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Preface to Volume Two of the Second Edition of
Bergey’s Manual® of Systematic Bacteriology

There is a long-standing tradition for the Editors of Bergey’s Man-
ual to open their respective editions with the observation that
the new edition is a departure from the earlier ones. As this
volume goes to press, however, we recognize a need to deviate
from this practice, by offering a separate preface to each volume
within this edition. In part, this departure is necessary because
the size and complexity of this edition far exceeded our expec-
tations, as has the amount of time that has elapsed between
publication of the first volume of this edition and this volume.

Earlier, we noted that systematic procaryotic biology is a dy-
namic field, driven by constant theoretical and methodological
advances that will ultimately lead to a more perfect and useful
classification scheme. Clearly, the pace has been accelerating as
evidenced in the superlinear rate at which new taxa are being
described. Much of the increase can be attributed to rapid ad-
vances in sequencing technology, which has brought about a
major shift in how we view the relationships among Bacteria and
Archaea. While the possibility of a universally applicable natural
classification was evident as the First Edition was in preparation,
it is only recently that the sequence databases became large
enough, and the taxonomic coverage broad enough to make
such an arrangement feasible. We have relied heavily upon these
data in organizing the contents of this edition of Bergey’s Manual
of Systematic Bacteriology, which will follow a phylogenetic frame-
work based on analysis of the nucleotide sequence of the small
ribosomal subunit RNA, rather than a phenotypic structure. This
departs from the First Edition, as well as the Eighth and Ninth
Editions of the Determinative Manual. While the rationale for pre-
senting the content of this edition in such a manner should be
evident to most readers, they should bear in mind that this edi-
tion, as in all preceding ones represents a progress report, rather
than a final classification of procaryotes.

The Editors remind the readers that the Systematics Manual is
a peerreviewed collection of chapters, contributed by authors
who were invited by the Trust to share their knowledge and
expertise of specific taxa. Citation should refer to the author, the
chapter title, and inclusive pages rather than to the Editors. The
Trust is indebted to all of the contributors and reviewers, without
whom this work would not be possible. The Editors are grateful
for the time and effort that each expended on behalf of the
entire scientific community. We also thank the authors for their
good grace in accepting comments, criticisms, and editing of

their manuscripts. We would also like to thank Drs. Hans Trtper,
Brian Tindall, and Jean Euzéby for their assistance on matters
of nomenclature and etymology.

We would like to express our thanks to the Department of
Microbiology and Molecular Genetics at Michigan State Univer-
sity for housing our headquarters and editorial office and for
providing a congenial and supportive environment for microbial
systematics. We would also like to thank Connie Williams not
only for her expert secretarial assistance, but also for unflagging
dedication to the mission of Bergey’s Manual Trust and Drs.
Julia Bell and Denise Searles for their expert editorial assistance
and diligence in verifying countless pieces of critical information
and to Dr. Timothy G. Lilburn for constructing many of the
phylogenetic trees used in this volume. We also extend our thanks
to Alissa Wesche, Matt Chval and Kristen Johnson for their as-
sistance in compilation of the bibliography.

A project such as the Systematics Manual also requires the
strong and continued support of a dedicated publisher, and we
have been most fortunate in this regard. We would also like to
express our gratitude to Springer-Verlag for supporting our ef-
forts and for the development of the Bergey’s Document Type
Definition (DTD). We would especially like to thank our Exec-
utive Editor, Dr. William Curtis for his courage, patience, un-
derstanding, and support; Catherine Lyons for her expertise in
designing and developing our DTD, and Jeri Lambert and Leslie
Grossberg of Impressions Book and Journal Services for their
efforts during the pre-production and production phases. We
would also like to acknowledge the support of ArborText, Inc.,
for providing us with state-of-the-art SGML development and ed-
iting tools at reduced cost. Lastly, I would like to express my
personal thanks to my fellow trustees for providing me with the
opportunity to participate in this effort, to Drs. Don Brenner,
Noel Krieg, and James Staley for their enormous efforts as volume
editors and to my wife, Nancy, and daughter, Jane, for their con-
tinued patience, tolerance and support.

Comments on this edition are welcomed and should be di-
rected to Bergey’s Manual Trust, Department of Microbiology
and Molecular Genetics, 6162 Biomedical and Physical Sciences
Building, Michigan State University, East Lansing, MI, USA
48824-4320. Email: garrity@msu.edu

George M. Ganrrity






Preface to the First Edition of Bergey’s Manual® of
Systematic Bacteriology

Many microbiologists advised the Trust that a new edition of the
Manual was urgently needed. Of great concern to us was the
steadily increasing time interval between editions; this interval
reached a maximum of 17 years between the seventh and eighth
editions. To be useful the Manual must reflect relatively recent
information; a new edition is soon dated or obsolete in parts
because of the nearly exponential rate at which new information
accumulates. A new approach to publication was needed, and
from this conviction came our plan to publish the Manual as a
sequence of four subvolumes concerned with systematic bacte-
riology as it applies to taxonomy. The four subvolumes are di-
vided roughly as follows: (a) the Gram-negatives of general, med-
ical or industrial importance; (b) the Gram-positives other than
actinomycetes; (c) the archaeobacteria, cyanobacteria and re-
maining Gram-negatives; and (d) the actinomycetes. The Trust
believed that more attention and care could be given to prep-
aration of the various descriptions within each subvolume, and
also that each subvolume could be prepared, published, and
revised as the area demanded, more rapidly than could be the
case if the Manual were to remain as a single, comprehensive
volume as in the past. Moreover, microbiologists would have the
option of purchasing only that particular subvolume containing
the organisms in which they were interested.

The Trust also believed that the scope of the Manualneeded
to be expanded to include more information of importance for
systematic bacteriology and bring together information dealing
with ecology, enrichment and isolation, descriptions of species
and their determinative characters, maintenance and preserva-
tion, all focused on the illumination of bacterial taxonomy. To
reflect this change in scope, the title of the Manualwas changed
and the primary publication becomes Bergey’s Manual of Systematic
Bacteriology. This contains not only determinative material such
as diagnostic keys and tables useful for identification, but also
all of the detailed descriptive information and taxonomic com-
ments. Upon completion of each subvolume, the purely deter-
minative information will be assembled for eventual incorpora-
tion into a much smaller publication which will continue the
original name of the Manual, Bergey’s Manual of Determinative
Bacteriology, which will be a similar but improved version of the
present Shorter Bergey’s Manual. So, in the end there will be two
publications, one systematic and one determinative in character.

An important task of the Trust was to decide which genera
should be covered in the first and subsequent subvolumes. We
were assisted in this decision by the recommendations of our

Advisory Committees, composed of prominent taxonomic au-
thorities to whom we are most grateful. Authors were chosen on
the basis of constant surveillance of the literature of bacterial
systematics and by recommendations from our Advisory Com-
mittees.

The activation of the 1976 Code had introduced some novel
problems. We decided to include not only those genera that had
been published in the Approved Lists of Bacterial Names in Jan-
uary 1980 or that had been subsequently validly published, but
also certain genera whose names had no current standing in
nomenclature. We also decided to include descriptions of certain
organisms which had no formal taxonomic nomenclature, such
as the endosymbionts of insects. Our goal was to omit no im-
portant group of cultivated bacteria and also to stimulate taxo-
nomic research on “neglected” groups and on some groups of
undoubted bacteria that have not yet been cultivated and sub-
jected to conventional studies.

The invited authors were provided with instructions and ex-
emplary chapters in June 1980 and, although the intended dead-
line for receipt of manuscripts was March 1981, all contributions
were assembled in January 1982 for the final preparations. The
Manual was forwarded to the publisher in June 1982.

Some readers will note the consistent use of the stem -var
instead of -type in words such as biovar, serovar and pathovar.
This is in keeping with the recommendations of the Bacterio-
logical Code and was done against the wishes of some of the
authors.

We have deleted much of the synonymy of scientific names
which was contained in past editions. The adoption of the new
starting date of January 1, 1980 and publication of the Approved
Lists of Bacterial Names has made mention of past synonymy
obsolete. We have included synonyms of a name only if they
have been published since the new starting date, or if they were
also on the Approved Lists and, in rare cases with certain path-
ogens, if the mention of an old name would help readers asso-
ciate the organism with a clinical problem. If the reader is in-
terested in tracing the history of a name we suggest he or she
consult past editions of the Manual or the Index Bergeyana and
its Supplement. In citations of names we have used the abbrevia-
tion AL to denote the inclusion of the name on the Approved
Lists of Bacterial Names and VP to show the name has been
validly published.

In the matter of citation of the Manual in the scientific lit-
erature we again stress the fact that the Manual is a collection

xi



xii PREFACE TO THE FIRST EDITION

of authored chapters and the citation should refer to the author,
the chapter title and its inclusive pages, not the Editor.

To all contributors, the sincere thanks of the Trust is due; the
Editor is especially grateful for the good grace with which the
authors accepted comments, criticisms and editing of their man-
uscripts. It is only because of the voluntary and dedicated efforts
of these authors that the Manual can continue to serve the sci-
ence of bacteriology on an international basis.

A number of institutions and individuals deserve special ac-
knowledgment from the Trust for their help in bringing about
the publication of this volume. We are grateful to the Department
of Biology of the Virginia Polytechnic Institute and State Uni-
versity for providing space, facilities and, above all, tolerance for
the diverted time taken by the Editor during the preparation of
the book. The Department of Microbiology at Iowa State Uni-
versity of Science and Technology continues to provide a wel-
come home for the main editorial offices and archives of the
Trust and we acknowledge their continued support. A grant

(LM-03707) from the National Library of Medicine, National
Institutes of Health to assist in the preparation of this and the
next volume of the Manual is gratefully acknowledged.

A number of individuals deserve special mention and thanks
for their help. Professor Thomas O. McAdoo of the Department
of Foreign Languages and Literatures at the Virginia Polytechnic
Institute and State University has given invaluable advice on the
etymology and correctness of scientific names. Those assisting
the Editor in the Blacksburg office were R. Martin Roop II, Don
D. Lee, Eileen C. Falk and Michael W. Friedman and their help
is sincerely appreciated. In the Ames office we were ably assisted
by Gretchen Colletti and Diane Triggs during the early period
of preparation and by Cynthia Pease during the major portion
of the editing process. Mrs. Pease has been responsible for the
construction of the List of References and her willingness to
handle the cumbersome details of text editing on a big computer
is gratefully acknowledged.

John G. Holt



Preface to the First Edition of Bergey’s Manual® of
Determinative Bacteriology

The elaborate system of classification of the bacteria into families,
tribes and genera by a Committee on Characterization and Clas-
sification of the Society of American Bacteriologists (1911, 1920)
has made it very desirable to be able to place in the hands of
students a more detailed key for the identification of species than
any that is available at present. The valuable book on “Deter-
minative Bacteriology” by Professor F. D. Chester, published in
1901, is now of very little assistance to the student, and all pre-
vious classifications are of still less value, especially as earlier
systems of classification were based entirely on morphologic char-
acters.

It is hoped that this manual will serve to stimulate efforts to
perfect the classification of bacteria, especially by emphasizing
the valuable features as well as the weaker points in the new
system which the Committee of the Society of American Bacte-
riologists has promulgated. The Committee does not regard the
classification of species offered here as in any sense final, but
merely a progress report leading to more satisfactory classifica-
tion in the future.

The Committee desires to express its appreciation and thanks
to those members of the society who gave valuable aid in the
compilation of material and the classification of certain
species. . . .

The assistance of all bacteriologists is earnestly solicited in the
correction of possible errors in the text; in the collection of
descriptions of all bacteria that may have been omitted from the
text; in supplying more detailed descriptions of such organisms
as are described incompletely; and in furnishing complete de-
scriptions of new organisms that may be discovered, or in di-
recting the attention of the Committee to publications of such
newly described bacteria.

David H. Bergey, Chairman

Francis C. Harrison

Robert S. Breed

Bernard W. Hammer

Frank M. Huntoon

Committee on Manual.

August, 1923.
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Class I. Alphaproteobacteria class. nov.
GEORGE M. GARRITY, JuLIA A. BELL AND TIMOTHY LILBURN

Al.pha.pro.te.o.bac.te'ri.a. Gr. n. alpha name of first letter of Greek alphabet; Gr. n.
Proteus ocean god able to change shape; Gr. n. bakterion a small rod; M.L. fem. pl.
n. Alphaproteobacteria class of bacteria having 16S rRNA gene sequences related to

those of the members of the order Caulobacterales.

The class Alphaproteobacteria was circumscribed for this volume
on the basis of phylogenetic analysis of 16S rRNA sequences; the
class contains the orders Caulobacterales, “Parvularculales”, Rhizo-

biales, Rhodobacterales, Rhodospirillales, Ricketisiales, and Sphingomon-
adales.
Type order: Caulobacterales Henrici and Johnson 193b5a, 4.

Order |. Rhodospirillales Pfennig and Truper 1971, 17A-
GEORGE M. GARRITY, JULIA A. BELL AND TIMOTHY LILBURN

Rho.do.spi.ril.la’les. M.L. neut. n. Rhodospirillum type genus of the order; -ales suffix to
denote order; M.L. fem. n. Rhodospirillales the Rhodospirillum order.

The order Rhodospirillales was circumscribed for this volume on
the basis of phylogenetic analysis of 16S rRNA sequences; the
order contains the families Rhodospirillaceae and Acetobacteraceae.

Order is morphologically, metabolically, and ecologically di-
verse. Includes chemoorganotrophs, chemolithotrophs, and fac-

ultative photoheterotrophs; some of the latter are also able to
grow photoautotrophically. Other species can grow methylo-
trophically.

Type genus: Rhodospirillum Molisch 1907, 24 emend. Imhoff,
Petri and Siling 1998, 796.

Family I. Rhodospirillaceae Pfennig and Triper 1971, 17A-
GEORGE M. GARRITY, JULIA A. BELL AND TIMOTHY LILBURN

Rho.do.spi.ril.la’ ce.ae. M.L. neut. n. Rhodospirillum type genus of the family; -aceae ending to
denote family; M.L. fem. pl. n. Rhodospirillaceae the Rhodospirillum family.

The family Rhodospirillaceae was circumscribed for this volume on
the basis of phylogenetic analysis of 16S rRNA sequences; the
family contains the genera Rhodospirillum (type genus), Azospiril-
lum, Inquilinus, Levispirillum, Magnetospirillum, Phaeospirillum, Rho-
docista, Rhodospira, Rhodovibrio, Roseospira, Skermanella, Thalasso-
spira, and Tistrella (type genus). Inquilinus, Thalassospira, and Tis-
trella were proposed after the cut-off date for inclusion in this
volume (June 30, 2001) and are not described here (see Coenye
et al., 2002; Lopez-Lopez et al., 2002; and Shi et al., 2002, re-
spectively).

Preferred mode of growth for most genera is photohetero-
trophic under anoxic conditions in light. Grow chemotrophically
in the dark. Azospirillum, Magnetospirillum, and Skermanella are
chemoorganotrophic. Motile by means of polar flagella; may have
lateral flagella.

Type genus: Rhodospirillum Molisch 1907, 24 emend. Imhoff,
Petri and Siling 1998, 796.

Genus I|. Rhodospirillum Molisch 1907, 24°- emend. Imhoff, Petri and Siiling 1998, 796

JOHANNES F. IMHOFF

Rho.do.spi.ril lum. Gr. n. rhodon the rose; M.L. neut. n. Spirillum a bacterial genus; M.L. neut. n.

Rhodospirillum the rose Spirillum.

Cells are vibrioid to spiral shaped, are motile by means of bipolar
flagella, and multiply by binary fission. Gram negative, belonging
to the Alphaproteobacteria.. Internal photosynthetic membranes
are present as vesicles or as lamellae forming a sharp angle to
the cytoplasmic membrane. Photosynthetic pigments are bacte-
riochlorophyll a (esterified with phytol or geranylgeraniol) and
carotenoids of the spirilloxanthin series with spirilloxanthin itself
lacking in some species. Ubiquinones and rhodoquinones with 8
or 10 isoprene units are present. Major cellular fatty acids are

Cis:.15 Ci6:15 and Cyg9, with Cjgq as dominant component (51—
55% of total fatty acids).

Grow preferentially photoheterotrophically under anoxic con-
ditions in the light. Photoautotrophic growth with molecular hy-
drogen and sulfide as photosynthetic electron donors may occur.
Chemotrophic growth occurs under microoxic to oxic conditions
in the dark. Some species are very sensitive to oxygen; others
grow equally well aerobically in the dark. Fermentation and ox-
idant-dependent growth may occur. Polysaccharides, poly-B-hy-



2 FAMILY |. RHODOSPIRILLACEAE

droxybutyric acid and polyphosphates may be present as storage
products. Growth factors required. Mesophilic freshwater bac-
teria with preference for neutral pH.

The mol% G + C of the DNA is: 62.1-63.5.

Type species: Rhodospirillum rubrum (Esmarch 1887) Molisch
1907, 25 (Spirillum rubrum Esmarch 1887, 230.)

FURTHER DESCRIPTIVE INFORMATION

Two species of Rhodospirillum are currently known. Rhodospirillum
rubrum, the type species, is one of the most intensively studied
of the phototrophic bacteria. Numerous investigations on the
physiology and enzymology of this species have focused on its
metabolic properties, in particular CO, fixation and character-
ization of ribulose-1,5-bisphosphate carboxylase (Tabita, 1995),
ATP generation and coupling-factor ATPase (Gromet-Elhanan,
1995), and nitrogenase and nitrogen fixation (Ludden and Rob-
erts, 1995).

R. rubrum grows very well under photoheterotrophic condi-
tions, but it can also grow under photoautotrophic conditions
with molecular hydrogen (Klemme, 1968) or sulfide as the elec-
tron donor if supplied at low concentrations (Hansen and van
Gemerden, 1972). Autotrophic CO, fixation is well documented
and occurs via ribulose-1,5-bisphosphate carboxylase (Anderson
and Fuller, 1967a, b). This enzyme has been highly purified and
iswell characterized (e.g., Tabita and McFadden, 1974a, b; Tabita,
1995). Ribulose-1,5-bisphosphate carboxylase is derepressed only
at low COy tensions (1.5-2.0% of the atmospheric tension) and
can make up to 50% of the total soluble protein of the cells
under such conditions (Sarles and Tabita, 1983). In the presence
of malate or acetate, however, CO, is not assimilated via the
reductive pentose phosphate cycle, but by other carboxylating
reactions.

Under anoxic dark conditions, R. rubrum is able to ferment
sugars and pyruvate (Kohlmiller and Gest, 1951; Giirgiin et al.,
1976; Gorrell and Uffen, 1977). Pyruvate is cleaved by pyruvate
formate lyase, which is specifically induced under these growth
conditions (Uffen, 1973; Jungermann and Schoén, 1974). From
formate, Hy and CO, are formed by a CO-sensitive formic hy-
drogen lyase (Gorrell and Uffen, 1977). Hy, CO,, acetate, and
eventually propionate are produced as fermentation products
from pyruvate. R. rubrumis able to gain energy from the coupling
of CO oxidation and H, evolution and induces the synthesis of
a carbon monoxide dehydrogenase on exposure to CO under
anoxic conditions (Bonam et al., 1989; Kerby et al., 1995).

Rhodospirillum rubrum is also able to perform an anaerobic
dark metabolism with DMSO and trimethylamine-N-oxide as elec-
tron acceptors (Schultz and Weaver, 1982). Under these condi-
tions, growth is possible with succinate, malate, and acetate as
substrates, and COy and DMSO or trimethylamine are formed
(Schultz and Weaver, 1982).

Rhodospirillum species can grow with ammonia or Ny as sole
nitrogen source (Siefert, 1976; Madigan et al., 1984). The nitro-
genase of R. rubrum is subject to post-translational inactivation
by ADP-ribosylation under energy-limiting conditions and if fixed
nitrogen compounds are available (see Ludden and Roberts,
1995). Ammonia assimilation is mediated by the glutamine syn-
thetase/glutamate synthase reactions, which are NADPH-de-
pendent in R. rubrum (Brown and Herbert, 1977). Although a
nitrate reductase is present in R. rubrum, growth with nitrate as
sole nitrogen source apparently is not possible (Katoh, 1963;
Taniguchi and Kamen, 1963; Ketchum and Sevilla, 1973;

Klemme, 1979). Purines can be used as a nitrogen source under
anoxic conditions in the light and under oxic conditions in the
dark (Aretz et al., 1978).

Comparably few studies have been performed with Rhodospi-
rillum photometricum (Pfennig et al., 1965; Lehmann, 1976; Sarkar
and Banerjee, 1980), which is very sensitive to oxygen and does
not grow under oxic conditions in the dark (as does R. rubrum;
Pfennig, 1969b), but only under microoxic conditions, provided
the oxygen tension is lower than 0.5 kPa (Lehmann, 1976). Like
Phaceospirillum species, R. photometricum is presumably unable to
induce a second electron transport chain in the presence of
oxygen and therefore depends on microoxic conditions in which
the internal membrane system and the light-driven electron
transport chain are fully expressed. Accordingly, the cells are fully
pigmented under these growth conditions (Lehmann, 1976).

Two different types of alcohols are esterified with the bacte-
riochlorophyll a of Rhodospirillum species. Besides phytol, which
is present as an alcohol in the majority of the Purple Nonsulfur
Bacteria (PNSB), geranylgeraniol is the major component of R.
rubrum and of some strains of R. photometricum (Brockmann and
Knobloch, 1972; Kunzler and Pfennig, 1973). Carotenoids of the
spirilloxanthin series are present in Rhodospirillum species, but
R. photometricum is unable to synthesize the end product, spiril-
loxanthin, and accumulates intermediates of this pathway, such
as lycopene, rhodopin, anhydrorhodovibrin, and rhodovibrin
(Schmidt, 1978).

Growth of R. photometricum is completely inhibited at penicillin
concentrations of only 10 U/ml, whereas in R. rubrum, complete
inhibition occurs at penicillin concentrations of more than 1000
U/ml (Weaver et al., 1975a).

ENRICHMENT AND ISOLATION PROCEDURES

Media and growth conditions used for isolation and cultivation
of freshwater PNSB in general can also be applied for Rhodospi-
rillum species. Various recipes for appropriate media have been
developed in different laboratories (see Biebl and Pfennig, 1981;
Imhoff, 1988; Imhoff and Triiper, 1992). One of these, a mineral
salts medium that has been used for cultivation of the great
majority of PNSB over many years is given in the footnote below.'
Standard techniques for the isolation of anaerobic bacteria in
agar dilution series and on agar plates can be applied for Rhodo-
spirillum species (Biebl and Pfennig, 1981; Imhoff and Truper,
1992), if care is taken to establish and maintain oxygen-free con-
ditions, especially for oxygen-sensitive species. This can be
achieved by addition of 0.05% sodium ascorbate or 0.025% thio-
glycolate to the growth media in completely filled screw-capped
bottles.

1. AT medium contains (g/1): KHyPO,, 1.0; MgCly-6H,0O, 0.5; CaCly-2H,0, 0.1;
NH,CI, 1.0; NaHCOys, 3.0; Na,SO,, 0.7; NaCl, 1.0; sulfate-free trace elementsolution
SLA (Imhoff and Triper, 1977; Imhoff, 1992), 1 ml; and vitamin solution VA (Im-
hoff and Traper, 1977; 1992), 1 ml. Organic carbon sources (routinely 10 mM
sodium malate, sodium succinate, sodium pyruvate, or sodium acetate) and, for
oxygen-sensitive strains, 0.5 g sodium ascorbate or 0.25 g thioglycolate are added
separately. The initial pH is adjusted to 6.9. Vitamin solution VA contains in 100
ml of double distilled water: biotin, 10 mg; niacin amide, 35 mg; thiamine dichlo-
ride, 30 mg; praminobenzoic acid, 20 mg; pyridoxal hydrochloride, 10 mg; calcium
pantothenate, 10 mg; and vitamin By, 5 mg.

The trace element solution SLA has the following composition: FeCly-4H,0,
1.8 g; CoCly'6H,0, 250 mg; NiCly'6H,O, 10 mg; CuCly5H,0, 10 mg; MnCly-4H,0,
70 mg; ZnCly, 100 mg; H;BO3, 500 mg; NagMoO,-2H,0, 30 mg; and NaySeO5-5H,0,
10 mg. These components are dissolved in 1 liter of double distilled water. The
pH of the solution is adjusted with HCI to 2-3.
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MAINTENANCE PROCEDURES

Cultures can be preserved by standard techniques in liquid ni-
trogen or at —80°C in a mechanical freezer.

DIFFERENTIATION OF THE GENUS RHODOSPIRILLUM FROM
OTHER GENERA

A number of chemotaxonomic properties distinguish Rhodospi-
rillum species from other spiral-shaped Purple Nonsulfur Bacteria
(PNSB). They differ from Phaeospirillum species, their closest rel-
atives, in major quinone components and cytochrome c struc-
ture. Large-type cytochromes ¢, are present in R. rubrum and R.
photometricum, whereas small-type cytochromes ¢ were found in
Phaeospirillum species (Ambler et al., 1979). Major differentiating
properties for phototrophic bacteria in the Rhodospirillaceae are
shown in Table BXII.a.1. The phylogenetic relationships of these
bacteria based on 16S rDNA sequences are shown in Fig. 1 (p.
124) of the introductory chapter “Anoxygenic Phototrophic Pur-
ple Bacteria”, Volume 2, Part A.

Taxonomic COMMENTS

Traditionally all spiral-shaped phototrophic PNSB have been as-
signed to the genus Rhodospirillum (Pfennig and Truper, 1974).
Recognition of the large amount of chemotaxonomic and phy-
logenetic diversity in the PNSB, and their presence in different
groups of the Proteobacteria, initially led to the taxonomic reclas-
sification of those species belonging to the Betaproteobacleria.
“Rhodospirillum tenue” was assigned to Rhodocyclus tenuis (Imhoff
et al.,, 1984) and this reclassification was later supported by 16S
rDNA sequence analyses (Hiraishi et al., 1991a). After this re-
classification, all species of the genus Rhodospirillum were Alpha-
proteobacteria, though the group remained very heterogeneous in
phenotypic properties and genetic relationships.

The description of new species, assigned to the genus Rhodo-
spirillum, based merely on their spiral shape, continued until
recently, although most of them were quite distinct from Rhodo-
spirillum rubrum, the type species of this genus. Four halophilic
species were classified together with several freshwater species of
the genus Rhodospirillum. In addition, Rhodospirillum centenum (Fa-
vinger et al., 1989) was assigned to this genus, though significant
differences from Rhodospirillum rubrum had been stated in the
species description. More recently, the great genetic distance
among the spiral-shaped PNSB has been recognized in several
proposals. Rhodospirillum centenum was transferred to a new genus
as Rhodocista centenaria (Kawasaki et al., 1992). Another new spi-
ral-shaped species, Rhodospira trueperi, was assigned to a new genus
based on significant phenotypic and genotypic differences from
Rhodospirillum rubrum and other known PNSB (Pfennig et al.,
1997).

The anticipated heterogeneity of the genus Rhodospirillum be-
came clearly apparent with the 16S rDNA sequence information
of most of the known species (Kawasaki et al., 1993b; Imhoff et
al., 1998), and these data implied that the spiral-shaped Alpha-
proteobacteria are phylogenetically quite distantly related to each

other and do not warrant classification in one and the same
genus. Therefore, a reclassification of the spiral-shaped photo-
trophic Alphaproteobacteria, based on distinct phenotypic prop-
erties and 16S rDNA sequence similarities, has been proposed
(Imhoff et al., 1998; see Table BXI.a.1 and Fig. 1 [p. 124] of
the introductory chapter “Anoxygenic Phototrophic Purple Bac-
teria”, Volume 2, Part A).

Major quinone components and fatty acid composition, salt
requirements, and phylogenetic relationships based on 16S
rDNA sequences were considered of primary importance in de-
fining and differentiating these genera. Several phylogenetic
lines of salt dependent species were recognized and the salt-
dependence was regarded as a genus-specific property (Imhoff
et al,, 1998). Four of the genera of spiral-shaped phototrophic
Alphaproteobacteria were defined as salt-dependent and three are
freshwater bacteria. Only R. rubrum and R. photometricum were
maintained as species of the genus Rhodospirillum. All other spe-
cies were transferred to the new genera Phaeospirillum, Rhodovi-
brio, Rhodothalassium, and Roseospira (Imhoff et al., 1998) and are
considered in the respective chapters of this volume.
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DIFFERENTIATION OF THE SPECIES OF THE GENUS RHODOSPIRILLUM

Major differentiating properties between Rhodospirillum species
are shown in Tables BXII.a.1 and BXII.a.2.
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List of species of the genus Rhodospirillum

1. Rhodospirillum rubrum (Esmarch 1887) Molisch 1907,
25 (Spirillum rubrum Esmarch 1887, 230.)
rub'rum. M.L. neut. adj. rubrum red.
Cells are vibrioid shaped to spiral, 0.8-1.0 um wide; one

complete turn of a spiral is 1.5-2.5 um wide and 7-10 pm
long (Fig. BXIIL.a.1). Internal photosynthetic membranes

are of the vesicular type (Fig. BXII.a2). Anaerobic liquid
cultures are pink to deep red, without a brownish tinge,
under all conditions. Under oxic conditions, cells are col-
orless to light pink. Living cells show absorption maxima
at 375-377, 510-517, 546-550, 590-595, 807-808, and 881-
885 nm. Photosynthetic pigments are bacteriochlorophyll
a (esterified with geranylgeraniol as major and phytol as
minor component) and carotenoids of the spirilloxanthin
series with spirilloxanthin as the predominant component.

Cells preferentially grow photoheterotrophically under
anoxic conditions in the light with various organic com-
pounds as carbon and electron sources. Photoautotrophic
growth occurs with Hy, and sulfide as electron donors.
Chemotrophic growth occurs under microoxic to oxic con-
ditions in the dark. Fermentative metabolism with pyruvate
under anoxic dark conditions and “oxidant-dependent” an-
aerobic dark metabolism are also possible. The carbon
sources utilized are shown in Table BXII.«.2. In addition,
alanine and asparagine are used and some strains use pro-
panol. Ammonia, Ny, several amino acids, and in some
strains, nitrate, adenine, guanine, xanthin, and uric acid
may be used as nitrogen source. Sulfate can serve as sole
sulfur source. Small amounts of yeast extract may be favor-
able. Biotin is required as a growth factor.

Mesophilic freshwater bacterium with optimum growth
at 30-35°C and pH 6.8-7.0 (pH range: 6.0-8.5). Habitat:
stagnant and anoxic freshwater habitats that are exposed
to the light. Major quinone components are Q-10 and RQ-
10.

The mol% G + C of the DNA is: 63.8-65.8 (Bd).

Type strain: ATCC 11170, DSM 467, NCIB 8255.

GenBank accession number (16S rRNA): D30778, M32020.

i 2. Rhodospirillum photometricam Molisch 1907, 24"
FIGURE BXIl..1.  Rhodospirilbum rubrum ATCC 11170. Phase-contrast mi- pho.to.me tri.cum. Gr. n. phos light; Gr. adj. metricus measur-
crograph. Bar = 10 um. (Courtesy of N. Pfennig). ing; M.L. neut. adj. photometricum light measuring.

FIGURE BXIl.c.2. Rhodospirillum rubrum strain FR1 grown anaerobically in the light. Note the vesicular structure
of the intracytoplasmic membrane system. X 51,000. (Courtesy of G. Drews and R. Ladwig).
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TABLE BXIl.a.2. Carbon sources and electron donors used by species of the anoxygenic phototrophic bacteria belonging to the family

Rhodospirillaceaé'
Rhodospirillum Rhodospirillum Phaceospirillum Phacospirillum Rhodocista Rhodospira Roseospira Roseospirillum
Source/donor rubrum photometricum Sulvum molischianum centenaria trueperi mediosalina parvum
Carbon sources:
Acetate + + + + + + + +
Arginine + - - - nd nd - nd
Aspartate + +/— +/— +/— + nd + nd
Benzoate - - + - nd nd - nd
Butyrate + + + + + + + +
Caproate + - + + + nd nd nd
Caprylate nd - + + + nd - nd
Citrate - - - - nd nd - nd
Ethanol + + + + nd - - nd
Formate - - nd nd nd nd - nd
Fructose +/— + - - - nd - +
Fumarate + + + + - + + +
Glucose — + +/— — — nd — nd
Glutamate + - nd nd + nd + +
Glycerol - + - - nd nd - nd
Glycolate nd + nd - nd nd - nd
Lactate + + — +/— + + + +
Malate + + + + - + + +
Mannitol — + — — nd nd - nd
Methanol +/— — +/— — nd nd — nd
Pelargonate nd +/— + + nd nd nd nd
Propionate + +/— + + nd + + +
Pyruvate + + + + + + + +
Succinate + + + + - + + +
Tartrate - - nd - nd nd - nd
Valerate + + + + + + - +
Electron donors:
Hydrogen + + nd nd nd nd nd nd
Sulfide + - - - nd + + +
Sulfur - - - - nd - - nd
Thiosulfate - - - - nd — - +
“Symbols: +, positive in most strains; —, negative in most strains; +/ —, variable in different strains; nd, not determined.

FIGURE BXIl.a.3. Rhodospirillum photometricum NTHC 132, cultured on
malate-yeast extract medium. Phase-contrast micrograph. Bar = 10 um.
(Courtesy or N. Pfennig).

Cells are spirals, 1.1-1.5 um wide; one complete turn of
a spiral is 2.5-4 um wide and 4-7 pm long; cells 14-30 pm
long are common (Fig. BXILa.3). Internal photosynthetic
membranes consist of several lamellar stacks forming a
sharp angle with the cytoplasmic membrane. Anaerobic lig-
uid cultures are brown-orange to brown-red or dark brown.

Photosynthetic pigments are bacteriochlorophyll a (esteri-
fied with phytol and in some strains also with geranylger-
aniol) and carotenoids of the spirilloxanthin series. Spiril-
loxanthin is lacking, but the biosynthetic precursors lyco-
pene and rhodopin are present as major components.

Cells preferentially grow photoheterotrophically under
anoxic conditions in the light with various organic com-
pounds as carbon and electron sources. Chemotrophic
growth at very low oxygen tensions, but not under oxic
growth conditions, is possible. Under microoxic conditions
cells are fully pigmented. Carbon sources utilized are shown
in Table BXII.a.2. In addition, asparagine, maltose, sucrose,
raffinose, adonitol, and dulcitol are used. Not used are cy-
clohexane carboxylate, mannose, galactose, xylose, and in-
ositol. Nitrogen sources utilized are ammonia, Ny, alanine,
glutamate, and asparagine; not utilized are nitrate, urea,
and arginine. Sulfate, thiosulfate, cysteine, thioglycolate,
and, at low concentrations, sulfide can be used as sulfur
sources. Ascorbic acid may be required as a reductant. Nico-
tinic acid is required as a growth factor.

Mesophilic freshwater bacterium with optimum growth
at 25-30°C and pH 6.5-7.5. Habitat: stagnant and anoxic
freshwater habitats that are exposed to the light. Major qui-
none components are Q-8 and RQ-8.

The mol% G + C of the DNA is: 64.8-65.8 (Bd) and 63
(T,)-

Type strain: ATCC 49918, DSM 122, NTHC 132.

GenBank accession number (16S rRNA): AJ222662.
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Genus Il. Azospirillum Tarrand, Krieg and Débereiner 1979, 794- (Effective publication:
Tarrand, Krieg and Débereiner 1978, 978) emend. Falk, Débereiner, Johnson and Krieg
1985, 117

JosE |vo BaLbaNi, NoEL R. KRiEG, VERA Lucia DivAN BALDANI, ANTON HARTMANN AND JOHANNA
DOBEREINER

A.zo.spi.ril lum. Fr. n. azote nitrogen; Gr. n. spira a spiral; M.L. dim. neut. n. spirillum a small spiral;

Azospirillum a small nitrogen spiral.

Plump, slightly-curved and straight rods, 0.6-1.7 X 2.1-3.8 pm,
often with pointed ends. Intracellular granules of poly-p-hydroxy-
butyrate are present. Enlarged, pleomorphic forms may occur in
old, alkaline cultures, under conditions of excess oxygen or other
stress. Gram negative to Gram variable. Motile in liquid media
by a single polar flagellum; on solid media at 30°C, numerous
lateral flagella of shorter wavelength may also be formed. Nitro-
gen fixers, exhibiting Ny-dependent growth under microaerobic
conditions. Grow well under an air atmosphere in the presence
of a source of fixed nitrogen such as an ammonium or glutamate
salts. Cells previously grown in presence of an inorganic nitrogen
source may fix nitrogen in air provided that all added nitrogen
is exhausted and nitrogenase is derepressed. Possess mainly a
respiratory type of metabolism with oxygen and, with some
strains, nitrate or nitrite as the terminal electron acceptor. Fer-
mentative metabolism may also occur. Under severe oxygen lim-
itation, some strains may dissimilate nitrate to nitrite or to nitrous
oxide and nitrogen gas. Optimal temperature for growth varies
from 33 to 41°C and pH from 5.5 to 7.5. Some strains may grow
and form light or dark pink colonies, often wrinkled and non-
slimy, on potato agar. Oxidase positive. Chemoorganotrophic;
some strains are facultative hydrogen autotrophs. Grow well on
salts of organic acids such as malate, succinate, lactate or py-
ruvate. D-fructose and certain carbohydrates may also serve as
carbon sources. Some species require biotin. Growth in presence
of 3% NaCl has been observed for some species. Occur free-
living in the soil or associated with the roots, stems, leaves, and
seeds mainly of cereals and forage grasses, although they have
also been isolated from coconut plants, vegetables, fruits, legume,
and tuber plants. May also be found in freshwater lakes. Root
nodules are not induced.

The mol% G + C of the DNA is: 64-71.

Type species: Azospirillum lipoferum (Beijerinck 1925) Tar-
rand, Krieg and Dobereiner 1979, 79 (Effective publication: Tar-
rand, Krieg and Débereiner 1978, 978) (Spirillum lipoferum Bei-
jerinck 1925, 353.)

FURTHER DESCRIPTIVE INFORMATION

Morphology In complex media such as MPSS broth', A. -
poferum and A. brasilense grow as plump, slightly curved rods and
straight cells having a diameter of ~1.0 um. Many of the cells
have pointed ends. In semisolid nitrogen-free malate (NFb) me-
dium?, A. lpoferum develops predominantly into pleomorphic

1. MPSS broth (g/1): peptone (Difco), 5.0; succinic acid (free acid), 1.0; (NH,) SOy,
1.0; MgSO,-7H,,0, 1.0; FeCly:6H,0, 0.002; MnSO,-H,0, 0.002; pH adjusted to 7.0
with KOH. For solid media add 15.0 g/I agar.

2. NFb medium (g/1): t-malic acid, 5.0; KZHPO,, 0.5; MgSO,-7H,,0, 0.2; NaCl, 0.02;
trace element solution (NagMoO,-2H,0, 0.2 g; MnSO,-H,0, 0.235 g; H;BO3, 0.28
g; CuSO,5H,0, 0.008 g; ZnSO,-7H,0, 0.024 g; distilled water, 1000 ml), 2.0 ml;
bromthymol blue (0.5% aqueous solution [dissolve in 0.2 N KOH]), 2.0 ml; Fe
EDTA (1.64% solution), 4.0 ml, vitamin solution (biotin, 0.01 g; pyridoxin, 0.02 g;
distilled water, 1000 ml), 1.0 ml; KOH, 4.0; pH adjusted to 6.8 with KOH. For a
semi-solid medium add 1.75 g/1 agar; for a solid medium add 15.0 g/1 agar.

cells within 48 h (Fig. BXII.a.4), in contrast to A. brasilense, which
retains mainly the vibrioid form. A. lipoferum grows as elongated
cells (1.4-1.7 pm X 5 to over 30 um long), which are nonmotile
and have an S shape or helical shape (Fig. BXII.a.4). These forms
eventually seem to fragment into shorter ovoid forms, many of
which become very large and rounded and may contain several
cells filled with phase-refractile granules (probably poly-B-hy-
droxybutyrate). Alkalinization of the malate medium, due to ox-
idation of the malate, may be related to development of pleo-
morphism in A. lipoferum. Pleomorphism fails to occur when the
organisms are cultured in semi-solid nitrogen-free p-glucose me-
dium, which does not become alkaline (Fig. BXIIL.a.5).

In semi-solid nitrogen-free malate medium, A. brasilense grows
mainly as motile, vibrioid cells. Nonmotile, enlarged, pleomor-
phic forms (C forms) may also occur, especially in older cultures
(Eskew et al., 1977; Tarrand et al., 1978), on the surface of ni-
trogen-free agar media (Berg et al., 1980), in association with
plant callus cultures (Berg et al., 1979), or in association with
the roots of grass seedlings (Umali-Garcia et al., 1980). A capsule
is formed external to the outer wall membrane of C forms (Fig.
BXII.a.6) and may be a protective mechanism against unfavor-
able levels of oxygen under nitrogen-fixing conditions (Berg et
al., 1980). Very large, rounded forms containing several cells may
be produced (Fig. BXII.a.6). The ultrastructure of the C forms
indicates little similarity to the cysts of Azotobacter. Lamm and
Neyra (1981) have reported that strains of A. brasilense and A.
lipoferum enriched in C forms exhibit a resistance to desiccation
and temperature not found in cultures lacking these forms. Cyst
forms of A. brasilense could be physiologically active in the wheat
rhizosphere, as shown by a high level of 16S rRNA-directed oli-
gonucleotide binding (Assmus et al., 1995). Cysts are capable of
fixing nitrogen in the absence of an exogenous carbon source
(Okon and Itzigsohn, 1992). A. amazonense does not develop ple-
omorphic cells when grown in the semi-solid LGI medium be-
cause the pH is maintained around 6. Even when a very poor
subsurface pellicle is formed in semi-solid NFb medium (this
species is sensitive to alkaline pH), no such cells are observed.
In LGI medium, cells remain motile and vibrioid. However, cul-
tures maintained two to three weeks on the bench develop ag-
glomerated cells like cysts due to the dryness of the medium.

Pleomorphic cells have been observed for the species A. halo-
praeferens, A. irakense, and A. largimobile, depending on the growth
conditions. In the case of A. halopraeferens this phenomenon is
observed in older and very alkaline conditions whereas very long
cells (30 pm) are observed when A. irakense is grown in nutrient
broth (Fig. BXIL.a.7). On the other hand, A. largimobile forms
multicellular conglomerates of nonmotile cells mainly under un-
favorable conditions. The most recently described species, A.
doebereinerae, also develops pleomorphic cells in semi-solid NFb
medium.

Encapsulation may be related to resistance to Gram-decol-
orization exhibited by a small proportion of cells when cultured
on MPSS agar at 37°C for 48-72 h. Gram-variability appears to
be more pronounced with A. brasilense than with A. lipoferum.
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FIGURE BXll.o.4.  Azospirillum lipoferum ATCC 29707 cultured in semi-solid, nitrogen-free, malate medium at 37°C
for 48 h, showing characteristic elongated S-shaped forms and enlarged ovoid forms. Phase contrast microscopy.

Bar = 5 um.

Cultures grown in MPSS broth appear not to contain encapsu-
lated forms, at least in young cultures, and the cells stain uni-
formly Gram negative. So far, no Gram variability has been ob-
served for the other Azospirillum species.

Poly-B-hydroxybutyrate (PHB) may constitute from 25 to 50%
of the dry weight of cells cultured in nitrogen-free media. In
cells cultured with an ammonium salt as the nitrogen source, the
polymer constitutes only 0.5-1.0% of the cell weight (Okon et
al., 1976). However, high amounts of poly-B-hydroxybutyrate are
accumulated in cells of A. brasilense strain Cd grown in a high
C:N medium using p-fructose and ammonium chloride as C and
N source (Burdman et al., 1998). The amount of PHB also in-
creases under various stress conditions such as toxic metals and
water stress, and this accumulation is correlated with cyst and

FIGURE BXIll.o.5. Azospirillum lipoferum ATCC 29707 cultured in semi-solid, nitrogen-free, malate medium at 37°C
for 48 h, showing characteristic vibrioid forms. Phase contrast microscopy. Bar = 5 pm.

floc formation where it accounts for up to 65% of the total dry
weight (Olubayi et al., 1998). Cells rich in PHB survive better
and promote positive effect on cereals (Assmus et al., 1995; Fallik
and Okon, 1996). It has been suggested that inoculants gener-
ated from flocculated cells are more advantageous because they
seem to be more efficient than those originating from nonfloc-
culated cells, and in addition they can be produced on a large
scale and easily separated from the growth medium (Neyra et
al., 1995; Burdman et al., 1998). A high amount of PHB has been
observed in A. amazonense species grown under nitrogen-fixing
conditions (Fig. BXIL.a.8) but not with an inorganic nitrogen
source. Intracellular granules (probably PHB) were also observed
in old cells of A. doebereinerae.

Azospirilla possess a single polar flagellum when grown in
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FIGURE BXIl.a.6. Ultrastructure of vibrioid and encapsulated (C) forms of Azospirillum brasilense ATCC 29145 grown in association with a plant callus
(sugarcane). Left: gradient of vibrioid forms (lower) to C forms (upper). Multicellular C forms filled with poly-p-hydroxybutyrate granules (white areas)

are seen at the top. Bar = 1.5 pm. Right: comparative fine structure of vibrioid forms and C forms. Bar = 0.5 pm. (Reproduced with permission
from R.H. Berg et al., Protoplasma 10I: 143-163, 1979, ©Springer-Verlag, Vienna.)

FIGURE BXIll.a.7. Phase contrast microscopic examination of Azospiril-
lum irakense strain KBC1 grown at 30°C for 20 h in complete nutrient
broth showing the curved rods or S-shaped forms. Bar = 10 pm. (Re-
produced with permission from K.M. Khammas et al., Research in Mi-
crobiology 140: 679-693, 1989, Editions Scientifiques et Medicales, ©OFEl-
sevier, Paris.)

FIGURE BXIl.c.8. Transmission electron micrograph of Azospirillum ama-
zonense strain ATCC 35119 grown in semi-solid LGI medium for 24 h at
30°C. Note the presence of poly-B-hydroxybutyrate granules inside the
cell. (~X 13,000). (Reproduced with permission from F.M. Magalhaes
et al., Anais da Academia Brasileira de Ciencias 55: 417-430, 1983, ©Ac-
ademia Brasileira de Ciencias, Rio de Janeiro.)



