline and tylosin are strongly adsorbed to soils making
them weakly mobile. In other studies, the Kd of 11 different soils varied from
950 to 7200 and 10 to 3707 L/kg for oxytetracycline and tylosin, respectively
(TerLaak and Gebbink 2006), and the Kd for oxytetracycline and tylosin
increased with increasing soil pH (TerLaak and Gebbink 2006). These outcomes
implied that in general, oxytetracycline was more strongly adsorbed to soil than
tylosin and antibiotic adsorption was mainly governed by soil pH. Table 12.5
presents the Kd for some of the veterinary antibiotics.

The pH plays a role in the interaction between the antibiotic and the soil by
altering the charges of the pharmaceuticals and the cation exchange capacity of the
soil. For example, at pH 5, oxytetracycline has zero charge and interacts with
organic matter mainly through hydrophobic partitioning; at lower and higher pH,
it becomes positively and negatively charged, respectively, and was sorbed to soil
minerals mainly through cation exchange and cation bridging, respectively
(Kulshrestha et al. 2004).

Degradation of veterinary pharmaceuticals in agricultural soils is a comprehen-
sive result of microbial decomposition, organic transformation, oxidation,

Tal;lﬁe 12.5 I?distfifbutim | Antibiotic Kd, solid (L/kg)
coetficient (Kd) of severa Tetracycline 400-1620
antibiotics
Oxytetracycline 420-1030
Enrofloxacin 260-6310
Tylosin 8.3-128
Sulfamethazine 0.6-31

Source: modified from Tolls (2001) and Kumar et al. (2005a)
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photolysis, and hydrolysis. Many aspects influence the degradation process, such as
variation of veterinary chemicals, transformation rate, soil type, soil conditions,
manure type, soil-manure ratio, pH, light, temperature, moisture, and oxygen status
(Lin and Gan 2011). It is known that the antibiotics beta-lactams, macrolides, and
sulfonamides are susceptible to hydrolysis (Huang et al. 2011). Compared to other
reactions, photodegradation of antibiotics may be insignificant under field condi-
tions due to limited light exposure (Beausse 2004). Adding to biodegradation,
chemical processes other than hydrolysis and photolysis are similarly important
for antibiotic transformation in soil such as temperature and oxygen availability.
Sorption to soil minerals and soil organic matter preserves veterinary antibiotics
and enhances their persistence in soils (Zitnick et al. 2011).

12.7 Antibiotics in Water

Recently, many countries have been investigating the occurrence and fate of
antibiotics in the aquatic environment. In the USA, a nationwide survey of phar-
maceutical compounds discovered that a number of antibiotics were detected in
27% of 139 rivers at concentrations up to 0.7 pg/L (Kolpin et al. 2002). According
to Kemper (2008), veterinary antibiotics and their metabolites or their degradation
products reach the aquatic environment through surface run-off, or leaching. Thus,
soil act as an antibiotic reservoir gathering antibiotic contaminating the aquatic
environment (Thiele-Bruhn 2003). Lillenberg et al. (2010) clarified that significant
volume of drugs reaching the surface water can end up in drinking water.

In wastewater and sewage treatment plants, resistant and multi-resistant bacteria
have been detected, possibly entering the food chain straight through sewage sludge
used as fertilizer or wastewater serving for irrigation (Kiimmerer 2004).

The movement of antibiotics into the aquatic environment varies with the
antibiotic compound and its physiochemical properties. For example, penicillin
and tetracycline are not typically anticipated to be established in aquatic environ-
ment. This is due to the easy hydrolysation of penicillin and the precipitation and
accumulation of tetracycline (Myllyniemi et al. 2000). This coincides with
Hamscher et al. (2002) where neither tetracycline nor tylosin was detected in any
water sample.

A study was conducted, in northwest Germany, sampling a series of surface
waters detected a wide range of antibiotics in all samples such as macrolides,
sulphonamides, and lincosamides were examined regularly, but no traces of beta-
lactams antibiotics were found. Moreover, tetracyclines were also not detected due
to their strong adsorption to organic matter of the soil (Christian et al. 2003). On the
other hand, in Germany, Hamscher et al. (2002) collected soil water samples and
found concentrations of chlortetracycline, oxytetracycline, tetracycline, and tylosin
ranging from 0.1 to 0.3 pg/L. Also, in another study residual oxytetracycline at
concentrations ranging from 500 to 4000 pg/kg were observed in marine sediment
following chemotherapy treatment in fish farms in the USA (Capone et al. 1996).
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The transport of antibiotics to ground and surface water poses a risk of some
antibiotics to enter the drinking water supply especially those that are highly mobile
and do not easily degrade during water treatment process. On the other hand, less
mobile antibiotics are potentially toxic to plants and soil organisms and provide an
environment for antibiotic resistance to emerge in native soil bacteria (Tolls 2001).

12.8 Antibiotics in Plants

The misuse and overuse of antibiotics in food animals contribute to the emergence
of resistant form of disease-causing bacteria. Such resistant bacteria can be com-
municated from food animals to humans, mainly through the food (WHO 2000).
Any kind of antibiotic use in people, animals or plants can encourage the develop-
ment and spread of antibiotic resistance. Many researchers provided evidence for
animal to human spread of antibiotic resistance. The latter was either through direct
acquisition from animal to human or through resistance transmission along the food
chain. Resistance genes travel from a resistant bacterium in animals to a bacterium
pathogenic to people. Resistance genes can willingly be transferred between bac-
teria from terrestrial animals, fish, and people. Further, such transfers can take place
in various environments, such as kitchens, barns, and water sources (WHO 2011).

12.8.1 Uptake and Accumulation of Antibiotics in Plants

Many researchers studied the accumulation and uptake of veterinary antibiotics by
various plants and its potential health risks. It is important to note that on a daily
basis, an adult consumes 0.512 kg of plant material from crops grown above ground
and 0.333 kg of plant material from crops grown below ground (Boxall et al. 2006).

A plant uptake study of ten antibiotics to lettuce and carrot from a sandy soil
spiked at a soil antibiotic concentration of 1 mg/kg detected florfenicol, levamisole,
and trimethoprim in lettuce leaves at concentrations ranging from 6 to 170 pg/kg,
whereas enrofloxacin, florfenicol, and trimethoprim were detected in carrot at
concentrations ranging from 2.8 to 13 pg/kg fresh weight (Boxall et al. 2006).
Moreover, Lillenberg et al. (2010) suggests that when the vegetation period is
longer, antibiotics accumulate in plants; it was highest in lettuce and lowest in
cucumber.

Kumar et al. (2005b) conducted a greenhouse study to test whether or not plants
take up antibiotics from manure-amended soil. The tested crops were corn, green
onion, and cabbage. The study concluded that the three crops absorbed chlortetra-
cycline at a rate of 2—17 ng/g fresh weight but did not absorb tylosin and that the
more antibiotic present in the manure the higher the concentration of it in the plant
tissue (Kumar et al. 2005b).
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Sulfamethazine, which has a low molecular weight and is not strongly adsorbed
to soil particles, was also taken up by plants such as corn, lettuce, and potato
(Dolliver et al. 2007). A study made by Hu et al. (2010) reported that antibiotics in
vegetables were apparent, and the range of antibiotics was 0.1-532 pg/kg in
vegetables. Moreover, it has been stated that antibiotics from manure reach up
plants by passive absorption (Hu et al. 2010). In a study conducted in Lebanon,
Bassil et al. (2013) reported that carrot, lettuce, and radish absorbed relatively
higher amounts of gentamicin than streptomycin. They also mentioned that the
levels of antibiotics in plant tissue increased with increasing the antibiotic concen-
tration in the manure (1 > 0.5 mg/kg). Willow and maize grown in greenhouse
potting soils spiked with 10 mg/kg sulfadiazine for 40 days showed the presence of
the chemical in the roots at 333 and 26.5 mg/kg dry weight, respectively, but not in
the above ground tissues (Michelini et al. 2012).

A study was done by Youssef (2016) to test the accumulation of gentamicin,
oxytetracycline, and tylosin by lettuce and radish plants in a greenhouse pot
experiment at different antibiotic concentrations 0, 2.5, 5, and 10 mg/kg from two
growth media (manure-amended soil and soil without manure). The results showed
that gentamicin accumulated in lettuce roots (12.7 ng/g) and translocated to the
leaves (17.7 ng/g) whereas in radish it accumulated in the roots (16.4 ng/g) and
translocated to the leaves (31.51 ng/g). Tylosin, only at the highest concentration
treatment (10 mg/kg), accumulated in lettuce roots (11.23 ng/g) and translocated to
the leaves (3.58 ng/g) whereas in radish the average accumulation of tylosin in the
roots is (56.6 ng/g) and in leaves (62.9 ng/g). Oxytetracycline was not absorbed by
lettuce but it accumulated in radish roots (3.93 ng/g) and was translocated to the
radish leaves of the highest concentration treatment only (10 mg/kg) at (6.69 ng/g).
The addition of manure to the soil enhanced the uptake of the three antibiotics. The
concentrations of the three antibiotics in the radish root and leaves were higher than
their concentrations in lettuce. The obtained results indicated also that increasing
the concentrations of the antibiotic in the growing media did not always lead to a
significant increase in the accumulation levels of antibiotics in plant tissues and
lettuce and radish responded differently to the presence of three antibiotics in the
growing media indicating that the chemical and molecular formula of the antibiotic
decides its behavior in the soil. Moreover, a study done by Shenker et al. (2011) on
the uptake of carbamazepine by cucumber plants suggested that the antibiotic
carbamazepine is mainly translocated by water mass flow and it highly accumulated
in the older leaves, most carbamazepine were detected in the cucumber leaves
relatively higher than in the roots and stems.

The bioaccumulation of veterinary antibiotics in food crops may be insignificant
since the concentrations of residual antibiotics in soils receiving manure is much
lower compared with the levels of antibiotics tested in laboratory of greenhouse
research. Hence, it is still unclear whether or not the bioaccumulation of antibiotics
in field crops poses health risks to consumers.
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12.8.2 Antibiotics Effect on Plant Growth

The effect of antibiotics on plant growth was studied by many scientists. Kong et al.
(2007) showed that oxytetracycline had a significant inhibitory effect on alfalfa
growth. The effect was more obvious on root growth than on shoot indicating that
the roots are the main accumulation site for antibiotics. As concentration of
oxytetracycline increased, the leaves turned from light green to yellow. Oxytetra-
cycline inhibited alfalfa shoot and root growth by up to 61% and 85%, respectively
(Kong et al. 2007). Moreover, in a study on pinto beans grown in aerated nutrient
media with chlortetracycline and oxytetracycline at 160 mg/L, top and root dry
matter were reduced by 71-87% and 66-94%, respectively (Patten et al. 1980).
Boxall et al. (2006) established that carrot and lettuce growth were repressed by
spiking at a concentration of 1 mg antibiotic per kilogram soil. In china, oxytetra-
cycline was found to inhibit the growth of lettuce (Cui et al. 2008) and repress root
and shoot elongation of wheat (Bao et al. 2008). Also, Xie et al. (2009) found that
when treating 63 wheat species with oxytetracycline the biomass and chlorophyll in
leaves decreased. Phytotoxicity of enrofloxacin on cucumber, lettuce, common
beans, and radish was determined in a laboratory experiment by determining the
post-germinative growth of primary root, hypocotyl, cotyledons, and leaves. Con-
centrations between 50 and 5000 pg/L induced both toxic effect and hormesis in
plants (Migliore et al. 2003). A study by Adomas et al. (2013) reported that with
increasing enrofloxacin concentration the root growth was inhibited more severely
and dry mass increased slightly but steadily. At the highest enrofloxacin concen-
tration, the dry mass of both roots and stems did not exceed 15% fresh mass. While
studying the effect of oxytetracycline on radish plant, Xu and Zhang (2014)
reported that radish plant was capable of accumulating oxytetracycline from
manure-amended soils and that the higher the concentration of oxytetracycline
found in the soil the higher the concentration in plant tissue. Moreover, they
reported that oxytetracycline did not have any negative effect on the growth of
the radish plant when its concentration in the soil was less than 10 mg/kg, however,
at higher concentrations of soil oxytetracycline (>25 mg/kg) the antibiotic not only
stressed the plant but also reduced photosynthetic rate of leaves and biomass of both
roots and shoot.

12.9 Antibiotic Resistance and Impact on Human Health

The misuse and overuse of antibiotics in food animals contribute to the emergence
of resistant form of disease-causing bacteria. Such resistant bacteria can be com-
municated from food animals to humans, mainly through the food (WHO 2000).
The rise in antibiotic resistance is now acknowledged worldwide as one of the
greatest possible threat to human and animal health. The public has become
increasingly alarmed about the connection between the overuse of antibiotics in
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both medicine and the agriculture agro-food industry and the emergence and spread
of antibiotic resistant bacteria.

Marshall and Levy (2011) explained that the low-dose and prolonged courses of
antibiotics among food animals create ideal selective pressures for the propagation
of resistant strains that could facilitate the emergence and spread of resistant
pathogens to humans.

Many researchers provided evidence for animal to human spread of antibiotic
resistance. The latter was either through direct acquisition from animal to human or
through resistance transmission along the food chain. Resistance genes travel from
a resistant bacterium in animals to a bacterium pathogenic to people. Resistance
genes can willingly be transferred between bacteria from terrestrial animals, fish,
and people. Further, such transfers can take place in various environments, such as
kitchens, barns, and water sources (WHO 2011). Farm workers are directly at risk
of acquiring resistance since they are always in close contact with colonized or
infected animals. Thus, this might provide a channel of spread of resistance genes
into the environment wherever possible (Marshall and Levy 2011). Levy et al.
(1976) reported the very first incidence of acquisition of resistance in human from
direct contact with infected animals. It was proved with a study where they reported
the existence of the same tetracycline-resistant E. coli strains in the gut flora of the
chicken workers as in the chicken receiving tetracycline-rich feed. Gentamicin is an
antibiotic mostly used in poultry as growth-promoting agent, it prevent early
poultry mortality. A revelatory 2007 study established that the threat for carrying
gentamicin-resistant E. coli was 32 times higher in poultry workers than in other
members of the community: half of all poultry workers were colonized with
gentamicin-resistant E. coli, compared to only 3% of non-poultry workers were
colonized (Price et al. 2007). Several studies documented the transmission of
resistance to humans through contact with infected animals. Marshall and Levy
(2011) demonstrated several examples of bacterial species (E. coli, Salmonella,
Enterococcus faecalis, E. faecium, and MRSA) and antibiotic resistance including
poultry, pigs, and cattle and even resistance in humans to a range of antibiotics only
used in animals.

The hypothesis is that the food chain is the main mean of transmission. But data
on antibiotic resistance is limited and mainly gathered through research papers. For
instance, Marshall and Levy (2011) stated that resistant E. coli have been found in
beef carcasses that were stored for 24 h in a cooler and later made into ground beef
in North American Feedlot. Work-related transmission of methicillin-resistant
Staphylococcus aureus (MRSA) from food animals to humans is well documented
and transfer of MRSA through the food chain has also been documented
(Hanselman et al. 2006; Lewis et al. 2008).

Manure amendment of agricultural soils may add a considerable amount of
bacteria carrying antibiotic resistance genes. Resistant bacteria attach to crops
and are exposed to humans through antibiotic uptake by plants. Quantitatively,
the massive input of resistance genes and selective agents with manure could well
contribute to the resistance problem in human antibiotic therapy (Heuer et al. 2011).
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Moreover, fish farming involves the use of antibiotics and fish as food may be
contaminated with resistant bacteria (Phillips et al. 2004).

Alternatives to growth-promoting and prophylactic use of antimicrobials in
agriculture include improved management practices, wider use of vaccines, and
introduction of probiotics. Monitoring programs, prudent use guidelines, and edu-
cational campaigns provide approaches to minimize the further development of
antimicrobial resistance. The existing information concerning the insinuations of
veterinary antibiotics on the terrestrial environment and impacts on human health is
still limited. Thus, a wide range of investigations to interpret the impact of antibi-
otics on humans and the environment is essential to launch safe management
protocols for antibiotic usage and treatments.

12.10 Conclusion

In many countries, veterinary antibiotics are used by farmers not only to prevent
diseases but to promote growth as well. Some of these antibiotics eventually find
their way to contaminate the food chain by applying antibiotic-rich manures to
agricultural land. Resistance bacteria attach to crops and are exposed to humans
through uptake by plants. Thus, there is a need to investigate in specific what
antibiotics are absorbed by plants, their accumulation rates in the edible parts,
and their effect on human health and environment.
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Chapter 13

Recent Advances in Methods for the Detection
of Antibiotics and Antibiotics Resistance Genes
in Soil

Hussani Mubarak, Nosheen Mirza, and Muhammad Zaffar Hashmi

13.1 Introduction

Revolutionized initiation of drug innovation and implementation in health and
agriculture, during the last era has resulted in the discovery and development of
hundreds of antibiotics (Xiao et al. 2016; Dasgupta and Sengupta 2015). Annually,
about 200,000 tons of antibiotics commercially are being produced for the animal
and human care (Rehman et al. 2015; Ok et al. 2011). According to one report in the
USA alone, almost 4.5 and 22 million pounds is being invested on antibiotics in
medical facilities and animal farming (McEachran et al. 2015; Phillips 2004). In
livestock industry to prevent losses and for weight-gaining strategies, 25 million
pounds of antimicrobials are being administered (Dasgupta and Sengupta 2015).
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Normally, antibiotics exist in the environment in the range of ng L™ to pg L™
but can result in chronic toxicity even in the concentration of <1 ng L™ (Rehman
et al. 2015; Christen et al. 2010).The sources of antimicrobial contamination differ
from country to country, in accordance with their uses. In Germany, the European
Union, the UK, and the USA, 25%, 5-20%, 70%, and 75% of the detected antibiotic
concentrations were caused by hospitals. The other major source of contaminations
is veterinary (disease control, breeding, and growth promoters of animals, i.e.,
fattening—methods to improve protein and fat contents in meat). Thus, the main
contributors in the release of excessive antibiotics in the soil and water bodies are
from urine and feces of livestock, runoff from agriculture fields, unused fodder, and
inappropriate disposal of waste from livestock being utilized as fertilizers
(Dasgupta and Sengupta 2015).

Unmonitored, overuse, and misuse of antibiotics in agriculture played crucial
role in the aggregated resistance; as a result, accelerated development of newer
antibiotics is overtaken by the pace of bacterial resistance (Rehman et al. 2015;
Anjum 2015; McEachran et al. 2015; Edgar et al. 2011). Currently, due to manure
application, a higher level of antibiotic resistance genes (ARGs) has been detected
in agricultural lands (Zhang et al. 2015). It has become a global concern (Ahammad
et al. 2014; Hersher 2012; Spellberg et al. 2013; WHO 2012, 2014; Sarmabh et al.
2006; Kreuzig and Holtge 2005), and the situation is worsened in the developing
countries (Kostic et al. 2015; Byarugaba 2004; Chan 2012; Okeke et al. 2005).
ARG could be the result of mutation in the chromosome or entering of mobile
genetic element (Anjum 2015). Antibiotic resistance genes (ARGs) are capable of
growing in the presence of antibiotics. They develop this resistance via effluxing
antibiotic, degrading antibiotic, and modifying the target point of antibiotic
(Luby et al. 2016).

Previous reports are about the sorption and mobility of few classes of antibiotics,
but little is known about the degradation and fate of antibiotics and ARG in the soil
environment. The conventional technique of antibiotic screening involved culturing
colonies (selective/nonselective agar plate culturing), purification later dilution
(disc, broth, and gradient strip dilution), and then identification, although it was
informative but was time-consuming for isolation (Anjum 2015). With the advent
of sophisticated analytical methodologies, detection and quantification of antibi-
otics have drawn the needed attention (Dasgupta and Sengupta 2015; Richardson
and Ternes 2014).The present chapter reviews the recent advancements of ana-
lytical, molecular, and other applied technologies for the detection, character-
ization, and quantification of antibiotics and ARG in the soil matrix.
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13.2 Analytical Techniques for Assessing Antibiotics
and Antibiotic Resistance Genes

Detection of pharmaceutical compounds, i.e., drugs, antibiotics, and beta-blockers
in different water matrices using LC-MS-MS and GC-MS, began in the duration of
the late 1970s—1990 (Garrison et al. 1976; Hignite and Azarnoff 1977; Ternes et al.
1998). Later Mitani and Kataoka (2006), using automated solid-phase
microextraction (SPME) coupled with LC-MS-MS, reported the presence of
numerous pharmaceutical compounds in the marine ecology (Dasgupta and
Sengupta 2015).

13.2.1 Sampling and Extraction of Antibiotics

Soil is the substrate from where antibiotic synthesis originally evolved, and over
80% of antibiotics in clinical use today were extracted from soil; thus, soil can be a
source of diverse antibiotic resistance (AR) determinant, i.e., antibiotic resistance
gene (ARG) (Donato et al. 2010; Lang et al. 2010). The determination of antibiotics
and ARGs depending upon their concentration, i.e., ng g' to pug g, from soil,
needs efficient extraction and sensitive analytical technology. Hence pretreatment
of sample, extraction, chromatographic separation (cleanup), and finally identifica-
tion by mass spectrometry are the usual practices of analysis (Pintado-Herrera et al.
2016; Albero et al. 2015; Szulejko et al. 2014). Sample preparation from soil is
time-consuming as it needs multistep extractions and cleanup. The major concern
for sampling and extraction of any antibiotic is its availability in low concentra-
tions. Solid-phase extraction method (SPEM) is the most common method for
sampling prior to LC-MS-MS analysis (Salvia et al. 2015). Previously SPE pro-
cedures were used offline, but with the recent advance of technology, automated
online, miniaturized sample preparation, followed by LC-MS-MS analysis, has
been reported (Mitani and Kataoka 2006; Pozo et al. 2006; Stoob et al. 2005).
Traditional sample preparation methods from soil matrix include Soxhlet extrac-
tion, ultrasonic extraction (UAE), pressurized liquid extraction (PLE) (Salvia et al.
2015), microwave-assisted extraction (MAE), accelerated solvent extraction
(ASE), and supercritical fluid extraction (SFE), where MAE combined with solvent
bar has emerged as green and effective method (Kathi 2017).
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13.2.2 Separation of Antibiotics by Chromatography
13.2.2.1 Gas Chromatography

GC is the most used separation technique for pesticide analysis since 1950s
(Kathi 2017; Nolvachai et al. 2015) (Fig. 13.1).

For wide range of screening, 2D GC (Fig. 13.2) has proved more effective
(Kathi 2017; Nolvachai et al. 2015; Tranchida et al. 2016). Shang et al. (2014) have
compared the results of analysis of soil antibiotic extracts of compared GC/MS/MS
pseudo multiple reaction monitoring mode (PMRM) and GC/MS/MS classic mul-
tiple reaction monitoring (CMRM) and reported improved sensitivity of PMRM.
For the confident identification of individual compounds, on complex matrix and
high resolution, MDGC techniques, i.e., 2D GC coupled with time-of-flight mass
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spectrometry (GCxGC-TOF/MS), are reported (Kathi 2017; Jennerwein et al.
2014; Verma et al. 2015; Pena-Abaurrea et al. 2014) (Fig. 13.3).

13.2.2.2 Liquid Chromatography

The reversed-phase liquid chromatography (RPLC) technology is well reported for
the separation, purification, and identification of organic compounds only with the
hydrophobic interaction. The right column and solvent selection, i.e., water, aceto-
nitrile, and methanol, are the crucial factors for the successful separation of com-
pound in mixture. Recently, a new method is developed for hydrophilic interaction
antibiotic compounds where water and acetonitrile were used as mobile phases in
the HP column (Fig. 13.4), while for the increased efficiency in ionization and
separation, organic reagents are employed. LC-MS (Fig. 13.5) analysis can be per-
formed using several ionization modes (Salvia et al. 2015; Kathi 2017).

13.2.2.3 Detection of Antibiotics by Mass Spectrometry

With the use of mass spectrometry-based method, identification/quantification of
organic compounds and detection of antibiotics became much easier and cost-
effective. The method is an inevitable for unambiguous detection and identification
of organic compounds in trace amounts and is quantified with reference to standard.
The best tool for identification and quantification of antibiotics is the combination
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of liquid chromatography and mass spectrometry coupled with tandem mass spec-
trometry (MS-MS), i.e., LC-MS (Fig. 13.5) and/or LC-MS/MS (Salvia et al.
2015).

The crucial step in MS is the ionization of the compounds for separation by
chromatography. Tributylamine (TBA) was first used to enhance the ionization
efficiency of the molecular ions (Kathi 2017). The acidic nature antibiotics are
analyzed by negative ionization mode, while neutral and basic antibiotics are
analyzed in positive ionization mode (Planche et al. 2015). For successful detection
of antibiotics, selection of instrument in MS analysis is crucial. Variations in the
design, experimental conditions, and different instruments, i.e., Both 3D ion trap
(IT) mass spectrometers, Thermo Finnigan IT, triple stage quadrupole (TSQ), Sciex
TSQ, and Micromass TSQ in LC-MS-MS analysis are reported, for the detection of
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antibiotics (Salvia et al. 2015; Regueiro et al. 2008; Richter et al. 2006). The Waters
(Micromass) Q-TOF system and the Sciex QSTAR system are the commercially
used mass spectrometer instruments (Kathi 2017).

Quantification from soil extracts can be achieved by employing gas chromato-
graphy—mass spectrometry (GC-MS) (Fig. 13.6), gas chromatography—tandem
mass spectrometry (GC-MS/MS), comprehensive two-dimensional gas chromato-
graphy coupled to microelectron capture detection (GC x GC-pECD), liquid
chromatography—mass spectrometry (LC-MS), or liquid chromatography—tandem
mass spectrometry (LC-MS/MS) (Salvia et al. 2015; McEachran et al. 2015; Zhang
et al. 2015; Dasgupta and Sengupta 2015; Kathi 2017; Albero et al. 2012).

13.3 Molecular Methodsof Analysis of Antibiotics
and Antibiotic Resistance Genes

Molecular methods, i.e., DNA, RNA, plasmid, and/or proteins determination, are
rapidly replacing the conventional technique, due to the advancement in techno-
logy, accuracy, precision, sophistication, less turnaround time, and increase in
popularity. Molecular methods do not need culturing and access DNA, RNA,
and/or protein after extraction (Microscopic vision), which later are compared
with the publically available databases. Antibiotics and ARGs can be identified
by PCR-based methods (PCR and/or qPCR) (Fig. 13.7), or with the recent advance-
ment of technology, next-generation sequencing—metagenomic techniques proved
more efficient for their identification (Luby et al. 2016).
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13.3.1 Conventional Polymerase Chain Reaction

Polymerase chain reaction (PCR) has successfully and widely being applied to
detect ARGs since at least 2001 (Chee-Sanford et al. 2001), and a wide range of
primers for ARGs are widely available in the literature. PCR is a popular method
for detecting ARGs due to its benefits, such as high sensitivity, provides relatively
rapid results, and yields direct information. Conventional PCR depends upon the
extracted DNA which varies in efficiency across different matrices; inhibitors could
interfere with PCR functionality and could amplify the wrong target, thus resulting
in false negative and false positive, respectively. Blank samples are consistently
applied as a quality control measure and to false negative and/or positive. Conven-
tional PCR only detect the presence or absence or detection below limit of ARGs. It
does not quantify the concentration nor can predict the activity of ARGs (Seitz and
Blokesch 2013).

PCR amplification is of crucial importance to sequence PCR for the intended
target and to compare the genetic variability among ARGs databases are explored
(Garder et al. 2014; Koike et al. 2007). Ideally, internal amplifications are
employed to avoid false negatives (Hoorfar et al. 2004). DNA dilution is also
considered as a mean diluting out inhibitors, and using dilution series technique,
one can yield the required quantity of sample for optimal signal. Bead-beating
appeared important step for high-quality extraction (Guo and Zhang 2013). To
report any PCR-specific results, the used PCR primers, annealing temperature, and
essential assay conditions with validated citations are important.
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13.3.2 Real-Time Quantitative Polymerase Chain Reaction

Quantitative PCR (qPCR) detects and quantifies the abundance of the target ARGs
(Fig. 13.7). In qPCR, the threshold cycle, or CT value, where the signal crosses the
baseline, is compared against a standard curve to determine the gene copy number
of an ARG. Quantitative PCR has also recently been adapted to manage longer
templates (up to 6 kb) (Rodriguez et al. 2013; Luby et al. 2016; McKinney and
Pruden 2012). During the last decade, qPCR has been widely applied to track both
ARGs and markers of mobile genetic elements (Pei et al. 2006; Heuer and Smalla
2007; Koike et al. 2007; Nandi et al. 2004; Smith et al. 2004).

To report any qPCR-specific results, R, values of calibration curves to report
limit of quantification, ideal value of 0.7 for applied assays, dilution factor to limit
the interference of inhibitors, extraction, and other processing steps to ensure
quantification standpoint of the actual sample are reported along. 16S rRNA
genes aid to the extracting efficiency and provide proportion of total ARGs (Luby
et al. 2016; Pruden et al. 2006; Heuer et al. 2011; Pei et al. 2006; Knapp et al. 2010).
Inclusion of blank samples verifies the quality assurance of the process. The recent
development of qPCR arrays made possible the simultaneous quantification of
hundreds of ARGs (Wagner et al. 2007). Qiagen recently developed the Antibiotic
Resistance Genes Microbial DNA qPCR Array, configured for quantification of
97 ARGs. Wafergen Bio-systems SmartChip Real-Time PCR, is configured for the
quantification and track enrichment of 244 ARGs in the soil samples (Wang et al.
2014; Zhu et al. 2013). Limitations of using qPCR) are the optimization for
individual gPCR uniformity in the annealing temperature throughout the array,
inevitable higher detection limits, and volume of the reaction mixture. Further
research could help in coping up with the mentioned limitations.

13.3.3 Next-Generation DNA Sequencing: Metagenomic
Methods

Metagenomics is the application of genomic technologies and bioinformatics to
directly access the total sum of genes and/or the genetic makeup of entire commu-
nities of target organism (Thomas et al. 2012). The last 5-10 years has big
contribution in the molecular characterization (Donato et al. 2010; Nesme and
Simonet 2015; Kristiansson et al. 2011; Bengtsson-Palme et al. 2014). Meta-
genomic studies revealed that soil possesses high diversity of ARGs, which is
subject to continuous alterations, i.e., vertical and horizontal mutations are evident
from analysis (Nesme et al. 2014; Fitzpatrick and Walsh 2016; Durso et al. 2012).
The advantages of metagenomics are such as they can target specific ARGs,
genomes get sequenced in a single step, i.e., 10-1000 Gb of DNA get sequenced
in a single HiSeq 2500 Illumina lane, and later target ARGs can be detected and
quantified through online databases (Luby et al. 2016). Publically available online
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databases are the Integrated Microbial Genome (IMG) database, the Compre-
hensive Antibiotic Resistance Database (CARD) project, and MG-RAST (Meyer
et al. 2008; Fitzpatrick and Walsh 2016; McArthur et al. 2013; Markowitz et al. 2012).

Metagenomics being capable of detection of total gene pool has been employed
to compare the ARGs and markers of gene transfer between manure and cultivated
soil (Durso et al. 2012; Nesme et al. 2014; Fang et al. 2015; Wichmann et al. 2014)
(Fig. 13.8). In contrast to PCR techniques, metagenomics can be used to detect the
host cells/organisms of target ARGs, but during this process quantification of ARGs
can be lost (Henry et al. 2011; Thomas et al. 2012). Similar as PCR, metagenomics
cannot confirm the functionality of target ARGs, but the purpose could be served by
using functional metagenomics (de Castro et al. 2014; Su et al. 2014; Wichmann
et al. 2014). For functional metagenomics, ligated plasmids are formed by inserting
extracted fragmented DNA in the plasmids. The ligated plasmids later are trans-
formed into the host and are plated onto the media of interest (Uchiyama and
Miyazaki 2009; Zhou et al. 2012; Su et al. 2014). Functional metagenomics are
reported to employ in the discovery of new antibiotics (Gillespie et al. 2002;
Lim et al. 2005) and ARGs (Bengtsson-Palme et al. 2014). A total of 16 types of
ARGs and 110 ARG subtypes are identified in the paddy soil of Southern China
(Xiao et al. 2016).

The main disadvantages of functional metagenomics are the involved labor,
gene expression biases on selection of specific host, and nonavailability of relevant
databases in metagenomic libraries. In spite of these disadvantages currently, next-
generation sequencing is the best applied molecular technology. To report meta-
genomic data, used extraction/amplification methods and ways and means to avoid
exogenous DNA contamination are required to be indicated along.
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13.4 Strategic Combinations

Molecular techniques are to detect and quantify the genetic potential of ARGs, while
phenotypic reality is confirmed by cultural techniques. Molecular techniques are
unambiguous, well defined, and less laborious as compared to the culturing tech-
niques. But they alone cannot confirm the functionality of the target specimen. But
with appropriate experimental design, the purpose can be served by combining
molecular technologies with the other analytical technologies, i.e., GC-MS or
LC-MS (Luby et al. 2016). The possible disconnection between the genetic poten-
tial and phenotypic reality could be bridged by employing cultural technique
followed by molecular analysis. To understand the limitations associated with
cultural and molecular methods and to obtain reliable results, researchers are
combining the techniques together for ARGs detection (Sato et al. 2014; Zhou
et al. 2009; Heuer et al. 2011; Jindal et al. 2006). Keeping in view the relevant
constraints, multiple molecular methods, combination of molecular and analytical
techniques, and cultural method followed by molecular and/or analytical methods
are being applied, within a single study, i.e., combination of metagenomics and
gPCR (Looft et al. 2012), combination of electrospray ionized (ESI) liquid chroma-
tography and mass spectrometry coupled with tandem mass spectrometry (LC-MS/
MS) and qPCR (McEachran et al. 2015), combination of liquid chromatography and
mass spectrometry coupled with tandem mass spectrometry (LC-MS/MS) and DNA
quantification by Fast DNA-Spin Kit for Soil (Bio-Rad, Carlsbad, CA, USA) (Zhang
et al. 2015), and combination of culturing technique, DNA quantification using soil
kit (PowerSoil DNA isolation kit; Mo Bio) and qPCR (Knappik et al. 2015).

13.5 Future Prospective of Molecular Methods of ARGs
Analysis

Successful assessment of antibiotics and ARGs depends upon the address of appro-
priate research questions. Continued development of metagenomic technique,
development of monitoring and standard protocols, and understanding the risk
factor of misuse of antibiotics and ARGs to the human health are the dire needs
for the safe survival and existence of life on Earth. Hence, appropriate risk assess-
ment and advancement of molecular techniques are required.

13.5.1 Lab on a Chip: Using Smartphone (Point-of-Care
Device)

For field, epidemic outspread and remote area monitoring of ARGs and with the
advancement of information technology (IT) and globalization, a portable,
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inexpensive, and user-friendly diagnostic devices became dire need and dream of
users. Keeping in view all these prospects, researchers have invented point of care
(POC). Point of care (POC) is a compact, user-friendly, and inexpensive device,
recently invented by a group of researchers (Stedtfeld et al. 2012, 2016; Kostic et al.
2015), with the characteristics of rapid quantitative analysis of multiple genetic
markers. Multiple genetic testing for disease diagnosis and wireless connectivity
are emerging key attributes of POC. It consists of disposable valveless polymer
microfluidic chip (multiple reaction wells), i.e., Gene-Z and an iPod Touch appli-
cation (Wi-Fi interface) (Fig. 13.9). It is capable of automatic analysis and
reporting. POC is loaded with the testing of viral load with HIV (Shen et al.
2011), tuberculosis (ARGs of tuberculosis) (Lee et al. 2010), and microRNAs of
cancer (Li et al. 2011).

13.5.2 Gene-Z

Itis a disposable valve, polymer microfluidic chip containing four arrays of reaction
wells each with dehydrated primers for isothermal amplification. To reduce the real
time of detection, of analysis cost, and for quantification, loop-mediated amplifica-
tion (LAMP) is incorporated in the device. It can analyze four samples simultaneous
analysis, with a single step pipetting per sample (Stedtfeld et al. 2016). LAMP can
provide highly specific and high yielding amplification at a single temperature (Mori
etal. 2001). The optical unit of Gene-Z consists of light-emitting diodes (LEDs), per
reaction well. For cross well optical inhibition, the chip is embossed, fabricated and
is a thin-filmed microstructure (size, 22.5 (L) x 17.3(W) x 3.5 (H) in cm; weight,
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930 g). As compared to conventional antibiotic resistance (AR) detection and
molecular-based method (qPCR), Gene-Z gave multiplexed and comprehensive
detection (69% detection, 98% in agreement with qPCR result), with turnaround
time of less than 30 min (Kostic et al. 2015).

13.5.3 iPod Touch Application (Wi-Fi Interface)

Data transmission potential of Wi-Fi devices, i.e., smartphones, computational
phone, and personal computer (Stedtfeld et al. 2012; Breslauer et al. 2009), and
global positioning system (Google Maps and online databases) are used for auto-
matic data transmission, analysis, and reporting. The barcode scanning capabilities
of autofocus in smartphone cameras are combined with Wi-Fi and online databases
to ensure specified quantitative genetic testing (ARGs).

The same groups of researchers (Stedtfeld et al. 2016) have initiated an online
database for antibiotic resistance genes (ARGs) named antibiotic resistance
(AR) dashboard application (beta stage of development). It is equipped to gather
information about the occurrence and widespread distribution of ARGs and anti-
biotic resistance bacteria (ARB). The dashboard app is in sync with next-generation
sequencing, qPCR, bioinformatics and metagenomics, etc. AR studies can be geo-
spatially mapped by AR dashboard database (online available) and on integration
can be utilized for AR studies (Stedtfeld et al. 2016).

13.6 Conclusions

Inappropriate and unmonitored disposal of drugs have contaminated the environ-
ment. The resultant development of antibiotic resistance genes (ARGs) in target
bacteria is well documented. Soil is the source and sinks for antibiotics and ARGs.
Antibiotics and ARGs extraction from soil is a complex and multistep task. In this
chapter, advanced analytical, molecular, and other applied techniques were
reviewed for antibiotics and ARGs detection in soil. It is found that strategic combi-
nation of traditional, advanced analytical, and/or molecular techniques are needed
for the phenotypic, quantification, and functionality confirmation of antibiotics and
ARG:s. For reliable results of antibiotics and ARGs detection, genetic potential, and
phenotypic reality, researchers should adopt combination of techniques. In case of
field monitoring and/or epidemic outspread, POC could prove the best option for
on-spot identification and quantification of antibiotics and ARGs. Overall, success-
ful assessment of antibiotics and ARGs depends on the inclusions of relevant con-
trols, focused research, and incorporation of appropriate combination of methods.
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Chapter 14

Elucidation of Emerging Nanomaterials
Impacts on Antibiotic Resistance Against Soil
and Aquatic Microflora

Toqeer Ahmed

14.1 Introduction

Microbial drug resistance in soil is increasing day by day by anthropogenic activ-
ities and becoming a serious challenge for the scientists especially in the field of soil
biology. Fear of emerging new drug-resistant varieties and spread of new com-
pound into the soil may affect plant’s growth and normal soil microflora. Due to fast
microbial growth, excessive application of antibiotics against bacteria and spread of
antibiotics in soil have led to drug resistance and multiple drug resistance of
different isolates (Brown et al. 2012). Antibiotic-resistant genes are spreading in
the environment due to anthropogenic activity and multidrug resistance putting the
environmentalists and soil microbiologists on more defensive side (Marti et al.
2014). Soil microflora is the largest reservoir of microbes on Earth which is
unexplored (Mishra and Kumar 2009) especially about the impact of nanomaterials
on soil microbes. Soil microflora perform numerous beneficial functions in soil
which play important role in plant’s growth. Soil habitat provides complex envi-
ronment for their growth and interaction with contaminants. Microbes in rhizo-
spheric soil are more functional than non-rhizospheric soils, and many factors like
pH, oxygen, and water play significant role in plant’s growth.

The evolution of nanotechnology and its vast applications in almost all the fields
opened new ways to control the pathogens in different environment. Nanoparticles
are synthesized by different methods, but with the evolution of green chemistry,
biosynthesis of MNPs by using plants, bacteria, and fungi is used against pathogens,
which is an eco-friendly, cheap, and effective method (Narayanan and Sakthivel
2010). Nanomaterials like single-walled and multi-walled carbon nanotubes (CNT)
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and metallic nanoparticles (MNPs) like silver (Ag), iron (Fe), titanium dioxide
(TiO,), and zinc oxide (ZnO) nanoparticle (NPs) have profound effect against
microbes. Silver (Ag), iron (Fe), titanium dioxide (TiO,), and zinc oxide (ZnO)
nanoparticles (NPs) have antibacterial properties (Ahmed et al. 2012; Kandi and
Kandi 2015), and NPs can stop drug resistance mechanisms and target microbes
(Pelgrift and Friedman 2013). Nanotechnology plays an important role in targeted
drug delivery, and nanomaterials enhanced application of other drugs and anti-
biotics when used in combination (Ahmed et al. 2014). Along with pathogens, soil
beneficial microbes may be affected with the spread of antibiotics and nanomaterial
in the soil. In this chapter, pros and cons of nanoparticles (NPs) and their effects on
soil microbes, role of nanomaterials in combination with and without antibiotics,
toxic effects of nanomaterial against microbes, and human and environmental
management have been explored in detail. Impact of emerging nanoparticle on
antibiotic resistance against soil microbes has been discussed in detail. Another
factor like toxicity of NPs on plants and on human beings via food chain has also
been discussed.

14.2 Nanoparticles as an Antibacterial Agent

Metallic nanoparticles are used as antibacterial agent against soil-, water-, and
food-borne pathogens. Many previously published studies have shown the impor-
tance of metallic nanoparticles against environmental microflora. AgNPs were
tested against ampicillin-resistant Escherichia coli O157:H7, multidrug-resilient
Pseudomonas aeruginosa, and erythromycin-resistant Streptococcus pyogenes and
were found very effective and recommended as broad-spectrum antibacterial agents
in the community environment (Lara et al. 2010).

Metallic nanoparticles (MNPs) and engineered nanoparticles (ENPs) have great
potential in almost all industries, and it is more impressing that their synthesis is
green and economical (Pantidos and Horsfall 2014). Biosynthesis of metallic nano-
particles by using bacterial strains or soil bacteria is a common and cheap way.
Scientists are using bacteria for biological synthesis of NPs these days and testing
different strains. Ag and other metallic NPs are synthesized biologically as this
method is bio-friendly which were tested against certain environmental bacteria.
AgNPs have multi-bactericidal actions against bacteria (Fig. 14.1). Similarly,
AgNPs were synthesized by soil bacteria Bacillus spp. and tested against multidrug
resistance which showed excellent activity against S. aureus, S. epidermidis,
V. cholera, Salmonella typhi, and S. paratyphi. Best action was found against
S. epidermidis, and AgNPs showed synergistic effect with chloramphenicol when
tested against S. typhi (Thomas et al. 2014). Similarly, Kumar et al. (2015) synthe-
sized AgNPs (198-595 nm) by using Streptomyces spp. isolated from soil samples
which were characterized by UV-vis spectroscopy, electron microscopy, and FTIR.
The synthesized NPs had both cytotoxic and antibacterial properties. Eu** doped
lanthanum calcium manganate (LCMO) and lanthanum calcium manganate (LCM)



14 Elucidation of Emerging Nanomaterials Impacts on Antibiotic Resistance. . . 255

— % o
B o

Inhibit cell wall
formation

Formation of free radicals

Attachesto 30 s
subunit

—

Thiol groups of Bacterial peptides that
enzymes can affect cell signalling

ER o

Preventing biofilm
formation Intercalates between bases

Attaching to the surface
of the cell membrane

Fig. 14.1 Bactericidal actions of AgNPs (adopted from Rai et al. 2012)

NPs (50-200 nm) were compared against Pseudomonas aeruginosa; a
common water, and soil bacteria and LCM showed more antibacterial activity
than LECMO (De et al. 2010).

Similarly, ZnO, ZnS, and ZnNPs were prepared by using resistant Pseudomonas
stutzeri grown on biofilm of Zn which were tested against and found active against
Gram-positive and Gram-negative bacteria (Mirhendi et al. 2013). Actinomycetes and
Pilimelia columellifera subsp. pallida were isolated from pine forest soils and used for
the synthesis of AgNPs (12.7-15.9 nm) which were tested seperately and in amal-
gamation with antibiotics against Bacillus subtilis, Staph. aureus, E. coli, Pseudo-
monas aeruginosa, Klebsiella pneumoniae, and Enterobacter. The lowest inhibitory
concentration (40 pg mL ") was observed against E.coli (Golinska et al. 2016). Sim-
ilarly, Weissella oryzae DC6 isolated from mountain ginseng for the synthesis of
AgNPs were tested against Vibrio parahaemolyticus, Bacillus cereus, Bacillus anthra-
cis, Staphylococcus aureus, Escherichia coli, and Candida albicans and found active
against Staphylococcus aureus and Pseudomonas aeruginosa (Singh et al. 2016).
Biocompatible CuNPs were prepared by using Cu-resistant B. cereus isolated from
soil, and the strains could tolerate >10 mM of Cu. CuNPs showed better antimicrobial
activity against cell lines and was found safe when compared to CuSO,4 (Tiwari et al.
2016). They suggested the use of prepared CuNPs as antimicrobial agents, as effective
delivery of copper, as biosensors, and for treatment of physiological disorders and
cancer. ZnO, Fe,03, and CuO NPs, which were prepared by a solgel combustion
method and characterized by X-ray diffraction, were studied against Gram-positive
and Gram-negative bacteria. The greatest antimicrobial activity against both Gram-
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positive and Gram-negative bacteria was shown by ZnO than Fe,O3 and CuO (Azam
et al. 2012). AgNPs were mycosynthesized by using Fusarium oxysporum against
resistant Enterobacter sp., Klebsiella pneumonia, Pseudomonas aeruginosa, and
E. coli, and it was that found they are susceptible to antibiotics in the presence of
AgNPs (Gopinath et al. 2015). Similarly, bioactive, single-step AgNps were prepared
by using Streptacidiphilus durhamensis against various strains and suggested for use
against resistant strains (Buszewski et al. 2016). Similarly, green synthesis of AgNPs
by using extract of Parkia speciosa Hassk pods assisted by microwave irradiation was
tested and showed enhanced activity against P. aeruginosa, E. coli, and Staph. aureus
with microwave irradiation (Fatimah 2016). Antibacterial activity of phytopathogenic
bacterium Ralstonia solanacearum was studied by using Tween-80 which stabilized
AgNPs and was found to be the most perfect stabilizer. The synthesized AgNPs were
found active against tobacco bacterial wilt and suggested as alternative for crop
disease control (Chen et al. 2016). Antibacterial activity of AgNPs prepared by
using Satureja hortensis extract showed significant activity against Bacillus cereus
isolated from soil bacteria (Shirmohammadi et al. 2014). Effect of AgNPs against
molds was studied, and it was reported that the environment can inhibit or enhance the
antifungal properties of AgNPs (Pietrzak and Gutarowska 2015). Similarly, some
more studies on ZnS NPs against fungi were studied and reported potential and
emerging antifungal agent which caused irreversible damage to cell membrane
(Ibrahim et al. 2016). Antibacterial properties of NPs depend on type of microbe,
physicochemical properties of NPs as certain bacteria have self-defense mechanism,
and they can become resistant to MNPs (Hajipour et al. 2012).

14.3 Antibiotic vs. Multidrug Resistance in Soil

Antibiotic resistance is an ancient phenomenon, but evolutionary drivers of resistant
traits in natural settings remain unspoken (Hollowell et al. 2015). Extensive use of
antibiotics both in human and animals especially in developing countries spreading
antibiotic and multidrug resistance not only human and animals but also in soil
microflora. Soil microflora can be both Gram-positive and Gram-negative bacteria
along with both beneficial and non-beneficial microbes. Soil bacteria are divided into
certain groups: (1) decomposers that use carbon as sole source for their growth;
(2) mutualists that form association with plants; (3) pathogens like Zymomonas,
Agrobacterium, and Erwinia species; (4) lithotrophs or chemoautotrophs, those that
obtain their energy from compounds other than carbon like nitrogen, sulfur, iron, or
hydrogen; and (5) among the beneficial actinomycetes, nitrifying and denitrifying
bacteria that are common (Ingham 2016). Beneficial processes like nitrogen fixations,
nitrification, and denitrification process in soil may be affected in the presence of
AgNPs (Arnaout 2012). A study conducted by US agricultural research services
department reported two commonly prescribed antibiotics, i.e., tetracycline and
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cefotaxime, from soil samples collected from where manure was deposited (USDA
2016). Rhizosphere soil microflora is not steadily more antibiotic resistant than
non-rhizosphere soil microflora (Harris and Woodbine 1967). Manure can spread
antibiotic resistance gene as reported that manure from treated animals augments the
spread of antibiotic resistance genes in soil bacteria (Heuer and Smalla 2007).
Similarly, antibiotic resistance in soil environment was analyzed, and it was found
that dairy manure microbes are more resistant than in other sites. Tetracycline
resistance was found predominant at 47-89% of total counts (Esibu et al. 2002).
Pseudomonas, Burkholderia, and Enterobacter were found dominant at high drug
level resistance (50-170 w g mL™"). Similarly, by simple, fast, and eco-friendly
method, NPs (30-70 nm) were synthesized by using newly identified Cryphonectria
spp. of genus Cryphonectria and tested at a concentration of 5 pg mL™' for
antibacterial activity against Staph. aureus, E. coli, S. typhi, and Candida albicans,
which showed best activity against S. aureus and E. coli while low activity against
S. typhi and C. albicans. When used in combination with antibiotic, enhanced activity
was observed against the resistant strains, and AgNPs showed more activity at a
concentration of 5 pg mL~' than AgNO3 and antibiotic, streptomycin (Dar et al.
2013). Another study biologically synthesized AgNPs by using fungus Trichoderma
viride, and increased antibacterial activity was observed when using AgNPs with
ampicillin, kanamycin, erythromycin, and chloramphenicol against test strains, and
similar effect was observed against both Gram-positive and Gram-negative strains
(Fayaz et al. 2010). A correlation between ARGs and metal resistance genes was
studied. Animal waste was found as a major source of antibiotic resistance genes in
Chinese dairy farms with high risk of environmental pollution and human health
(Zhou et al. 2016). Another study reported that the use of antibiotics for agriculture
application is the important factor for antibiotic resistance in soil (Ghosh and LaPara
2007). Anthropogenic activities play a significant role to disseminate antibiotic resi-
stance genes (ARGs) in aquatic environments (Fig. 14.2).

Some bacteria in soil may also produce antibiotics and develop resistance
against the produced antibiotics and their products or deposits. A study was
conducted on isolation of 64 forest soil samples (no human activities) from family
Enterobacteriaceae, and susceptibility tests were performed. In few isolates of
E. coli and Citrobacter koseri, blaCTX-M, a gene responsible for resistance was
found. Two of them showed resistance against amikacin (Upadhyay et al. 2016).
This shows the natural phenomenon of antibiotic resistance in bacteria as samples
were collected from forests where no anthropogenic activities exist. Upadhyay et al.
(2016) also reported the cephalosporin resistance in soil, irrespective of human
activities in soil, which provides a perception of environmental risk of antibiotic
resistance and future loss of obtaining antibiotics from soil. Similarly, gentamicin is
an important broad-spectrum antibiotic used against clinical isolates but now has
been found in environmental samples. Im et al. (2016) conducted the screening of
metagenome libraries obtained from soil samples; a fosmid clone (3540 kb) was
carefully chosen as it deliberated strong gentamicin resistance. They suggested soil
metagenome, an important resource for the identification of antibiotic resistance to
overcome antibiotic resistance. Antibiotic resistant was studied in Bradyrhizobium
populations against all the tested antibiotics by Hollowell et al. (2015). They
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Fig. 14.2 Different anthropogenic activities that result in the dissemination of antibiotic resis-
tance genes (ARGs) in aquatic environments (adopted from Marti et al. 2014)

discovered multidrug resistance, spatially structured subsets of resistance traits, and
correlation between strain abundance and resistance traits. Zhang and Dick studied
the soil bacterial isolates from Proteobacteria and Bacteroidetes treated with
penicillin and neomycin antibiotics, which were not only resistant to the antibiotics
but also using the chemicals as sole source of energy for their growth (Fig. 14.3).
Some genes were not found in bacterial isolates but in soils. They reported that
soil has large pool of resistant genes and suggested the need to explore the eco-
logical and health aspects in the future.

Tyc et al. (2014) studied the impact of interactions on antimicrobial activity
among 146 phylogenetically different soil bacterial isolates. Among them, 42%
showed activity in interaction, and 323% showed activity in monoculture. Resistant
bacteria belonging to family Enterobacteriaceae and non-fermenters (both Gram-
positive and Gram-negative) were found prevalent in cattle manure and active
against penicillin and levofloxacin while only resistant to ampicillin, chloramphen-
icol, and ampicillin-sulbactam. So, there is safe management of animal manure to
stop contamination and spread of antibiotic resistance in soil along with protection
of animal, human, and environmental health (Resende et al. 2014).
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Fig. 14.3 Growth curves of isolates containing the antibiotics, penicillin, or neomycin, as sole
carbon source at concentrations of 1000 mg L™' (adopted from Zhang and Dick 2014)

Walsh and Duffy 2013 characterized the multidrug resistant profile in soil bac-
teria. They identified 412 antibiotic resistance in pristine, agriculture, and urban soils
and found no involvement of ESBL, blanypm.1, and plasmid-mediated quinolone
resistance genes. Among them, 80% were found resistant to 16-23 antibiotics.
Similarly, enteric bacteria in dairy soil were found resistant to chloramphenicol,
nalidixic acid, penicillin G, and tetracycline, and this may be due to poor absorption
of antibiotics by animals that might persist on top soils (Burgos et al. 2005). Compre-
hensive analysis, impacts of antibiotic resistance on agroecosystem, and surveillance
program for antibiotic resistant in soil are suggested by different studies (Burgos et al.
2005; Cantas et al. 2013; Rothrock et al. 2016). Some other studies reported the
multidrug resistance in soil samples collected from premises of hospitals and
damping sites of hospital wastes (Modi et al. 2013; Chandan et al. 2013).

14.4 Metallic Nanoparticles vs. Antibiotics Effects

It is important to deliberate that many studies have reported that MNPs not only have
antibacterial activity against certain strains but also enhance the effects of certain anti-
biotics. Synergistic effect of AgNPs with doxycycline was studied against
Klebsiella pneumoniae, and AgNPs enhance the effect of doxycycline against the tested
strain (Kumar et al. 2016). Many other empirical studies supported the same evidence
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that MNPs enhance the activities of antibiotics against bacteria (Birla et al. 2009; Naqvi
et al. 2013). Devi and Joshi (2012) screened the soil isolates from microhabitats for the
synthesis of AgNPs and tested their effectiveness against microbes with and without
combination of antibiotics. Aspergillus terreus SP5, Fusarium sp. MP5, and Paecilo-
myces lilacinus SF1 were isolated and identified by molecular technique (18S rRNA
sequencing) which helped in synthesis of AgNPS. AgNPs synthesized by fungi were
found active against Staphylococcus aureus, Streptococcus pyogenes, Salmonella
enterica, and Enterococcus faecalis when used in combination with erythromycin,
methicillin, chloramphenicol, and ciprofloxacin. In combination, they showed synergistic
effects and higher activity as compared to AgNPS. Similarly, synergistic effects of
AgNPs in combination with ampicillin, erythromycin, kanamycin, chloramphenicol,
amoxicillin, penicillin G, erythromycin, clindamycin, and vancomycin against E. coli,
Pseudomonas aeruginosa, S. typhi, Micrococcus luteus, and S. aureus have been reported
by other studies (Shahverdi et al. 2007; Fayaz et al. 2010). Brown et al. (2012) worked on
ampicillin-resistant strains like E. aerogenes and P. aeruginosa and methicillin-resistant
S. aureus functionalized with Ag and Au nanoparticles (AgNPs and AuNPs). They found
AgNPs as antibacterial agents, but AuNPs were only active in the presence of ampi-
cillin. Both AgINPs and AuNPs functionalized with ampicillin were active against Gram-
positive and Gram-negative bacteria, but there is a need to find the exact mechanism
involved. Similarly, Burygin et al. (2009) reported the enhanced activity of gentamicin
when mixed with AuNPs against E. coli. They further quoted that stable conjugates of
AuNPs coated with antibiotic may enhance antibacterial properties. Similarly, another
study on methicillin-resistant S. aureus has shown resistance to many antibiotics like
nalidixic acid, ciprofloxacin, bacitracin, erythromycin, and vancomycin. Biosynthesis of
Ag,ONPs was performed by using Aspergillus terreus, which were tested and found
active not only against methicillin-resistant S. aureus but also against other pathogenic
bacteria like Mycobacterium tuberculosis (Sangappa and Thiagarajan 2015). Here,
Ag,ONPs showed similar activity like other antibiotics. Allahverdiyev et al. (2011)
reviewed the combining effect of NPs and antibiotics and reported the enhanced effect
of combining NPs and antibiotics at the spot of bacteria-antibiotic interface and decreased
toxicity. Similarly, some other studies showed the enhanced activity of biologically
synthesized MNPs when used in combination with antibiotics. AgNPs were prepared
by using Rhizophora apiculata (15 nm in size) that showed enhanced activity of genta-
micin and chloramphenicol in the presence of AgNPs against E. coli, B. cereus, S. aureus,
and P. mirabilis strains (Dhas et al. 2013). Combining antibiotics with MNPs can prevent
antibiotics-resistant development and can enhance the efficacy of antibiotics against the
resistant strains (Raja and Singh 2013). Panacek et al. (2016) studied the synergistic effect
of combined AgNPs (28 nm) and antibiotics against P. aeruginosa, E. coli, and S. aureus
by using microdilution method and reported strong effect at very low concentration. They
reported that very low concentration of Ag is required for broad-spectrum tested
antibiotics to act against bacteria. Biofilm formation of gram-positive bacteria like
B. subtilis and Gram-negative bacteria like E. coli and Salmonella typhimurium are
affected at very low concentrations by AgNPs than MIC of antibiotics without or
reducing cytotoxicity against mammalian cells (Sanyasi et al. 2016). AgNPs in
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combination with doxycycline have more antibacterial activity than the individual impact
of AgNPs and doxycycline (Fig. 14.4).

Li et al. (2014) studied the effect of AuNPs against multidrug-resistant patho-
genic Gram-positive and Gram-negative bacteria which showed low toxicity to
mammalian cells and no bacterial resistance after using AuNPs. Muhling et al.
(2009) deliberated the impacts of AgNPs on antibiotic resistance bacteria in natural
environment and reported that it depends on bioavailability and behavior of NPs
once it is released into the environment. The enhanced activity of poly (N-vinyl-2-
pyrrolidone) coated with AgNPs (Ag-PVP NPs) against S. aureus, E. coli, and
gentamicin-resistant E. coli was studied. It was observed that gentamicin binds with
dissolved Ag ions and affected the properties of silver ions (Wang et al. 2016).
Collective approach of antibiosis of synthesized NPs and antibiotics is considered
as more effective against microbes than the use of antibiotics alone, and this could
be alternative cures to cope up with multidrug resistance. Ding et al. (2016) quoted
that transfer of antibiotic resistance from dead to live bacteria is not known.
However, they investigated that Al,O3 nanoparticles can facilitate the transfer of
plasmid-facilitated resistance genes in Gram-positive (Staph. aureus) and Gram-
negative (E. coli) bacteria by damaging cell membrane to facilitate the entry of
plasmid. They suggested that nanomaterials are facilitating the microbes in
obtaining resistance against drugs. Similarly, another study reported the transfer
of resistance from E. coli to Salmonella through plasmid by nano-alumina (Qiu
et al. 2012). This can be alarming and rather contradictory to previous studies that
nanomaterials enhance the ability of antibiotics against resistant microbes. It can be
concluded that nanomaterials not only enhance the properties of antibiotics against
resistance but also support the weak microbes in obtaining resistance against
antibiotics. AgNPs impact the bacterial cell in number of ways and have synergistic
effects with antibiotics (Fig. 14.5).

Some other studies reported the green synthesis of MNPs, and enhanced activ-
ities of antibiotics against tested pathogens were observed when combined with
AgNPs (Chauhan et al. 2013; Pantidos and Horsfall 2014; Bhosale et al. 2015).
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Fig. 14.5 Synergistic activity of AgNPs with ampicillin (Amp) against bacteria. (A) Formation of
core silver nanoparticles with ampicillin. (B) Interaction of AgNPs-Amp complex over the cell
wall of bacteria. (C) AgNPs-Amp complex inhibits the formation of cross-links in the peptido-
glycan layer (which provides rigidity to the cell wall), leading to cell wall lysis. (D) AgNPs-Amp
complex prevents the DNA unwinding (adopted from Fayaz et al. 2010)

14.5 Nanoparticle’s Impacts on Soil Microflora, Enzyme
Activity, and Plant’s Growth

Empirical studies have been reported and have observed that plant beneficial
bacteria play an important role in plant’s growth by performing nitrogen fixation,
nitrification, and denitrification processes (Ibekwe et al. 2003), and as reported in
previous studies Ag has toxic effects against bacteria, but toxicity against denitri-
fying bacteria which convert nitrates into N, in aquatic and other environments can
be harmful. Similarly, excess nitrogen is harmful and toxic for plants and can cause
eutrophication in water bodies as well. Frenk et al. (2013) studied the effect of
engineered NPs against soil bacteria which were assessed by determining bacterial
community actions, size, and composition by subsequent exposure to CuO and
magnetite (<50 nm) NPs in two dissimilar soils (sandy loam and clay loam).
Hydrolytic activity, community composition, oxidative potential, and extent were
strongly affected by CuO, while only hydrolytic activity and bacterial communal
composition were affected by Fe;O4. Other soil groups like Rhizobiales and
Sphingobacteriaceae were not affected by addition of CuO to soil. They suggested
that both types of NPs are potentially damaging to soil surroundings, and both
organic substance and clay fraction in diverse soils interact with NPs and reduced
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their toxicity. Concha-Guerrero et al. (2014) studied the impact of CuNPs against
56 bacterial strains which were isolated from soil, including 36 Bacilli strains,
2 Flavobacteria strains, and 18 Gammaproteobacteria strains. Among them,
21 were used for cytotoxicity and 11 showed high susceptibility. The effect of
engineered NPs (Au, Al, fullerenes, etc.) on Rhizobium, a plant growth-promoting
strain (PGRP), was studied, which showed significant cytotoxic effects on soil
bacteria (Mishra and Kumar 2009). Hsueh et al. (2015) studied the impact of ZnO
NPs against B. subtilis (which is a plant beneficial bacterium universally found in
soil for ring formation, biofilm formation, and protein activity) and reported adverse
effects on cell growth, biofilm formation capabilities of B. subtilis. Toxicity of
MNPs is still under investigation and not clearly understood especially in soil
environment. There is a dire need to investigate the effect of MNPs against resistant
strains under natural settings. To promote green technologies, health and environ-
mental impacts should be studied well before spreading the MNPs into the environ-
ment. Simonin and Richaume (2015) studied the impact of MNPs on soil microflora
(Fig. 14.6) and reported the damaging effects of NPs against soil microbes even at
<1 mgkg ' concentration and at >250 mg kg ', and negative effect of CNPs has
been reported. Functionalized MWCNTSs were tested against soil bacterial commu-
nities (Proteobacteria, Actinobacteria, Chloroflexi, and Bacteroidetes), and they
observed no profound effects on tested soil bacterial communities even at high
concentrations; however, they suggested further experimental work for the change
in soil nutrient cycling processes (Chung et al. 2011). Chai et al. (2015) found
positive correlation between soil enzyme activity and total microbial activity and the
presence of more functional bacteria. They further reported that ZnO and CeO, NPs
were found to delay thermogenic metabolism and ultimately diminish numbers of
soil Azotobacter. According to this study, ZnO, CeO,, and TiO, NPs significantly
decreased the numbers of P- and K-solubilizing bacteria and Azotobacter (p < 0.05).

Jin et al. (2013) studied the effect of SWCNTSs on soil enzyme activity and bac-
terial biomass with different concentrations (0—1000 pg g~ ' of soil) of SWCNTs.
SWCNTs (300-1000 pg g~ " soil) considerably dropped activities of most enzymes
and microbial biomass and had negative effect. It is important to note that SWCNTs
showed similar effects to MWCNTSs but at five times lower concentration. They
also reported that it may be due to high surface area-to-volume ratio of SWCNTs
than MWCNTs. It is important for policy making and spread of nanomaterials into
the soil environment. Similarly, the effect of C60 fullerenes (50 nm to micron in
size) was studied on soil microbes and protozoans, and they also reported the effect
on microbial biomass and suggested not to spread the C60 fullerenes and other
nanomaterials into the environment (Johansen et al. 2008), but other study showed
little impact on functions and structure on soil microbes and processes (Tong et al.
2007). Similarly, another study reported the MWCNT’s effect on plant’s growth
and soil microflora. They reported the decrease of Proteobacteria and Verruco-
microbia with more concentration and profusions of Bacteroidetes and Firmicutes
(Khodakovskaya et al. 2013). In contrast to previous studies, the effect of FeO
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magnetic NPs was studied against soil microflora, and they reported positive effect
on C and N of soil and its influence of related soil bacteria using C and N as sole
source of energy but not the whole soil microflora (He et al. 2011). This indicates
the specific and controlled use may help in increasing C and N of soil and beneficial
microflora of soil. Another study reported that bacteria involved in C and P bio-
geochemical cycles are negatively affected by SWCNTSs and have varying effects
on applying higher concentrations (Rodrigues et al. 2013). Toxic effects of CuO
and ZnO NPs were assessed against soil bacteria, and they reported all forms of Zn
toxic to soil bacteria. Assessment of bioavailable metal concentration rather than
general ecotoxicity has been suggested (Rousk et al. 2012). Effects of silica,
palladium, Au, and Cu NPs against soil microbes and the germination of lettuce
seeds were investigated and reported nonsignificant influence of the NPs in the soil
on the no. of CFU, while NPs affected the lettuce seeds growth (Shah and
Belozerova 2009). MNPs like TiO, and ZnO may affect plant growth as enzymes
like protease, catalase, and peroxidase are inhibited, while urease remains undis-
turbed by these MNPs. Titanium dioxide adheres to the cell wall of wheat plants,
while ZnO is dissolved and taken up by wheat plants (Du et al. 2011). Similarly, Ge
etal. (2012) studied the effects of ZnO and TiO, on soil bacteria and reported genus
Bradyrhizobium (symbiotic N,-fixing bacteria) is negatively affected by these NPs,
while genus Streptomyces is positively affected in the presence of these MNPs.
Similarly, family Sphingomonadaceae (decomposers) is also affected positively.
The effect of EMNPs like Ni, Fe, Co, and Ag was studied in winter field conditions,
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and they observed that Ag was distributed and Co and Ni remained on the top layer
of soil when exposed to high precipitation for 50 days. However, Flavobacterium
and Niastella were found increase in number, when analysis of individual genera
was carried out. They found general migration pattern of NPs in soil, and their
effect on microbial diversity was found reliant on environmental conditions (Shah
etal. 2014). Similarly, Kumar et al. 2012 reported toxic behavior of MNPs on arctic
bacterial communities even when applied at modest concentration. Thul et al.
(2013) reported that worked done on toxicity is insufficient and does not convey
any clear evidence on the effect on plant’s growth, and this needs more solid work
on plant beneficial bacteria, but there are some studies that reported negative effects
on plant growth. Similarly, Xing et al. (2016) reported that little is known on effect
of MNPs on plant microbe symbiosis in soil and regarding soil fertility, food
security, and cultivation. A study was conducted to prove that plants absorb
MNPs; butterfly (Atrophaneura alcinous) eggs were hatched after feeding on host
plant’s (Aristolochia debilis) leaves. The roots were dipped in 10 pg mL™" in
100 mL TiO,-NPs suspension, and TiO,-NPs were absorbed and found in leave’s
veins which were later confirmed by X-ray analytical microscopy. TiO,-NPs were
transmitted from the plant to the larvae indicating absorption of MNPs by plants
through roots (Kubo-Irie et al. 2016). Riahi-Madvar et al. (2012) reported the
retarding effect of Al NPs on plant roots and quoted that antioxidant enzymes
decrease the level of free radicals which diminish the toxic effect of NPs on plants.
Similarly, another study reported the effect of engineered NPs on seed germination.
They further quoted that plants not only directly absorb the MNPs but also absorb
after mixing with water which remain in the soil for a long time, if not absorbed
(Fig. 14.7), but contradictory to this study, some other studies reported no effect of
MWCNTs on plant seedlings and germination and reported positive effects (Flores
et al. 2014). Many studies reviewed absorption of nanomaterials in different plants
with different concentrations (Aslani et al. 2014; Chichiricco and Poma 2014). So,
it is clear from the literature that nanomaterials are absorbed by the plants, but
effect of nanomaterials on plant’s growth varies depending on the type of non-
material used along with the concentration on type of plants species (Fig. 14.7).

Many empirical studies studied on the effect of carbon and other MNPs and their
oxides on soil microbial communities. The data were collected between 1975 and
2016 from ISI web of knowledge by using “impact of MNPs on soil microbial
communities” and by changing different metals and carbon NPs keywords. More
work has been conducted on the impact of Ag, Fe, CuO, and fullerenes against soil
microbial communities than other nanomaterials (Fig. 14.8). Simonin and
Richaume (2015) performed the study till July 2014, and the same result has been
reported but till December 2016 showed that not much work has been done to depict
the clear results. More work in future is required to investigate the effect of nano-
materials again soil microbes.

Vesicular-arbuscular mycorrhizae (VAM) form symbiotic association with plant
roots and fungi. TiO,NPs effect was reported on VAM association (Burke et al.
2014). MNPs not only impact and contribute to phytotoxicity but also have effects
on secondary process like metal nutrition. They further quoted that CuO NPs
colonized by Pseudomonas chlororaphis, a root bacterium, had more significant
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Fig. 14.7 Metallic NPs interaction with plants in the soil (adopted from Aslani et al. 2014)
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Fig. 14.8 Article published on the effect of MNPs and oxides on soil microbial flora between
1975 and 2016 (adapted from Simonin and Richaume 2015)

inhibition effect on roots than shoots of the plants when treated with 250 and
500 mg Cu kg~ ', and reduction in root length was observed when treated with
CuO/ZnO mixture at both concentrations and depends on the exposure level
(Dimkpa et al. 2015). A study on impact of NPs on soil bacterial communities
with different pH ranges 4.5-7.2 reported less susceptibility with highest pH and
pH dependent impact of all forms of zinc on bacterial communities. This indicates
soil pH is an important factor in assessing the nanotoxicology against soil bacteria.
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A missing link has been found among NPs, soil living organisms like bacterial
communities, and properties of the soil (Read et al. 2016). Similarly, another study
reported that Ag, CuO, and ZnO NPs have toxic effects against soil microbes which
may be bactericidal or bacteriostatic (Gajjar et al. 2009).

14.6 Toxicity and Health Impacts of Nanoparticles
and Antibiotics

Antibacterial activity of Ag is known for years, and AgNPs are now well studied for
antimicrobial activities with different particle sizes and shapes with variable prop-
erties, but mechanism and toxicity of AgNPs are not well studied (Li et al. 2005;
Mishra and Kumar 2009). It is important to assess the toxicity of Ag and other
metallic NPs against beneficial and harmful microbes in soil as many available
studies fail to identify the significant effects of MNPs on microbes in more complex
systems (Neal 2008). To assess the toxicity of MNPs against soil microbes, it is
important to analyze soil properties, organic contents, pH of soil, texture, and
bioavailability of nutrients and which NPs are tested (EU 2016). Similarly, Simonin
and Richaume (2015) reported that the influence of properties of soil on nano-
particle’s toxicity is not well known. According to Zeliadt (2010), antimicrobial
AgNPs in soil may harm plant growth as AgNPs not only kill the soil microflora but
negatively affect the plant growth. Many other studies quoted in nanomaterial’s
impacts on soil microflora, enzyme activity, and plant’s growth showed the toxic
effect of nanomaterials, and all the previous studies suggested to stop the spread of
nanoparticles and CNTs into the environment (Jin et al. 2013; Khodakovskaya et al.
2013; Johansen et al. 2008). They are inhibiting pathogens, but along with the
benefits, they have significantly negative effect on plant’s growth and reducing
enzyme activity. These may be used under controlled environment and specific in
nature for increasing beneficial microflora (He et al. 2011) against pathogens which
may be helpful in reducing plant’s pathogens. Due to the small size of MNPs and
other nanomaterials, they easily enter soil, absorb, and may enter the food web
through plant’s absorptions. Pan and Xing (2012) suggested the modeling for
MNP’s fate and incusing for regulatory framework for their risk assessment.
Studies proposed the need of more work on the interaction of NPs with soil
microbes under natural settings (Dinesh et al. 2012). Maurer-Hones et al. (2013)
studied the toxicity of nanoparticles in the environment and reported that toxicity is
complex in the ecosystem and fate and transport of nanomaterial in the environment
is unknown. They suggested the need of more analytical work on toxicity due to the
behavior and toxicity of MNPs. This is important for the sustainable development
of nanotechnology and its applications in all the fields especially in soil. Similarly,
Panyala et al. (2008) reviewed the toxicity of AgNPs against soil beneficial bacteria
and reported that little has been done on the effects of MNPs on soil communities,
and they suggested the need of more work on this aspect. They reported that
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whether micro- or nano-Ag may cause problem both in human and the environ-
ment. Aslani et al. (2014) reported the toxicity of MNPs on plants, and it depends on
size, composition, and plant’s species. Similarly, Rana and Kalaichelvan (2013)
reviewed the effect of MNPs on microbes, human, plants, and animals. They
reported that toxicity of MNPs depends on the influence of environmental factor
on bioavailability and natural uptake mechanism. It also varies and depends on the
types of NPs as they behave differently in different environment. They further
quoted that NPs do not degrade as they accumulate in the environment, while some
mineral-based NPs like ZnO dissolve with the passage of time. Toxicity in
microbes by NPs may be due to membrane disorganization or oxidative stress or
generation of reactive oxygen (Niazi and Gu 2009). However, in plants, respiration,
transpiration, and photosynthesis are affected by MNPs after absorption (Rana and
Kalaichelvan 2013). A study on the absorption of AuNPs by tomato plants and
genotoxicity reported that Lycopersicon esculentum can absorb AuNPs and can
cause cellular toxicity (Agtuca 2014). Another study reported that MNPs are most
widely used because of their applications and they can enter the food chain via
terrestrial organisms and have shown adverse effects on gene expression in earth-
worms, but it depends on type and size of the MNPs (Unrine et al. 2008). According
to another study, very limited studies are present on biotransformation of NMs in
food crops (Rico et al. 2011). Plant protection mechanism actively guards the plants
against toxic substances like NPs. A study reported that components of wheat plant
roots change the activity of ZnO and CuO NPs and reported that CuO NP toxicity
could be negated by plant metabolites (Martineau et al. 2014). Similarly, another
study reported the toxicity of ZnO NPs in wheat plants by inhibition of plant roots
by increasing the level of Zn taken from ZnO NPs as compared to control (Watson
etal. 2015). However, 50-90% variations in Zn and Cu toxicity have been observed
by linear regression model, and normal relationship has been recommended in
assessing ecological risks (Warne et al. 2008). MNPs after aggregation in the soil
may have less toxicity as bulk material have less antibacterial effect (Gajjar et al.
2009). Furthermore, aggregation status and MNP properties can be influenced by
different chemical, physical, and biological processes (Pan and Xing 2012).
Although green synthesis of MNPs has significant impacts against drug-resistant
microbes, their mode of synthesis and social and environmental implications
should be considered before use, and risk assessment must be addressed thoroughly
(Rudramurthy et al. 2016; Pantidos and Horsfall 2014). Many other empirical
studies warned the use of nanomaterials in the environment before assessing the
potential impacts of NPs, and they emphasized the conduction of more research
work and training in the field of agriculture (Kardos et al. 2015; Mukhopadhyay
2014). Environmental health risk using Al,O5 in obtaining antibiotic resistance has
been highlighted (Ding et al. 2016).
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14.7 Conclusion

It can be concluded from the above review study that MNPs or other nanomaterials
like fullerenes and CNTs have certain impacts against bacteria. Nanomaterials are
synthesized naturally or synthetically in the labs. Biosynthesis is common and used
for the green synthesis of MNPs and used against pathogens. Empirical studies have
shown the toxic effects of MNPs against pathogenic bacteria both in human and
environmental samples, but studies against plant beneficial bacteria is still lacking
and need more work on this important aspect. The role of MNPs in plant’s growth
and the effect of MNPs on enzymes are clear and reported by certain studies that
MNPs have great impact on enzymes which have important role in plant’s growth,
such as protease, catalase, and peroxidase which are inhibited by applying MNPs.
From the studies, it has been observed that effect of nanomaterials on plant’s
growth varies depending on the type of nanomaterial used along with the concen-
tration on the type of plants species. Impacts of MNPs on plant beneficial bacteria
were found negative and cytotoxic, but more work is required to clarify the situation
in more complex system and under natural settings. MNPs showed synergistic
effects and enhanced the effect of antibiotics against pathogens and resistant strains,
but some studies indicated nano-alumina promotes resistance through plasmids in
certain genera. MNPs may be more active when used in combination with anti-
biotics and may have fruitful results when used against resistant strains. Further
studies on elucidation of impacts of MNPs and other nanomaterials on plant
growth-promoting bacteria and sensitive microbes in obtaining resistance or trans-
formation of antibiotic resistance genes in the presence of certain NPs are essential
and recommended in future studies.
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Chapter 15

The Effects of Antibiotics on the Structure,
Diversity, and Function of a Soil Microbial
Community

Anna Piotrowska-Dlugosz

15.1 Introduction

A wide variety of antibiotics are extensively applied worldwide as drugs for
preventing or treating human, animal, and plant infections or as feed additives for
animal to prevent diseases as well as growth promotion (Kumar et al. 2005; Aust
et al. 2008; Martinez 2009; Du and Liu 2012). As not all antibiotics are metabolized
completely in the human and animal digestive system, between 30 and 90% of these
compounds, either unaltered or as metabolites as well as degradation products,
some of which are still bioactive, are excreted from a body together with urine and
feces and subsequently spread into the environment together with different forms of
urban wastes, biosolids, and manures (Sarmah et al. 2006; Fang et al. 2014). In fact,
a significant amount of antibiotics and their metabolites are introduced into the soil
and water through fertilization and irrigation with antibiotic-polluted manures,
biosolids, sewage sludge, sediments, and wastewaters (Du and Liu 2012). The
periods for the detection of various antibiotics in soils range from days to months
after an application (Hamscher et al. 2002), depending on the antibiotic being used
and the corresponding degradation kinetics (Miiller et al. 2002; De Liguoro et al.
2003). The most slowly degrading antibiotics can accumulate in the soil due to the
repeated applications of manure. As a result, the amounts of antibiotic that are
found in soils often far exceed the recommended value of 100 pg kg™ (EMEA
2008) and often reach values in the range of a mg per kg. Subsequently, the
accumulation of antibiotics in soil makes them potentially hazardous to nontarget
bacteria and other soil organisms (Baguer et al. 2000). Besides unaltered
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antibiotics, considerable amounts of antibiotic-resistant bacteria and resistance
genes (ARGs) are also introduced into soil via the organic amendments that are
used as fertilizers (Heuer et al. 2011; Zhu et al. 2013). Bacteria have been shown to
readily exchange genetic information in nature, thus permitting the transfer of
different resistance mechanisms already present in the environment from one
bacterium to another (Salyers and Amabile-Cuevas 1997). Antibiotic resistance
has received considerable attention due to the problem of the emergence and rapid
expansion of antibiotic-resistant pathogenic bacteria. Therefore, it is necessary to
understand the environmental impact of the antibiotics and ARGs that are associ-
ated with the application of animal manures or other organic amendments on
agricultural land. Although these substances have been considered harmless, until
recently, their potential as contaminants is now in focus, and there is a growing
interest in their fate and long-term effects on soils and waters (Vaclavik et al. 2004).
The environmental risks of antibiotics have been studied less frequently compared
to pesticides and biocides.

Soil microorganisms play an important role in many ecosystem processes such
as the biogeochemical cycling of nutrients, soil structural and hydrological prop-
erties, and energy flow (Schulz et al. 2013). Thus, maintenance of the biological
activity in the soil is generally regarded as a key feature of sustainable production in
order to ensure the functions of an ecosystem (Swift 1994) and soil microbial
properties are often used as indicators of soil quality (Schloter et al. 2003; Bastida
et al. 2008; Navas et al. 2011). Although antibiotics in soil can potentially affect
natural microbiological systems, their effects on the structure and function on a soil
microbial community are not well understood. It is believed that antibiotics disturb
the complex soil microbial system, even though its environmental concentration is
below the clinically relevant minimum inhibitory concentration (Jechalke et al.
2014), although other authors have indicated that primarily higher doses of antibi-
otics, those that exceed environmentally relevant concentrations, negatively affect
soil microorganisms (Kotzerke et al. 2008). It is worth stressing that many previous
studies were conducted with doses of antibiotics in the range of mg per kg soil,
whereas the antibiotics that are typically found in soil treated with animal manures
are in the range of ug per kg (Hamscher et al. 2005; Blackwell et al. 2007; Aust et al.
2008; Song et al. 2010).

Antibiotics may affect microorganisms by reducing their number, biochemical
activity, and diversity and by changing the microbial community structure (Bansal
and Srivastava 2014). In fact, antibiotics applied with manure can lead to the
enrichment of particular bacterial taxa in soil while suppressing others as was
recently shown for the sulfadiazine antibiotic SDZ (Ding et al. 2014). A number
of studies have reported the impact of antibiotics on various microbial activity
indices such as respiration (Vaclavik et al. 2004; Kotzerke et al. 2008), nitrification
(Gomez et al. 1996; Toth et al. 2011), iron reduction (Thiele-Bruhn 2005; Toth et al.
2011), and enzyme activities (Liu et al. 2009; Gutiérrez et al. 2010; Chen et al. 2013;
Liu et al. 2014). The effects of antibiotics on the micro-ecosystems also included
changes in microbial diversity and structure (Liu et al. 2012a, b; Ding et al. 2014)
and an increase in antibiotic resistance (Heuer and Smalla 2007). The induction of
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the possible resistance in bacterial strains in the environment is the main current
concern connected with these compounds (Vaclavik et al. 2004). It was suggested
that manure-derived bacteria might not be well adapted to the soil conditions, and
this would lead to a decrease in the abundance of resistant bacteria that are applied
with manure over time (Hammesfahr et al. 2008; Heuer et al. 2011). However, the
resistance genes from manure bacteria are often located on translocative elements
such as integrons, transposons, and the insertion sequence common region (ISCR)
elements that can be efficiently transferred into soil bacteria by conjugative elements
such as broad host-range plasmids (Heuer et al. 2011). In microcosm experiments,
manure spiked with SDZ increased the abundance of su//- and sul/2-resistant genes
in soil over a period of at least 2 months (Heuer and Smalla 2007), and repeated
application of manure with SDZ even led to an accumulation of su// and sul2 genes
in the soil bacterial community, as compared with manure without SDZ and
untreated soil (Heuer et al. 2011). Additionally, the application of manure
containing SDZ significantly increased the proportion of SDZ-resistant cultivable
bacteria and the frequencies of SDZ-resistance-plasmid capture in Escherichia coli
(Heuer and Smalla 2007). The application of nutrients such as manure to the
oligotrophic soil environment likely contributes to the effect of bacteriostatic anti-
biotics such as SDZ by stimulating horizontal gene transfer, as well as bacterial
growth, because these antibiotics only affect growing bacteria (Brandt et al. 2009).
In field experiments, it was shown that pig manure containing SDZ increased the
abundance of su// and sul2 in soil relative to 16S rRNA genes and the transferability
of sulfonamide resistance compared to manure without SDZ (Kopmann et al. 2013;
Jechalke et al. 2013).

15.2 Factors Influencing the Effects of Antibiotics on Soil
Microbial Communities

Many factors could affect the distribution of antibiotics in soil and their impact on
microbial communities (Akimenko et al. 2015). The soil texture, absorption on soil
particles, degradation, leaching, and uptake by plants and microorganisms are of the
most importance (Hu et al. 2010). The various concentrations and lengths of
exposure as well as differences in the chemical properties of antibiotics are also
major factors (Jechalke et al. 2014).

Sorption-desorption is one of the major key processes that regulate the concen-
tration of antibiotics in soil and hence their bioavailability to microorganisms (Tolls
2001). The antibiotics may be adsorbed on soil depending on the physical and
chemical characteristics of the specific antibiotic and the particular soil. Antibiotics
interact with soil surfaces through a variety of processes (e.g., hydrogen bonding,
van der Waals forces, hydrophobic bonding, ion exchange, etc.) (Thiele-Bruhn et al.
2004). The extent of these processes depends on the characteristics of (1) the soil
solid phase (e.g., organic matter and types of clay minerals) (Thiele-Bruhn 2003),
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(2) the solution phase (e.g., pH and ion composition) (Boxall et al. 2003), and (3) the
antibiotic (water solubility and functional groups) (Boxall et al. 2003). Sorption is an
essential process because it controls the amount of chemicals that can be mobilized
into surface water and groundwater and the amount that can be degraded by a variety
of chemical and biological processes. Sorption can be fast and complete, sometimes
taking only a few hours, as in the case of sulfonamides (Jones et al. 2005). The extent
of sorption is commonly described by the distribution coefficient Kd of a compound,
which is commonly determined in sorption isotherm experiments. Distribution
coefficients for many antibiotics range from 0.2 to 6000 ml g~' (Tolls 2001).
Antibiotics with low distribution coefficients tend to be highly mobile and bioavail-
able compared to antibiotics with high coefficients. Tetracyclines have high Kd
values (417-1026 ml g') and a strong combination with soil particles. Thus, they
were relatively stable and not easily migrated in soils (Lunestad and Goksgyr 1990).
By contrast, the Kd values of sulfonamides were 0.9-18.1 ml g~', which suggested
that sulfonamides had a strong water solubility, and therefore it was easy for them to
move down from the surface soil (Boxall et al. 2003). Antibiotic adsorption in soil is
facilitated by soil organic matter (SOM). For example, sulfapyridine adsorption
increases on manure with a greater SOM content because this manure contains many
lipids and lignin dimmers (de la Torre et al. 2012). pH is one of the most important
regulators of antibiotic adsorption on mineral and organic surfaces because of the
electrostatic forces involved in the process (Li et al. 2010). Adsorption is greater
when the soil pH is near the dissociation pKa of antibiotics. The cationic forms of
antibiotics are attracted by negatively charged surfaces, e.g., tylosin A, which at a
cationic form at pH 7.8 binds negatively charged organic compounds through
electrostatic interaction (Thiele-Bruhn 2003). Du and Liu (2012) reported a similar
pH dependency for sulfathiazole and sulfamethazine adsorption on soil.
Antibiotics may also be degraded into simpler compounds by abiotic (e.g.,
hydrolysis) or biotic (e.g., enzymatic degradation) processes. Degradation of anti-
biotics is important because once broken down they often pose less of an adverse
affect on microorganisms (Gavalchin and Katz 1994). The rate of degradation of an
antibiotic is mainly described by its half-life, which is defined as the amount of time
it takes to reduce the concentration of the compound by one half of its original
amount. For many antibiotics, half-lives can range from less than a day (e.g.,
penicillin) to more than a year (e.g., tetracycline) (Zuccato et al. 2001). For
antibiotics with long half-lives, adverse affects on soil microorganisms may persist
for long periods after soil amendments (Halling-Sgrensen et al. 2005; Furtula et al.
2010). Halling-Sgrensen et al. (2005) found chlortetracycline’s half-life in soil to be
in the range of 20-42 days. Relatively mobile sulfonamides persisted at low
concentrations (15% of the applied concentration) for at least 3 months (Stoob
et al. 2006), while monensin was not detectable in soil within 1 month of its
application (Donoho 1984). Many antibiotics can be degraded into simpler com-
pounds by microbial enzymes, whose mechanisms of inactivation were proposed by
Wright (2005) (Table 15.1). A classic example is the hydrolytic deactivation of the
B-lactam ring in penicillins and cephalosporins by the bacterial enzyme called
B-lactamase. The inactivated penicilloic acid will then be ineffective in binding to
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Table 15.1 Enzymatic
strategies of antibiotic
inactivation

Strategy Type Antibiotics affected

Hydrolysis p-lactam
Macrolides

Group transfer Acyl Aminoglycoside
Chloramphenicol
Type A streptogramin

Phosphoryl Aminoglycoside
Macrolide
Rifamycin
Peptide

Thiol Fosfomycin

Nucleotidyl Aminoglycoside
Lincosamide
ADP-ribosyl Rifamycin
Glycosyl Macrolide
Rifamycin

Other Redox Tetracycline
Rifamycin
Type A streptogramin

Lyase Type B streptogramin
Adopted from Wright (2005)

the penicillin-binding proteins (PBPs), thereby protecting the process of cell wall
synthesis (Byarugaba 2009). Using glutathione S-transferases (GSTs), which cata-
lyze the conjugation of reduced glutathione with a variety of hydrophobic
chemicals containing electrophilic centers, tetracycline, sulfathiazole, and ampicil-
lin were transformed into components that were nontoxic to microorganisms (Park
and Choung 2007). The initial concentrations of tetracycline, sulfathiazole, and
ampicillin were 100 mg L™, 100 mg L™, and 50 mg L™, respectively. They were
60—70% transformed by GSTs at the end of the degradation reaction. This lowered
their inhibitory strength against microorganisms.

Antibiotic efficacy is also dependent on its concentration and on the amount of
time that microorganisms are exposed to these compounds. Antibiotic bioavailabil-
ity is directly dependent on its affinity with the soil and as was seen above, on soil
texture and pH. In some cases, concentrations higher than those that are commonly
found in soils can not only exert a bacteriostatic action but can even kill microor-
ganisms that are sensitive to antibiotics. By contrast, lower concentrations can have
only inhibitory effects or have no affect microorganisms at all (Ding and He 2010).

Some authors assumed a reduction in the effects of antibiotics on soil microor-
ganisms over time, which was due to the degradation and binding of the chemical
compounds, on the one hand, and the adaptation of resistant populations, on the
other hand (Kotzerke et al. 2008). Liu et al. (2014) found that microbial properties
were more affected by the incubation time than they were by the DOM and/or CTC
treatments. This finding was consistent with several previously reported studies
(Bundy et al. 2004; Bohme et al. 2005), but disagreed with the results of
Hammesfahr et al. (2008), who indicated that the factor of incubation time was
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less important than treatment. After 1-4 days of incubation, the recovery of SDZ
from soil that had been treated with 10 mg SDZ kg™ ranged from 1.2 to 3.4 mg SDZ
kg ', whereas after 32 days of incubation, almost no SDZ was detectable (Kotzerke
et al. 2008). In the study of Hund-Rinke et al. (2004), at the beginning of the
experiment, about 65-96% of the applied concentrations of TC were determined,
decreasing to 16-28% at the end of the study (after 16 weeks). Thiele-Bruhn and
Beck (2005) noticed that there was a reduction in substrate-induced respiration
(SIR) in sandy soil after a 24 h exposure to sulfapyridine and oxytetracycline.
Incubation for another 24 h resulted in an SIR reduction in the loamy soil. The
authors attributed the reduction in SIR in the sandy soil to a decrease in the
bioavailable antibiotic fraction and the microbial community’s adaptation to soil
spiked with antibiotics and the development of resistance.

15.3 Antibiotics as Agents that Affect the Structure
and Diversity of a Soil Microbial Community

Some earlier studies indicated the significant influence of antibiotics on soil
microorganisms. Thus, sulfonamides have commonly been reported to affect or
inhibit soil microorganisms (Ma et al. 2014; Wang et al. 2016). Westergaard et al.
(2001) found that tylosin, which was amended to agricultural soils at a rate of
3000 mg kg ™', influenced the abundance of bacteria, fungi, and protozoa. Colinas
et al. (1994) found that the antibiotics oxytetracycline and penicillin at concen-
trations of 10 mg kg™' in forest soil decreased the total and active microbial cell
counts by approximately 80%. In turn, the total bacterial and fungal biomass of
soils receiving low and moderate oxytetracycline (OTC) inputs of less than
15 mg kg~' were enhanced, while those in soils that had an extremely high
OTC dose of 200 mg kg~ ' were significantly depressed (Chen et al. 2013). The
authors suggested that the manure in which the OTC was incorporated diminished
the toxic effects of the antibiotics. Additionally, the aboveground vegetative
covers enhanced the total microbial biomass in the soil receiving low and mod-
erate OTC doses. The study of Bansal and Srivastava (2014) indicated that the
total bacterial population was affected by three antibiotics—tetracycline (TC),
chlortetracycline (CTC), and oxytetracycline (OTC), which were used at three
different concentrations (50, 100, and 200 mg kg™' soil). The bacterial population
decreased significantly with an increase of antibiotics concentration in all of the
studied soil depths (0-15, 15-30, 30-45, and 45-60 cm) along with an increase in
the length of application. An increase of a bacterial population after antibiotics
application over time might be due to dissipation of antibiotics and/or due to the
development of antibiotic-resistant bacteria (Byarugaba 2009). These phenomena
could be expected as a result of the utilization of antibiotics that are used as the
source of carbon and other nutrient elements by soil bacteria (Zhang and Dick
2014). Different microbial properties and some laboratory techniques have been
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used to assess the influence of antibiotics and resistant genes on soil microbial
communities. The most often studied soil microbial properties and the appropriate
techniques are presented in Table 15.2.

Recently, the overall microbial community structure in soil under antibiotic
pressure has often been studied by monitoring changes in the phospholipid fatty
acid patterns or PCR-denaturing gradient gel electrophoresis (DGGE) of 16S rDNA
(e.g., Thiele-Bruhn and Beck 2005; Zielezny et al. 2006; Gutiérrez et al. 2010). The
last molecular method, which is based on recovery of community DNA from soil,
offers a great potential for investigating the nonculturable part of complex micro-
bial communities. DGGE has previously detected an altered genetic structure of a
bacterial community due to environmental disturbances such as heavy metals or
pesticide applications (Westergaard et al. 2001).

In the study of Gutiérrez et al. (2010), the effect of three commonly used and
simultaneously applied sulfonamide antibiotics on the profiles of phospholipid fatty
acids (PLFAs) was determined. Soil samples were applied with either mineral water
only (W-treatments), liquid manure (M-treatments), or with glucose only
(G-treatments), and with each of these were treated with a cocktail of three
sulfonamides—sulfadimethoxine  (SDT), sulfamethoxazole (SMX), and
sulfamethazine (SMZ) at five total concentration levels ranging from 0 (control)
to 900 mg kgdnf1 (G-0-G-900) (Table 15.3). The lower PLFA, concentrations in
the treatments G-90 and G-900 compared to G-0 were consistent with the findings
of Thiele-Bruhn and Beck (2005). Under similar conditions (glucose addition,
incubation time of 14 days), they reported a reduction in the microbial biomass at
1000 mg kg~ ' of sulfapyridine by 55% compared to the control, while a
sulfapyridine concentration of 100 mg kg~ ' decreased the microbial biomass by
only 10%. The addition of sulfonamides caused a relative shift in the bacterial
community toward gram-negative bacteria and increased the proportion of the
fungal biomass compared to the bacterial biomass. This shift of the microbial
community structure toward fungi is in line with the results presented by Thiele-
Bruhn and Beck (2005), who amended a sandy soil with maize straw, glucose, and
sulfapyridine. For a concentration of 1000 mg kg™, they reported an increased
concentration of fungal ergosterol, while the total microbial biomass decreased. A
smaller increase of the gram-positive compared to the gram-negative indicator
PLFAs was also found in the test units containing manure and additionally
500 mg kg™' TC per kg dry mass after 8 weeks of the experiment (Hund-Rinke
et al. 2004).

None of the most commonly used antibiotics in poultry feed (bacitracin,
roxarsone, virginiamycin) applied in the environmentally relevant doses (up to
1 mg kg™") significantly influenced either the concentration of the total FAMEs or
the content of any specific FAMEs (59 types) compared to the control soils
(Banerjee and D’Angelo 2013). Soil microbial community composition was only
affected when antibiotics (expect of bacitracin) were used in a dose of 100 mg kg™
with 1.2—1.6-fold increase in the relative amount of 16:1w7 and 18:1w7, which are
biomarkers of aerobic gram-negative bacteria. This could be explained by the fact
that this group of bacteria has gained competitive advantages over other microbial
groups in the soil, whose growth was inhibited by antibiotics.
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Table 15.3 PLFA concentrations (nmol gy, '; indices—g+, gram-positive; g—, gram-negative;
bact, sum of gram-positive and gram-negative bacteria; fungi, fungal markers; tot, sum of all
analyzed PLFA) of selected microbial groups in different treatments at r = 168 and t = 504 h
PLFA,. PLFA,_ PLFApa¢ PLFA i PLFA,
168h [504h |[168h |[504h |[168h |504h |168h [504h |168h |504h
GO 246 n/a 281 n/a 527 n/a 36 n/a 856 n/a
G 90 152 269 265 420 417 689 28 42 773 1259
G900 |99 114 177 173 276 287 34 24 524 529
MO 244 244 365 350 609 594 28 32 1117 | 1144
wo 270 n/a 278 n/a 548 n/a 18 n/a 904 n/a
n/a, not analyzed; G 0, G 90, G 900, sulfonamide concentration (pg gdmfl); M 0, manure treatment

only; W 0, water treatment only
Adopted from Gutiérrez et al. (2010)

No effect of sulfadiazine (SDZ) and chlortetracycline (CTC) at three different
doses (1, 10, 50 mg kg soil) on the bacterial community structure was found by
Zielezny et al. (2006) when changes were visualized using PCR-denaturing gradi-
ent gel electrophoresis (DGGE) of 16S rDNA that had been derived from soil
samples after 1, 7, 11, and 48 days. In the presence of glucose (5 g kg™'), SDZ
affected the bacterial community structure, and a clear relationship between SDZ
concentrations and changes in DGGE patterns became visible. Additional bands
appeared, and some bands that were already visible at the beginning of incubations
increased in intensity. In the study of Westergaard et al. (2001), a different number
of bands compared to the control were found in the soil treated with tylosin. At day
15 in the tylosin-treated soil, the number of bands on the DGGE profiles decreased,
and two bands had a high intensity, thus indicating that a few types of bacteria were
responsible for growth. The results of DGGE profiles showed a shift in the bacterial
population from cells that were hard to lyse in the control soil to more easily lysable
cells in the tylosin-treated soil. Tylosin acts mainly on gram-positive bacteria,
which are generally more resistant to lyse than gram-negative bacteria (McGuire
etal. 1961). Miiller et al. (2002), who investigated the effect of antibiotic tylosin on
a soil bacterial community using denaturing gradient gel electrophoresis (DGGE)
analysis, found a small difference in the diversity in the 16S rDNA of the samples
compared to the control soil.

15.4 Influence of Antibiotics on Microbial Growth
and Activity

Antibiotics not only modify the structure of the soil microbial community but also its
function. The microbial community function influenced by antibiotic treatment was
characterized by investigating some parameters such as the community-level physio-
logical profile (CLPP), soil respiration, microbial nitrogen turnover, nitrification, iron
reduction, and the activities of several soil enzymes (e.g., Hund-Rinke et al. 2004;
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Thiele-Bruhn and Beck 2005; Boleas et al. 2005; Zielezny et al. 2006; Pinna et al.
2010; Toth et al. 2011; Fang et al. 2014; Bansal 2015; Cao et al. 2015).

15.4.1 Soil Respiration

Respiratory activity in the soil was measured in order to study the effect of
sulfadiazine (SDZ) and chlortetracycline (CTC) at three different concentrations
(1, 10, 50 mg kg~" soil) on soil microbial activity (Zielezny et al. 2006). According
to the authors, neither SDZ nor CTC significantly influenced respiration during
20 days of incubation. CTC probably had no effect on respiration because of its
strong inactivation in the presence of the orthic luvisol soil that the authors used in
the experiment. Similarly, tetracycline (TC) had no influence on the soil respiratory
activity at concentrations up to 50 mg kg™' soil in the study of Hund-Rinke et al.
(2004). What is more, soil respiration was not affected regardless of the type of
antibiotics or their environmentally relevant concentrations (up to 200 pg kg™ for
sulfadimethoxine, no more than 30 pg kg™ for chlortetracycline and 100 pg kg™ for
monensin) during 50 days of the experiment that was carried out by Toth et al.
(2011). The lack of the effects of antibiotic treatment on soil respiration could be
explained by the fact that this is a universal process that is carried out by all of the
types of organisms that inhabit soil. The data obtained by the above-mentioned
authors are in contrast with the data presented by Vaclavik et al. (2004), who
found a 1.3-1.7 times increase in respiration compared to the background
respiration with different tetracyclines (including CTC), sulfonamides, and a
sulfachloropyridazines, at initial concentrations of 60 and 600 mg kg™ soil.
Because of the absence of a lag phase and the fact that the antibiotics themselves
could be quantitatively re-extracted at the end of the incubation, the authors
concluded that the antibiotics did not serve as substrates but that the reason for
the increased respiration remained unclear.

Visible inhibiting effects of antibiotics on soil respiration have been noted in some
studies, whereat the doses of antibiotics were usually high. Boleas et al. (2005) observed
inhibitions of soil respiration in the range of 16-25% and 28-38% in soils spiked with
100 and 1000 mg OTC kg™ soil (Fig. 15.1). Earlier, Friind et al. (2000) found an
inhibiting effect on the microbial respiration activity at 133 mg kg™ of tetracycline. In
the study of Hund-Rinke et al. (2004), the inhibiting effect of TC on substrate-induced
respiration was only detected at the highest concentration (500 mg kg™") in the presence
of pig manure rich in TC resistance genes. The low effects of TC on soil microbial
activity can be explained by the strong sorption of the substance to soil resulting in a low
bioavailability. According to Tolls (2001), TC displays very high Kd values
(11002000 ml g ™). For OTC distribution, quotients of 417 ml g™' in sandy soil and
1026 ml g~ in a sandy loam were determined, and the antibiotic could not be detected in
the leachate of the soil column (Rabglle and Spliid 2000).

Similarly, in the study of Liu et al. (2009) little effects of tetracyclines and
tylosin on soil microbial respiration were noted, with statistically significant vari-
ations observed only at the higher concentration levels. As was mentioned by the
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Fig. 15.1 Effects of oxytetracycline on the microbial respiration (measured as CO, production) of
the soil used for setting the system (reproduced from Boleas et al. 2005)

authors, the sorption and degradation processes played certain roles in reducing the
effects of these antibiotics. These three compounds exhibited strong adsorption into
soil and were therefore less bioavailable (Sarmah et al. 2006). Earlier studies found
that tylosin was not persistent in soil, and its DT50 (dissipation half-lives) was no
more than 1 week (Hu and Coats 2007). In the study of Liu et al. (2009), tylosin had
a DT50 of 8 days in the soil and that is why it does not accumulate in soil and poses
very little risk to the soil microbial respiration process (Blackwell et al., 2007).
Tetracyclines had DT50 values of more than 20 days in the soil used in the same
study. Additionally, as was stated by Kemper (2008), Pils and Laird (2007), and
Zielezny et al. (2006), tetracyclines show strong adsorption and can form com-
plexes with cations such as the calcium in soil, which could significantly reduce the
bioavailability and effects of tetracyclines on soil microbial respiration. In the
recent study of Wang et al. (2016), doxycycline (DOX) application showed a
generally positive effect on soil-induced respiration that was investigated using a
MicroResp™ system.

Since no effects could be observed on bacterial population activity in the
samples with soil and antibiotics, further incubations were conducted in the pres-
ence of an additional assimilable carbon source (5 g glucose kg™' soil) (Zielezny
et al. 2006). With substrate-induced respiration (SIR) concentrations of SDZ and
CTC up to 50 mg kg™, soil showed no differences in respiration rates during the
first 6-8 h compared to the addition of glucose alone. This was expected because
the antibiotic activity of SDZ and CTC is based on the inhibition of folic acid and
protein synthesis, respectively, and thus they should mainly have a growth inhib-
itory effect. For that reason, in order to determine any antimicrobial effects with
SIR, the incubation time should be long enough to enable microorganisms to grow.
That is why, Thiele-Bruhn and Beck (2005) extended the incubation time in their
experiments to 48 h, and the respiratory activity in the experiments of Zielezny
et al. (2006) showed a clear delay of 36 h at the beginning of exponentially
increasing oxygen consumption.
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Some studies have indicated that the effect of selected antibiotics on soil
microbial respiration was time dependent (Liu et al. 2009). The increasing rates
of sulfonamides (sulfamethoxazole and sulfamethazine) and trimethoprim in the
study of Liu et al. (2009) were found to cause significant decreases in soil respira-
tion within the first 4 days, while the values of this parameter increased significantly
after this period. As was explained by Thiele-Bruhn and Beck (2005), the increase
in soil respiration after a few days could be due to the decrease in the bioavailable
antibiotic fraction and an increasing adaptation and resistance of the soil microor-
ganisms. The DT50 values for three compounds (sulfamethoxazole,
sulfamethazine, and trimethoprim) ranged from 2 to 5 days. That is why the
recovery of soil respiration after the first 4 days was partially due to the significant
loss of these antibiotics in the soil. Fang et al. (2014) studied the effects of
antibiotics (SDZ and CTC) on soil respiration with five different treatments (con-
trol, manure, manure + SDZ, manure + CTC, and manure + SDZ + CTC)
(Fig. 15.2). Soil respiration was measured 5 times, at 60-day intervals. Soil
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Fig. 15.2 Effects of SDZ and CTC, alone and in combination, together with manure on soil
respiration. Respiration was measured as the cumulative CO, generated during 0—7 h and 7-24 h
within different incubation periods during five repeated treatments. The first, second, third, fourth,
and fifth treatments are designated by first, second, third, fourth, and fifth, respectively. The error
bars represent the standard deviation of three replicates (reproduced from Fang et al. 2014)
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respiration activity with increasing SDZ or CTC treatment was inhibited during the
initial two treatments, and then it gradually recovered or reached the levels that
were observed in an individual manure treatment. This trend may be due to the
initial inhibitory effect of antibiotics on microbial populations followed by the
formation and substantive proliferation of tolerant or resistant microbial
populations, thus leading to a shift in the microbial community structure. An initial
(up to 4 days) reduction in the CO, flux and its subsequent recovery were also found
by Kotzerke et al. (2008) after 32 days in two arable soils after the application of
manures containing 10 or 100 mg kg™' SDZ.

15.4.2 Community-Level Physiological Profile

Community-level physiological profile (CLPP) assessed using BIOLOG
Microplate have been widely used to investigate the functional diversity of soil
microbial communities (Garland 1997; Méder et al. 2002; Li et al. 2004). Despite a
number of limitations, e.g., reflecting only a part of microbial community in
environmental samples because of the focus on bacterial species that are able to
respond rapidly to the substrates, domination of fast-growing species in substrate
utilization, and changes in community composition during growth (Smalla et al.
1998; Preston-Mafham et al. 2002), the method can provide insights into the effect
of a disturbance on microorganisms and was widely used to investigate the func-
tional diversity of soil microbial communities in different environments (Gomez
et al. 2006; Andersen et al. 2010; Zhang et al. 2010).

A 2-month-long study was undertaken to determine the effect of the antibiotic
tylosin on the soil microbial community structure and function (Westergaard et al.
2001). The investigation of the community substrate utilization pattern that was
obtained using Ecoplates® showed no differences in the number of substrates that
were utilized between tylosin-treated and untreated soil. Thirty-one Ecoplates®
substrates were selected according to the separation power of the environmental
samples (Insam 1997). When using 23 of the substrates, a better differentiation of
the diversity was found compared to the 95 substrates from Biolog GN plates
(Derry et al. 1998), but the resolution of the microbial communities appeared to
be reduced. In the study of Westergaard et al. (2001), the Ecoplates® were able to
detect differences in the community structure but not in diversity. The parameters
of CLPP were not inhibited by sulfadimethoxine, monensin, and chlortetracycline
when spiked into manure and mixed with soil at environmentally relevant doses
(up to 200 pg kg™" soil) in a laboratory study (Toth et al. 2011).

In the study of Liu et al. (2012a), the influence of two antibiotics (sulfamethox-
azole (SMX) and chlortetracycline (CTC)) at doses of 0, 1, 10, 40, and 100 mg kg’1
(additionally 300 mg CTC kg™") on CLPP in soil samples were analyzed at 7 and
21 days of incubation. When these broad-spectrum antibiotics reach the environ-
ment, the antibiotic parent compounds may exert an antibacterial potency toward
bacteria (Halling-Sgrensen et al. 2002; Hammesfahr et al. 2010). At day 7, SMX
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addition showed an obvious inhibition effect on AWCD as compared to the control.
In particular, the highest SMX concentration of 100 mg kg~ had the lowest
utilization rate of the carbon substances and obtained a significant inhibition effect
(p < 0.05) on AWCD (average well color development) compared to the other
treatments (Liu et al. 2012a). On the other hand, the treatments with higher SMX
concentrations increased AWCD at day 21. The CTC had less of an effect on soil
microbial community function during the entire incubation period. At day 7, sub-
strate utilization was similar between the control and CTC treatments. Even the
dose of 300 mg CTC kg™ had no remarkable effect on microbial activity at day
7, and it significantly increased AWCD at day 21. The improvement of soil
microbial community function that was caused by antibiotic addition in the late
incubation period of the study compared with the control (Liu et al. 2012a) could
indicate that antibiotics may act as nutrients for soil microbial growth (Schmitt et al.
2005; Thiele-Bruhn and Beck 2005; Westergaard et al. 2001). Similar results of the
effects of tetracycline on a soil microbial community were also found earlier by
Hund-Rinke et al. (2004) and Zielezny et al. (2006). The differences in the influence
of SMX and CTC were probably caused by their different adsorption tendency to
soil and CTC showed a strong adsorption to soil organic matter and clay minerals
(Kemper 2008; Zielezny et al. 2006). The strong adsorption of tetracyclines with
soil resulted in low bioavailability for soil bacteria and mitigated the antibacterial
effects (Sarmah et al. 2006; Schmitt et al. 2005; Thiele-Bruhn 2003).

The findings of Liu et al. (2012b) suggested that the addition of OTC stimulates
soil microbial activities at a certain content. Their results showed that along with an
increase of OTC in a 7-week greenhouse pot experiment, AWCD values increased
with a peak at 200 mg kg~' OTC and the utilization of sugar and its derivatives were
enhanced. The higher AWCD of the soil microbial composition, which indicates
high microbial activity, could be partly due to the stress effect of OTC on soil
microorganisms, or due to higher energy demands for their survival and finally for
changes in the microbial community composition (Liu et al. 2012b).

15.4.3 Soil Enzymatic Activity and Biochemical Processes

Enzymatic Activity

Enzymatic activity could reflect the activities of the entire soil microbial community,
since microorganisms are the main source of enzymes in soil (Nannipieri et al. 2002).
The impact of antibiotics on soil microorganisms can modify enzyme activities and
biochemical processes. The effects of antibiotics on soil enzymes are different and
depend on many factors, such as antibiotic properties, dose and length of influence, as
well as soil properties (e.g., Thiele-Bruhn and Beck 2005; Pinna et al. 2010; Fang et al.
2014; Bansal 2015; Cao et al. 2015). Soil enzymatic activity is often reduced by an
antibiotic that is applied at higher doses, while lower concentrations do not inhibit and
even stimulate the enzyme activities, especially when combined together with organic
amendments (Boleas et al. 2005; Thiele-Bruhn and Beck 2005; Liu et al. 2009, 2014;
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Gutiérrez et al. 2010; Cao et al. 2015). Pinna et al. (2012) showed more than a 50%
decrease of dehydrogenases and urease activities in soils after a 7-day-long incubation
with SMZ compared to the same soils that had additionally been treated with farmyard
manure (Fig. 15.3). The addition of manure to soils suppressed the antibiotic effect,
especially after 1 week of incubation, and no inhibition effect of the manure containing
an antibiotic was observed on urease activity as was reported by Gutiérrez et al. (2010).
Similarly in the study of Chen et al. (2013), small and moderate inputs of OTC
stimulated the enzyme activities (15 mg kg ™' in the case of urease and 1 mg kg™
OTC for arylsulfatase), whereas an increasing concentration of OTC antibiotics (up to
200 mg kg™') lowered all of the tested enzyme activities (dehydrogenase, urease,
alkaline phosphatase, arylsulfatase). In another study, OTC was able to reduce alkaline
phosphatase activity by about 41-80% but did not affect acidic phosphatase, urease,
and dehydrogenase activities (Ding and He 2010). Oxytetracyclines are antibiotics that
have a broad spectrum of antimicrobial properties including blocking the transfer of
RNA and preventing protein synthesis (Chopra and Roberts 2001). Similarly, Wei et al.
(2009) showed that the presence of TC significantly disturbed the structure of microbial
communities and inhibited soil microbial activities of urease, acid phosphatase, and
dehydrogenase. The combined effects of chlortetracycline (CTC) and dissolved organic
matter (DOM) that had been extracted from pig manure on the functional diversity of a

Dehydrogenase activity

150 2 cDehydragenase activity
150 g o §+CM 135 e b b
135 4 S+CM+SMZ = S+SMZ f40 :
120
3
S 105 3 105
o oo LA
B o %0, . )
E G d -y - . |
& 60 - : 3 2
2 45 g a5
30 30
15 P a 2 - o
0 : il =
1 day ) 7 days 1 day . 7 days
TU soil SA soil
u ctivi
220 =S o S+CM Urease activity 290 & rease activity
c b
S+SMZ C b
200 = S+CM+3MZ + i i LN
180 e
S o 5 w0
o b b T 140
- 120 4 i L
zu! bod c % 100
= 80 g -
60 60
40 40 g 5 .
: a
20{ oo a . 20 - : - 5
0 0
1 day 7 days 1 day 7 days
TU soil SA soil

Fig. 15.3 Dehydrogenase and urease activities in TU and SA soils. For each enzyme activity, time
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Pinna et al. 2012)
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soil microbial community determined by enzymatic activity were determined as well
(Liu et al. 2014). DOM was applied to soils in combination with chlortetracycline
(CTC) at three levels (0, 10, 100 mg kg1 soil), and all of the treatments were incubated
for 1, 6, 12, and 45 days. DOM and CTC exhibited opposite influences on the activities
of dehydrogenases and urease; the DOM-treated soil showed an enhanced enzyme
activity, which was decreased when spiked with CTC. This effect indicated that the
enzyme activities were inhibited by the antibiotic disturbance as Boleas et al. (2005)
and Liu et al. (2009) reported earlier. The study of Liu et al. (2009) suggested that the
addition of antibiotics, including CTC, TC, TYL, SMX, SMZ, and trimethoprim at the
concentrations that were used (1-300 mg kg ™), can significantly inhibit soil phospha-
tase activity during a 22-day-long incubation (p < 0.05), although the inhibition rates
were quite variable during the incubation period, which could have been caused by the
heterogeneous nature of the soil. The EC10 values that were calculated for the six
antibiotics ranged from 1 mg kg™ for sulfamethazine to 406 mg kg™ for tetracycline.
Boleas et al. (2005) also observed significant effects of OTC on the soil microbial
enzymatic activities (phosphatase and dehydrogenase) in a multi-species soil system
(MS-3). Oxytetracycline concentrations of 0.01, 1, and 100 mg kg™ soil were added to
a 20 cm top arable soil layer with and without the addition of manure. At the beginning,
a dose-response curve with an EC50 value of around 100 mg OTC kg™ soil was
observed for the dehydrogenase activity, while a non-dose-related inhibition was
observed for phosphatase. In the system without manure, an initial induction of
dehydrogenase activity at the low and medium concentrations was observed on day
7 and a clear inhibition at the highest concentration on day 21. Phosphatase activity
showed a potentially dose-related reduction trend, but no significant differences were
observed at any of the tested concentrations.

Similarly, in the study of Bansal (2015), both time- and dose-related relationships
between soil enzyme activities (dehydrogenases, acid and alkaline phosphatases, urease,
and catalase) and the tetracyclines (TC, OTC, and CTC) were determined. The activity
of all of the studied enzymes was significantly inhibited for up to 14-21 days and the
inhibition increased with an increase in tetracycline content. After 2-3 weeks, the
inhibition got weaker or most of the activities almost reached the initial values.

In turn, Thiele-Bruhn and Beck (2005) found no effects on dehydrogenase
activity even at a concentration of 1000 mg kg™" of sulfapyridine and oxytetracy-
cline, which may be related to the biomass and dormant state of most of the soil
microorganisms and that these antibiotics can exert a temporary selective pressure
on soil microbes. No clear trends in dehydrogenases activity as affected by three
sulfonamides (sulfadimethoxine (SDT), sulfamethoxazole (SMX), and
sulfamethazine (SMZ)) were observed in the study of Gutiérrez et al. (2010).
Generally, dehydrogenases were substantially reduced when sulfonamides were
present, but it appears that dehydrogenases inhibition was highest at the lowest
sulfonamide level and decreased with an increasing concentration of sulfonamides.
The inconsistent results on dehydrogenase activity could have been caused by
various factors, and they may not be specific for the antibiotic effects in soil.

Antibiotic persistence following five successive treatments (at 60-day intervals) of
sulfadiazine (SDZ) and chlortetracycline (CTC) (control, manure, manure + SDZ,
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manure + CTC, and manure + SDZ + CTC) in soil under laboratory conditions was
studied by Fang et al. (2014). The activities of soil urease and dehydrogenases were
initially unaffected, but after the fifth treatment, these activities were significantly
stimulated in the CTC individual treatments and combined treatments compared to
their activities in the individual manure treatment. The behavior of the enzymatic
activity in this study was probably due to the proliferation of tolerant or resistant
bacteria and nitrifying bacteria.

Cao et al. (2015) observed that soil enzyme activities had a significantly negative
correlation with the residual OTC content. In their study, OTC contained one amide
(CONH,) group, and there was a significantly negative correlation between the
urease activity and the residual OTC concentration. The authors suggested that
urease breaks the C-N bonds in the amide group of OTC, which could enhance the
degradation of OTC. It was found earlier that higher urease activity is required for
enhancing antibiotic biodegradation (Chen et al. 2014). Similarly, dehydrogenase
activity also had a significantly negative correlation with the residual OTC
concentration, which indicates that dehydrogenase activity can also enhance the
degradation of OTC. The reason for this may be that dehydrogenase catalyzes the
dehydrogenation and biochemical transformation of OTC (Xie et al. 2012).

N-Transformation Processes

Nitrification is a process that is carried out primarily by nitrifying bacteria (Gram-
negative) Nitrosomonas and Nitrobacter. The autotrophic-nitrifying bacteria oxidize
ammonia into nitrite and then into nitrate in two steps (Maliszewska-Kordybach et al.
2007). Nitrification is an important process because it converts ammonium to nitrite
and nitrate, which are the most bioavailable forms of N for plants and denitrifiers in
soils. Generally, it has been found that broad-spectrum antibiotics such as tetracy-
clines, aminoglycosides, and sulfonamides are expected to inhibit the nitrification
process (Halling-Sgrensen 2001), while the narrow-spectrum antibiotics such as
sulfadiazine, oxolinic acids, olaquindox, and tylosin stimulate the nitrification pro-
cess (Kumar et al. 2005). The differences between broad- and narrow-spectrum
antibiotics may be partially due to (1) selective pressure on the bacteria that do not
participate in the nitrification process and (2) stimulation of the bacterial species that
are responsible for nitrification.

In the study of Cao et al. (2015), it was implied that the application of OTC
decreased the rate of nitrification due to the higher concentration of NH,*-N that was
found in the soil. Sulfadimethoxine (0, 25, 50, 100, and 200 pg kg’l) inhibited
nitrification in an apparent dose-related pattern (Toth et al. 2011) (Fig. 15.4). The
effects were statistically significant on days 15, 30, and 50 and at 30 and 200 pgkg ™',
respectively, which can have important implications concerning the biogeochemical
cycling of nitrogen. Earlier, the nitrate-N concentration was also significantly
reduced after the application of streptomycin, thus indicating that nitrifying bacteria
are especially susceptible to streptomycin (Ingham and Coleman 1984). Similarly,
the inhibition of nitrification by sulfadiazine was also found but at a higher dose of
the antibiotic (100 mg kg™"), while the addition of 10 mg kg™" soil to the manure did
not significantly change the potential nitrification rates compared to treatments with
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Fig. 15.4 Potential nitrification (a, ¢) and denitrification (b, d) activities of the two different soils
treated with different SDZ concentrations and manure at different time points after the application.
The data presented here are the mean values of four replicates with the standard deviations. K/M,
pure soils K and M; KM/MM, soils K and M amended with manure; K10/M10 and K100/M100,
soils K and M amended with manure in combination with SDZ loads of 10 mg SDZ kg™ soil and

100 mg SDZ kg™ soil, respectively; d 1, d 4, d 32—days after spiking (reproduced from Kotzerke
et al. 2008)

only the application of manure at the early sampling time points (Kotzerke et al.
2008). Similarly, roxarsone and virginiamycin significantly inhibited this process in
soil but only at levels that were several-fold higher than those expected in the poultry
litter that was applied soils, which was no higher than 50 and 22 mg kg™, respec-
tively, while bacitracin-tested soils were not significantly different than the controls
at any of the concentrations that were tested (up to 500 mg kg™') (Banerjee and
D’Angelo 2013). Generally, none of the antibiotics that were tested in this study
(bacitracin, roxarsone, virginiamycin) influenced denitrification at any of the con-
centrations tested (0, 1.5, 5, 15, 50, 150, and 500 mg kgfl). These data indicated that
both nitrification and denitrification processes would likely be affected by the
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addition of poultry litter at typical antibiotic levels to these soils. In the study of
Kotzerke et al. (2008), two different soils (orthic luvisol and gleyic cambisol) to
which antibiotics were added showed reduced denitrification rates, with a larger
decrease in those treatments with 100 mg kg™ soil. After 32 days of incubation, no
potential denitrification activity could be measured in any treatment.

Iron Reduction

When spiked into manure and mixed with soil at environmentally relevant concen-
trations in a laboratory experiment, sulfadimethoxine (100 and 200 pg kg™)
blocked soil iron reduction over periods extending from a few days to the end of
the study (50 days), while chlortetracycline did not affect Fe reduction (Toth et al.
2011). With monensin, the effect was less clear. The lowest dose of this antibiotic
(10 pg kg™") decreased Fe (II) by 97% on day 1, but the effect was lower by day
8, while the highest concentration (100 pg kg™') nearly completely blocked Fe
reduction. Previously, Thiele-Bruhn (2005) reported ED50 (effective dose with
50% inhibition of iron reduction) at 17.9 mg kg™’ of sulfadimethoxine and
25.4 mg kg™' of chlortetracycline. It should be mentioned that these treatment
concentrations were several orders of magnitude greater than those of Toth
et al. (2011).

15.5 Combined Effects of Antibiotics and Other Disturbing
Agents on Soil Microorganisms

To investigate the effect of the addition of a single antibiotic in soil may not reflect
the true field conditions because antibiotics and other disturbing factors (such as
heavy metals and/or pesticides) often coexist in really polluted agricultural soils
because they can accumulate in soils through the application of fertilizer and
manure and wastewater irrigation (Liu et al. 2012b). Heavy metals affect antibiotics
in soil in various ways. Many antibiotics with different acidic and basic functional
groups can be complex with heavy metal ions in a solution, which alters their
speciation and as a result their behaviors (Pan et al. 2012). However, there are many
antibiotics that have no complex ability or with such an ability only under certain
pH conditions (Tolls 2001), and it is unknown how heavy metals affect the
adsorption of these antibiotics. The presence of heavy metals may change the
properties and structure of soil, e.g., by aggregating and precipitating soil colloid
in a solution, by decreasing the negatively charged density on soil surfaces, and by
making humic acids and biopolymers more condensed and rigid (Hou et al. 2007;
Wang et al. 2007; Pei et al. 2011; Ugochukwu et al. 2011). These changes in soil
properties may consequently influence the adsorption of antibiotics to some degree,
although the appropriate mechanisms are more widely unknown (Pei et al. 2014).
The data presented by Pei et al. (2014) showed that Cu suppressed sulfathiazole
(STZ) and tylosin (TYL) adsorption into soil at pH < 5.0 because of the electro-
static competition, while it increased STZ adsorption at pH > 5.0 due to form of
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Table 15.4 Results of two-way ANOVA on functional diversity, evenness, AWCD, and substrate
utilization in experiment with OTC and Cu singly or in combination

Shannon Shannon Amino Carboxylic
diversity evenness AWCD | acid Carbohydrate | acid
F-value
Cu (C) 26.89 5.14 273.04 |48.31 23.88 31.34
OTC (C) | 7.36 2.39 45.76 0.69 13.35 7.42
CxO 14.07 6.44 37.09 0.99 7.55 7.14
P-value
Cu (C) 0.000 0.043 0.000 | 0.000 0.000 0.000
OTC (C) | 0.008 0.134 0.000 | 0.527 0.001 0.008
CxO 0.001 0.013 0.000 | 0.399 0.008 0.009

OTC, oxytetracycline; AWCD, average well color development
Adopted from Kong et al. (2006), modified

STZ-Cu complexes. In contrast, Al only decreased STZ adsorption at pH < 6.0 and
slightly affected STZ at pH > 6.0. Tylosin adsorption was suppressed by both Cu
and Al over the entire pH range due to several possible mechanisms: (1) there is
competition between cationic Cu and Al as well as TYL for the same adsorption
sites in soil; (2) the adsorption of cationic Cu and Al made the surfaces of soil less
negatively charged and was unfavorable for the adsorption of TYL through elec-
trostatic attraction; and (3) Cu and Al decreased the pore size of the soil and
retarded the diffusion of large-sized TYL to these pores (Pei et al. 2014).

Because of the co-occurrence of OTC and Cu in animal manure, the influence of
the combination of both substances on soil microbial communities should be
assessed. The combination of OTC and Cu, which had critical values of 11 pM
for OTC and 20 pM for Cu, significantly decreased CLPP diversity, evenness, and
the utilization of carbohydrates and carboxylic acids compared to only one of the
contaminants, thus suggesting a synergistic effect of the two pollutants on soil
microbes (Table 15.4, Kong et al. 2006). Although the two pollutants showed
specific effects, both of them affected the bacteria-degrading polymers. It was
also found that a combination of cypermethrin and heavy metals could result in a
great reduction in functional diversity (Xie et al. 2009). Moreover, repeated appli-
cation of manure containing antibiotics, which is a normal agricultural practice,
may lead to intensifying its effect on the soil microbial community structure
(Hammesfahr et al. 2008).
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15.6 Concluding Remarks and Future Directions

The effects of antibiotics that are applied with manure or other organic materials to
soil on the structure and functions of soil microbial communities are not well
understood to date and require further studies to investigate the biodiversity of
soil microorganisms. Residual concentrations of antibiotics, either unaltered or as
metabolites and degradation products, can have strong short-term and long-term
impacts on the structure and functions of nontarget bacterial communities and other
soil organisms. The major current concerns about these compounds include the
potential to induce resistance in bacterial strains (the abundance of resistant bacteria
and the transfer of ARGs) in the environment, which could pose a potential
ecological and environmental risk to soil quality and human and animal health
via the rapid expansion of antibiotic-resistant pathogenic bacteria. As was shown in
the reviewed literature, antibiotics in soil differ significantly in their effectiveness
on soil microorganisms. These differences can be explained by:

1. The complex interaction of a variety of different natural and anthropogenic
factors such as soil texture, pH, availability of nutrient, moisture content,
oxidation-reduction status, temperature, and light exposure (Halling-Sgrensen
et al. 2003; Sarmah et al. 2006).

2. A decreasing mobility and bioavailability of antibiotics by soil adsorption/
complexation, which is why they are more difficult to be transported into
microbial cells.

. The various ranges and directions of antibiotics degradation.

4. Different sources/types of microorganisms and resistances of microorganisms to
antibiotics, i.e., soil microbial diversity is huge and the different microbial
species in soil could have a substantial overlap in the functional diversity of a
microbial community (Chapin et al. 1997). The addition of antibiotics may exert
a selective pressure on the metabolic activity of the subgroups of the overall soil
microbial community and the suppression could be easily compensated for by
other species (Hammesfahr et al. 2008; Thiele-Bruhn and Beck 2005).

5. The dose-response and time-dependent effects of the impact of antibiotics on the
soil microbiota.

(O8]

One or more of these factors might explain why antibiotics, individually applied
or applied in mixture, revealed different effects on the structure, diversity, and
functions of a soil microbial community.

Additionally, the different data that has been obtained in studies may be the result
of the different methods that are used in the determination of microbial communi-
ties, e.g., the culturable microbial species in Biolog microplates represented only a
small fraction of the total community, and the shifts in the soil microbial community
that were caused by an antibiotic disturbance might not be totally described using the
Biolog method (de Lipthay et al. 2004; Xie et al. 2009). The Biolog method resulted
in a longer period of sulfamethoxazole (SMX) inhibition on the functional diversity
of the soil microbial community than SIR (Liu et al. 2012a). The effects of tylosin on
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the soil microbial community structure measured using DGGE showed that the
differences between tylosin and the control diminished after 15 days, while the
altered microbial community structure measured using the Biolog method remained
over 2 months of incubation (Westergaard et al. 2001). Thus, since no single method
can describe the total bacterial community, a combination of different methods is
necessary if a more detailed view should be determined.

The lack of the influences of environmentally relative doses of antibiotics on the
structure, diversity, and functions of soil microorganisms was found very often,
which may be explained by some possible mechanisms of resistance: (1) a low
permeability of a cell membrane to antibiotics (particularly in Gram-negative
bacteria), (2) the efflux of antibiotics out of the cell (3), a site alteration of antibiotic
target site, and (4) the enzymatic inactivation of the antibiotic (Mazel and Davies
1999). Many of these mechanisms are attributed to genes that can be transferred
between bacteria in different phylogenetic groups by horizontal gene transfer
processes such as transformation, transduction, and conjugation (Davison 1999).
One or more of these mechanisms could account for the intrinsic resistance
(insensitivity) to antibiotics by the soil microorganisms that have been observed
in various studies.

The different effects of antibiotics on the soil microorganisms show that further
experiments are required to investigate the biodiversity of how pharmaceuticals
affect soil microorganisms. Due to the existence of many factors in soil that can
modify the effects of antibiotics on soil microorganisms, future work is needed to
evaluate the influence of antibiotics in actual fields, especially in polluted environ-
ments under field conditions. Special attention should be paid to the beneficial
microorganisms (e.g., arbuscular mycorrhizal fungi, rhizobium, etc.). Moreover,
little is known about dose-response relationships and the potential threshold con-
centrations of antibiotics that are applied to soil with manure, and these parameters
should be determined in future studies for different soil types and animal husbandry
systems in order to permit the assessment of their short- and long-term risks and
effects on human health (Jechalke et al. 2014). To test time- and concentration-
related effects, the fact that numerous antibiotics are biostatic and not biotoxic
should be considered. Concerning the effect of environmental disturbance on a
microbial community, it is important to focus on structural changes and not only on
diversity, since the structure seems to be more sensitive to disturbance and the
changes last longer. The importance of structural changes to soil functioning is still
a challenging question.
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Chapter 16
Soil Antibiotics and Transfer of Antibiotic
Resistance Genes Affecting Wildlife

Vanessa Silva, Isabel Carvalho, Gilberto Igrejas, and Patricia Poeta

16.1 Soil Antibiotics

The discovery of penicillin marked the beginning of the era of antibiotics. Today,
we use over 250 antibiotics, produced mostly by bacteria and fungi. Antibiotics are
used both in veterinary and human medicine in order to treat or prevent bacterial
infections. Agriculture industries use a large part of the antibiotics used worldwide
to increase the growth rate in livestock and poultry to treat sick animals and for crop
dusting (Landers et al. 2012). Nowadays, in Europe the use of antibiotics for growth
promotion has been prohibited, nevertheless, some countries, such as Canada and
the United States, still use antibiotics for this purpose. According to several studies,
the total amount of annual use of antibiotics has reached 100,000-200,000 tons
worldwide (Wang and Tang 2010). The overuse of antibiotics is a current problem
since it led to an antibiotic resistance crisis. When administrated, and depending on
the specific antibiotic used, the animal species, and the type and duration of
administration, antibiotics are not fully absorbed and metabolized in the organism
being partly excreted through urine and feces as parent compound or metabolites,
and depending on the compound, the excretion rate can be as high as 80-90%
(Bound and Voulvoulis 2004). Thus, a significant percentage of the antibiotics
consumed by humans and animals may be introduced into the environment leading
to an antibiotic accumulation in the terrestrial and aquatic environments contribut-
ing to the development of resistant bacteria (Hu et al. 2010; Zhou et al. 2012).
Tetracyclines, sulfonamides, and macrolides are the major groups of antibiotics
used by humans and in farm animals to promote animal growth. However, the
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biggest concern for the entrance of antibiotic in soil are the veterinary usage of
antibiotics since wastewater treatment plants are the major source of release of
human antibiotics into the environment (Kim and Carlson 2007). A great part of the
antibiotics used in farm animals are excreted with the manure. Some antibiotics,
such as p-lactams and macrolides, can be degraded in a few days while the manure
is still in storage, however, many antibiotics still remain active in manure and are
transferred to soil when using manure in agricultural fields (Boxall et al. 2004).
Tylosin is commonly used in farm animals, studies reported that the degradation
rate of tylosin on pig manure was from 60 to 85% under anaerobic conditions within
24 h, and the degradation of this antibiotic was almost complete in manure within
12 h under aerobic conditions (Kolz et al. 2005). Antibiotic metabolites can
transform back into bioactive compounds after excretion (Lanhammer 1989).
After antibiotic transformation into their conjugates, the antibiotics become inac-
tive; however, they can become active again in manure and end up in soil (Christian
et al. 2003). When manure is applied, the active compounds found in manure reach
the upper soil layer where they may accumulate or enter the groundwater leading to
a larger dissemination of antibiotics (Boxall et al. 2003).

Tetracyclin is the primarily antibiotic group used for veterinary purposes, as well
as for human therapy and agriculture. The most common antibiotics used in
veterinary medicine are oxytetracycline, sulfachloropyridazine, and tylosin (Kay
et al. 2003). The secretion rates of these antibiotics are very high ranging from 28 to
100% for oxytetracycline, sulfachloropyridazine, and tylosin. The antibiotic deg-
radation in manure is due to the antibiotics composition, the type of livestock
manure and composting conditions. The degradation of the antibiotics is due to
adsorption and/or degradation rather than abiotic processes (Kim et al. 2011). For
instance, tetracycline has the ability to form chelate complexes with organic matter
making it strongly adsorb with manure components. Once manure is applied, the
antibiotics in manure will be transferred to the soil and their ability to remain in the
soil varies with the soil and antibiotic characteristics and the interaction between
them.

16.2 Interaction of Antibiotics with Soil

Antibiotics used in farm animals are introduced in soil through pharmaceutical
companies, drug manufacturing process, use of manure in agricultural fields and
grazing animals. However, the main cause of soil contamination with antibiotics is
the direct use of manure (Tasho and Cho 2016). The ability of antibiotics to be
adsorbed and fixated to soil particles is determined by their physicochemical
properties (the presence of functional groups making them either ionic, amphi-
philic, or amphoteric, size, solubility, and hydrophobicity), climatic conditions, and
the soil properties (pH, type, and content in organic matter) (Doretto and Rath
2013). Studies have determined the strength of sorption of several antibiotics to soil
being the streptomycin the most adsorbed antibiotic followed by erythromycin,
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tylosin, bacitracin, chlortetracycline, and oxytetracycline in this order. Antibiotics
can be effective and active during a long period of time which depends on their
structure and their persistence in soil. Studies demonstrated that the potential of
several antibiotics may increase with time (Dojmi di Delupis et al. 1992; Samuelsen
1994). The degradation and fixation of antibiotics in soil is influenced by the surface
compounds and the pores of the soil matrix which may also prevent the degradation
of antibiotics. The adsorption of antibiotics to soil organic matter is strong and
depends on the composition and the quantity of organic matter in soil. In order to
predict the transport behavior of the antibiotics in soil it is common to use the soil-
water partition coefficient, K4. To determinate the K4 values, a computational
modeling can be used, or it can be calculated directly or indirectly through the
octanol-water partition coefficients (K,,,) (Uhrich et al. 2014).

The different classes of antibiotics mostly used in medicine have their own
properties which influence their ability to adsorb and fixate to soils. Tetracyclines
are amphoteric and water soluble compounds. They have the ability of binding to
humic acids, proteins, and clay minerals through the anionic functional groups;
therefore, soils with low pH may retain tetracyclines more easily. Moreover, the
ionic strength of the soil compounds also influences the adsorption of tetracyclines
to soils. Tetracyclines may also be photodegraded since they strongly absorb light
(Mitscher 1978). From the class of tetracycline, chlortetracycline is the antibiotic
most commonly found in soils and with higher concentrations, which makes this
antibiotic very persistent in soil (Daghrir and Drogui 2013). The conformation of
compounds found in soil can also contribute to the adsorption strength of antibi-
otics. The increasing aromaticity of soil compounds increases the adsorption of
oxytetracycline. Unlike tetracyclines, sulfonamides are quite insoluble in water.
The decrease of soil pH leads to the ionization of the amphoteric sulfonamides and
influences their K3 which can increase from 1 to 30. However, the addition of
manure to soil increases the pH and consequently the Ky value decreases (Boxall
et al. 2002). The composition of soil organic matter is associated with the adsorp-
tion of sulfonamides since the concentration of lipids and lignin dimers in soil
organic matter is correlated with the adsorption of sulfonamides. However,
although the addition of manure to soils leads to an increase in organic matter,
the K4 of sulfonamides tends to decrease as the soil become more alkalinic.
Sulfonamides stability is affected by pH since these antibiotics act as weak acids
and form salts in acid and basic solutions (Boxall et al. 2002; Thiele-Bruhn 2003).
Macrolides are another classes of antibiotics very much used in medicine. They
have generally a low water solubility which varies between the several macrolides
available. Since macrolides are weak bases, they are unstable in acids, for instance,
in acid medium tylosin A is converted to tylosin B, so in manure, which has a high
pH, the positively charged macrolides link to the negatively charged ions in manure
which is favorable for the adsorption of these antibiotics in manure (Thiele-Bruhn
2003). p-lactams, which comprises the penicillin and cephalosporins, have a ring in
their structure which is responsible for their action as antibiotics. However,
cephalosporins have a six-membered heterocycle ring whereas penicillin has five-
membered heterocycle ring. This ring is also responsible for the degradation rate of
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B-lactams since it is easily cleaved in basic and acid medium. This instability of the
lactam ring is the reason why p-lactams are rarely found in soils since they suffer a
fast degradation (Alder et al. 2001; Midtvedt 2001). Antibiotics from the class of
quinolones are very stable compounds and are hardly degraded by hydrolysis or
high temperatures. Quinolones have a heterocyclic ring and the substituent group at
the C-6 position determines the effectiveness of the antibiotic. Theses antibiotics
are inactivated through metabolism, however, when in the soil, where it might be
activated, it does not suffer degradation under anaerobic conditions. Quinolones
have the ability to adsorb to soils, mainly soils with manure since they adsorb
strongly to manure rich in organic matter (Halling-Surensen et al. 1998; Thiele-
Bruhn 2003). Aminoglycosides are basic compounds with two or more amino
sugars bound to aminocyclitol in their composition. They are very soluble in
water which makes them easily degraded in the environment; for this reason, they
are unlikely to be persistent. The sorption of this class of antibiotics is quite weak
(Thiele-Bruhn 2003).

Based on the above, it can be concluded that macrolides, p-lactams, and
aminoglycosides are antibiotics that are quite degradable in soils whereas tetracy-
clines, sulfonamides, and quinolones are more resistant to degradation in soils. The
degradation of antibiotics is mainly due to biodegradation although other reactions
may occur. Although these are the most commonly used antibiotics, other classes of
antibiotics are used in agriculture, such as arsenicals, polypeptides, ionophores, and
others (Landers et al. 2012). These antibiotics may not contribute so much to
antibiotic resistance which makes them a smaller threat to human health.

The presence and persistence of several antibiotics in soil may have an adverse
impact on soil microbial communities representing a hazard to human health since
it may lead to an increase and spread of antibiotic resistant bacteria.

16.3 Effects of Antibiotics on Soil Bacterial Communities

Bacteria are one of the most important groups of organisms in soil since they are
responsible for maintaining the mineral immobilization and for the processes under-
lying the decomposition that occur in soil, thus, a high number of bacteria exist in
soil (Nwosu 2001). Bacteria are indispensable for the nutrient and geochemical
cycles and for soil fertility. The soil microbial communities, such as fungi and
bacteria, produce antibiotics which are responsible for controlling the dynamics of
bacterial populations. When the antibiotics used in medicine and agriculture reach
the soil, they will affect the soil microbial communities leading to a disturbance in
the bacterial communities affecting the abundance, diversity, and transferability of
resistance genes which may cause the bacteria to acquire gene-encoding resistance
(Esiobu et al. 2002). These effects on the microbial communities depend on several
features such as the microbial groups, the concentration of antibiotic, and on the
original soil properties. Antibiotics found on soil can have their selective effects on
several groups of microorganisms, from fungi or bacteria to a single genus or species
(Table 16.1). Thus, antibiotics may affect relative abundance of microbial species
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Table 16.1 Antibiotics spectrum and mode of action

Antibiotic Gram Mode of action

Tetracyclines Positive and Inhibition of protein synthesis
negative

Sulfonamides Positive and Inhibition of folinic acid and consequently DNA
negative synthesis

Macrolides Positive Inhibition of protein synthesis

p-lactams Positive Inhibition of cell wall synthesis

Quinolones Negative Inhibition of DNA synthesis and replication

Aminoglycosides | Negative Inhibition of protein synthesis

Kahn and Line (2005); Beers (2006); Ding and He (2010)

and consequently the interaction between species (Ding and He 2010). The manure
applied in soil is the main cause of the antibiotic spread in soil, and it affects the soil
bacteria not only because of its content in antibiotics, but also because it has
considerable quantities of nutrients which increase the soil content in carbon and
nitrogen and also affects the soil pH (Poulsen et al. 2013). Manure containing
antibiotics, when applied only once, does not affect the bacterial community in a
long-term since it is followed by a quick regeneration of the structure and function of
the community. The application of manure repeatedly may have a bigger impact in
the soil microbial community since it might have an accumulative effect, however,
little is known about this subject (Ding et al. 2014). The repeated application of
manure containing antibiotics, in a long-term, and even with concentrations below
inhibitory concentrations, may lead to an increase in resistant bacteria in soil
stimulating the spread of mobile genetic elements and antibiotics resistant genes
through the environment. Antibiotics exert a selective pressure on the soil bacteria
which may favor the horizontal gene transfer. Another issue is when the antibiotic
administrated to animals is impure it can exert a selective pressure on intestinal
bacteria of farm animals leading the bacteria to acquire resistance. Thus, the
resistance genes can be excreted in manure and be spread to the environment.
Still, studies show that the bacteria present in manure does not have the ability to
adapt to the soil which would result in the decrease of resistant bacteria
(Hammesfahr et al. 2008; Heuer et al. 2008). However, the transference of resistance
genes from manure bacteria to soil bacteria may still occur as the resistance genes are
located on translocative elements (such as transposons, plasmids, integrons, bacte-
riophages, and gene cassettes) and can be transferred by conjugative elements
(Jechalke et al. 2014).

The use of antibiotics in agriculture and veterinary medicine is the major cause
of antibiotic spread in soils, which is known to be responsible for the increase in the
incidence of horizontal gene transfer and resistance gene fixation in genomes.
However, although the expansion of resistance to antibiotics in the environment
is partly due to antibiotic input, it remains a complex process controlled by
numerous different aspects.
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16.4 Antimicrobial Resistance in the Environment

Antimicrobial resistance is a universal problem in human and veterinary medicine.
The presence of multidrug resistant bacteria is probably attended by environment
co-contamination foremost to a major clinical and public health concern within the
lifetime of most people living today (Guenther et al. 2011). A great part of
antibiotic resistant genes obtained by microbial human pathogens have emerged
from the conventional environment. Consequently, comprehending causes that
stimulate intrinsic levels of antibiotic resistant genes in the environment might be
epidemiologically importance.

Drug resistance is widespread in treatment, particularly in the cancer sector,
where minor populations of cells that are able to survive anticancer drugs and other
therapeutic contributions can restore tumors that originally respond satisfactorily to
treatment. Nevertheless, there are single characteristics to antibiotic drug resistance
displayed by bacteria. This is since bacteria and other microorganisms such as fungi
have progressed genetic and phenotypic competences that allow them to resist
antibiotics, which they produce naturally (WHO 2014). In ecosystems, the presence
of these distinctive particles permits microorganisms to protect themselves against,
or abolish, opponents. Throughout the advance of evolution, which for bacteria is
supposed to have begun 3.5 billion years ago, a massive and different pool of genes
(the “resistome”) has been recognized, and these qualify bacteria to defend them-
selves against antibiotics which are nowadays used therapeutically by physicians to
target them (WHO 2014). Currently, the majority of the antibiotics used are of
natural origin or resultant somehow from natural compounds. In this sense, the
majority are consequently familiar risks to microorganisms and their capability to
survive them is coded into their genomes. Bacteria also have the capacity to
develop new modifications in response to artificial antibiotics such as the
fluoroquinolones, by producing new resistant strains. In this sense, even when
bacteria do not have “evolutionary” familiarity with antibiotics, they show the
ability to resist to new molecules of antibiotics that intimidate their viability,
producing new variants of themselves and increasing the likelihood that one or
more members of the population can restore. According to Darwinian principles,
the use of antibiotics in human and veterinary medicine select resistant strains, i.e.,
those that withstand to the antibiotic and this explains the development of drug
resistance nowadays. Perhaps, one of the highest achievements in the history of
medicine is the discovery of antibiotics from naturally occurring molecules that are
now used to treat a varied range of infections. Nevertheless, antibiotic resistance
has now ascended to levels that stance major dangers to the treatment of both
common and serious infections. Different pathogens are now multidrug resistant
and some essential antibiotics, which were once firstline drugs, are no longer
effective. The seriousness of the situation has been increasing and international
surveillance data show that resistant pathogens are responsible for enhancing
hospital and community acquired infections and mortality. In the developed
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world, infections caused by drug-resistant pathogens could now be responsible for
more than 400,000 deaths per year (WHO 2014).

The growing occurrence of antibiotic resistant bacteria is one of the greatest
thoughtful fears to public health in the twenty-first century. One way by which
resistance genes arrive the food system is done adjustment of lands with fertilize
from antibiotic treated animals, which are defined as reservoirs of that genes
(Udikovic-Kolica et al. 2014). Management of farm animals with antibiotics and
then placing their manure in soil can transform the bacteria in dirt to develop
resistant to the drugs. However, some studies advocate that the manure itself
could be relevant to resistance, even when it comes from animals that are restricted
of antibiotic use suggesting a multifaceted link between antibiotic use in agriculture
and resistance in human pathogens. Numerous bacteria naturally transport antibi-
otic resistance genes, perhaps as protection against the antibiotics produced by
some soil fungi and bacteria. Manure itself is recognized to adjust the composition
of bacterial communities in soil and in that study, the researchers discover that the
soil treated with manure contained expressively greater amounts of bacteria pro-
ducing p-lactamases than did soil treated with only the nitrogen-based fertilizer
(Udikovic-Kolica et al. 2014). By locating genetic markers in the resistant bacteria,
they establish that these microorganisms came from the soil slightly than from the
manure, proposing that the manure treatment had aided these natural bacteria to
develop by serving them or removing their opponents (Udikovic-Kolica et al.
2014).

Currently, it is known that the environment is one of the big reservoirs of
resistant organisms and genes. Furthermore, this resistome precedes human use of
antibiotics (Hughes and Datta 1983; Poirel et al. 2002). Some research has been
performed in order to know how the environmental resistome crosses with the
nosocomial bacteria resistome (Wright 2010). Resistant organisms in different
ecosystems as aquatic, terrestrial and animal can be part of the normal microbial
populations and harbor intrinsic resistance. However, in the majority of situations,
they can be the consequence of pollution by anthropogenic sources (Osterblad et al.
2001; Xi et al. 2009). The antibiotic agents are released into the environment via
wastewater sewage, farming products as fertilizers, and outflow from waste packing
services (Sarmah et al. 2006; Le-Minh et al. 2010; Barrett 2012). Therefore,
enlarged concentration of antibiotics in the environment has as consequences the
increase of diversity and the abundance of resistance genes. The mobile genetic
elements such as plasmids, transposons, or integrons are responsible for the regular
resistance genes commonly found in bacteria, and they can be acquired or dissem-
inated through horizontal gene transfer (Gillings 2013). Different bacterial species
that harbor distinct resistance genes were already found in clinical settings, domes-
tic and wild animals, and in settings apparently not prejudiced by human
populations (Poeta et al. 2007; Pallecchi et al. 2008; Stokes and Gillings 2011).
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16.5 The Problem of Antibiotic Resistance in Wild Animals

Antibiotic resistance genes present in mobile elements of bacterial pathogens are
ubiquitous and can be found in wild animals that supposedly are not in contact with
antibiotics. So, we can achieve that antibiotic resistance genes are extensively
disseminated and resistance genes can proceed even when a positive selection
pressure that doesn’t exist (Martinez 2012). The natural environments, principally
the wild animals, could be reservoirs of antibiotic resistance genes. Therefore,
research studies were performed to analyze the natural ecosystems contribution in
the dissemination of resistance (i.e., into human pathogens). These studies investi-
gate different animal reservoirs, which are fundamental to improve and disseminate
resistance (Radhouani et al. 2011; Radhouani et al. 2012) or different abiotic
sources as wastewater treatment plants (Aradjo et al. 2010). Urban and poultry-
slaughterhouse wastewater treatment plants are useful targets to evaluate the
prevalence of antibiotic resistant isolates in the environment. It appears that these
strains could pass through wastewater treatment and be transferred to the surface
waters, constituting a public health problem. Possibly, antimicrobial drugs or
chemicals released into the sludge and sewage system may sustain resistant strains.
The problem may intensify when the co-transference phenomenon is present and
the spread of a gene encoding a virulence factor of one strain to another involves the
transfer of resistance to one or more antibiotics (Araujo et al. 2010). In situations in
which the genes that encode resistance to different antimicrobial agents are located
in the same genetic element will be necessary to limit or prohibit the use of both
before the effect of resistance could be detected. At the same time, antibiotics and
disinfectants are released into the water and may exercise a selective and ecological
damage in aquatic communities, resulting in resistance to antibiotics (Aratjo et al.
2010).

Approximately since the first reports concerning antibiotic resistance among
wild animals, a debate started whether it was related or not with the human use of
antibiotics (Gilliver et al. 1999; Osterblad et al. 2001). For example, Gilliver et al.
(1999) detected a high prevalence of fecal bacteria with antibiotic resistance from
wild rodents living in woodland sites in northwest England where apparently none
or at least minimum antibiotic release was applied (Gilliver et al. 1999). On the
other hand, Osterblad et al. (2001) described almost an absence of resistance in
fecal enterobacteria from moose, deer, and vole living in remote areas of Finland.
Based on the results obtained by these studies, an agreement can be performed. The
gastrointestinal microbiota of different wildlife animals reveals antibiotic resis-
tance stages that appear closely associated with the ecological settings of the
studied wildlife. Wildlife inhabitants existing in earlier contiguity to humans may
have advanced levels of antibiotic resistance than those populations with practically
no interaction with both humans and anthropogenic antibiotics (Osterblad et al.
2001).

Additionally, bacteria from wildlife may express resistance to multiple antibiotic
agents not due to the close use of antimicrobials, but because withdrawn use
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strength have caused development of multiresistant organism and then spread to
different ecological niches (O’Brien 2002). Therefore, in this type of studies it is
imperative that the implication of the collected data must be carefully analyzed and
reflect the ecological contextual of both the investigated organisms and the bacterial
population (Cole et al. 2005). In the last few years, antibiotic resistance studies
performed in indicator bacteria from wildlife became more and more frequent.
Reports showing the presence of acquired resistance determinants in the commen-
sal microbiota of wildlife animals are frequent in wild birds as they might serve as
reservoirs of antibiotic resistant bacteria with enormous potential for dissemination
(Dolejska et al. 2007). Migrant birds can fly amazing distances and inhabit a
diversity of environments, which occasionally enclose lots of countries and can
theoretically spread resistance genes throughout. Furthermore, during the migratory
process the proximity to human activity (urban or rural) could strengthen and
intensify the prevalence of antibiotic resistant bacteria (Cole et al. 2005; Dolejska
et al. 2007; Radhouani et al. 2009; Silva et al. 2010, 2011; Radhouani et al. 2011).
Likewise, also in rodents, the presence of acquired antibiotic resistance genes, the
potential as reservoirs, and subsequent dissemination have been analyzed (Cabrita
et al. 1992; Gilliver et al. 1999; Osterblad et al., 2001; Mallon et al. 2002; Kozak
et al. 2009). Surveys in wildlife have been dedicated on how the exposure of wild
animals to antibiotics affect antibiotic resistance in enteric bacteria highlighting to
understanding the origins, protagonists, and dissemination of antibiotic resistance
genes in gastric microbial communities. However, more reports are required to
completely comprehend the impact of antibiotic use and the consequent dissemi-
nation of resistance through the environment (Allen et al. 2010). It is imperative to
refer that antimicrobial resistance reports among completely nonsynanthropic ani-
mal species are uncommon. Mainly, studies among endangered species with
deprived contact with human activity might attend different purposes. Primary,
the spread of antimicrobial resistance in wild, and possibly remote, ecosystems
could be evaluated. Additional, the presence of resistance genes among commensal
bacteria that represent an improved health risk could be measured. Moreover, in
conservation programs an increased risk of therapeutic failure due to antimicrobial
resistance can consequently represent a serious obstacle for the protection of
endangered species.

16.6 Conclusion

Antibiotic resistant bacteria are now considered a global threat and public health
problem that can occur naturally in bacterial soil communities. However, one of the
major causes of the spread of resistant bacteria in soil is the use of antibiotics in
farm animals and the application of their manure in agricultural soils. Antibiotics
are not fully metabolized in the organism; therefore, a part of the antibiotics is
excreted through manure and urine and when it reaches the soil it will lead to a
selective pressure on the soil bacteria resulting in an increase in antibiotic
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resistance. Thus, the terrestrial and aquatic environments become a reservoir of
resistant organisms and genes which may affect both humans and animals. Antibi-
otic resistance genes have been found in wild animals which may play an important
role in the dissemination of these genes. The dispersion of antibiotics into soil and
water enhances the risk of breaking natural barriers, and currently it is estimated
that the majority of antibiotics used in humans and food-producing animals are
excreted and accumulated in the environment, largely metabolized and some
molecules such as fluoroquinolones have long half-lives. In a wider context, the
presence of multidrug-resistant bacteria is frequently reported in wild birds and
mammals with no apparent exposure to antimicrobials indirectly; these may also
drive from/into an environmental contamination source. Finally, antibiotic resis-
tance does not respect geographical or biological borders; food animals and foods
from animal origin are traded worldwide facilitating the spread of resistance.
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Chapter 17
Genotoxicity and Biochemical Toxicity of Soil
Antibiotics to Earthworms

Sarfraz Ahmed, Muhammad Ibrahim, Rashem Waheed,
Abu Bakar Hassan Azdee, Muhammad Zaffar Hashmi, and Shabir Ahmed

17.1 Introduction

Antibiotics are the biologically active compounds that are used predominantly to
treat microbial diseases. Antibiotics are used in large quantities; every year the
consumption of these drugs is exceeding several hundred tons (Daughton and
Ternes 1999). Current worldwide consumption of antibiotic compounds is approx-
imately 100,000-200,000 mg/year (Van Boeckel et al. 2014). They are utilized as
growth enhancers as well as feed additives in livestock, poultry, and fish farming.
Since organic manure is widely used in many countries worldwide, the agricultural
soils receiving the organic manure may contain considerable amounts of antibi-
otics and their metabolites (Cabello 2006). Many antibiotics retain poorly in the
animal body during digestion and are excreted directly in feces or urine (Kim et al.
2011). Consequently, there are ample chances for antibiotics to be released into
natural ecosystems, where they can affect the structure and activity of inhabitants
(Martinez 2009) raising serious concerns and questions as environmental threat.
Antibiotics, their residues, and metabolites in soils may destroy the balance of the
soil ecosystem and would be hazardous to bacteria and other microorganisms in
the soil ecosystem (Kiimmerer and Henninger 2003; Pei et al. 2006).

During the past few decades, a great focus has been put upon the positive effects
of antibiotics, but little attention has been paid to their toxicological effects on
living organisms from their excessive use (Laville et al. 2004). Compared with the
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aquatic ecosystem, soil environment is more complex as soil has high buffering
capacity, and the toxic effects of antibiotics can be mitigated in soil (Bao et al.
2008). In recent years, more attention has been focused towards the ecotoxicolog-
ical effects of the antibiotic residues in the environment and soil ecosystem
organisms such as microorganisms and several other inhabitants including earth-
worms (Chee-Sanford et al. 2001; Kim 2006; Kwon et al. 2011).

Earthworms are one of the most common soil organisms which can be found in
various environments and are known to play a decisive role in soil nutrient cycling
(Bouché 1977). They are segmented animals with tube-shaped body texture, feeding
on live and dead organic matter. They represent a dominant part of the soil biomass
as they contain about 80% of the total soil biomass and play a crucial role in health,
and fertility of soil ecosystems by acting as soil engineers to regulate important soil
processes such as they help greatly in organic matter decomposition, nutrient
recycling, soil formation, decomposition, fertilization (Test 1984), and regulation
of soil structure and dynamics of organic matter(Edwards and Bohlen 1992; Hunt
et al. 1988). Since ancient times, earthworms have been used as oriental medicine as
an anti-inflammatory, analgesic, and antipyretic agents (Prakash and Gunasekaran
2010). It has also been reported that earthworms produce certain anti-microbiolog-
ical substances especially active proteins and enzymes, and their surface excrete
exhibits potent antimicrobial activity against certain plant pathogens (Bauer et al.
1966; Li et al. 2011). Earthworms use the sensitive receptors on their body surfaces
to sense chemicals in the soil (Bouché 1977). Their ecological importance, high
biomass in soil, and highly observed sensitivity to relatively low concentrations of
environmental toxins make them one of the most suitable bioindicators for assess-
ment of risk in the soil (Landrum et al. 2006). The abundance of earthworms in soil
represents the health of soil ecosystems and the level of environmental safety (Xia
etal. 2005). They respond against contaminations through certain reactions (Lukkari
et al. 2004). Therefore, earthworms have been used in the standardization of acute
and sub-acute highly ecotoxicological assays and are preferable bioindicators for
assessing chemical contamination of soils by the Organization for Economic Coop-
eration and Development (OECD) and International Standards Organization
(De Silva and van Gestel 2009; No 1984). Earthworms Eisenia-fetida and Eudrilus
eugeniae have been used mostly as model terrestrial organisms by the American
Society for Testing and Materials to collaborate the work done on earthworm
contamination by different antibiotics (ISO 1998). E. fetida is an epigeic (litter-
dwelling) earthworm species which is used in the standardization of chronic and
acute ecotoxicological assays for industrial chemicals, as it is thought to be a model
organism for environmental surveillance (Aoki et al. 1998). It is used frequently as
standard toxicology test organism to investigate its acute and sub-acute toxicity by
measuring changes in biochemical markers (i.e., activities of antioxidant enzymes of
catalase (CAT) and superoxide dismutase (SOD)) (Li et al. 2015). Genotoxicity and
as well as biochemical toxicity through antibiotics have been reported in earthworms
presenting their sensitivity to a wide range of toxicants (De Silva and van Gestel
2009) (Fig. 17.1). Functional genomic changes are now being explored owing to
molecular “omic” technologies. Similarly, biochemistry, medicinal effects, and
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Fig. 17.1 Mode of genotoxicity and biochemical toxicity of soil antibiotics to earthworms
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results of different antibiotics belonging to different classes on earthworms have
been investigated (Lund et al. 2014). Investigation on geno- and biochemical toxic
effects of antibiotics on earthworms is an under phase area, so far different types or
classes of antibiotics which have been investigated to evaluate their effects on them
include tetracycline, enrofloxacin, sulfonamides, cycloheximide, ampicillin,
cefotaxime, nystatin, pyridoxal hydrochloride, neomycin, and chloramphenicol.

The main purpose of this chapter is to get a more comprehensive knowledge of
the effects of soil antibiotics on earthworms and to provide more information about
the potential and ecological risks of antibiotics on soil ecosystems.

17.2 Effects of Different Types or Classes of Antibiotics
on Earthworms

Several studies have examined the occurrence of antibiotics in soil, manure, water,
and other matrices; however, less investigation has focused on ecological effects,
assessing risks, toxicity data, transformation products, contaminant mixtures, and
inhabitants in agroecosystems. Various proposed models have been useful in
representing toxicity data based on the type and concentration of contaminants.
Continuous development of robust and sensitive analytical methods will help to
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improve the measurement of bioavailable fractions of these drugs and risk analysis.
These drugs can be poisonous to plants, animals, earthworms, and other inhabitants
of different ecosystems; majority of them have been identified as genotoxic and
many as causing biochemical toxicity. Large scale strives involving multiple
agencies and research initiatives would be valuable in attempting to unify infor-
mation and to improve fate and risk assessment of antibiotics on inhabitants in
agroecosystems.

17.2.1 Effects of Tetracycline Family on Earthworms

Tetracyclines are one of the most toxic groups of antibiotics in ecosystems. Among
this class of antibiotics, tetracycline and chlortetracycline which are derivatives of
tetracene (Brain and Grant 2004) can pose a serious threat to ecosystems. The only
difference between tetracycline and chlortetracycline in chemical structure is that a
chlorine atom replaces the hydrogen atom at C-7 position for chlortetracycline.
Halogen has a strong electron attracting groups. In most cases, OTM (olive tail
moment) values induced by chlortetracycline have been found significantly higher
than tetracycline at the same concentration after 7-14 days exposure effect,
increasing the molecular polarity (Zhang et al. 2008). This makes chlortetracycline
to integrate with the enzymes system more easily to hinder detoxification, thus
increasing toxicity. On the other hand, the presence of chlorine atom increases the
fat solubility of chlortetracycline. The outermost layer of the body wall of earth-
worms is composed of columnar epithelial cells which secrete thin cuticle formation
with holes. Thus, chlortetracycline could be more readily taken up by the earth
through this membrane and may display acute toxicity (Zhang et al. 2006). This
toxicity results in reduced activity of antioxidant enzymes such as SOD (superoxide
dismutase) and CAT (chloramphenicol acetyltransferase) and the corresponding
increased DNA damage (Honda et al. 2000). The test organism sexcreted SOD or
CAT enzymes in response to contaminant exposure to protect against oxidative
radicals; however, this mechanism is not triggered at lower doses. The results based
on the comet assay showed that two common antibiotics (chlortetracycline and
tetracycline) could produce genotoxicity in earthworms by inducing DNA chain
breakage with a positive dose-response relationship. Chlortetracycline induces
higher DNA damage than tetracycline. Therefore, DNA damage may be used as a
more sensitive and effective biomarker for detecting genotoxicity of contaminants in
soil (Lin et al. 2012).

Oxytetracycline (OTC) which is another member of tetracycline family is widely
used as an antibiotic in veterinary medicines (Robinson et al. 2010). Its applications
include growth enhancement, health protection, and disease treatment in livestock
industry (Sarmah et al. 2006). Animals cannot completely absorb OTC, so they
excrete approximately 25-75% or even 70-90% of OTC in antimicrobial active
form in their urine or feces (Hsu et al. 2013). Thus, OTC may have a harmful effect
on soil undergoing a series of changes in soil, such as absorption, translocation, and
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degradation (Robinson et al. 2010). OTC can also cause biochemical toxicity by
decreasing the activities of many enzymes like sucrose phosphatase, urease, and
hydrogen peroxidase in earthworms (Aad et al. 2010). Research has shown that at
lower concentrations, OTC) promotes triticum elongation (Boleas et al. 2005), but
induces genotoxicity in earthworms (Wishart et al. 2012).

Irrigation of industrial wastewater, sewage slurry, and precipitation of industrial
and traffic waste gases cause production of heavy metals such as Pb, which is
considered as a typical heavy metal pollutant in agricultural land (Li et al. 2008). In
soil and organic fertilizer samples, antibiotics and heavy metals are often found to
coexist (Zhang et al. 2005) and their interactive effect demonstrates potentially
hazardous effects to earthworms present in the environment (Chatrchyan et al.
2013). Toxicity of Pb to plants, soil microorganism, and soil fauna are indicated
in many studies (Adare et al. 2008). Experiments have shown that the single and
combined pollution of OTC and Pb cause coelomocyte apoptosis and damaging of
lysosomal membrane stability in earthworms. It suggests that assessing lower
toxicity, coelomocyte apoptosis, and membrane stability can be more sensitive
and appropriate biomarkers. As compared to single toxicity, combined toxicity
can be synergistic and antagonistic (Zhu et al. 2006). It has also been investigated
that the interaction of OTC and Pb causes cellular lipid peroxidation because the
combined interaction on earthworm lysosomal membrane was a synergistic reac-
tion at treatment (10 mg/kg OTC + 50 mg/kg Pb) (Gao et al. 2014). In this process,
oxidative stress-related responses and cellular lipid peroxidation that can damage
cell membrane permeability are caused by Pb (Wang et al. 2007). Antagonistic
effect of combined toxicity on coelomocyte apoptosis and lysosomal membrane has
been observed when OTC concentration is going to be increased (Gao et al. 2014).

17.2.2 Effects of Enrofloxacin on Earthworms

Enrofloxacin (EFLX) is a broad-spectrum antibiotic used against Gram-positive
and Gram-negative microorganisms. It is a fluorinated quinolone exhibiting bacte-
ricidal activity (Dickens et al. 1997). In its mode of action, it inhibits an enzyme
involved in passing genetic information to the daughter cells during cell division,
DNA gyrase (Woodward and Rao 2001). EFLX has its applications in veterinary
medicine, where it is used for controlling systemic infections. For rapid growth of
animals, it is also applied in their feed at subtherapeutic level (Walker et al. 1992;
Wu et al. 2005). EFLX is only partially excreted in animal body and is then excreted
in feces (Wu et al. 2005). When animal waste is applied as a supplement fertilizer,
plenty of EFLX and its metabolites are spread with manure in the environment. So,
its continuous release into the environment results its pseudo-persistent occurrence
in the environment (Yan et al. 2013). Research on EFLX stability indicates that in
dark environment, its half-life exceeds up to 120 days (Wu and Kanamori 2005).
This demonstrates that even at lower concentrations, EFLX can be retained in soil
for longer periods of time (Pierini et al. 2004). This exposure of EFLX residues may
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even steer microbial drug resistance (Gao et al. 2008). The potential impact of
EFLX release in soils has caused growing public concerns nowadays because the
ability of microorganisms to utilize the carbon resource has been reported to be
decreased significantly under the pressure of EFLX (Ma et al. 2007).

It has been shown by the acute toxicity test that survival of earthworms is not
affected by EFLX residues in soil (No 1984). It has also been probed that lower
concentrations of EFLX (below 0.634 mg/cm?) did not affect survival of earth-
worms, but higher EFLX concentrations may trigger morphological changes (Gao
et al. 2008). Effect of EFLX on the growth of earthworms is dependent on dose and
exposure time. Growth can be inhibited by exposure under 2.0 g/kg of EFLX for
more than 3 days or 1.0 g/kg of EFLX for more than 2 weeks (Gao et al. 2008).
Long-time exposure or high concentrations of EFLX elicit adverse effects on the
growth of earthworms (Li et al. 2015). Research has revealed that EFLX induces
reproductive toxicity in earthworms; 50 mg/kg of EFLX in soils could stop the
reproduction of earthworms. However, EFLX toxicity towards reproduction of
earthworms was low as compared to other microbial agents (Li et al. 2015). Several
studies indicated that EFLX causes changes in superoxide dismutase (SOD) and
catalase (CAT) enzymes which are responsible for the metabolism of earthworms
(Dong et al. 2012; Gao et al. 2008). So, it can be presumed that EFLX may induce
biochemical stress in earthworms rather than genotoxic effects.

17.2.3 Effects of Sulfamethoxazole and Trimethoprim
on Earthworms

Sulfamethoxazole belongs to a major antibiotic class sulfonamide. Whereas, tri-
methoprim is a pyrimidine inhibitor of dihydrofolate reductase, an antibacterial
related to pyrimethamine. Its efficiency is potentiated by sulfonamides as
trimethoprim—sulfamethoxazole combinations. It can be used alone as an antima-
larial agent as well (Chatrchyan et al. 2014). Trimethoprim when used alone it has
bacteriostatic action, but when used in combination with sulamethoxazole, it causes
bacteriocidal action and produces marked synergy against Gram-negative bacteria
(Reeves et al. 1969). These drugs and/or their degradation products cause soil
toxicity or complexity on incorporation into the environment (Pino et al. 2015).
They may be accumulated in the soil and can perforate in earthworms. The half-life
for the sulfamethoxazole is approximately in the range of 9-60 days (Lin and Gan
2011), while trimethoprim shows variable behavior in two different types of soil. In
one type of soil, its half-life was observed 26 days, while in another type of soil it
was found hardly degraded (Lin and Gan 2011). These drugs inhibit soil enzymatic
activity (Kong et al. 2006; Liu et al. 2009), affecting its fertility. Thus, these
substances may change the nature of food source for the earthworms (Kelsey
et al. 2005; Klok et al. 2006), which can possibly affect their lives and ecosystem
patterns. To how much extent, earthworms can be affected by such patterns, is still a
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matter of discussion and further investigation .So far, sulfamethoxazole and tri-
methoprim showed no significant toxic effects on E. fetida; thus, there is a need for
further studies to determine the toxic effects of sulfamethoxazole and trimethoprim
and their degradation products on earthworms (Pino et al. 2015).

17.2.4 Effects of Cycloheximide, Ampicillin, Cefotaxime,
Nystatin, Pyridoxal Hydrochloride, Neomycin,
and Chloramphenicolon Earthworms

Earthworms can often adversely be affected by several types of antibiotics and/or
their residues present in soil. In terms of investigation and extended research, this is
an under-phase area. Antibiotics can be of microbial origin or purely chemo-
synthetic or semi-chemo-synthetic (Murugan et al. 2015) and probably can elicit
biochemical as well as genotoxic effects in earthworms. A research conducted
toxicity tests of seven different antibiotics such as cycloheximide, ampicillin,
cefotaxime, nystatin, pyridoxal hydrochloride, neomycin, and chloramphenicol
on earthworm both in nutrient agar medium and in its natural habitat which
involved different antibiotics incorporated compost. It was found that the earth-
worms inoculated into the sterile compost remained alive, while in case of agar
plates earthworms died only in nystatin added agar plates; however, they remained
alive in all other antibiotics incorporated plates (Murugan et al. 2015). Earthworms
incubated in nystatin incorporated agar were found to be dead after 4 h, while
earthworms placed in the other antibiotics remained alive even after 24 h. Thus,
nystatin has a negative effect on earthworms. Time activity showed that after
270 min, the earthworm’s tail was cut off and after 330 min, the earthworms
were found to be completely dead. Nystatin caused damage especially in the
epidermal and circular muscle layer of earthworms (Murugan et al. 2015). As no
biochemical and genotoxic effects were studied, further research is needed to
explore the exact reason for the death of earthworms with its tail amputated by
nystatin and similarly for other types of antibiotics.

17.3 Possible Mechanisms of Geno- and Biochemical
Toxicity in Earthworms

Despite their importance in gene expression, mechanisms are not yet understood in
soil invertebrates. Until now, antibiotic-induced changes in genome expression in
natural biota are still being studied through structural alteration of DNA (Vasseur
and Bonnard 2014). Exposure of terrestrial species to antibiotics that may alter
genomic function has become an increasing topic of research in the last decade.
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Fig. 17.2 Mode of action of antibiotics and their possible mechanistic effects on earthworms
followed by detection

Indeed, genome disturbances due to genetic and epigenetic mechanisms may impair
growth as well as reproduction and population dynamics in the long term (Burcham
1999). The major types of antibiotics whose effects on earthworms have been
investigated till now include p-lactams, penicillins, cephalosporins, monobactams,
carbapenems; tetracyclines (chlortetracyclines, oxytatracyclines, and tetracy-
clines); nystatin; sulfonamides (sulfamethazole); quinines (enrofloxacin); and
diaminopyridine (trimethoprim). In their mechanism of action, nystatin binds
with ergosterol in cell membrane; p-lactams affect peptidoglycan synthesis by
affecting transpeptidase and peptide cross-linking (Sainsbury et al. 2011); tetracy-
clines, chloramphenicol, and macrolides inhibit protein synthesis (Chopra and
Roberts 2001); and quinolones inhibit DNA replication by affecting enzymes,
namely DNA gyrase and the eukaryotic topoisomerase Il (Barnard and Maxwell
2001) (Fig. 17.2). Different antibiotics based on their mode of action and targets
may possibly affect similar or different biochemical pathways and molecular
targets in different lower organisms. Likewise to other genotoxic substances,
these drugs in their mechanism of action may induce attrition to the genetic material



17 Genotoxicity and Biochemical Toxicity of Soil Antibiotics to Earthworms 329

through interactions with the structure and sequence of DNA (Sugden et al. 2001)
(Fig. 17.2). They can cause DNA adducts, DNA cross-linking, sister chromatid
exchange, DNA breaks in micronuclei, chromosomal aberrations, chromosome
mutations, and gene mutations (Chen et al. 2010).

Biochemical toxicity of antibiotics may affect enzyme mechanisms, regulation
of drug metabolism, and their related genes and genetic factors that cause differ-
ences in responsiveness to antibiotics, and bioactivation of antibiotics to toxic
intermediates and drug/drug interactions. Similarly, it can transform enzymes,
transporters, and cellular processes in specific organs such as lung, liver, brain,
and intestine. Biochemical toxicity as the production of reactive oxygen species
(ROS) reflected by changes in antioxidant enzyme activities (superoxide dismutase,
catalase) and increased lipid peroxidation (indicated by malondialdehyde) has been
measured in parallel to genotoxicity (Nakashima et al. 2008).

17.4 Detection Methods of Geno- and Biochemical Toxicity
in Earthworms

Genotoxic studies focused on detection of structural DNA alterations (Dearfield
et al. 2002; Miiller et al. 2003) and such detections can be through various methods.
The measurement of DNA adducts and the comet assays have improved the
potential for investigating populations at risk. Indeed, they can be applied in situ
and in different cell types without prior knowledge of karyotype and cell turnover
(Jha 2008). The single cell gel electrophoresis assay or comet assay are efficient
tools to measure DNA damage in individual cells and are widely used in toxicology
and ecotoxicology (Frenzili et al. 2009; Jha 2008; Vasseur et al. 2012). It detects
single and double strand breaks, alkali labile sites, oxidative DNA damage, and
DNA cross-links. Whereas, coelomocytes represent the main cellular type used in
earthworms in the evaluation of genotoxicity of contaminants by the comet assay
(Lionetto et al. 2012). Using the comet assay, apoptotic cells can be easily visual-
ized and characterized with a disintegrated nucleus. The sprayed genetic material
that can be clearly discriminated from damaged nuclei of non-apoptotic cells
(Vasseur and Bonnard 2014).The SOS/umu assay test enables to evaluate DNA
damage which is based on the alterations in the induction of the SOS response
caused by DNA damage (NIB 2013). The micronucleus test for structural and
numerical chromosomal aberrations can also be applied for the evaluation of
genotoxicity (Furman 2008). A micronucleus is a small structure separate from
the nucleus. It contains nuclear DNA arisen from DNA fragments and/or whole
chromosomes which are incorporated in the daughter cell during mitotic division.
These structure abnormalities can be due to mitotic loss of acentric chromosomal
fragments, mechanical problems from chromosomal exchange and breakage,
mitotic loss of chromosomes, and apoptosis (Furman 2008). Different types of
aberrations detected in cells affected by genotoxic substances are chromosome
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breaks, chromatid and chromosome gaps, chromatid deletions, translocation, frag-
mentation, and complex rearrangements which can be detected by various cytoge-
netic tests (Furman 2008).

Biochemical toxicity as the production of ROS reflected by changes in antiox-
idant enzymes activities can be measured in parallel to genotoxicity with the neutral
red retention time (NRRT) assay. DNA oxidative damage can be quantified by
HPLC analysis of the indicator of DNA oxidative lesions (Nakashima et al. 2008).
Furthermore, biochemical analysis can be performed in terms of hematology and
histopathology. Testing whether a drug inhibits a particular enzyme or binds to a
particular receptor or other biomolecule is the most direct way to test a drug for its
specific mechanism of action. Enzyme and receptor-binding assays or specific
protein assays tend to be reliable. The specific protein, protein complex, receptor,
or other biomolecules of interest can also be investigated. Several types of cell-
based assays can be employed to predict acute toxicity, such as plasma membrane
permeability, cell proliferation, and adenosine triphosphate (ATP) content. Simple
cytotoxicity assays have long been used to predict animal toxicity. Methods for
measuring cytotoxicity usually involve direct measurement of the fraction of cells
that have intact membranes, for example, with neutral red uptake or fluorescent
DNA dye uptake; measurement of the metabolism of surviving cells, for instance,
with reduction of 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), uridine uptake, or reduction of Alomar blue; cell number, measurement
of ATP content, total DNA content, cell proliferation, total protein content, and
several others (ILO 2011).

17.5 Future Prospects and Challenges

There have been a number of studies on the occurrence of antibiotics in manure,
soil, water, and other matrices in the soil; however, the ecological effects of
antibiotics and their role in the development of geno- and biochemical toxicity in
soil earthworms have not been clearly probed till now. Data available is incomplete
and additional research is required to completely clarify the current reservoir of
antibiotic-related contaminants in soil ecosystem. The challenges in achieving
accurate risk assessment of soil antibiotics on earthworms remain formidable till
now due to various factors, ranging from the accuracy and variability in analytical
techniques measuring bioavailability and toxicity of antibiotic mixtures and their
transport. The impact of antibiotics in soil ecosystem and the development of geno-
and biochemical toxicity in earthworms as well as the methods that allow the
measurement of the bioavailable fraction of antibiotics are extremely valuable.
In future, environmental risk assessment of antibiotics should incorporate mixture
toxicity and account for toxicity contributions from transports and other forms of
contamination. Additional focus on standard research approaches and execution
steps in obtaining the reliable data are essential to provide an inclusive assessment
of antibiotics and their toxicity in earthworms.
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17.6 Conclusion

The degradation of different antibiotics is different and probably slow in soil
particles. But, their residues, bulk accumulation, metabolites, and long-term expo-
sure in agroecosystems can cause several adverse effects on growth, reproduction
as well as on physiological activities of earthworms. It can be concluded from
above discussion that antibiotics may cause acute and sub-acute toxicity to earth-
worms resulting in genotoxcity as well as biochemical toxicity in earthworms. The
long-term exposure of these drugs to earthworms, test conducting, toxicity level,
and the mechanisms involved need to be investigated further.
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Chapter 18

Potential Environmental, Ecological
and Health Effects of Soil Antibiotics
and ARGs

Biljana Balabanova

18.1 Introduction

Since their introduction into medicine in the 1940s, antibiotics have been central to
modern healthcare. The generic term “antibiotic” is generally used to denote any
class of organic molecule that inhibits/dysfunctions or kills microbes with specific
interactions with bacterial targets, without any consideration of the source of the
particular compound or class (Davies and Davies 2010). Antibiotics can be declared
as the most successful family of drugs so far developed for improving human
health. Besides this fundamental application, antibiotics have also been used for
preventing and treating animal and plant infections as well as for promoting growth
in animal farming (Smith et al. 2002; Singer et al. 2003; Cabello 2006; Martinez
2009). All these applications made antibiotics to be released in large amounts in
natural ecosystems. China is the largest producer and user of antibiotics in the
world, based on market sales data (Martinez 2009; Pruden et al. 2013). Penicillin
was one of the first widely available antibiotics (discovered by Alexander Fleming
in 1928) and entered mass production in the early 1940s. It was soon followed by
streptomycin, tetracycline and other antibiotics (Bergstrom and Feldgarden 2008;
Taubes 2008).
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Because of the intensive use of antibiotics for human (domestic and hospital
use), veterinary and agriculture purposes, these compounds are continuously
released into the environment from anthropogenic introducing sources (Witte
1998). Ferber (2003) and Singer et al. (2003) singled out several “hotspots” of
potential evolution and spreading of antibiotic resistance into the environment.
Eventually, the increased production capacity of antibiotics encouraged other
applications of the drugs outside of medical settings. For example, low levels of
antibiotic agents were more frequently being added as a prophylactic to animal feed
because they were found to promote growth in livestock (Frost 1991). Although
detailed estimates of annual use and production are broadly not available (Sarmah
et al. 2000), trade data suggest an exponential increase in antibiotic production prior
to 1990 with >50% of that manufacture being for agricultural purposes (Levy 2002;
Ungemach 2000).

As stated by the World Health Organization, the increasing emergence of antibiotic
resistance in human pathogens is a special concern, not only for treating infectious
disease but also for other pathologies in which antibiotic prophylaxis is needed for
avoiding associated infections. The spread of “antibiotic-resistant bacteria” means that
commonplace medical procedures once previously taken for granted could be
consigned to medical limbo. It is important to remark that several antibiotics are
produced by environmental microorganisms (Waksman and Woodruff 1940). To
understand in full the development of resistance, we will thus need to address the
study of antibiotics and their resistance genes, not just in clinics but in natural
(non-clinical) environments also (Martinez 2008, 2009; Martinez and Baquero 2000,
2002; Martinez and Perez-Diaz 1990; Martinez et al. 1998, 2007, 2009). The situation
concerning antibiotics and their resistances resembles in some aspects to heavy metal
contamination. Heavy metals, very similar to antibiotics, are natural compounds
present in different ecosystems. However, their utilization by humans has increased
their bioavailability, leading to dramatic changes in polluted ecosystems. Differing to
heavy metals that challenge all forms of life, antimicrobials mainly alter the
microbiosphere, and probably because of this, the consequences of antibiotic pollution
on the biodiversity have received less attention (Martinez 2009). Antibiotic resistance
is a threat to human and animal health globally, and key measures are required to
reduce the risks posed by antibiotic resistance genes that occur in the environment.

The World Health Organization has pointed for the emergence of antimicrobial
resistance as a complex occurrence driven by many interconnected factors (WHO
2014, 2015). Over the past two decades, scientists have focused to include the
environment as a source for introducing of resistance genes and as a site of
antimicrobial resistance evolution (Kiimmerer 2009; Pruden et al. 2012; Franklin
et al. 2016). In general, dominant trends which contribute to a global scale-up in
antibiotic consumption are the following: (a) rising incomes lead to increasing
access to antibiotics, resulting with resistance, and (b) increased demand for animal
protein and resulting intensification of food animal production are leading to greater
use of antibiotics in agriculture, again driving resistance. The greater volume of
antibiotics is used; greater is the chance that ARBs will prevail in the contents for
surviving at the bacterial level. The US Centers for Disease Control and Prevention
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(CDC) estimates that antibiotic resistance is responsible for more than two million
infections and 23,000 deaths each year in the United States, estimated 25,000
deaths/per year in Europe and 58,000 neonatal sepsis deaths/per year in India
(WHO 2015; Gelband et al. 2015).

18.1.1 Heavy Metal vs. Antimicrobial Resistance in Natural
Ecosystems

Heavy metal resistance in natural ecosystems may help to understand antibiotic
resistance in the environment. The elements involved in the resistance to heavy
metals are encoded in the chromosomes of bacteria like Ralstonia metallidurans
(Mergeay et al. 2003). However, strong selective pressure due to anthropogenic
pollution has made that these chromosomally encoded determinants are now
present in gene-transfer units (Silver and Phung 2005; Nies 2003; Berendonk
et al. 2015). Antibiotic resistance genes that were naturally present in the chro-
mosomes of environmental bacteria (Okoh et al. 2007; Fajardo and Martinez
2008; Igbinosa and Okoh 2009; Gelband et al. 2015) are present in plasmids that
can be transferred to human pathogens. It has been highlighted that the contact of
bacteria from human-associated microbiota with environmental microorganisms
in sewage plants/in natural ecosystems is an important feature to understand the
emergence of mechanisms of resistance in human pathogens (Baquero et al. 2008;
Cattoir 2008).

18.2 Linkage of Antibiotics and Antibiotic Resistance
to Sources

The terms antimicrobial and antibiotic are often used interchangeably in various
publications. The term antimicrobial is defined as a natural, semisynthetic or
synthetic chemical that kills or inhibits the growth of microorganisms such as
bacteria, fungi, viruses and protozoa. Antimicrobials that kill organisms are called
cidal agents, while those that inhibit or slow growth are called static agents. The
term antibiotic is used to describe the subset of antimicrobials that target bacteria.
Since bacteria and fungi have been producing antibiotics for hundreds of millions of
years (D’Costa et al. 2011), ARGs have been a part of the endemic resistome for
just as long (Barlow and Hall 2002; Poinar and Wright 2011; Wright and Poinar
2012; D’Costa et al. 2013; Igbinosa and Odjadjare 2015; Gelband et al. 2015).
Selecting what antibiotic resistance input or outcome to analyse is crucial in deter-
mining what can be reliably measured, how it can be measured and what statements can
be made about antibiotic resistance in that environment (Levy and Marshall 2004). The
three antibiotic resistance parameters typically measured are biologically linked in most
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cases but are not necessarily interchangeable and may not directly correlate to one
another (Martinez and Baquero 2002; Davies and Davies 2010; D’Costa et al. 2013;
Igbinosa and Odjadjare 2015). If a certain level of drug is present in the environment,
then ARB and ARG levels will not necessarily demonstrate the same pattern. Knowl-
edge of the types of genes that confer resistance to particular antibiotics is necessary
when analysing an affected environment. For example, when attempting to infer an
impact of sulphonamide drugs entering a system, analysing for ARGs known to be
associated with sulphonamides rather than ARGs associated with other drugs would
produce the most reliable results and findings (Davies and Davies 2010). Additionally,
certain ARGs have a limited host range, while others cross many physiological barriers
(Kohanski et al. 2010). Furthermore, knowledge of the specific organisms that carry
these genes, how transferable these genes are and evidence of epidemiological impacts
of these genes need to be considered before drawing any conclusions about their
influence on human or animal health. Understanding the susceptibility of bacteria to a
particular antibiotic drug is also key information for analyses of ARBs, since certain
drugs are not effective against Gram-positive or Gram-negative bacteria because of
physiological differences.

18.2.1 Antibiotics and Antibiotic Resistance Elements
in Bacterial Ecosystems

Since antibiotics are efficient inhibitors of bacterial growth produced by environ-
mental microorganisms, it has been widely accepted that their role in nature will be
to inhibit microbial competitors. Conversely, antibiotic resistance determinants
should serve to avoid the activity of antibiotics, in such a way that they would be
a good example of the Darwinian struggle for life. Although this can be true in some
occasions, an alternative hypothesis stating that antibiotics could be signal mole-
cules that shape the structure of microbial communities has been proposed (Linares
et al. 2006; Yim et al. 2007; Fajardo and Martinez 2008). Thus way, the antibiotics
can have a hormetic effect, beneficial at low concentrations likely found in most
natural ecosystems and harmful at the high concentrations used for therapy
(Berendonk et al. 2015). Similarly, it has been stated that some elements that
serve to resist high concentrations of antibiotics have disparate functional roles in
their original hosts (Martinez 2008, 2009; Davies and Davies 2010; Berendonk
et al. 2015). The strong increase of antibiotic concentrations in natural ecosystems
as the consequence of human activities (human therapy, farming) shifts the original
functions of antimicrobials and resistance elements to the weapon/shield roles they
play in hospitals or farms (Martinez 2008). These changes might influence not just
the selection of antibiotic-resistant microorganisms but also the structure of the
natural microbial populations and may alter the physiology of microorganisms as
well. Besides selecting antibiotic-resistant mutants and favouring the acquisition of
antibiotic resistance determinants by gene-transfer elements that can spread among
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the environmental microbiota, antibiotic pollution can enrich the population of
intrinsically resistant microorganisms and reduce the population of susceptible
microbiota. Cyanobacteria are responsible for more than a third of total free O,
production and fixation of CO, and are susceptible to antibiotics (D’Costa et al.
2011). There is no indication that the Cyanobacteria population is suffering the
impact of antibiotic pollution and the risks for this situation are likely very low.
However, the dramatic effect that eliminating Cyanobacteria as the consequence of
antibiotic pollution might have for the biosphere reinforces the idea that the release
of antibiotics in natural environments has relevant consequences not just in terms of
resistance but for the maintenance of the global activity of the microbiosphere also
(Halling-Sgrensen et al. 1998; Hirsch et al. 1999). A very representative study
improved that tetracycline has a negative impact on the functional diversity of soil
microbial communities (Zak et al. 1994, 2003; Hill et al. 2000). Antibiotics at much
higher concentrations that are usually found in natural ecosystems can be found in
soils (Franklin et al. 2016). These high concentrations are usually concentrated to
areas of human activity, where environments usually have very low content of
antibiotics. Risk assessments can be taken into consideration mainly for those areas
with higher antibiotic introduction and containing human-associated microorgan-
isms for analysing the effect of antibiotic pollution effect in natural ecosystems
(Baquero et al. 2008). Antibiotic resistance genes are found worldwide, due to their
origin in bacteria (Davies 1994). Pallecchi et al. (2008) declare that intensive
dissemination of genes frequently occurs in human pathogens in places without a
high antibiotic load. There is high percent of probability for their maintenance in
natural ecosystems. Because of abovementioned facts, antibiotic resistance genes
can be considered as pollutants. Antibiotic resistance genes are naturally located in
the chromosomes of environmental bacteria (D’Costa et al. 2006; Martinez 2008;
Wright 2012). Only those compounds that are present in gene-transfer elements
should be considered as pollutants. Contamination by antibiotics is relevant, but not
only for their impact on bacteria that can infect humans. The release of antibiotics
together with antibiotic resistance bacteria can impact as well the environmental
microbiota.

18.2.2 Antibiotic Resistance in Clinically Relevant Bacteria

Rampant use of antibiotics in humans, animals and agriculture settings is the
leading cause of increasing trend in microbial resistance. For the first time, the
resistance to antibiotics appeared in hospitals with the emergence of sulphonamide-
resistant Streptococcus pyogenes in the 1930s followed by penicillin-resistant
Staphylococcus aureus(Levy and Marshall 2004; Liu et al. 2014). The prevalent
threat is posed by multiple drug resistance (MDR), and some pathogens such as
Mycobacterium tuberculosis, methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant Staphylococcus aureus (VRSA), vancomycin-resistant
enterococci (VRE), Klebsiella pneumonia, drug-resistant Escherichia coli,
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Pseudomonas aeruginosa and Acinetobacter baumannii are globally notable exam-
ples in the hospital community (Levy and Marshall 2004; Berendonk et al. 2015).
Penicillin-resistant Streptococcus pneumoniae (PRSP), a common pathogen of
children, is also mainly community acquired (Brochet et al. 2008; Franklin et al.
2016). This has resulted in an increased frequency and duration of hospitalization,
with increased exposure to multidrug-resistant pathogens that are present in
healthcare settings (Kumar et al. 2005). Forsberg et al. (2014) refer that most
pathogens resistant to multiple antibiotics were isolated from healthcare settings,
where antibiotic use was prevalent. Resistance to penicillin, cephalosporins and
other -lactam antibiotics has increased the use of erythromycin and new macrolides
such as azithromycin and clarithromycin (Georgopapadakou 1993). For this reason
bacterial infections resistant to antibiotics are becoming increasingly common in
clinical settings (Zoutman and Ford 2005). Many pathogenic agents have become
resistant to various classes of antibiotics since the 1960s. This fact has become
clinically, epidemiologically and socioeconomically important, because infections
caused by resistant bacteria can be especially difficult and costly to treat (Zoutman
and Ford 2005). Emergence of multidrug resistance in community-acquired patho-
gens such as Mycobacterium tuberculosis and Streptococcus pneumoniae demonstrates
a worrisome situation in which the effectiveness of the antibiotics that previously
successfully treated the infections has deteriorated over time (WHO 2015).

Christian et al. (2003) show that discharge of effluents from wastewater treat-
ment plants provides the introduction pathway for contaminants into environment.
Multidrug-resistant Acinetobacter baumannii is a rapidly emerging pathogen in
healthcare settings where antimicrobial resistance has seriously limited treatment
options (Eliopoulos et al. 2008). Environmental pollution can be important reser-
voir in outbreaks of A. baumannii, thereby underscoring the need for increased use
of antibiotics with higher potency. Antibiotics as human and animal excretory
products enter into soil environment either directly or after passage through waste-
water treatment plants.

The introduction of antibiotics into the soil environment causes a selective
pressure which results in an increase in the proportion of bacteria that are resistant
to antibiotics (Igbinosa and Obuekwe 2014; Igbinosa 2015). Increased resistance
to a wide variety of antibiotics has been found in bacteria located in waterbodies
receiving run-off from agricultural and abattoir environments (Igbinosa et al.
2012, 2013; Igbinosa 2015). According to Larsson and Fick (2009), antibiotics
can be released into environments as inappropriately disposed unused drugs and as
part of effluent from drug production facilities. The processes that lead to the
development of antibiotic resistance have probably occurred throughout all of
microbial evolutionary descent. Resistant bacteria and antibiotic resistance genes
that work to inactivate antibiotics and antibiotic molecules are present in the
environment at all times, thus distinguishing naturally occurring resistance in
organisms from resistance as a result of environmental pollution (Wright and
Poinar 2012).
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18.3 Dissemination of Antibiotic-Resistant Bacteria
in the Environment

The existence of a natural environmental resistance gene pool, which includes all
known clinical resistance mechanisms, has been discovered (D’Costa et al. 2006;
Aminov 2009). Soil can occurs as recipient of antibiotics from anthropogenic
sources that accumulate and persist for long time of period. A large fraction of
antibiotics stays in environment in an active form (Baquero et al. 2008; Martinez
2009; Lupo et al. 2012). However, antibiotics are introduced into the environment
through various pathways, as given in Fig. 18.1, that include:

« Effluents from disposal of human waste

* Waste from agricultural food animal production and aquaculture

» Direct application to some plants

e Industrial effluents from pharmaceutical facilities

¢ Agricultural run-off and disposal of ethanol production waste products

The discharge of effluents from wastewater treatment plants (WWTP) repre-
sents important point sources of contaminants in the soil environment. WWTP
have been described as a significant releasing source of antibiotics and for anti-
microbial resistance. Some treatment options appear in order to reduce loading of
antibiotic residues that could be distributed in the environment (Michael et al.
2013). Treatment options and removal pathways of antibiotic residues include
adsorption, biodegradation, disinfection, membrane separation, hydrolysis, photo-
lysis and volatilization depending on antibiotic properties (Zhang et al. 2009;
Zuccato et al. 2010). Tetracyclines can be removed by adsorption onto the
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Fig. 18.1 Possible routes of antibiotics into the environment (adapted from Frade et al. 2014)
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biomass flocs; beta-lactams are largely degraded by hydrolysis reactions driven
by bacteria or physical chemical processes, while erythromycin and ciprofloxacin
are recalcitrant toward biodegradation in activated sludge (Li and Zhang 2011).
Biological waste treatment processes rely on complex ecological interactions.
Novo and Manaia (2010) explains processes to treat wastewater. It has been
shown to influence the contribution of antimicrobial resistance elements and resi-
stant strains of bacteria released into the environment. Microbial communities
react with drastic changes in ecosystem functioning and species composition and
abundance (Fatta-Kassinos et al. 2010, 2011). The connection between aquatic
pollution impacts and potentially pathogenic bacteria is of particular relevance for
human well-being (Martinez 2009; Nogales et al. 2011; Franklin et al. 2016).
High amounts of organic matter deposited in waterbodies lead to nutrient enrich-
ment. These conditions can initiates growth of heterotrophic bacteria. On the
other hand, pathogenic bacteria originating from human faeces are released
directly into the environment through wastewater discharges, thereby compromis-
ing water quality (Figueira et al. 2011; Nogales et al. 2011). Aquatic systems can
be highly impacted by human activities, receiving contaminants and pollution
from different sources and thereby encouraging the exchange and mixture of
genes as genetic platforms.

18.3.1 Resistant Bacteria in Humans

Methicillin-resistant Staphylococcus aureus (MRSA) has declined in incidence in
Europe, the United States and Canada over the past 8 years, to 18%, 44% and 16%,
respectively; in sub-Saharan Africa, India, Latin America and Australia, this per-
cent is still rising, recorded at 47% in India in 2014 and 90% in Latin American
hospitals in 2013 (WHO 2015). Escherichia coli (E. coli) and related bacteria have
become resistant to newer third-generation cephalosporins (WHO 2015).
Escherichia coli (E. coli) and related bacteria have become resistant to newer
third-generation cephalosporins, indicating that they are difficult to treat extended
spectrum beta-lactamase (ESBL) producers. In 2013, in 17 of 22 European coun-
tries, 85-100% of E. coli isolates were ESBL positive; in 2009 and 2010, 28% of all
Enterobacteriaceae from urinary tract infections in 11 countries in Asia were ESBL
producers, and resistance to third- and fourth-generation cephalosporins ranged
from 26 to 50% (Li et al. 2012). In Latin America in 2014, resistance in Klebsiella
pneumoniae ranged from 19% in Peru to 87% in Bolivia (WHO 2015).
Carbapenem-resistant Enterobacteriaceae (CRE)—for Europe, five countries
reported increases in 2013 (WHO 2015). In US hospitals, 11% of K. pneumoniae
and 2% of E. coli were resistant to carbapenems in 2012, while in Latin America in
2013, resistance of K. pneumoniae to carbapenems ranged from full susceptibility in
the Dominican Republic to 28% resistant in Guatemala. Monitoring conducted in India
reveals that 13% of E. coli were resistant to carbapenems in 2013 (WHO 2015).
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18.4 Behaviour of Antibiotics in the Ecosystems

Antibiotics used for preventing or treating infections in humans or animals as well
as for promoting faster growth of livestock are only partially metabolized and are
then discharged along the excreta, either to sewage treatment plants or straightfor-
ward in waters or soils (Dolliver and Gupta 2008). In addition, antibiotics are
topically added to the aerial organs of infected plants, although the amount of
antibiotics used in plant agriculture is low compared with human and veterinary
medicine and animal production (McManus et al. 2002). To alleviate the effect that
the release of antibiotics for nonhuman use may have for the selection of resistance
in human pathogens, the European Union banned the feeding of those antibiotics,
which are valuable in human medicine, to livestock for growth promotion in 1998.
Many countries have restricted the use of antibiotics in aquaculture, including
strong restrictions in the use of antibiotic prophylaxis and proscription of the
utilization of antibiotics that are still useful in the therapy of human infections.
As stated by the World Health Organization, the amount of antimicrobials used
in animals is not known precisely because national statistics on the amount and
pattern of use of antimicrobials exist in only a few countries (WHO 2002). This is
an important drawback to evaluate the impact of antibiotic utilization in veterinary
on the selection of resistance and the release of antibiotics in the environment.
Overall, the World Health Organization estimates that about half of the total
amount of produced antibiotics is used in food animals (WHO 2002). It is important
to remark however that the total amount of antibiotics used in animals is not known
with certainty. Cabello reported in 2006 that “in Chile, statistics indicate that
annually 10—12 metric tons of quinolones are used in human medicine and approx-
imately 100—110 metric tons of these antibiotics are used veterinary medicine per
year, most of them in aquaculture” (Cabello 2006). Nevertheless, taking into
consideration that 25-75% of the antibiotics administered to feedlot animals are
excreted unaltered in faeces, it is clear that the antimicrobial use in livestock is an
important source of antibiotics release into the environment (Dolliver and Gupta
2008). The main impact of antibiotic pollutants is on the environmental microbiota.
Utilization on antibiotics can select for antibiotic-resistant bacteria within the
treated host. In the case of antibiotics used for farming purposes, selection of
resistance can be important for both the treatment of animal infections and for
human health. Several evidences support an association between the use of anti-
microbial agents in food animals and antimicrobial resistance among bacteria
isolated from humans (Angulo et al. 2004). The effect of antibiotics used for
farming in human health has mainly focused on food-borne pathogens. These
bacteria are present in the animals and can infect humans. Examples of food-
borne pathogens are Campylobacter jejuni, E. coli, Salmonella or Enterococcus
faecium, among others. For those pathogens, both mutation-driven antibiotic resis-
tance and the acquisition of antibiotic resistance genes (Martinez 2009; Franklin
et al. 2016) are important concerns for human health, because the same strain can
colonize both animals and humans, and antibiotic resistance genes can easily spread
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among bacterial species that are closely phylogenetically related (Sundsfjord et al.
2001). Livestock are given veterinary medicines to treat disease and protect their
health. After application of the drug, the substance may be metabolized, and a
mixture of the parent compound and metabolites will then be excreted in the urine
and faeces. Releases of veterinary medicines to the environment occur both
directly, for example, through the treatment of animals on pasture, and indirectly,
via the application of animal manure to land, and once released to land, the
veterinary medicines may leach to groundwater or be transported to surface waters
in drainage waters and overland flow. Numerous veterinary medicines have been
extensively studied: primarily the sheep dip chemicals and anthelmintics. With the
exception of a few studies and reviews (Baguer et al. 2000; Loke et al. 2000;
Rabolle and Spliid 2000; Tolls 2001), limited information is available on the fate,
behaviour and effects of other major classes of veterinary medicines used to treat
livestock, and very little data are available on concentrations in the environment. In
order to assess the risks posed to the environment by veterinary medicines used to
treat livestock, a number of models and guidelines have been developed for
predicting concentrations of veterinary medicines in soil (Montforts 1999). The
strategy of application to soil and the properties of the veterinary medicines differ
from most pesticides and industrial chemicals, so the use of the assumptions may be
inappropriate. Besides being a potential vector for veterinary pharmaceutical into
soils, manure contains higher levels of ammonia that will increase the pH of the
soil solution, thus altering the speciation of the veterinary medicines and thus
affecting the sorption of the compound. Transport of manure-associated and
dissolved organic carbon-associated veterinary medicines through the soil profile
to surface waters and groundwaters may also be important pathways.

18.4.1 Pathways of the Relisted Antibiotics

Increasing overall resistance may impact human health even if the resistance genes
are originally selected in microorganisms’ lineages that are specific of the animals
and cannot infect humans. For instance, it has been recently described that hori-
zontal gene-transfer events link human methicillin-resistant Staphylococcus aureus
human pathogens to contagious bovine mastitis bacteria (Martinez 2009). Second,
antibiotics can remain in the tissues of the animals, so that they can be considered as
food pollutants. The effect of these compounds in the human host has not been
studied in detail. However, it has been suggested that they might trigger in occa-
sions allergic reactions and contribute to select for antibiotic-resistant bacteria in
the human microbiota (Cabello 2006). Third, antibiotics released to soils or waters
can modify the local environmental microbiota producing changes in their compo-
sition or activity that are not fully understood. The alterations in the bacterial popu-
lations include selection of resistant mutants in susceptible species, changes in the
distribution of antibiotic resistance genes present in gene-transfer units and selec-
tion of resistant species in such a way that the overall composition of the microbiota
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is modified. For instance, the exposition to ciprofloxacin of salt marsh sediment
microbial communities favours selection of sulphate-reducing and Gram-negative
bacteria (Cordova-Kreylos and Scow 2007). Selection of resistance and reduction
of the complexity of environmental microbiota is not however the unique conse-
quence of antibiotic pollution. Antibiotics can produce transient changes in the
activity of microbial populations (Linares et al. 2006; Fajardo and Martinez 2008)
that might be relevant for their productivity even at subinhibitory concentrations. It
has been described that the pollution of manure with sulphadiazine reduces micro-
bial activity, mainly some processes in nitrogen turnover (Kotzerke et al. 2008),
besides increasing resistance in soil (Ghosh and LaPara 2007; Heuer and Smalla
2007). Although the overall utilization of antibiotics for farming purposes might be
decreasing as the consequence of the implementation of politics for reducing anti-
biotic resistance, the removal of antibiotics as growth promoters has been followed
by an increase of therapeutic antibiotics used in animals (Singer et al. 2003). On the
other hand, although national programmes to control antimicrobial resistance and to
improve the rational use of antibiotics in humans are reducing the amount of
antibiotics used for human therapy (Muller et al. 2007), this use of antibiotics
will obviously remain. It is thus predictable that the amount of antibiotics released
in the environment from farms and humans’ residues will likely keep at rather high
levels in the future. This means that besides control policies in the use of antibiotics,
studies for improving their degradation are needed. Treatment of water, sewage and
in general residues contaminated with antibiotics should be implemented before
their release to natural ecosystem or its transformation in manure to be used as
organic fertilizer in agriculture (Dolliver and Gupta 2008), because antibiotics
present in manure antibiotics are incorporated in soil (Alanis 2005; Brown et al.
2006). Several techniques (coagulation, activated carbon filtration, ionic treatment
or micelle—clay systems) were demonstrated as effective for the removal of differ-
ent antibiotics (Shellie et al. 2003; Sukul and Spiteller 2007; Gulkowska et al. 2008;
Choi et al. 2008). However in all cases a variable percentage of the antibiotics
usually remain after wastewater treatment (Brown et al. 2006) and can challenge
bacterial populations downstream the wastewater processing plant (Watkinson
et al. 2007). It is important to remark that treatment of water and residues from
human activity is far to be performed worldwide, so that in most occasions
antibiotic-polluted residues are released in the environment without further pro-
cessing. Antibiotics are naturally degraded by processes that include
(a) photodegradation, (b) chemical degradation and (c) biodegradation. These pro-
cesses are correlated with the influence on moisture, temperature, chemical com-
position (pH, EC) and the microorganisms. Different habitats will render different
paths of antibiotic degradation; binding of antibiotics to clay and sediments delays
their degradation, but simultaneously removes antibiotics from water, in such a way
that particulate matter present in rivers may reduce antibiotic pollution in waters at
long distance of waste drainage, at the cost of increasing locally antibiotic concen-
tration at sediments (Baquero et al. 2008).



346 B. Balabanova
18.5 Antibiotic Resistance Gene as a Pollutant

Several works highlight the presence of antibiotic resistance genes in environments
that are unlikely contaminated with antibiotics used by humans. These include the
deep terrestrial subsurface (Brown and Balkwill 2009). These studies presents good
example of the ubiquity of genes that might confer resistance upon expression in a
heterologous host, independently on whether or not their primary function is resi-
stance (Wright 2012). Therefore, it is important to underline that the finding of
resistant organisms in a given environment should not necessarily be considered as
an evidence of pollution by antibiotics or by resistance genes. Contamination by
resistance genes would not be necessarily involved. In the case of antibiotic pollu-
tion, resistant bacterial species and resistant mutants of the susceptible ones can be
selected without involvement of pollutant antibiotic resistance genes. There are two
situations in which an antibiotic resistance determinant can be considered as a pol-
lutant: (1) antibiotic selective pressure in natural ecosystems may select the inte-
gration and further dissemination of antibiotic resistance genes in gene-transfer
units, which can be then considered as contaminants, and (2) residues from hos-
pitals, houses and farms contain bacteria that can carry antibiotic resistance deter-
minants. The finding of specific antibiotic resistance genes, which are already
disseminated among human, animal or plant bacterial pathogens, can be considered
as indication of a history of contamination (Austin and Anderson 1999). Differing
to the situation with antibiotics, this contamination is not necessarily local neither
dependant on the constant release of residues, because once those genes are in the
environment, they can disseminate among different bacterial species and distinct
habitats. It has been demonstrated that antibiotic resistance genes can migrate
between connected aquatic systems. It is unclear whether the presence of anti-
biotic resistance genes is the result of the migration of antibiotic-resistant bacteria
or the transmission of resistance genes by HGT (Koike et al. 2007). The fact that
remote human populations with minimal antibiotic exposure carry antibiotic-
resistant commensal bacteria further support the worldwide dissemination of resis-
tance genes (Grenet 2004; Geiger et al. 2008).

18.5.1 Main Genetic Reactors in Antibiotic Resistance

Genetic reactors are places in which the occasion occurs for genetic evolution,
particularly because of high biological connectivity, generation of variation and
presence of specific selection (Aminov 2011). Beyond mutational events, signifi-
cant genetic variation occurs as a consequence of recombinatorial events, fre-
quently resulting from genetic exchanges among organisms inside populations
and communities. There are four main genetic reactors in which antibiotic resis-
tance evolves:
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. Human/animal microbiota

. Hospitals, farms, etc.

. Wastewater effluents and sewage treatment plants
. Surface groundwater, soil and sediments

AWM —

The primary reactor is constituted by the human and animal microbiota, with
more than 500 bacterial species involved, in which therapeutic or preventive
antibiotics exert their actions. The secondary reactor involves the hospitals, long-
term care facilities, farms or any other place in which susceptible individuals are
crowded and exposed to bacterial exchange. The tertiary reactor corresponds to the
wastewater and any type of biological residues originated in the secondary reactor,
including lagoons, sewage treatment plants or compost toilets, in which bacterial
organisms from many different individuals have the opportunity to mix and genet-
ically react. The fourth reactor is the soil and the surface or groundwater environ-
ments, where the bacterial organisms originated in the previous reactor mix and
counteract with environmental organisms. Water is involved as a crucial agent in all
four genetic reactors, but particularly in the last ones. The possibility of reducing
the resolvability of antibiotic resistance depends on the ability of humans to control
the flow of active antimicrobial agents, bacterial clones and genetically based
biological information along these genetic reactors.

18.5.2 Industrial Antibiotics in Soil-Water Environments

Water dissolves industrial antibiotics that are bound to environmental matrices.
Binding to soil particles (and sediments) delays its biodegradation and explains
long-term permanence of the drugs in the environment. Of course, soil particles also
remove antibiotics from water, so that a kind of water—soil pharmacokinetics might
be considered. Antimicrobial agents are retained in soil by its association with soil
chemicals. For instance, Elliot soil humic acids produce complexation of antibiotics
(Zhang et al. 2009; Cytryn 2013). Interestingly, heavy metals (as methylmercury)
also associate with humic acids, so that in the water film associated with soil
organic particles, several antimicrobial effects might be simultaneously present.
Indeed it appears that in the presence of humic substances, in both dissolved and
mineral-bound forms, environmental mobility of antibiotics might increase
(Demanéche et al. 2008; Negreanu et al. 2012). Oxides of some metals, such as
Al and Fe, can alter these interactions by changing surface charge. Sorption to such
oxides results in different types of ciprofloxacin surface complexes (Knapp et al.
2010). This way, general alterations in soil (as pH changes or ionic strength) might
alter these antibiotic—soil interactions, producing different levels of antibiotic
release (dissolution) from soil particles (Christian et al. 2003; Schliisener and
Bester 2006; Negreanu et al. 2012).
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18.5.3 Industrial Antibiotics in Water-Sludge Environments

Antimicrobial agents as sulphonamides, macrolides, trimethoprim, cephalosporins
or fluoroquinolones can be found at potentially active concentrations in activated
sludge treatment, and the antibiotic load along the year correlates with the variation
in annual consumption data, being higher in the winter (Giger et al. 2003). The
wastewater concentration of antimicrobials depends on the sludge—wastewater
partition coefficient, but with fluoroquinolones field experiments of sludge appli-
cation to agricultural land confirmed long persistence of these compounds, but with
limited mobility into the subsoil (Schliisener and Bester 2006; Gobel et al. 2004). In
compost toilets, amoxicillin decay is negligible, even in the presence of beta-
lactamase-producing bacteria (Zervos et al. 2003). The extensive use of antibiotics
in human medicine, animal farming and agriculture leads to antibiotic contamina-
tion of manure, which can be used as fertilizer. Leaching tests indicate that in
general less than 1% of fluoroquinolones in the sludge reached the aqueous phase,
which might indicate a relatively reduced mobility when sludge is used to fertilize
soil. Nevertheless, that does not exclude localized biological effects on particulated
material. High concentrations of fluoroquinolones were found in secondary sludge.
Macrolides were frequently resistant to the processes carried out in sewage treat-
ment plants in South China, and even higher concentrations were found in the final
effluents than in the raw sewages (Xu et al. 2007).

18.6 Impact of Antibiotics Resistance Determinant
on Human and Environmental Health

Wastewater discharges from domestic sources affect the diversity of resistant
bacteria (Czekalski et al. 2012; Thevenon et al. 2012; Vignesh et al. 2012). These
impacts also shape the genetic pool of waterbodies by increasing abundance of
antibiotic resistance genes within the habitats (Zervos et al. 2003). Thus, hospital
effluents have been shown to be rich in resistance genes and resistant bacteria
(Zervos et al. 2003). Contamination in aquatic environments contributes to the
spread of human pathogens along with the dissemination of antibiotic-resistant
bacteria. The overexposure to antibiotics is leading to increasing levels of resis-
tance in the human commensal microbiota (Austin et al. 1999). The resistomes of
faecal bacteria, once in environmental locale, contribute antibiotic resistance genes
to non-resistant indigenous microorganisms (Aminov 2009, 2011). In some aquatic
systems, the cycle can include subsequent transmission of antibiotic resistant to
bacteria associated in human (Devirgiliis et al. 2011; Figueira et al. 2011). Enrich-
ment in antibiotic-resistant bacteria is promoted by the presence of antimicrobials
in the environment. Bacterial communities in aquatic systems comprise antibiotic
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producers and bacteria intrinsically resistant to several antibiotics. These two
groups are natural carriers of genetic determinants of resistance. Taking these
factors together, aquatic environments can be seen as reactor system where drug
resistance characteristics spread and recombine. Under such conditions, multidrug
resistance features may emerge, and transmission to pathogenic bacteria is facili-
tated (Lupo et al. 2012). Several studies have shown that in natural systems,
pollution promotes antibiotic resistance spread, for which mobile genetic elements
have an important contribution (Aminov 2009). Environmental and pathogenic
bacteria harbour antibiotic resistance genes; the regulations of these genetic units
differ with the source. Pathogens usually carry these genes on mobile genetic
elements and express them constitutively. Antibiotic resistance can reach the
environment with the potential of adversely affecting aquatic and terrestrial organ-
isms which eventually might reach humans through drinking water and the food
chain (Aarestrup et al. 2008). The emergence of resistance is a highly complex
process which is not yet fully understood with respect to the significance of the
interaction of bacterial populations and antibiotics, even in a medicinal environ-
ment (Martinez and Baquero 2000; Alanis 2005). The transfer of resistant bacteria
to humans could occur via water or food if plants are watered with surface water or
sewage sludge, if manure is used as a fertilizer (Dolliver and Gupta 2008). The
transfer pathways of antibiotic resistance from animals to humans are not clearly
understood.

18.7 Risk Assessment

Integrated risk assessment of the evolution and emergence of antibiotic resistance
in the environment addresses two main issues:

e The potential of subinhibitory concentrations of antibiotics to promote the
development of ARB in complex bacterial communities

» The capacity of resistance determinants to transfer from anthropogenic sources
(such as treated wastewater, manure or others) to human commensal or patho-
genic bacteria

18.7.1 Potential of Subinhibitory Antibiotic Concentrations

The Guideline on the environmental risk assessment of medicinal products for
human use, produced by the European Medicines Agency, does not recognize that
the emergence and proliferation of antibiotic resistance may be the most important
risk associated with environmental contamination by antibiotics. Indeed, the
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endpoints for no-effect concentrations are different from traditional environmental
risk assessment, as the effects of antibiotics in promoting antibiotic resistance can go
far beyond the toxicological implications. The effects of antibiotics may be poten-
tiated or extended by cofactors (general stress situations and micro-contaminants,
such as heavy metals and biocides), which possibly enhance the spread and evolu-
tion of antibiotic resistance. Therefore, combined molecular- and culture-based
methods are necessary to determine the concentrations at which resistance acquisi-
tion and selection are likely to occur in environmental compartments. Although
challenging, given the scarcity of knowledge regarding the mechanisms involved at
the genetic, cellular and population levels, this addendum is urgently needed. Within
this addendum, the gold standard of a reliable risk assessment should determine the
range of concentrations at which, under defined conditions, an antibiotic can pro-
mote selection and the acquisition of resistance.

18.7.2 Transmission of Resistance Determinants from
Anthropogenic Sources

Another important aspect of antibiotic resistance risk assessment refers to the
spread and transmission of resistance determinants from hotspots to downstream
environments. Mathematical models capable of predicting the influence of potential
selective pressures, or the occurrence and the evolutionary success of genetic
recombination events, have proven to be promising tools in predicting the spread
of antibiotic resistance determinants (Martinez 2009). As they are specifically
developed for environmental niches and environment-human interfaces, these
mathematical models should rely on parameters such as population size; bacterial
population growth rate and survival; occurrence and frequency of horizontal gene
transfer and its implications on the population fitness; and the influence of other
biotic and abiotic factors (Cabello 2006; Martinez 2009). Such models would allow
predictions to be made regarding the dynamics of ARB hosting ARGs and the
possible localization of ARGs on MGEs, thus supporting the assessment of their
fate from anthropogenic sources to downstream environments. A quantitative risk
assessment framework should be developed by coupling data and analyses, such as
those outlined above, with a stochastic assessment of exposure to clinically relevant
bacteria in the environment. Such a model should then be used to predict the
environmental conditions that are associated with the evolution of antibiotic resis-
tance and infer the probability of antibiotic resistance determinants spreading.
However, owing to the scarcity of data on the occurrence of antibiotic resistance
and horizontal gene transfer in the environment, it is currently difficult to develop
validated models that can be applied in the framework of environmental risk
assessment guidelines.
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18.7.3 ARB and ARGs as Contaminants of Emerging
Concern

The European Water Framework Directive establishes the requirements for deter-
mining the biological and chemical quality standards of waterbodies in Europe
(Berendonk et al. 2015). Annex I of this directive sets obligations for environmental
quality standards (EQS) for priority substances and certain other pollutants, and it
even identifies priority hazardous substances. The inclusion of ARB and ARGs as
priority contaminants would be justified based on the results of numerous scientific
studies, which show that the occurrence of antibiotic resistance increases in bodies
of water (such as inland surface waters, transitional waters, coastal waters and
groundwater) when they are subjected to anthropogenic impacts, such as waste-
water effluents, animal manure, agricultural run-off and wildlife living in urban areas
(Berendonk et al. 2015). The application of these guidance levels may be especially
important for the regulation of specific practices, such as reuse of wastewater or soil
fertilization with manure.

The inclusion of ARB and ARGs in the list of contaminants of emerging concern
would require clear definitions on the necessary monitoring methods. Although the
environmental survival of ARGs primarily depends on the host and the type of
MGE:s, the estimation of the levels of ARGs seems a reliable and feasible method to
monitor antibiotic resistance (Pruden et al. 2012). However, a crucial issue that
needs additional investigation is the selection of target ARGs to be monitored as
indicators of resistance and the determination of safe concentrations of these genes
in water. Such indicator genes should be more abundant in anthropogenic sources
and rare in native aquatic and terrestrial ecosystems. However, determination of the
maximum acceptable levels of these genes in the environment seems at the
current state of knowledge (Pruden et al. 2012). The establishment of a compre-
hensive database and the use of modelling approaches would be valuable contri-
butions to estimate such limits. Despite these challenges, this knowledge is an
essential prerequisite, not only for establishing a strategy of direct action against
antibiotic resistance in the environment but also for the application of drugs and
interventions directed at preventing the emergence and evolution of ARB and
ARGs (Berendonk et al. 2015).

18.7.4 Critical Control Points

Environmental hotspots, where ARBs are abundant or the transfer of ARGs is
promoted, are critical points for resistance control. Good examples of such critical
points are characterized by a high prevalence of resistance or by the occurrence of
resistance determinants of emerging concern. These locations comprise habitats
that are influenced by human activities (e.g. wastewater from animal husbandry and
intensive food production facilities). Sites subjected to frequent discharge of
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antibiotic residues have been shown to be potential hotspots for the proliferation
and spread of new resistance determinants to human and pathogenic bacteria and
should be considered as critical control points.

Although some of the antimicrobials administered to animals are used exclu-
sively in veterinary applications, most belong to the same structural families that
are used in human medicine. As they share the same basic chemical molecular
structures and mechanisms of action, these antibiotics are assumed to put selective
pressures on human commensal and pathogenic bacteria. Large quantities of anti-
biotics that are administered to animals in intensive production sites are discharged,
often unmetabolized with manure and slurry when applied as fertilizer, and thus
contaminate soils as well as surface water and groundwater. At present, it is difficult
to ascertain whether antibiotics reaching the environment at low concentrations
exert a substantial selective pressure on ARGs.

Urban, hospital and pharmaceutical industry wastewater is among the main
sources of antibiotic contamination in soil ecosystems. In the environment, these
contaminants can reach water resources for drinking water production, enter the
food chain or reach clinically relevant niches. These effects can be potentially even
more pronounced when irrigation with wastewater effluents (wastewater reuse
schemes) is applied. Water reuse is already a common practice in many regions
of the world owing to increased water scarcity, mainly in arid and semiarid regions.
Most of the wastewater treatment plants worldwide, in particular those using
mechanical and biological treatments, are primarily designed to remove organic
compounds, nutrients (e.g. nitrogen and phosphorous) and suspended solids. How-
ever, the currently available wastewater treatment processes have limited capability
to efficiently remove organic micropollutants, including antibiotics and other
antimicrobial agents. Similarly, certain ARGs can survive the wastewater treatment
processes with a maintenance (or even an increase) of resistance prevalence
compared to the pretreatment levels. These features require the immediate imple-
mentation of technological solutions capable of mitigating ARB and ARGs in
wastewater to safe levels. Although the definition of a “safe level” may be difficult
to achieve, it is at least necessary to find an agreement on the threshold values
below which the probability of significant proliferation of an ARG is severely
impaired.

18.7.5 Management Options

Technologies for the removal of microscopic pollutants, including antibiotics, and micro-
organisms from wastewater are becoming increasingly available (e.g. membrane filtra-
tion, activated carbon, photo-driven technologies and ozonation) (Berendonk et al. 2015).
Additional research should be conducted in order to determine the effectiveness of
these processes for the elimination of ARB and ARGs and to characterize the associated
microbiological risks. Recommendations of effective and economically sustainable inter-
ventions at critical points within the wastewater stream are urgently needed. Management
options aimed at preventing and controlling antibiotic resistance in the environment
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comprise several different aspects, including the choice of ARB and ARGs to be listed as
contaminants of emerging concern; the determination of differentiated maximum admis-
sible levels of an antibiotic, ARB or ARG; and the identification of critical points of
control at which prevention and remediation measures should be implemented.

18.8 Conclusions/Perspectives

The rapidly growing number of antibiotic-resistant bacterial pathogens severely
undermines the ability to control infectious diseases, and currently it is one of the
most challenging problems in public healthcare. Realization of the circumstances
under which the microbial world evolves, i.e. the modus operandi of microorgan-
isms involves much more extensive lateral gene exchange and recombination
processes than previously recognized and that there are no isolated compartments
in microbial ecosystems, led to the studies integrating the antibiotic resistance
research area within the broader evolutionary and ecology contexts. These studies
yielded valuable insights into the processes in microbial communities that eventu-
ally result in the emergence, dissemination and fixation of antibiotic resistance
genes in human and animal bacterial pathogens. In particular, phylogenetic ana-
lyses helped to identify the nonantibiotic-producing environmental bacteria, but not
the antibiotic producers, as harbouring the readily available, abundant and diverse
pool of antibiotic resistance genes, from which the genes can be transferred to
bacteria in the human and animal ecological compartments. Further systematic
studies of the antibiotic resistome of the environment are necessary, not only for
identification of the ancestors and missing links in the evolution of presently well-
characterized antibiotic resistance genes, but, more importantly, for identification
of the potential threats for newly introduced antibiotics to serve as an early warning
system. Besides the soil antibiotic resistome, there are other antibiotic resistance
gene reservoirs, the origin and diversity of which is difficult to explain in terms of
possible antibiotic exposure (e.g. aquatic environment). These genes might have
served some other needs of the bacterial cell rather than conferring antibiotic
resistance per se, and identification of these functions would be helpful for under-
standing the evolution of antibiotic resistance.

Another aspect of ecology of antibiotic resistance that recently emerged with the
advent of molecular ecology tools in antibiotic resistance studies in the environ-
ment is the realization of the fact that the microbial ecosystems are not isolated and
there is extensive gene exchange between different compartments. Antibiotic usage
in animals, for example, may lead to dissemination of antibiotic resistance genes
into the broader environment. Thus, there is also an urgent need to develop
environmental genetic tools to evaluate the gene transfer/flow rates within and
between the microbial ecosystems as well as to identify genetic elements and
bacteria involved. Although the environmental genomics/metagenomics approach
partially addresses this issue, it is still descriptive and specialized genetic tools,
adapted for the in situ use, are required.
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Chapter 19
Risk Assessment of Antibiotics
and Antibiotic-Resistant Genes in Soil

Khushbu Salian and Vladimir Strezov

19.1 Introduction

In order to treat bacterial infections in both animals and humans, use of antibiotics has
increased over the past few decades resulting in contamination of ground and surface
waters of various aquatic and soil environments (Allen et al. 2010; Thiele-Bruhn
2003). The environmental risks of pharmaceuticals, in general, were first identified in
the 1990s followed by a series of monitoring and effect studies (Agerstrand et al.
2015). However, the environmental risks of antibiotics were more rigorously studied
in the later years. Similar to many pharmaceutical drugs, antibiotics were designed to
act effectively at low doses with short time of residence and to be flushed out of the
body through excretion (Thiele-Bruhn 2003).

The excrements have potential to enter into the environment through a number of
pathways (Chap. 4) and have resulted in residual concentrations of antibiotics and
increased abundance of antibiotic-resistant microbes in the environment. Large number
of studies have been performed in order to understand the environmental and ecological
processes involved in the acquisition of resistance; however, the complexity of the
processes have made it difficult to saturate the knowledge gap (Berglund 2015).
According to Winckler and Grafe (2001), antibiotic residues found in soils are most
likely due to the application of contaminated excrements on agricultural lands as
fertilizers. A large number of veterinary antibiotics are given to livestock animals as
feed supplements and growth promoters, which in many cases are excreted in the form
of hazardous unmetabolised veterinary pharmaceutical (Ho et al. 2014). Continuous
application of such excrements, as estimated by various studies, can add up to kilograms
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per hectare of antibiotics into the agricultural soils (Tang et al. 2015; Thiele-Bruhn 2003;
Winckler and Grafe 2001).

Antibiotics in soil either inhibit some microbial growth or cause acquisition of
microbial resistance, which then promote growth of microbes, thus changing the
microbial community of the soil (Thiele-Bruhn 2003). Higher concentration of
antibiotics or resistant bacteria have seen to affect other organisms present in the
soil, often causing bioaccumulation of antibiotics in the plants, contamination of
nearby surface or groundwater and many other effects which are yet to be accessed
(Chap. 17) (Kemper 2008). The risks posed by different antibiotic agents must be
identified to reduce the impacts on the surrounding environment.

The aim of this chapter is to discuss risk assessment processes developed to
identify the potential risks due to the antibiotics or ARGs present in soils. The
chapter highlights a risk assessment process that can be used for any antibiotics,
either those already released into the environment or new antibiotics which are not
yet registered. The chapter also discusses various risk assessments performed in
literature providing insight into the available data required for the assessment. For
ARGs in soil, the chapter highlights some of the standard assessment processes
used in various literatures in order to assess the abundance of ARGs present in soil.
Also, the risks of using antibiotic-resistant marker genes in genetically modified
organisms (GMOs) that pose various environmental risks as well as affect human
and animal health is also discussed.

19.2 Risk Assessment

Risk assessment is an evolving process (for any given agent) that can be altered
when any additional data is gathered (Durham and Swenberg 2013). Risk,
according to Durham and Swenberg (2013), is the probability of hazard and
exposure being expressed. A conclusive risk assessment is obtained when a broad
scientific knowledge is combined with biological base and mechanistic informa-
tion. Whether a particular hazard will develop or not can be determined from
mechanistic information, further providing quantitative data that highlights the
probability of a risk occurring.

Major government bodies prefer risk assessment to be carried out before a particular
antibiotic is released into the market (Kiimmerer 2008), for which the applicant must
provide various information that the drug would be safe for the environment. However,
there are various antibiotics that have already reached the environment and must be
assessed for any future risks. Therefore, risk assessment is a process that can be used
before as well as after the release of the antibiotic in to the environment.

The risk assessment of human and veterinary pharmaceuticals established by the
European Union focuses on the potential environmental risks generated by the use
of various pharmaceuticals (Kiimmerer 2008; EMA 2016). The legal document
focuses on all pharmaceuticals in general and thus can also be used for the
antibiotics. Most of the antibiotics reaching the soil come from manure fertilization
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and sewage sludge irrigation. Antibiotics can reach the soil either directly or
indirectly—application of manure collected from animals being treated, direct
excretion of urine and dung of grazing animals, spreading of contaminated sludge
or slurry (RIVM 1999). For assessment of the potential environmental risks, a new
guidance document has been released, which is not legally binding but is followed,
in general, by various parties, including regulatory and industrial bodies (VICH
2000; EMA 2016; Kiimmerer 2008). A replacement of the existing guidance
document for veterinary medicines occurred in 2000 and 2006. This is when the
International Cooperation on Harmonization of Technical Requirements for Reg-
istration of Veterinary Products (VICH) was established between Europe, the USA
and Japan and two main guidance documents, GL8 (2000) and GL38 (2006), were
produced, which describe the steps to be followed while carrying out the environ-
mental risk assessment (ERA) for any target pharmaceutical. In addition to the
establishment of VICH, New Zealand and Australia joined in as observers
(Koschorreck et al. 2002).

19.3 Environmental Risk Assessment in Accordance
to the European Medicines Agency Guidelines

According to the European Medicines Agency (EMA) and Committee for Medic-
inal Products for Veterinary Use (CVMP), risk assessment of a product is evalua-
tion of the exposure, fate and effects of the product (EMA 2016). The ERA is
designed to assess the environmental risks caused by the use of various medicinal
products (Kiimmerer 2008). The entire risk assessment process, as described in the
VICH guidelines, has been structured around the risk quotient (RQ), that indicates
the probability of an adverse effect occurring. RQ is defined as the ratio between the
predicted environmental concentration (PEC) and the predicted no-effect concen-
tration (PNEC) (VICH 2006; Tihulca 2013; EMA 2016). The entire ERA process is
divided into two phases, where Phase I assesses the extent of exposure of the
product to the environment, whereas Phase II assesses the fate, behaviour and
effects of the product on the environment. Phase II is further divided into two
stages, where Tier A assesses the data on fate and effects of the veterinary medicine,
which is used for risk characterization. If the risk quotient obtained cannot be
excluded, then the assessment moves forward to Tier B, wherein the evaluation is
subject to expert judgement (RIVM 1999, EMA 2016).

In order to evaluate the medicinal product all relevant information, must be
included in the application to carry out the ERA (EMA 2016). This would include
all favourable as well as unfavourable information, i.e. any abandoned or incom-
plete trial or test concerning the veterinary product. Published data must be
included along with the proprietary data, which must be discussed along with the
open literature data. Further information on the different types of data essential for
ERA as well as the way in which it must be presented can be gathered from the EU
Directive 2001/82/EC.
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19.3.1 Phase I and Assessment of Environmental
Concentration of Antibiotics in Soil

Phase I is where the investigator assesses the product on the basis of a number of
questions on the chemical and physical properties, administration routes, use,
frequency of dose, routes of excretion into the environment and animal husbandry
(Koschorreck et al. 2002). For the risk assessment of antibiotics in soil, the question
of prime importance is if the predicted environmental concentration (PEC) of the
target drug in the soil (PECsoil) is less than 100 pg/kg (VICH 2000; EMA 2016).

The amount of antibiotic expected in the environment, which is called predicted
environmental concentration (PEC) or measured environmental concentration
(MEC), can be estimated by measuring the concentration levels present in the
manure (or in some cases sludge or compost) (Martin et al. 2012). There are a
number of exposure screening models discussed in literature to determine the PEC
of veterinary medicines in soil (Montforts 2006; Montforts et al. 1999; Spaepen
et al. 1997; RIVM 1999; Montforts 2006). Spaepen et al. (1997), proposed a single
conservative method that can be used across international borders providing default
values collected from different databases to simplify the calculations. The rate at
which the manure is incorporated into the soils along with the data of drug residue
levels present in the manure, the amount of antibiotic residues in the soil can be
calculated. Following are the steps to calculate PECy;;:

Step I: Calculating the total quantity of active ingredient (Q) from Eq. (19.1).

OQ=IDxBWxTxN (19.1)

where ID is individual dose rate (mg per kg body weight); BW is the body
weight of the animal type (kg); T is number of individual treatment per animal (per
animal) and N is the number of animals raised per year on each place in the animal
housing location, (per year per place).

Step II: Calculating the concentration of residues of the active ingredient in the
combined excreta (Cg, mg per kg excreta—faeces and urine together) from
Eq. (19.2).

Ce =Q/Pg (19.2)

where Q is the total quantity of active ingredients and P is the yearly output of
excreta (kg per place per year).

Step III: Calculating maximum quantities of manure applied to land (M, kg
excreta per hectare per year).

There are two ways, direct and indirect ways to calculate the maximum quan-
tities of manure applied. Direct way would be to collect the data on the rates of
manuring from the practice followed. However, an indirect method is preferred as it
is a more conservative approach. According to EU regulations, a limit exists for the
inputs of fertilizing substances in order to reduce the release of nutrients and in turn
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minimize pollution rates. The maximum amount of nitrogen (A, kg nitrogen per
hectare per year) and/or phosphorus (A, kg P,Os per hectare per year) are stated in
these regulations.

Maximum quantities of manure applied to land can be calculated using
Egs. (19.3) and (19.4) from

— The yearly production of nitrogen (Py;, kg N per place per year)
— The yearly production of phosphorus (Pp, kg P,Os5 per place per year)
— The yearly manure output (Pg) known for the target animal

A

My ==2 x P (19.3)
Py
A

Mp =" x Pg (19.4)
Pp

Depending on the agricultural use of the land, allowed quantities of N and P may
vary. The most restrictive rate (mainly nitrogen) obtained from either of the above
equation must be used as M (kg excreta per hectare per year) (Spaepen et al. 1997).

Step I'V: Calculating the amount of active substance-related residues applied per
unit area of land (Csa, mg per hectare per year)

Combining steps II and III, Eq. (19.5) is determined.

Csa =M x Cg (19.5)

The variable Pg is cancelled out in this assessment. Csa can also be obtained
directly by combining the most relevant ratio from An/Pn and Ap/Pp and Q.
However, the above-mentioned procedure involving Pg is preferred for the possible
expansion of the calculation routine and clarity.

Step V: Calculating PEC

Initially, the concentration of Csy is transformed into concentrations in ploughed
soil, i.e. Csy (mg per kg soil and per year).

Cgy is calculated from:

— The weight of the ploughed layer (W, kg per hectare)
— The soil bulk density (p, kg/m®)
— The volume of the ploughed layer (V, m*/ha)

Whereas, V depends on the depth of the furrow (D, in cm). After converting
hectare into m? and ¢m into m:

D
V =15 % 100 x 100 = D x 100 (19.6)
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W=Vxp (19.7)

If the land is ploughed, a furrow depth of 25 cm can be used as D that depends on
the regional agricultural practice. However, in case of no soil disturbance, the
substance distribution over the top 5 cm of the soil can be assumed (Spaepen
et al. 1997). Different soil textures have varying soil bulk densities. According to
the EU Directive 81/852/EEC, an average value for the soil density of 1500 kg/m”>
can be used.

Predicted environmental concentration (PEC) in soil (C,) can then be calculated
according to Eq. (19.8):

Csy = (19.8)

The expanded/modified calculations can be used to modify the above-mentioned
basic equations in order to refine the PEC in soil. Thus, if the calculated Cy, is below
the threshold trigger value of 100 pg/kg then no further assessment for the antibiotic
is required, whereas, if the C, exceeds 100 pg/kg then the assessment moves on to
Phase II of the ERA process.

A study performed by Dahshan et al. (2015), analysed the potential ecological
risks generated by applying poultry litter as fertilizers on agricultural lands in
Egypt. The method proposed by Spaepen et al. (1997) was used by the authors in
order to calculate the PEC of antibiotics in soil. The analysis showed that the
predicted concentration of tetracycline in broiler chicken litter was 443.34 pg/kg,
which is above the trigger value (threshold) of 100 pg/kg and thus the risk
assessment must proceed to the next stage.

However, the method proposed by Spaepen et al. (1997) can only be applied in
situations, wherein the excreta is collected from housed animals (animals housed
completely throughout their production cycle) and stored all together. The direct
excretion of dung or urine from grazing animals (not housed) is not considered. The
model for calculating the PEC in soil proposed by Spaepen et al. (1997) is still
considered as the baseline model, which underwent a number of modifications to
improve the assessment.

In the recent guidelines developed by the European Medical Agency (2016), two
sets of formulas have been discussed depending on the direct and indirect addition
of manure containing antibiotic residues into the soil; one for intensively reared
animals and the other for pasture animals+-. A total residue approach is adopted,
wherein it is assumed that the total amount of dose given to the animal is excreted
and degradation/metabolism is not taken into consideration. For intensively reared
animals, the initial PECy;; iniiia1 depends on the amount of manure that contains the
active residue, which can be applied onto the land (Tihulca 2013). The assumption
under which the formula has been developed is that the intensively reared animals
are housed indoors throughout the production cycle, veterinary medicinal products
treatment is provided in housing and the excreta contains the active ingredient,
which is then collected from the stable and applied onto lands as manure. For
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animals that are on pasture throughout their production cycle, which means that the
treatment is carried out in the field and the faeces containing residues of veterinary
medicine are directly excreted onto the land, the number of animals kept on a
particular area of land is the key factor for calculating the PEC,;; initial fOr pasture
animals (Tihulca 2013; EMA 2016). Thus, if the calculated PEC,yj initiar 1S below
the threshold trigger value of 100 pg/kg no further assessment for the antibiotic is
required, whereas, if the PECg;; inirial €Xceeds 100 pg/kg then the assessment moves
on to Phase II of the ERA process (EMA 2016).

19.3.2 Phase II and Predicted No-Effect Concentration

In Phase II, a more detailed evaluation of exposure of the antibiotic (active
ingredient) to the environment is performed, which is then followed by the fate
and effect assessment.

19.3.2.1 Tier A and Predicted Environmental Concentration
Refinement

Risk assessment performed using the initial Predicted Environmental Concentration
(PEC) shows that when RQ is >1 refinement of the PEC must be considered. The
exposure assessment in Phase II is meant to refine the initial PEC calculated
previously by considering data on degradation and metabolism of the antibiotics
in the animal body and soil (EMA 2016). For instance, the excreted metabolite can
be more water soluble and persistent and/or mobile as compared to the parent
compound. Thus, it is essential to assess the relevant metabolites of the parent
compounds. In case of biodegradation data, persistent compounds, i.e. if DT90
(time to degrade 90% of the original concentration of the compound in the tested
soils) is >1 year in soil (annual application), which means that the compound has a
possibility to accumulate in the soil; thus, the initial PEC must be recalculated. There
are a number of options available to refine PEC, depending on the characteristics of
the active ingredient and other scenarios, such as:

— Refinement based on excretion pattern

— Refinement based on metabolism

Refinement based on degradation in soil and

— Refinement based on degradation in slurry/manure

The detailed refinement procedure for each of the above-mentioned options have
been discussed in the 2016 EMA guideline. Data on metabolism and degradation of
various antibiotics can be obtained from literature (Chen et al. 2016; Pan and Chu
2016; Wu et al. 2014). A study performed by Slana and Dolenc (2013) evaluated the
environmental risk of enrofloxacin (EF) in soil, when cattle manure was applied
onto the land. The initial PEC concentration without subtracting metabolism and
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degradation was 145.7 pg/kg, whereas, when the values for metabolism were
included, the refined PEC value was 21.9 pg/kg. As the value of PEC was reduced
when accounting for the metabolism and was below the trigger value of 100 pg/kg,
it meant that no risks existed due to EF in the environment. However, if the values
are above 100 pg/kg after subtracting the mitigation values, the assessment would
continue onto the next stage. Table 19.1 shows the concentration of various
antibiotics in soils worldwide.

19.3.2.2 Tier B and Effects Assessment

There are two steps in the effects assessment procedure (European Commission
2003):

1. Hazard identification, wherein the effects of concern are identified
2. Dose-response assessment, where the predicted no-effect concentration (PNEC)
is determined

Evaluation of the data for both steps is of prime importance for their complete-
ness and adequacy, thus it has been suggested that the effects assessment must start
with the evaluation of available ecotoxicological data (European Commission
2003). Ecotoxicological tests are performed in order to assess the adverse effects
of antibiotics on the ecosystem services, which also includes all non-target organ-
isms (Brandt et al. 2015; Koschorreck et al. 2002). Ecosystem functioning in soil is
a collaborative action of all organisms present in the soil; thus, it is essential to
protect the entire soil community, which plays an important role in maintaining the
structure and function of the ecosystem (European Commission 2003). Therefore, it
is central to include a suite of soil tests that provides data relevant to primary
producers (plants), consumers (invertebrates, e.g. earthworms) and decomposers
(microbes).

The predicted no-effect concentration is the concentration below which an effect
most likely would not occur and is calculated by dividing the lowest long-term
no-observed effect concentration (NOEC) or short-term L(E)C50 (lethal concen-
tration required to kill 50% of the population) value by the assessment factor (AF).
Extrapolation from various laboratory toxicity test data (for a limited number of
species) contains a level of uncertainty, which is reflected using the assessment
factor (AF) (European Commission 2003). AF value is considered to be between
1000 and 10, i.e. 1000 depicts conservative and protective (applied when limited
data is available or lowest effect value of acute tests is available) and can be
reduced to 10 as more evidence on toxicity is obtained (for instance, more number
of sensitive species present, compound is not degraded easily thus chance of
chronic exposure exists and long-term chronic effects test results are available)
(VICH 2006). Dahshan et al. (2015) calculated PNEC by substituting toxicity of
tetracycline (TOX) with the lowest median effective concentration (EC50), which
was adopted from studies performed by Thiele-Bruhn and Beck (2005) who studied
the effects of tetracycline on soil microbial activity. The authors also used
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Table 19.1 Antibiotic concentration worldwide

369

Antibiotic class

Compound

Sites

Concentration
in soil (pg/kg)

Tetracyclines (TETs)

Oxytetracycline (OTC)

Beijing, China

80

Austria nd
Guangdong, China | 9.6
Kenya, Africa nd-29.38
Doxycycline (DC) Kenya, Africa nd-3.85
Malaysia 63-728
Tetracycline (TC) Beijing, China 5.2
Austria nd
Guangdong, China | 44.1
Kenya, Africa nd-16.02
Chlortetracycline (CTC) Guangdong, China | 31.1
Beijing, China 17
Kenya, Africa nd-38.79
Denmark 10-15
Fluoroquinolones (FQs) | Ciprofloxacin (CIP) Guangdong, China | 26.9
Beijing, China 23
Shandong, China 104.4
Kenya, Africa 9.88
Turkey nd
Norfloxacin (NOR) Guangdong, China | 61.9
Beijing, China 13
Kenya, Africa nd-10.34
Shandong, China 55.7
Malaysia nd-96
Enrofloxacin (ENR) Guangdong, China | 99.4
Beijing, China 47
Kenya, Africa nd-16.91
Shandong, China 18.6
Turkey 50
Austria 50
Malaysia 36-378
Sulfonamides (SAs) Sulfamethazine (SMZ) Guangdong, China 5.5
Beijing, China 0.37
Kenya, Africa nd-24.23
Sulfadiazine (SD) Guangdong, China | 13.4
Beijing, China 0.11
Kenya, Africa nd-3.85
Austria nd
Malaysia nd

(continued)
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Table 19.1 (continued)

Concentration
Antibiotic class Compound Sites in soil (pg/kg)

Sulfameter (SME) Kenya, Africa nd-5.79
Guangdong, China |51.4
Sulfamethoxazole (SMX) | Guangdong, China |23.5

Beijing, China 0.06
Kenya, Africa nd-14.47
Sulfonamides (SAs) Turkey 400

Note:
nd not detected
Ho et al. (2014); Karci and Balcioglu (2009); Martinez-Carballo et al. (2007); Yang et al. (2016)

assessment factor (AF) of 1000 as the risks were estimated by acute toxicity tests
and obtained a PNEC value of 270 pg/kg tetracycline in broiler chicken farms in
Egypt (Dahshan et al. 2015). This means when the toxicity data is available for a
producer, a consumer or/and a decomposer, PNEC in soil can be calculated using
assessment factors (AF).

The availability of toxicity data for soil compartments is limited when compared
with data availability of water compartments. Where soil compartment data is
available, they will mostly represent test results obtained from short-term studies.
In cases where the toxicity data is limited, equilibrium partitioning method is
adopted, wherein the PNEC,,; value is derived from PNECy,., by using the
partition coefficient (K4) (European Commission 2003; EMA 2016). A study
performed by Yang et al. (2016), investigated the occurrence and environmental
risks of 12 antibiotics in soils collected from four sampling sites in Kenya. The
PNEC,,; values for 8 of the antibiotics were obtained from literature, whereas the
PNEC;,;value for sulfamethoxazole (SMZ) was derived from De Liguoro et al.
(2009) who studied the toxicity of SMZ to Daphnia magna using the solid-water
equilibrium partition coefficient (Yang et al. 2016). Similar study performed by Wu
et al. (2014), assessed the impacts of quinolone antibiotic in soil samples collected
from five vegetable farms in Southern China. The PNEC,; values were calculated
from PNEC,,,., values by using the equilibrium partition approach, wherein the
PNEC,.r values were calculated using the lowest acute toxicity data (which is
available for water compartments) using the AF of 1000. Another study performed
by Li et al. (2015), analysed the occurrence of 15 antibiotics in soils and manures
collected from 11 greenhouse vegetable production (GVP) bases in Beijing, China,
which used the PNEC,,;; values calculated by Wu et al. (2014). This means that
there are a number of scientific papers that can be used to derive the toxicity data of
antibiotics in soil to calculate the PNEC;; values or can be derived by using data
on toxicity of antibiotics assessed for the aquatic environment.
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19.3.3 Risk Quotient

When the ratio of predicted environmental concentration (in this case, PEC,,;) and
predicted no-effect concentration is lower than 1 [Risk Quotient (RQ) < 1], then no
further assessment is required. However, if the RQ is >1, then a more detailed study
on the effects and fate of the antibiotic is performed to refine the PNEC and PEC
values. PEC can decline as a result of biodegradation (biotransformation and
mineralization), photolysis (chemical transformation) and hydrolysis of the antibi-
otic in the environment (Koschorreck et al. 2002; VICH 2006; EMA 2016). The
results obtained from the short-term ecotoxicity tests can be further refined by
including long-term field or semi-field data. After the refinement, if the risk quotient
of the antibiotic is still greater than 1, potential risk to the environment due to the
antibiotic is assumed.

The RQ value for tetracycline obtained by Dahshan et al. (2015) was 1.64,
meaning that the residues of tetracycline found in poultry litter in Egypt displayed
environmental risks. It was also noted that the toxicity of a single pollutant can be
altered due to the presence of other veterinary medicines and pollutants in soils. The
authors also highlighted some of the limitation of the RQ equation. The type of
effects or mechanism adopted by a number of compounds may be different than the
once considered in the application of RQ equation, which can lead to the
overestimation of the potential effects. Although, if only one or two substances
are causing the RQ to increase above 1 unit the above possibility will not be of
concern (Dahshan et al. 2015). In spite of such limitations, the risk quotient method
is being accepted internationally and is being used to assess the environmental risks
of antibiotics in soil. Table 19.2 shows various studies performed worldwide using
the risk quotient method. However, if the RQ obtained after all the possible
refinements is still >1, then various risk mitigation strategies must be adopted for
reducing the impacts.

19.4 Risk Assessment of Antibiotic-Resistant Genes

The release of antibiotics into the environment can affect pathogens as well as
commensal bacteria. Resistance is provoked by the continuous sublethal dosage of
antibiotics, which can be due to the repeated spreading of contaminated manure
onto agricultural soils. Resistance in many soil organisms is not only due to the
input of antibiotics into the soil but also due to the application of manure containing
resistance genes to the soil (Tang et al. 2015; Thiele-Bruhn 2003). A study
performed by (Friind et al. 2000), concluded that the application of manure
containing tetracycline-induced antibiotic resistance, which lasted for weeks in
soil microorganisms. Once entered into the soil, antibiotic-resistant genes (ARGs)
can alter the soil community (direct effect) or can bioaccumulate in the plants
growing on that soil. This causes the ARGs to enter into the food chain, inducing



372 K. Salian and V. Strezov

Table 19.2 Environmental risks of various antibiotics in soil worldwide

Risk quotient
> 1-high;
0.1 <RQ<
Area of PNEC,,; | 1-medium;

Antibiotic study Ecotoxicity | (pg/kg) <0.1-low References
Norfloxacin Guangdong, |0.022mg/L |29.68 Medium Backhaus et al.
(NOR) China (2000), Wu et al.

(2014)
Ciprofloxacin Guangdong, |0.005mg/L |25.64 High Wu et al. (2014)
(CIP) China
Lomefloxacin Guangdong, |0.022mg/L | 93.85 Medium Robinson et al.
(LOM) China (2005), Wu et al.

(2014)
Enrofloxacin Guangdong, |0.049 mg/L |24.00 High Backhaus et al.
(ENR) China (2000), Wu et al.

(2014)
Norfloxazin Beijing, 0.022 mg/L |29.68 High Li et al. (2015)
(NFX) China
Tetracycline (TC) | Kenya, 30 mg/kg 30 High Thiele-Bruhn

Africa and Beck

(2005), Yang

et al. (2016)
Oxytetracycline Kenya, 50 mg/kg 50 Medium Yang et al.
(OTC) Africa (2016)
Chlortetracycline | Kenya, 270 mg/kg |270 High Thiele-Bruhn
(CTC) Africa and Beck

(2005), Yang

et al. (2016)

resistance in humans (indirect effect). Thus, lowering the success rate of various
pharmacotherapies used to cure humans as well as animals. Therefore, it is essential
to monitor the occurrence and the level of resistance already existing in organisms
present in a particular area of soil to reduce the development of risk to the
ecosystem.

19.4.1 Identification of Antibiotic-Resistant Bacteria

A recent study performed by Kim et al. (2016), examined the impact of applying
livestock (pig and cattle) manure compost on South Korean agricultural soils. The
main aim of the study was to determine the occurrence, diversity and abundance of
oxytetracycline-, tetracycline- and chlortetracycline-resistant bacteria and genes in
three agricultural soils. Various soil samples were collected from the agricultural
lands, from which tetracycline-resistant bacteria were isolated using the viable cell
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count method (Kim et al. 2016). The rate of antibiotic resistance of the bacterial
colonies that grew on the plates were assessed using the following formula:

Antibiotic resistance rate

__ Total number of bacteria that grew on plates containing antibiotics 100

Total number of bacteria that grew on plates with no antibiotics

The analysis showed that the agricultural soils treated with manure showed 2—11
times higher amount of resistant bacteria as compared to the natural soil (Kim et al.
2016). Heuer et al. (2011) also reported that manure from livestock animals carry a
considerable amount of antibiotic-resistant bacteria; the repeated application of
such manure on agricultural soil can increase antibiotic resistance. The review also
highlighted that microbial communities in natural soils (non-agricultural soils) can
also possess a vast diversity of antimicrobial resistance (Heuer et al. 2011). Thus,
also the analysis performed by Kim et al. (2016) found small amount of viable
antibiotic-resistant bacteria in the control (natural) soil as well. The rationale
behind this was given by Allen et al. (2010) that resistance is introduced by a
natural process into the ecosystem, which includes migratory wild birds and wind.

19.4.2 Abundance of ARGs in Soil

Once the presence of resistant bacteria is determined, the prevalence of ARGs in the
genomic DNA of the isolated bacteria is examined using polymerase chain reaction
(PCR). This method has been adopted by a number of studies to amplify the ARGs
using gene-specific primers (Kim et al. 2016; Ng et al. 2001; Tang et al. 2015;
Wang et al. 2014). Wang et al. (2014), studied the distribution pattern of
sulfonamide-resistant (sull, sul2 and sul3) genes in four chicken farms, four pig
farms, one mountain forest and one non-arable agricultural area in the Jiangsu
province, Southeastern China. The PCR results showed that the DNA from the
pig-manured soils had higher copy numbers of sull gene, compared to sul2 gene.
However, in the chicken-manured soils, the abundance of su/2 gene was higher than
the sull gene. Also, sul3 gene was detected at a relatively lower quantity in the eight
manured soils, but was not detected in the forest soil (Wang et al. 2014). The study
concluded that repeated application of manure obtained from chicken and pigs
treated with sulfadiazine (SDZ) elevates the abundance and transfer of ARGs in
soil.

Another study performed by Tang et al. (2015) investigated the occurrence of
ARGs due to long-term application of manure in paddy soils in China. The manure
applied to the target sites varied, i.e. JX site—12,800 kg/ha/year dw, CS
site—3480 kg/ha/year dw, YT site—4500 kg/ha/year dw and NC site—4200 kg/
ha/year dw. The abundance of ARGs in the soil were analysed using real-time PCR.
This method was used to quantify six tetracycline genes and two sulfonamide genes
from the soil samples. The abundance of ARGs were higher in JX, NC and YT sites,
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whereas only one gene was influenced by the manure application in the CS site
(lowest amount of manure applied). A study performed by Knapp et al. (2009) in
Netherlands found that a site (Heino), which received ten times more manure, failed
to show proportionate ARGs levels, when compared to the other four sites. The
authors claimed that it might be because of local differences in cropping patterns,
irrigation water sources, soil type and other factors. This means that the abundance
and dissemination of ARGs from resistant bacteria to indigenous microbes can be
affected due to various spatial and temporal changes. However, there are no specific
risk assessment procedures developed for assessing the risks of ARGs in soil as
different ‘ARG-environment’ combinations have to be evaluated on a case-by-case
basis in order to identify a specific ARG as environmental pollutant (Woegerbauer
et al. 2015).

19.4.3 Genetically Modified Organisms in Soil

Large number of genetically modified bacterial strains are being introduced into the
soil in order to promote plant growth, degrade polluting compounds (xenobiotics)
or for pest control (against pathogens)(Van Elsas et al. 1998). Although naturally
occurring bacteria can perform these functions, the rate of success is limited; thus,
the use of bacteria isolated from the same environment, which can adapt to the in
situ ecological stresses, is genetically modified to enhance their performance rate in
the environment (Doyle et al. 1995; Van Elsas et al. 1998). Introduction of
genetically modified organisms (GMOs) can cause undesirable effects in the sur-
rounding environment as well as affect the microbial community present in the soil.
Amarger (2002) provides an in-depth information on the various applications of
modified bacteria in agriculture.

Gene markers are introduced into the inoculant bacteria that can be detected
against the natural background of indigenous organisms. This includes insertion of
ARGs into the genome of the inoculant bacteria (Amarger 2002; Van Elsas et al.
1998). Once introduced into the soil, marker genes are known to inactivate antibi-
otics, which are used in clinical as well as veterinary medicine. Dissemination of
ARGs from the parent bacteria (original resistant gene donor) to the following
generation or recipient bacteria can also occur, thus increasing the abundance of
ARGs in soil (EFSA 2007). The use of transgenic plants result in the accumulation
of transgenic DNA in soil. DNA from transgenic plants enter into the soil either
during decomposition of dying cells, when microorganisms perform active secre-
tion, by dispersal of pollen, during growth or decay of plant litter. Number of
studies have indicated that a minor proportion of transgenic DNA, in this case
ARGs, can remain intact for a sufficiently long period and can be taken up by any
competent bacteria in the environment (de Vries et al. 2003; Meier and
Wackernagel 2003; EFSA 2007).

The European Food and Safety Authority (EFSA) (2007) prepared a report,
which can be used as supplement information in order to tackle antibiotic-resistant
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marker (ARM) genes used in GMOs by competent authorities, in accordance with
the EU Directive 2001/18/EC. The report highlights various aspects of ARM, such
as methods used for construction of ARM, frequency of horizontal gene transfer
and DNA stability in soil. All these information, along with the biochemical
characteristics and function of the ARM gene and its products are required for the
determination of possible risks to the environment and human health. The process
of risk assessment starts by determining a risk question ‘What is the impact of an
ARM gene in a transgenic plant?’
The potential hazards are identified by assessing two types of risks:

1. Direct risks. Induction of toxic reactions upon consumption or contact of plant
tissue in the respective consumer

— Transformation of plant cell DNA into a toxic DNA fragment

— Production of toxic proteins or toxic RNA molecules due to coding of
sequences on the bacterial plasmid vector

— Production of toxic substances, when the plant metabolism is intervened by
the vector encoded bacterial proteins

2. Indirect risks. Adverse effects, which are unintended, on the environment,
human and animal health from a direct toxic impact

— Escape and spread of ARM genes from transgenic to conventional plants.

— Dissemination rate of ARM genes in bacterial population increases and thus
pathogenic bacterial population affects animals and humans reducing the
options of therapy.

After potential hazard identification or characterization, exposure assessment is
performed, i.e. frequency of ARM gene transfer leading to resistance in bacterial
strains. A study performed by (Kim et al. 2004) investigated the possibility of gene
transfer from GMOs to soil microorganisms over a period of 6 months. The study
concluded that no gene transfer was observed between the introduced GMO
soybeans to any soil-borne bacteria, including Rhizobium, the root nodule bacteria.
Although no gene transfer was observed, the risk evaluation step in the case of
ARGs is usually challenged since an extremely rare single event can have a
dramatic impact on the environment as well as human and animal health (EFSA
2007). Both, hazard characterization and exposure assessment results are then used
for assessing the risks. The EFSA report also provides information on various ARM
genes, which are used frequently for the production and development of transgenic
plants. The report also highlights the biochemical functions of various ARM genes
and existing background level of resistance in the natural habitats that can be used
for the risk assessment of target ARM gene.
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19.5 Conclusion

Use of antibiotics and ARGs is increasing at a global scale. Risk assessment is a
complex process, which can be used for identification or estimation of potential
environmental and/or health hazards arising from the extensive use of antibiotics
and ARGs. Risk assessment of antibiotic using the risk quotient (RQ) method is the
most extensively used procedure for estimating the risks posed by any antibiotic
entering the soil. However, not all data required by the European Medical Associ-
ation process is readily available. For the predicted environmental concentration
(PEC) refinement, the absence of reliable, good and consistent fate data makes the
refinement process difficult (Grung et al. 2008). Also, one of the major impediments
for application of the risk quotient methods is the estimation of predicted no-effect
concentration (PNEC) in soil. Most of the ecotoxicity analysis have been performed
for the water compartment, which complicates the estimation of PNEC in soil.
ARGs/GMOs were introduced to increase agricultural yield; however, the use of
these genes/organisms are affecting the recipient environment as well as the
consumers. For ARGs, the uncertainty of dissemination of resistance, changing
climatic conditions, soil type, geographical changes, bacterial genome and other
factors precipitate a number of challenges to assess the risks of ARGs in soil.
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Chapter 20
Antibiotics in the Soil: Sources, Environmental
Issues, and Bioremediation

Umesh B. Jagtap

20.1 What Is Antibiotic?

The Merriam-Webster dictionary defines an antibiotic as “a substance produced by
or a semi-synthetic substance derived from a microorganism and able in dilute
solution to inhibit or kill another microorganism.” Antibiotics are of particular
interest because of their designated function and specific biological activity. A large
number of antibiotics are used in medical treatment, veterinary, and agriculture
farms to cure or prevent bacterial infections in humans, to increase feed efficiency
as well as growth performance in animals and plants, respectively (Jechalke et al.
2014; Tasho and Cho 2016). No doubt the use of antibiotics as a medicine increases
the quality and expectancy of life.

The overuse and misuse of antibiotics and its recalcitrant nature to biological
degradation make them persistent or pseudo-persistent in the environment and toxic
to non-target flora and fauna including human beings (Gothwal and Shashidhar 2015).

20.2 From Where They Came to Soil?

Enormous quantities of antibiotics have been released into the environment from
different sources, pathways, and anthropogenic activities. The major sources are
wastewater or waste released from pharmaceutical industry, hospitals, animal
husbandries, aquaculture, and agriculture practices including manure fertilization
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Table 20.1 The list of antibiotics detected in environment (Roig and D’aco 2016)

List of antibiotics

Amoxicylin, ampicillin, azithromycin, carbadox, cefaclor, cefotaxime, cefoperazone, cefradine,
ceftazidime, ceftriaxone, cephalexcin, chloramphenicol, chlortertracycline, ciprofloxacin,
clarithromycin, clinafloxacin, clindamycin, cloxacillin, danofloxacine, domeclocycline,
dimetridazole, doxicycline, enoxacin, enrofloxacin, erythromycin, fleroxacin, flucloxacillin,
flumequine, furaltadone, gatifloxacin, josamycin, levofloxacin, lincomycin, metronidazole,
mezlocillin, minocycline, moxifloxacin, nalidixic acid, nifuroxazide, norfloxacin, norfluoxetine,
ofloxacin, oleandomycin, oxacillin, oxolinic acid, oxytetracycline, penicillin, pipemidic acid,
rifampin, ronidazole, roxithromycin, sarafloxacin, spiramycin, sparfloxacin,
sulfachloropyridazine, sulfadiazine, sulfadimethoxine, sulfadimidine, sulfaguanidine,
sulfamerazine, sulfamethazine, sulfamethiazole, sulfamethoxazole, sulfamethoxypiridazine,
sulfamoxole, sulfanilamide, sulfanitran, sulfapyridine, sulfaquinoxaline, sulfasalazine,
sulfasoxazole, sulfathiazole, sulfidomidin, sulfisoxazole, tetracycline, thiamphenicol, tilmicosin,
triclosan, tylosin, trimethoprim, vancomycin

(Jechalke et al. 2014; Pruden et al. 2013; Tasho and Cho 2016). The list of
antibiotics detected in environment is given in Table 20.1.

20.3 What Happens to Them in the Soil?

Appearance, accumulation, and spread of antibiotic in the soil has become a global
health threat and is frequently associated with overuse and misuse of antibiotics in
clinic, veterinary, and agriculture pharm as chemotherapeutic agents. Modern
industrial-scale animal feeding operations rely extensively on veterinary pharma-
ceuticals, including antibiotics, to augment animal growth and other purposes. An
estimated 63,151 tons of antimicrobials was consumed by livestock across the
globe in 2010. By 2030, an alarming rise of 67%, from 63,151 + 1560 tons to
105,596 4 3605 tons is to be projected (Van Boeckel et al. 2015). Subsequently,
following their use, high amount of antibiotics, and its metabolites released into the
environment through animal excretion via dung and urine (McEachran et al. 2015).
The tons of animal excreta generated from the livestock pharming is used as manure
fertilizers as it is rich in nutrients and organic matters. Animal manures from
industrial livestock farms in comparison to those from the farmer’s households
contains a higher concentration of antibiotic residues (Tasho and Cho 2016). The
repeated application of such animal manures in agricultural fields leads to high
accumulation of antibiotics in soil. Recently, it was found that the amount of
florfenicol antibiotic used on swine farms and the spreading of soils with swine
waste could promote the prevalence and abundance of florfenicol resistance genes
including the linezolid resistance genes in adjacent soils, and agricultural applica-
tion of swine manure with florfenicol may have caused a residual level of
florfenicol in the soils (Zhao et al. 2016). However, most of the people discard
the remaining, unused, expired pills and liquid pharmaceuticals by pouring them
into the toilet or sink (Kiimmerer 2010). Similarly, the use of wastewater effluent
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from animal farms, pharmaceutical industries, and hospitals for irrigation of agri-
culture fields is also responsible for transmission and accumulation of antibiotics in
soil (Sallach et al. 2015).

Once, reached in the soil, antibiotics interact with soil and microorganism present
in the soil. A lot of antibiotics remain persistently in soil or various environmental
compartments (plants, manure, soil, sediment, and water) as they are recalcitrant to
degradation. Furthermore, several antibiotics are taken up and accumulated in the
roots of the crops grown on agricultural fields supplied with manures from antibiotic
treated animals or irrigated with contaminated wastewater. For example, the presence
of antibiotics ciprofloxacin and narasin in barley roots was reported by Eggen et al.
(2011). Whereas, bioconcentration of zwitterionic antibiotics viz., oxytetracycline,
chlortetracycline, and norfloxacin were reported in rice roots (Hawker et al. 2013).
Another report shows bioconcentration of oxytetracycline in the edible parts of
aquatic plants when fertilized with contaminated swine manure (Boonsaner and
Hawker 2015). Consumption of such contaminated plant parts causes a significant
threat to human health. In addition, they can inhibit crop growth, leading to a decrease
in crop production. Challenges in analysis and measurement of antibiotics and their
impacts in agroecosystems have been recently reviewed by Aga et al. (2016). For
additional comprehensive information and discoveries, the reader is counseled to
refer several books and specific review articles that have been already published
elsewhere (Du and Liu 2012; Jechalke et al. 2014; Tasho and Cho 2016).

20.4 Why They Matter?

20.4.1 The Rise of Antibiotic Resistance

Resistance genes exist naturally in the environment owing to a range of selective
pressures in nature. Humans have applied additional selective pressure for antibi-
otic resistance genes because of the large quantities of antibiotics that we produce,
consume, and apply in medicine and agriculture. Physical and biological forces also
cause widespread dissemination of resistance genes throughout many environments
(Allen et al. 2010).

The dispersal and accumulation of antibiotics in the soil and environment results
into the problem of antibiotic resistance, i.e., reducing an effectiveness of antibi-
otics in treating common infections in human and animals (Laxminarayan et al.
2013). So far, a number of studies have been carried out on the occurrence of
antibiotic and antibiotic resistance genes (ARG) in the manure, soil, water, and
agriculture systems. Recently, existence of ARGs has been detected on harvested
vegetables grown in manure-amended soil, including root endophytes, leaf endo-
phytes, and phyllosphere microorganisms (Wang et al. 2015). In another report,
prevalence and abundance of florfenicol and linezolid resistance genes were iden-
tified in soils adjacent to swine feedlots in China (Zhao et al. 2016). The myriad
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reports published showed that application of antibiotic containing manure to the
soil increase abundance and transferability of antibiotic resistance genes that might
be contributed to the development of multi-resistant human pathogens. Since,
emergence and dissemination of antibiotic resistance genes has become a serious
and growing human health threat globally.

20.4.2 Toxic Effects on Flora and Fauna

The antibiotics in soil adversely affect not only soil flora and fauna but also
ultimately affect the human beings. Comprehensive analytical, biological, and
ecotoxicological methods are developed for measurement of antibiotic residues in
soil and assessing their impacts on microorganisms, plants (Table 20.2), and
animals. Consequently, Dong et al. (2012) with the help of comet assay showed
that chlortetracycline and tetracycline antibiotics exposure could induce DNA
damage and alter enzymatic activities in earthworm (Eisenia fetida). Reviews on
the effects of antibiotics on agroecosystem, the structure, and function of soil
microbial communities in bulk soils and the rhizosphere are available (Jechalke
et al. 2014; Du and Liu 2012).

20.5 How Can We Deal with Antibiotic Pollution?

The physical (e.g., sorption) and chemical (e.g., photodegradation, oxidation)
methods were employed to remediate contaminated soil. These methods are expen-
sive due to high maintenance cost. Since, alternative biological methods such as
bioremediation were developed for the removal of antibiotics from contaminated soil.

20.5.1 Bioremediation: Use of Living Organisms to Clean Up
Antibiotic Pollution

Bioremediation involves the use of living organisms to remove or detoxify pollut-
ants within a given environment. Although bacteria are the most common group of
organisms used for bioremediation, the use of plants (phytoremediation), algae
(phycoremediation), and fungi (mycoremediation) is increasing.

Several bacteria are reported to accelerate the biodegradation of antibiotics by
enzymatic transformation under aerobic and anaerobic conditions. Alexy et al.
(2004) evaluated the biodegradability of 18 clinically important antibiotics and
their effects on environmental bacteria in the closed bottle test according to the test
guidelines of the Organization for Economic Cooperation and Development
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Table 20.2 Toxic effect of some antibiotics on plants
Antibiotic Target plant Effect References
Enrofloxacin Cucumis sativus L., Modifying the length of Luciana
Lactuca sativa L., primary root, hypocotyl, et al.
Phaseolus vulgaris L., cotyledons, and the number/ | (2003)
Raphanus sativus L. length of leaves
Oxytetracycline Alfalfa Inhibits growth of stem and | Kong et al.
root (2007)
Oxytetracycline, Wheat Inhibits root and shoot Bao et al.
tetracycline elongation (2008)
Oxytetracycline Lettuce Inhibition of growth Cui et al.
(2008)
Chlortetracycline, tet- Sweet oat, rice, and Inhibits germination Liu et al.
racycline, tylosin, cucumber (2009)
sulfamethazine,
trimethoprim
Sulfadiazine, Chinese cabbage and Inhibits root and shoot Jin et al.
sulfadimidine, tomato elongation (2009)
enrofloxacin
Tetracycline Ryegrass Plant biomass, especially Wei et al.
the roots reduced; Plant P (2009)
assimilation decreased
Oxytetracycline 63 wheat species Decreased biomass and Xie et al.
chlorophyll in leaves (2009)
Chlortetracycline, Lettuce, alfalfa, carrot Inhibits root elongation Hillis et al.
levofloxacin, and (2011)
sulfamethoxazole
Enrofloxacin Narrow-leaved lupin Inhibits root growth Adomas
et al.
(2013)
Tetracycline, Lettuce, tomato, carrot, | Inhibits root elongation Pan and
sulfamethazine, and cucumber Chu
norfloxacin, erythro- (2016)
mycin, and

chloramphenicol

Modified from Du and Liu (2012)

(OECD). The present study revealed that all the antibiotics examined had degraded
by less than 60% during the test period of 28 days. Thus, they must all be classified
as not readily biodegradable. Only benzylpenicillin had biodegraded by 27% within
28 days. In another report, the inherent biodegradability of 17 antibiotics was
determined in a combined test design based on the Zahn—Wellens test and the
CO;-evolution test performed according to the OECD guidelines. The results
showed that only benzylpenicillin sodium salt (Penicillin G) proved to be ultimately
biodegradable, reaching ThCO, degradation extents of 78—87%. Among the others,
only amoxicillin, imipenem, and nystatin showed certain ultimate biodegradation in
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few of the parallel flasks and can be regarded as partially biodegradable with
formation of stable metabolites (Gartiser et al. 2007).

Furthermore, Rodriguez-Rodriguez et al. (2012) were assessed the degradation
of the sulfonamides sulfapyridine (SPY) and sulfathiazole (STZ) by the white-rot
fungus Trametes versicolor. Complete degradation was accomplished in fungal
cultures at initial pollutant concentrations of approximately 10 mg L™ although a
longer period of time was needed to completely remove STZ in comparison to SPY.
When cytochrome P450 inhibitors were added to the fungal cultures, STZ degra-
dation was partially suppressed, while no additional effect was observed for SPY.
Experiments with purified laccase and laccase mediators caused the removal of
greater than 75% of each antibiotic. A fluidized bed reactor with T. versicolor
pellets degraded a mixture of sulfonamides (SPY, STZ, and sulfamethazine) by
greater than 94% each at a hydraulic residence time of 72 h. In another study,
(Singh et al. 2017) demonstrated the degradation of ciprofloxacin (CIP) by an
edible white-rot fungus Pleurotus ostreatus. It was found that CIP has a stimulatory
effect on growth and enzyme activity of P. ostreatus. Maximum enzyme
(glucanase, ligninases, laccase) production was observed at the highest concentra-
tion of CIP (500 ppm). Antibiotic degradation of about 68.8, 94.25, and 91.34% was
estimated after 14 days of incubation at 500 ppm CIP using Titrimetric, Indigo
carmine, and Methyl orange assay, respectively. High performance liquid chroma-
tography revealed 95.07% degradation while microbiological test also exhibited a
decreased antimicrobial activity of degraded products against Escherichia coli,
Staphylococcus aureus, and Streptococcus pyogenes.

20.5.2 Phytoremediation: Plants to Clean Up Antibiotic
Pollution

Phytoremediation is one of the biological approaches, which involves the use of
natural or genetically engineered plants and their associated microorganisms for the
removal/detoxification of environmental pollutants to remediate contaminated
soils. Phytoremediation has arisen as an inexpensive, environment-friendly, and
publically acceptable strategy as compared to the other physical and chemical
remediation technologies. However, phytoremediation can be used efficiently for
the remediation of heavy metals, organic compounds including trinitrotoluene,
tetrachloroethylene, polycyclic aromatic hydrocarbons, herbicides/pesticides, and
explosives. For an overview of the phytoremediation and developments in the
phytoremediation technologies, see the following articles and references therein:
Arthur et al. (2005); Pilon-Smits (2005).

Besides, the phytoremediation technologies are less utilized for the removal of
antibiotics from soil. Phytoremediation potential of Myriophyllum aquaticum and Pistia
stratiotes to modify antibiotic growth promoters, tetracycline, and oxytetracycline in
aqueous wastewater systems have been reported by Gujarathi et al. (2005). In another
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report, Gahlawat and Gauba (2016) demonstrated phytoremediation potential of
Brassica juncea to remediate tetracycline. In addition to this, Chrysopogon zizanioides
L. Nash (vetiver) plants treated with tetracycline capable of transformation/detoxifica-
tion of tetracycline (Sengupta et al. 2016). Several pharmaceuticals may also be taken up
by plants, but their concentrations in plant tissues are commonly so small that plant
uptake might not represent a major pathway for the removal of antibiotics from soil
(Jechalke et al. 2014).

20.6 Conclusion

Antibiotics in soil possess a serious threat to human and soil healthcare. The
proverb that “an ounce of prevention is worth a pound of cure” is applicable to
both human and soil healthcare. Clearly, the best prevention for antibiotic pollution
in soil is not to release antibiotic contaminants into the soil and environment
(Gomez-Sagasti et al. 2016). Therefore, ideal management practices such as correct
use of antibiotics, proper treatment/disposal of animal effluent/manure, treatment of
wastewater from domestic, hospital, and pharmaceutical industries, development of
biological remediation technology, and mass media-assisted awareness programs is
needed to decrease the release of antibiotics in the environment (Pruden et al.
2013). Phytoremediation in the broad sense offers a powerful technology for the
removal of various contaminants form environment. Therefore, there is rapid need
of exploration and exploitation of newer plants facilitating efficient removal/deg-
radation of antibiotics from soil.
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Chapter 21
Management and Regulation of Antibiotics
and Antibiotics Resistance Genes in Soils

Muhammad Zaffar Hashmi, Wajid Nasim, Hussani Mubarak,
Nosheen Mirza, Sohaib Khan, Xiaomei Su, Sarfraz Ahmed,
and Ahmad Hasnain

21.1 Introduction

Antibiotic drugs have become essential for many medical interventions due to their
role in reduction of common infectious diseases (Amini and Tavazoie 2011;
Kingston 2000). Antibiotics occur as naturally and synthetic chemical compounds
with antimicrobial activity that are widely used in veterinary and human medicine
(Laxminarayan et al. 2013). Antibiotics have application in the prevention and
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treatment of bacterial infection which may either inhibit or kill the growth of
bacteria. Revolution of antibiotics in medicine industry start in the twentieth
century and together with vaccination led to the near eradication of diseases, such
as tuberculosis in the developed world. Antibiotics global datasets suggest that from
2010 to 2030 antibiotic use in food-animal production will increase by (67%)
(Gelband et al. 2015).

The application of antibiotics has led to the production of antibiotic resistance
which represents a growing and serious human health threat worldwide. Recent
research highlighted that the main sources, reservoirs, and recipients of ARGs are
water, air, and soil (Davies and Davies 2010; Martinez 2009, Tang et al. 2015).
Likewise, air, soil, and water environments receive inputs of antibiotics and anti-
microbials, which can serve to amplify ARGs (Heuer et al. 2011; Zhu et al. 2013).
Nonpathogenic bacteria around us are also one of the factors for resistance genes in
soil (Bonomo and Szabo 2006; Magiorakos et al. 2012).

Antibiotics and ARGs are abundant in human and animal fecal material; thus, active
and from environmental resistance reservoirs. Both soil and water can be directly
affected by the wastewater, agricultural, and industrial input of antibiotics, which
impose selection pressure and enable the spread, amplification, and maintenance of
ARGs (Hashmi et al. 2017; Heuer et al. 2011; Rizzo et al. 2013). The alternative use of
animal growth promoters such as metals or biocides will not necessarily aid in limiting
the spread of antibiotic resistance because they can also select for antibiotic resistance
through co-resistance or cross-resistance (Baker-Austin et al. 2006; Knapp et al. 2009).
In addition to end-of-pipe options, source control is key. Hence, this chapter highlights
the rationale for use of antimicrobial compounds in animals and humans, and potential
advantages of limiting or managing antimicrobial use that impact the feasibility of
management approaches. Here, we identify and provide an overview of potential
mitigation options for minimizing the spread of antibiotics and antibiotic resistance
along these pathways. Limiting impacts to soil environments is of special interest
because these environments serve as a source of exposure to humans via recreational
use, food, ingestion, and aerosol inhalation.

This chapter identifies potential management options such as simple manage-
ment practices that work synergistically with existing goals and policies, such as
bioremediation for soil management, runoff control, nutrient management, or
infrastructure upgrades, that may be put into effect immediately.

21.2 Management Options

21.2.1 Antibiotics Contaminated Soil Remediation

Antibiotics are introduced into the fields in the form of natural fertilizers (utilized in
animal husbandry) or by watering the plants with wastewaters. After entering in the
soil environment antibiotics persist in the soil, sediment, or groundwater. The rate of
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degradation of antimicrobials in the environment varies and is dependent on a range
of environmental conditions, for example: antibiotic concentration, chemical struc-
ture of the compound, composition and structure of soil/sediment, humic acids
content, humidity, pH, temperature, sorption capacity, chemical composition of
the environment, presence of other sources of carbon, presence of inorganic matter,
availability of oxygen, and microorganisms that support biodegradation (Alexy et al.
2004; Vasconcelos et al. 2009). When the antibiotics are added to the soil solid
phase, they are liable to microbial transformation. However, bio-transformation
results in the re-transformation of metabolites into the parent compound similarly
as in fertilizers (Giang et al. 2015; Jechalke et al. 2014). Less than 2% if the added
compounds the mineralization accounts for many of the antibiotics (Forster et al.
2009; Junge et al. 2012). Because of the poor light penetration the photodegenration
in the soils as an alternative pathway of pharmaceutical degradation is limited
(Ozaki et al. 2011). Final pathways to be considered are potential transfers of the
antibiotics from soil into the atmosphere, hydrosphere, and biosphere. Low vapor
pressure is responsible for the fate of the pharmaceuticals in soil and here volatili-
zation is not relevant. For the removal of antibiotics from the soil, the plant uptake by
several pharmaceuticals is done (Felizeter et al. 2012; Sabourin et al. 2012) but there
concentrations are commonly so small in the plant tissues that there plant uptake
might not represent a major pathway (Engelhardt et al. 2015; Fang et al. 2014;
Rosendahl et al. 2012).

21.2.2 Reduce/Optimizing Antibiotic Use

Limiting in the usage of antibiotics could provide the solution in optimizing
antibiotics in the environment. A large proportion of the overall consumption of
antibiotics worldwide is from the agricultural usage of antibiotics although the
specific antibiotics used vary extensively among countries (Kemper 2008; Sarmah
et al. 2006). Annual production of antibiotics in China is about 210 million kg and
46% of these are estimated to be used in livestock (Wang and Ma 2008; Yun-peng
and Yue 2008). In general, uncontrolled use of antibiotics and metals is increasing
in Chinese agriculture and industry, corresponding to enrichment of ARGs in the
manure (Zhu et al. 2013) and affected environment, particularly in soils (Wu et al.
2010). In the United States, recent reports indicated that >70% of total antibiotics
are administered to livestock (Food and Drug Administration 2011) and Australia
(Joint Expert Advisory Committee on Antibiotic Resistance 1999).

The most direct route of controlling agricultural antibiotic release into the
environment, and likely also antibiotic resistance is the reduction in the types and
use of antibiotics in animal production. To reduce the high risk of antibiotic
resistance transfer from animals to humans, some countries have adapted that
regulations on antibiotics dosing based on clinical efficacy, and banned the usage
of growth promoters (Angulo et al. 2006; Smith et al. 2005). Antibiotics were
phased out as growth promoters in 1986 in Sweden, followed by Denmark in the
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late 1990s, and subsequently the European Union. Adaptations of organic feed
practices in poultry industry of the United States reduce the multidrug resistance
rates of Enterococcus faecium from 84 to 17% (Sapkota et al. 2011). In Denmark,
decline in the total use of veterinary antibiotics was achieved from >200 metric
tons in 1994 to around 70 metric tons in 1999 (Monitoring 2003). Reports suggest
that banning subtherapeutic use of antibiotics in Denmark led to marked reductions
of fecal enterococci, antibiotic resistance, in the animal populations (Aarestrup
et al. 2001), demonstrating that it is indeed possible to reverse the occurrence of
antibiotic resistance among a national population of food animals through regula-
tions restricting antibiotic use. Further, monitoring for response of resistance
carriage in humans significant confounds are related to consumption of imported
meat and international travel that may carry higher loads of resistant bacteria could
provide the strategy in reduction of antibiotics and ARGs (Hammerum et al. 2007;
Lewis et al. 2008).

21.2.3 Alternatives to Antibiotics

Alternative to antibiotics several other growth promoters such as metals (Arsenic,
copper, and zinc) are commonly used in animal feeds (Bolan et al. 2004; Poulsen
1998). However, alternative to antibiotics could not provide the effective solution
in the reduction of ARGs because antibiotic resistance can be co-selected by metals
(Berg et al. 2010; Seiler and Berendonk 2012; Song et al. 2017). It is apparent that
antibiotic resistance becomes worse if replace with metals. Further, metals (notably
Cu) can accumulate in agricultural soils (Bolan et al. 2004; Gréber et al. 2005), and
thus serve as even stronger long-term selective agents for antibiotic resistance in
manure-amended soils than do antibiotic residues, which are more prone to degra-
dation and/or sequestration (Knapp et al. 2011; Song et al. 2017). Herbal materials
could be worth pursuing alternative (Hanczakowska and Szewczyk 2007; Orozco
Hernandez et al. 2009); however, resistance should be monitored in it.

Ideal management practices should focus to control the flow of genetic elements
from animal manure to soil ecosystems. Although antibiotic resistance may decline
after relaxation of selection pressures, low yet detectable levels of resistance
determinants are likely to persist for decades because of the low fitness costs
associated with many antibiotic resistance mechanisms (Andersson and Hughes
2010; Johnsen et al. 2011). This indicates that even under minimal antibiotic use
conditions (organic), there is a potential for release of ARGs.

21.2.4 Maintaining the Good Health of Animals

Antibiotics usage could be reduce by keeping animals healthy. To control infectious
diseases on farms best management practices, such as improved nutritional
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programs and low animal density can be adopted and developed. For example, high
level of nutrition to the calves with antibiotic amendment in dairy calf milk limit the
additional health benefit of subtherapeutic antibiotics (Thames et al. 2012)
suggesting knowledgeable and healthy animal husbandry is the most important
factor in reducing antibiotic use.

21.2.5 Management of Antibiotics and ARGs in Manure

Control of animal wastes provides a practical strategy with other advantages of
nutrient management and protection of soil. Limiting sediment erosion and pre-
vention of manure transport from animal farms, control of surface runoff, lagoon
spills, and seepage are the best strategies for the containment of manure. Improved
manure collection and increased storage capacity could limit surface runoff. The
application of manure to land only when crop demands for water and nutrients.
Long-term manure storage reduced prevalence of tetracycline-resistant bacteria and
tetracycline residues (Chee-Sanford et al. 2009). Manure separation technologies
act to concentrate solids from manure slurries through processes such as screening,
filtration, or sedimentation and may also provide an avenue to mitigate the release
of antibiotic residues and ARGs. Benefits of manure separation include reduced
nutrient content, prolonged storage potential, improved biological treatment, and
minimization of odors.

Composting and digestion of livestock waste can treat antibiotic residues.
Antibiotics on average 50-70% could be eliminated by composting (Sharma et al.
2009; Wang et al. 2012). Aeration, watering, and turning of compost offered some
advantage to accelerating antibiotic decay of monensin, chlortetracycline, and
tylosin, but even simple storage of manure stockpiles resulted in significant antibi-
otic degradation (Storteboom et al. 2007). Digestion of livestock waste can elim-
inate antibiotic residues; 5-week fermentation effectively removed most
sulfonamides and trimethoprim (Mohring et al. 2009), whereas sulfamethoxazole
and oxytetracycline were reduced more effectively under aerobic than anaerobic
incubation of dairy lagoon water (Pei et al. 2007).

21.2.6 Biological Treatment and Energy Recovery

Biological treatments such as composting and lagoons have complex microbial
ecology involved, and its impact varies on ARGs. A 100-fold reduction of
tetracycline ARGs was recorded after the storage of composting and manure,
but te#(O) increased when horse manure was composted, even in the absence of
measurable antibiotics (Storteboom et al. 2007). Similarly, a tenfold reduction of
tet ARGs across six anaerobic livestock lagoons were monitored, but su/ ARGs
tended to increase with treatment time (McKinney et al. 2010). Rysz et al. (2013)
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revealed that an agricultural E. coli strain under anaerobic treatment may be a
promising way to impose a high metabolic burden on bacteria and thus limit their
capability to engage in horizontal gene transfer. However, some studies reported
that ARGs (erythromycin resistance methylase) persist in environment after
composting (Sharma et al. 2009).

On-farm methanogenic biogas facilities may provide added incentive for
improved waste treatment (Mohring et al. 2009). The increased intensification
and geographical concentration of livestock production facilities further solidifies
incentives to consider novel manure management technologies (Steinfeld et al.
2006). At a policy level, standards on concentrations of antibiotics in animal
manures for land application should be established and monitored. Using animal
manures as organic fertilizer also reduces the runoff from animal farms and the risk
of lagoon spills and seepages while allowing nutrient recovery. Enacting controls
on manure management is challenging because it requires agreement, cooperation,
and enforcement among a large number of stakeholders.

21.2.7 Wastewater Treatment from Domestic, Hospital,
and Industrial

Wastewater from domestic, hospital, and industrial sectors is the main source of
antibiotics and antimicrobial resistance spread and development in soil ecosystem
(Rizzo et al. 2013). So there is need for treatment of wastewater to minimize the
spread of resistance. Sanitation and sewage in the developing world is serious
concern. Globally, 2.6 billion people lack access to basic sanitation WHO (2012),
which likely results in direct releases of resistance bacteria and pathogens into the
environment. Thus, basic hygiene is likely a critical step to mitigating the spread of
resistance. Walsh et al. (2011) detected NDM-1 gene in chlorinated tap water and
polluted surface waters in India. NDM-1 provides bacteria with resistance to a large
number of antibiotics; it is highly mobile and is found in multiple waterborne
pathogens, including Vibrio cholera (Walsh et al. 2011) and E. coli (Kumarasamy
et al. 2010).

WWTPs may represent a critical node for control of the global spread of
antibiotic resistance. Thermophilic anaerobic sludge digestion appears particularly
promising and may achieve superior ARG removal relative to mesophilic digestion,
potentially because of the much narrower host ecology of the microorganisms
(Diehl and LaPara 2010; Ma et al. 2011). More advanced treatment technologies
(e.g., membrane separation) could be applied to retain bacterial cells, including
their genetic material (Riquelme Breazeal et al. 2013). In addition, ozone has been
proposed to disinfect ARBs and destroy ARGs (Dodd 2012). Because costs of
advanced treatments will be significant, an ideal place to start may be to consider
ARGs alongside other issues of concern if upgrades are already planned.
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At least 56 antibiotics belonging to six different classes have been widely
detected at nanogram-per-liter to microgram-per-liter levels in sewage of East
Asia, North America, Europe, and Australia (Zhang and Li 2011). Antibiotic
residues from different sources (household, pharmaceutical industry, and hospital)
enter into municipal sewage along with other co-selecting factors, such as metals
and surfactants. Removal pathways include adsorption, biodegradation, disinfec-
tion, and membrane separation (Pruden et al. 2013). Other pathways, such as
hydrolysis, photolysis, and volatilization, also contribute to removal (Zhang and
Li 2011), depending on antibiotic properties. For example, tetracyclines are
removed mainly by adsorption onto the biomass flocs; beta-lactams are largely
degraded by hydrolysis reactions driven by bacteria or physical chemical processes;
and erythromycin and ciprofloxacin are recalcitrant toward biodegradation in
activated sludge (Li and Zhang 2010).

The most direct route of removal of ARGs is via solids separation, such as
sedimentation. Researchers have observed ARGs from industrial and municipal
WWTP sources to persist in river sediment (Kristiansson et al. 2011; Storteboom
et al. 2010). However, land application of sludge/biosolids from WWTPs, another
means of resource recovery, could also enhance ARGs in soil (Brooks et al. 2007,
Munir et al. 2011). For example, in a recent study comparing land application of
manure versus biosolids, Munir and Xagoraraki (2011) found elevated levels of
tetracycline and sulfonamide ARGs in soils amended with biosolids during the
4-month monitoring period.

Incineration is a zero-risk solution with regard to reduction of antibiotics, and
ARG:s, although there are trade-offs with air quality and cost of alternative fertil-
izers. If used appropriately, incineration may provide a source of alternative energy.
Landfills still pose some risks because leachates may pollute groundwater and
surface water, and they are commonly redirected to a municipal WWTP (Renou
et al. 2008).

Hospital and industrial waste considered as hot spots for antibiotics and antibiotic
resistance spread in soil. Managing “hot spots,” such as drug manufacturers units and
hospitals is of high concern because these provide the base to resistant microbes to
rapidly spread from one corner of the world across the entire planet (Kovalova et al.
2012; Walsh et al. 2011). Membrane bioreactors are used as targeted pretreatment
systems to treat hospitals waste, and they can partially remove antibiotics and other
drugs, as well as antibacterial resistance, before discharging into public sewer
systems (Kovalova et al. 2012). Other potential hot spots for antibiotic-resistance
development are pharmaceutical drug manufacturing sites (Larsson et al. 2007; Fick
et al. 2009; Kristiansson et al. 2011). Li et al. (2009, 2010) observed that in China
release of therapeutic levels of penicillin and oxytetracycline downstream from a
factory increased the resistance rates.

Some industries treat their own wastes from its generation through to discharge,
while others discharge to a third party wastewater treatment plants (WWTPs) with
or without pretreatment (e.g., pH adjustment, chelation, precipitation). Thus,
WWTPs that receive wastes from drug manufacturers will benefit from requiring
pretreatment or establishing limits to antibiotic discharge. Industrial WWTPs
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maintain the high antibiotic concentrations thus inevitably will exert strong selec-
tion for antimicrobial resistance. Due to this reason, activated sludge is not
recommended for highly antibiotic-contaminated waste streams because of the
high density of microbial populations. It is discouraged to seed biological treatment
systems with microbes originating from human feces, as well as land application of
residual biosolids from hot spot sources.

However, several policy measures could be effective in curtailing the spread of
antimicrobial resistance from hot spots.

« First, the industry itself could take a leading role in developing voluntary
standards for pharmaceutical wastes (Murray-Smith et al. 2012).

¢ Second, greater transparency through the supply chain is urgently needed in
order to indicate where human drugs are coming from and where they are going
(Larsson 2010).

¢ Third, national purchasers of medicines could aim to take greater responsibility
of the issue [Swedish Environmental Management Council (SEMC) 2011].

¢ Finally, extension of good manufacturing practices to include environmental
considerations could be of benefit [Medical Products Agency (MPA) 2011].

21.2.8 Strategic Implementation and Monitoring Needs

To define safe exposure levels is not possible in a strict sense. The scientific
community should put effort to develop standards to provide regulators with a
basis for defining and implementing standards. Various mitigation strategies would
be easy and possible once standards are defined. However, we must acknowledge
that the uncertainty is still high regarding ultimate benefits for individual measures.
At present, efficacy of mitigation efforts can best be evaluated on the basis of
surrogate measures, such as the abundance of antibiotics, and ARGs in the envi-
ronment. Routine monitoring programs are required to provide baseline data on
which to contrast measurements before and after mitigation activities. Establishing
and/or maintaining existing biobanks of soil will allow retrospective analyses.

21.3 Conclusion

Antibiotics and ARGs are global issue; this chapter identified several management
options across soil bioremediation, wastewater treatment, antibiotics and ARGs in
agriculture, and pharmaceutical manufacturing that could aid in mitigating risks of
antibiotics and antibiotic resistance in the soil environment. Many of these are
practical strategies that are economically feasible and that can be synergistically
implemented with other benefits. Outreach, education, communication, monitoring,
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and transparency are vital for the success of management schemes for limiting the
spread of antibiotic resistance via environmental pathways.
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