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SERIES PREFACE

Nitrogen Fixation: Origins, Applications, and Research Progress

Nitrogen fixation, along with photosynthesis as the energy supplier, is the basis of
all life on Earth (and maybe elsewhere too!). Nitrogen fixation provides the basic
component, fixed nitrogen as ammonia, of two major groups of macromolecules,
namely nucleic acids and proteins. Fixed nitrogen is required for the N-containing
heterocycles (or bases) that constitute the essential coding entities of
deoxyribonucleic acids (DNA) and ribonucleic acids (RNA), which are responsible
for the high-fidelity storage and transfer of genetic information, respectively. It is
also required for the amino-acid residues of the proteins, which are encoded by the
DNA and that actually do the work in living cells. At the turn of the millennium, it
seemed to me that now was as good a time as any (and maybe better than most) to
look back, particularly over the last 100 years or so, and ponder just what had been
achieved. What is the state of our knowledge of nitrogen fixation, both biological
and abiological? How has this knowledge been used and what are its impacts on
humanity?

In an attempt to answer these questions and to capture the essence of our
current knowledge, I devised a seven-volume series, which was designed to cover
all aspects of nitrogen-fixation research. I then approached my long-time contact at
Kluwer Academic Publishers, Ad Plaizier, with the idea. I had worked with Ad for
many years on the publication of the Proceedings of most of the International
Congresses on Nitrogen Fixation. My personal belief is that congresses, symposia,
and workshops must not be closed shops and that those of us unable to attend
should have access to the material presented. My solution is to capture the material
in print in the form of proceedings. So it was quite natural for me to turn to the
printed word for this detailed review of nitrogen fixation. Ad’s immediate
affirmation of the project encouraged me to share my initial design with many of
my current co-editors and, with their assistance, to develop the detailed contents of
each of the seven volumes and to enlist prospective authors for each chapter.

There are many ways in which the subject matter could be divided. Our
decision was to break it down as follows: nitrogenases, commercial processes, and
relevant chemical models; genetics and regulation; genomes and genomics;
associative, endophytic, and cyanobacterial systems; actinorhizal associations;
leguminous symbioses; and agriculture, forestry, ecology, and the environment. I
feel very fortunate to have been able to recruit some outstanding researchers as co-
editors for this project. My co-editors were Mike Dilworth, Claudine Elmerich,
John Gallon, Euan James, Werner Klipp, Bernd Masepohl, Rafael Palacios,
Katharina Pawlowski, Ray Richards, Barry Smith, Janet Sprent, and Dietrich
Werner. They worked very hard and ably and were most willing to keep the
volumes moving along reasonably close to our initial timetable. All have been a
pleasure to work with and I thank them all for their support and unflagging interest.



Nitrogen-fixation research and its application to agriculture have been ongoing
for many centuries — from even before it was recognized as nitrogen fixation. The
Romans developed the crop-rotation system over 2000 years ago for maintaining
and improving soil fertility with nitrogen-fixing legumes as an integral component.
Even though crop rotation and the use of legumes was practiced widely but
intermittently since then, it wasn’t until 1800 years later that insight came as to how
legumes produced their beneficial effect. Now, we know that bacteria are harbored
within nodules on the legumes’ roots and that they are responsible for fixing N, and
providing these plants with much of the fixed nitrogen required for healthy growth.
Because some of the fixed nitrogen remains in the unharvested parts of the crop, its
release to the soil by mineralization of the residue explains the follow-up beneficial
impact of legumes. With this realization, and over the next 100 years or so,
commercial inoculants, which ensured successful bacterial nodulation of legume
crops, became available. Then, in the early 1900’s, abiological sources of fixed
nitrogen were developed, most notable of these was the Haber-Bosch process.
Because fixed nitrogen is almost always the limiting nutrient in agriculture, the
resulting massive increase in synthetic fixed-nitrogen available for fertilizer has
enabled the enormous increase in food production over the second half of the 20"
century, particularly when coupled with the new “green revolution” crop varieties.
Never before in human history has the global population enjoyed such a substantial
supply of food.

Unfortunately, this bright shiny coin has a slightly tarnished side! The
abundance of nitrogen fertilizer has removed the necessity to plant forage legumes
and to return animal manures to fields to replenish their fertility. The result is a
continuing loss of soil organic matter, which decreases the soil’s tilth, its water-
holding capacity, and its ability to support microbial populations. Nowadays, farms
do not operate as self-contained recycling units for crop nutrients; fertilizers are
trucked in and meat and food crops are trucked out. And if it’s not recycled, how
do we dispose of all of the animal waste, which is rich in fixed nitrogen, coming
from feedlots, broiler houses, and pig farms? And what is the environmental impact
of its disposal? This problem is compounded by inappropriate agricultural practice
in many countries, where the plentiful supply of cheap commercial nitrogen
fertilizer, plus farm subsidies, has encouraged high (and increasing) application
rates. In these circumstances, only about half (at best) of the applied nitrogen
reaches the crop plant for which it was intended; the rest leaches and “runs off” into
streams, rivers, lakes, and finally into coastal waters. The resulting eutrophication
can be detrimental to marine life. If it encroaches on drinking-water supplies, a
human health hazard is possible. Furthermore, oxidation of urea and ammonium
fertilizers to nitrate progressively acidifies the soil — a major problem in many
agricultural areas of the world. A related problem is the emission of nitrogen oxides
(NO,) from the soil by the action of microorganisms on the applied fertilizer and, if
fertilizer is surface broadcast, a large proportion may be volatilized and lost as
ammonia. For urea in rice paddies, an extreme example, as much as 50% is
volatilized and lost to the atmosphere. And what goes up must come down; in the
case of fertilizer nitrogen, it returns to Earth in the rain, often acidic in nature. This



xi

uncontrolled deposition has unpredictable environmental effects, especially in
pristine environments like forests, and may also affect biodiversity.

Some of these problems may be overcome by more efficient use of the applied
fertilizer nitrogen. A tried and tested approach (that should be used more often) is
to ensure that a balanced supply of nutrients (and not simply applying more and
more) is applied at the right time (maybe in several separate applications) and in the
correct place (under the soil surface and not broadcast). An entirely different
approach that could slow the loss of fertilizer nitrogen is through the use of
nitrification inhibitors, which would slow the rate of conversion of the applied
ammonia into nitrate, and so decrease its loss through leaching. A third approach to
ameliorating the problems outlined above is through the expanded use of biological
nitrogen fixation. It’s not likely that we shall soon have plants, which are capable
of fixing N, without associated microbes, available for agricultural use. But the
discovery of N,-fixing endophytes within the tissues of our major crops, like rice,
maize, and sugarcane, and their obvious benefit to the crop, shows that real progress
is being made. Moreover, with new techniques and experimental approaches, such
as those provided by the advent of genomics, we have reasons to renew our belief
that both bacteria and plants may be engineered to improve biological nitrogen
fixation, possibly through developing new symbiotic systems involving the major
cereal and tuber crops.

In the meantime, the major impact might be through agricultural sustainability
involving the wider use of legumes, reintroduction of crop-rotation cycles, and
incorporation of crop residues into the soil. But even these practices will have to be
performed judiciously because, if legumes are used only as cover crops and are not
used for grazing, their growth could impact the amount of cultivatable land
available for food crops. Even so, the dietary preferences of developed countries
(who eats beans when steak is available?) and current agricultural practices make it
unlikely that the fixed-nitrogen input by rhizobia in agricultural soils will change
much in the near-term future. A significant positive input could accrue, however,
from matching rhizobial strains more judiciously with their host legumes and from
introducing “new” legume species, particularly into currently marginal land. In the
longer term, it may be possible to engineer crops in general, but cereals in
particular, to use the applied fertilizer more efficiently. That would be a giant step
the right direction. We shall have to wait and see what the ingenuity of mankind
can do when “the chips are down” as they will be sometime in the future as food
security becomes a priority for many nations. At the moment, there is no doubt that
commercially synthesized fertilizer nitrogen will continue to provide the key
component for the protein required by the next generation or two.

So, even as we continue the discussion about the benefits, drawbacks, and
likely outcomes of each of these approaches, including our hopes and fears for the
future, the time has arrived to close this effort to delineate what we know about
nitrogen fixation and what we have achieved with that knowledge. It now remains
for me to thank personally all the authors for their interest and commitment to this
project. Their efforts, massaged gently by the editorial team, have produced an
indispensable reference work. The content is my responsibility and I apologize
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upfront for any omissions and oversights. Even so, I remain confident that these
volumes will serve well the many scientists researching nitrogen fixation and
related fields, students considering the nitrogen-fixation challenge, and
administrators wanting to either become acquainted with or remain current in this
field. I also acknowledge the many scientists who were not direct contributors to
this series of books, but whose contributions to the field are documented in their
pages. It would be remiss of me not to acknowledge also the patience and
assistance of the several members of the Kluwer staff who have assisted me along
the way. Since my initial dealings with Ad Plaizier, I have had the pleasure of
working with Arno Flier, Jacco Flipsen, Frans van Dunne, and Claire van
Heukelom; all of whom provided encouragement and good advice — and there were
times when I needed both!

It took more years than I care to remember from the first planning discussions
with Ad Plaizier to the completion of the first volumes in this series. Although the
editorial team shared some fun times and a sense of achievement as volumes were
completed, we also had our darker moments. Two members of our editorial team
died during this period. Both Werner Klipp (1953-2002) and John Gallon (1944-
2003) had been working on Volume II of the series, Genetics and Regulation of
Nitrogen-Fixing Bacteria, and that volume is dedicated to their memory. Other
major contributors to the field were also lost in this time period: Barbara Burgess,
whose influence reached beyond the nitrogenase arena into the field of iron-sulfur
cluster biochemistry; Johanna Dgbereiner, who was the discoverer and
acknowledged leader in nitrogen-fixing associations with grasses; Lu Jiaxi, whose
“string bag” model of the FeMo-cofactor prosthetic group of Mo-nitrogenase might
well describe its mode of action; Nikolai L’vov, who was involved with the early
studies of molybdenum-containing cofactors; Dick Miller, whose work produced
new insights into MgATP binding to nitrogenase; Richard Pau, who influenced our
understanding of alternative nitrogenases and how molybdenum is taken up and
transported; and Dieter Sellmann, who was a synthetic inorganic chemistry with a
deep interest in how N, is activated on metal sites. | hope these volumes will in
some way help both preserve their scientific contributions and reflect their
enthusiasm for science. I remember them all fondly.

Only the reactions and interest of you, the reader, will determine if we have
been successful in capturing the essence and excitement of the many sterling
achievements and exciting discoveries in the research and application efforts of our
predecessors and current colleagues over the past 150 years or so. I sincerely hope
you enjoy reading these volumes as much as I’ve enjoyed producing them.

William E. Newton
Blacksburg, February 2004
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PREFACE

Genomes and Genomics of Nitrogen-fixing Organisms

This is Volume 3 of a seven-volume series on all aspects of Nitrogen Fixation. The
series aims to be the definitive authority in the field and to act as a benchmark for
some years to come. Rather than attempting to cram the whole field into a single
volume, the subject matter is divided among seven volumes to allow authors the
luxury of writing in depth with a comprehensive reference base. All authors are
recognized practicing scientists in the area of their contribution, which ensures the
high quality, relevance, and readability of the chapters.

In establishing the rationale for, and the organization of, this book, we realized
the need to divide it into two sections. The first section should be organism based
and should review our current knowledge of the genomes of nitrogen-fixing
organisms and what these nucleotide sequences tell us. The second section should
then be technology based. It should review what technologies are available to mine
the data inherent in the nucleotide sequences and how they are now being used to
produce gene-function data from differential gene expression.

The first section starts with a brief overview of the origins of genomic research
in nitrogen fixation and then reviews the current state of our understanding with
respect to the application of genomics to various nitrogen-fixing organisms. The
following chapters cover the genomes of Archaea (Chapter 2), Clostridia (Chapter
3), Cyanobacteria (Chapter 4), and Rhodobacterales (Chapter 5). Then, the last four
chapters (Chapters 6-9) in this section are devoted to the Rhizobiales because of
their agricultural importance. In each of the chapters, the review first briefly
describes which organisms have had their genomes sequenced, how the data can be
accessed, and the relative size and overall structure of the genomes, plus an outline
of their physiology and how it changes on interactions with a host. Then, based on
the genome sequences, the location and organization of the core nif~gene cluster is
described and compared for the various member organisms, including any
reiterations and whether it is accompanied by either the vif-gene or anf-gene system
or both. This discussion is usually followed by an outline of which of the other nif
genes are present and how the system is likely be regulated. Then, important related
systems, such as those involving nitrogen-assimilatory genes/proteins are outlined.
We believe that the close juxtaposition of these reviews will facilitate ready
comparisons among the genomes of these quite different types of bacteria.

In contrast, the second section cuts across organism lines. Chapters 10 and 11
focus on functional genomics, both transcriptomics and proteomics, and the high
throughput technologies that allow gene expression to be monitored at the genome
level. These chapters review how functional genomics is used to collect either a
“gene-expression” profile or a “protein profile” for a particular organism under
defined environmental conditions, including involvement in a symbiotic
relationship. The technologies and instrumentation and their specific development
for these purposes is also briefly described. Next, genome rearrangements, which
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can involve deletions, amplifications, and co-integrations, in rhizobial organisms are
reviewed in Chapter 12 to illustrate that genomes are not simply static structures but
are dynamic entities, whose rearrangements have significant biological
consequences. Chapter 13 then outlines how genomics has impacted taxonomy and
how the evolutionary relationships among nitrogen-fixing bacteria are being
reconstructed. The volume closes with a discussion (Chapter 14) of the evolution of
the three classical Np-fixing enzymes, the molybdenum-nitrogenase, the vanadium-
nitrogenase, and the iron-nitrogenase, including whether and how their phylogeny
correlates with the phylogeny of the organisms that contain them and how such
information impacts evolutionary arguments.

Now, as we finalize this volume, we are reminded that it has been in
preparation for more than two years and it is really satisfying to have completed the
task at last. We thank all of the authors who so willingly committed the necessary
effort and so readily agreed to our editorial requirements. We believe that the high
quality of the final product is the best thanks we can give to each of them. We also
thank the many other experts in these fields, who are not authors but whose
contributions are vital to the contents of this volume, and we apologize in advance
for any omissions. There is a related volume (volume 2) in this series, which is
entitled Genetics and Regulation of Nitrogen Fixation in Free-Living Organisms,
and it should be of interest to readers of the current volume. It deals with many of
the nitrogen-fixing bacteria described or referenced in this volume and provides a
considerable amount of information closely related to the topics of this volume.

We’ve enjoyed working as part of the editorial and production teams from the
first planning phase through to the completion of this volume and, in closing, we
pause to remember our colleagues who are no longer with us to share the continuing
sense of fun and discovery.

Rafael Palacios
Cuernavaca, May, 2004

William E. Newton
Blacksburg, May, 2004
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CHAPTER 1

ORIGINS OF GENOMICS IN NITROGEN-FIXATION
RESEARCH

G. DAVILA AND R. PALACIOS
Centro de Investigacion sobre Fijacion de Nitrogeno, UNAM, P.O. Box 565-A,
Cuernavaca, Morelos 62170, México

1. INTRODUCTION

The advent of genomics is changing our perspective of biology. The central
paradigm that was focused on the gene is moving to a more integral one based on
the whole genome. From a conceptual point of view, genome sciences are placed at
the intersection of three disciplines: molecular biology, mathematics, and
computational biology. From a practical approach, genomics is the consequence of
new high-throughput methodology that allows the nucleotide sequencing of
complete genomes and, consequently, study of their integral patterns of expression
at the level of both RNA (transcriptome) and protein (proteome). The overall goal
of genomics is to link the structure and expression of genetic information with its
biological function and evolution.

The first complete genomic sequence obtained was that of Haemophilus
influenzae (Fleischmann et al., 1995). Since this major achievement, many
genomes have been sequenced and analyzed. These include members of the three
life domains: Bacteria, Archaea and Eukarya. The major driving force for the
development of genomics has been the human genome project that was historically
accomplished in 2001 (Lander et al., 2001; Vender et al., 2001). At the time when
this chapter was finished (September 2003), 156 sequences of complete genomes
from different organisms had been obtained and made public
(http://ergo.integratedgenomics.com/GOLD). These comprise 121 bacterial, 16
archaeal, and 19 eukaryal genomes. In addition, there are 388 prokaryotic and 246
eukaryotic genomic projects ongoing.

Nitrogen fixation is only present in some prokaryotes, including members of
two kingdoms, Bacteria and Archaea. Among bacteria, the capacity to fix N, has a
wide taxonomic distribution and includes Proteobacteria, Cyanobacteria, Clostridia,
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Chlorobi, and Actinobacteria. Some bacteria fix N in the free-living state whereas
others require a symbiotic association with a plant. Therefore, very different types
of genome may harbor nitrogen-fixation and symbiotic genes (see Chapter 14). In
the Archaea domain, nitrogen fixation appears restricted to the methanogens (see
Chapter 2). Interestingly, no cryptic homologous of nitrogenase genes have been
found in either bacterial or archaeal organisms that do not fix N, (see Chapters 2
and 14). Lateral transfer of genetic information may be responsible for the scattered
distribution of nitrogen-fixing genes among prokaryotes.

Nitrogen-fixation research has fully entered the era of genomics (Table 1). The
attainment of the nucleotide sequence of the cluster of nif genes in Klebsiella
pneumoniae can be considered as the precursor of genomic projects in the field of
nitrogen fixation (Arnold ef al., 1988). This cluster is located in the chromosome
near the histidine operon and comprises the following sets of genes: the structural
genes for nitrogenase, which is the enzyme complex responsible for the reduction of
atmospheric N,; genes whose products participate in the assembly of nitrogenase
and in the synthesis of the cofactors necessary for its catalytic reaction; genes that
encode for proteins related to the provision of electrons; and regulatory elements.

Table 1. Genomic projects in nitrogen-fixing organisms

Complete genomes Reference
Methanothermobacter thermoautotrophicus ~ Smith et al., 1977
Mesorhizobium loti Kaneko et al., 2000
Sinorhizobium meliloti Galibert et al., 2001
Clostridium aacetobutilicum Nolling et al., 2001
Anabaena sp Kaneko et al., 2001
Methanosarcina acetivorans Galagan et al., 2002
Chlorobium tepidum Eisen et al., 2002
Methanosarcina mazei Deppenmeier, 2002
Bradyrhizobium japonicum Kaneko et al., 2002

Symbiotic genome compartments
Rhizobium sp NGR234 symbiotic plasmid Freiberg et al., 1996
Bradyrhizobium japonicum symbiotic region  Gottfert ez al., 2001
Rhizobium etli symbiotic plasmid Gonzalez et al., 2003

2. SYMBIOTIC ORGANISMS

Formally, the first genomic project with a nitrogen-fixing organism was the
complete sequence of the symbiotic plasmid of Rhizobium sp. NGR234 (Freiberg et
al., 1996; see Chapter 6). Bacteria of the genus Rhizobium and related genera, such
as Bradyrhizobium, Mesorhizobium and Sinorhizobium, herein referred to as
rhizobia, are Gram-negative o-proteobacteria that establish nitrogen-fixing
symbioses with the roots of leguminous plants. During the establishment of this
association, both partners, the plant and the bacteria, exchange chemical signals that
result in the expression of specific genes that participate in the process. In rhizobia,
the genes that participate in nodulation and nitrogen fixation are compartmentalized
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in the genome either as symbiotic regions or islands in the chromosome, as in
Bradyrhizobium japonicum and Mesorhizobium loti, or as independent replicons or
symbiotic plasmids, as in Rhizobium sp NGR234, Rhizobium etli, Rhizobium
leguminosarum, and Sinorhizobium meliloti.

In addition to the symbiotic plasmid of Rhizobium sp. NGR234, the symbiotic
genomic compartments of other organisms have been sequenced. These include the
symbiotic plasmid, pSymA, of S. meliloti 1021 (Barnett et al., 2001; see Chapter 8),
the symbiotic islands of Mesorhizobium loti strains MAFF303099 (Kaneko et al.,
2000) and R7A (Sullivan et al., 2002), the symbiotic regions of Bradyrhizobium
Japonicum strain USDA 110 (Géttfert et al., 2001; Kaneko et al., 2002; see Chapter
7), and the symbiotic plasmid of Rhizobium etli (Gonzalez et al., 2003; see Chapter
9).

Important landmarks in symbiotic nitrogen-fixation research have been the
completion of the nucleotide sequence of M. loti (Kaneko et al., 2000), S. meliloti
(Galibert et al., 2001; Capela et al., 2001; Barnett ef al., 2001; Finan et al., 2001),
and B. japonicum (Kaneko et al., 2002). The genome of M. loti MAFF303099
consists of a chromosome of 7,036,071 bp and two plasmids, pMLa of 351,911 bp
and pMLDb of 208,315 bp. Both nodulation and nitrogen-fixation genes are located
on the chromosome in a symbiotic island of 611 kb (Kaneko et al., 2002). The
genome of S. meliloti 1021 consists of three replicons, a chromosome of 3,654,135
bp (Capela ef al., 2001) and two megaplasmids, pSymA of 1,354,226 pb (Barnett et
al., 2001) and pSymB of 1,683,333 bp (Finan ef al., 2001). Most of the nodulation
and nitrogen-fixation genes are located in pSymA (see Chapter 8). The genome of
B. japonicum consists of a single chromosome of 9,105,828 bp and both nodulation
and nitrogen-fixation genes are located in a region of this chromosome (Géttfert et
al., 2001) that constitutes a presumptive symbiotic island of about 681 kb (Kaneko
et al., 2002; see Chapter 7).

The comparison of symbiotic genome compartments with complete rhizobial
genomes of different organisms has revealed interesting characteristics in regard to
the organization and evolution of the genetic information necessary for the
establishment of an efficient nitrogen-fixing symbiosis. All the symbiotic genome
compartments are heterogeneous regarding gene content; the genes common to most
of them are mainly those involved in nodulation and nitrogen fixation. Moreover,
there is a lack of synteny between these conserved genes (see Chapter 9). In
addition, symbiotic genome compartments contain an unusually high amount of
elements related to insertion sequences as compared to the rest of the genome.
These findings support the notion that the symbiotic compartments of rhizobial
genomes are mosaic structures, presumably assembled from regions derived from
diverse genomic contexts and frequently modified as a consequence of transposition
and recombination events (Freiberg ef al., 1996; Gonzalez et al., 2003).

3. FREE-LIVING ORGANISMS

The first complete genome of a nitrogen-fixing organism available was that of the
methanogen archaea, Methanothermobacter thermoautotrophicus (Smith et al.,
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1997). This organism can synthesize all its components from CO,, atmospheric N,
and mineral salts. It reduces CO, to methane using hydrogen as the source of
energy and electrons. In contrast to its high biosynthetic capacity, its genome is
relatively small, only 1,751,377 bp. To date, two other genomes of nitrogen-fixing
archaea have been sequenced. These are for Methanosarcina acetivorans with a
genome of 5,751,492 bp (Galagan et al., 2002) and Methanosarcina mazei
(Deppenmeier et al., 2002) of 4,096,345 bp (see Chapter 2).

Other sequenced genomes of free-living nitrogen-fixing organisms include
those of Clostridium acetobutylicum (NOlling et al., 2001), Anabaena sp. strain
PCC7120, also known as Nostoc sp. PCC7120 (Kaneko et al., 2001), and
Chlorobium tepidum (Eisen et al., 2001).

Organisms of the genus Clostridium are Gram-positive, spore-forming, strictly
anaerobic bacteria. Both nitrogen-fixing and non-nitrogen-fixing species are found.
The genome of the nitrogen-fixing Clostridium acetobutilicum ATCC824 has been
sequenced (Nolling ef al., 2001). It consists of a chromosome of 3,940,880 bp and a
plasmid, pSoll of 192,000 bp. The nif genes are clustered on the chromosome near
the dnaA gene. The nucleotide sequence of the nif cluster of other two nitrogen-
fixing clostridia, C. pasteurianum and C. beijerinckii, are also known. In addition,
the complete genomic sequence of two non-nitrogen-fixing clostridia, C.
perfringens (Shimizu et al., 2002) and C. tetani (Briiggemann et al., 2003), have
been obtained. The availability of nucleotide sequences from different Clostridia
has been used for comparative genomics studies (see Chapter 3).

Anabaena is a filamentous, photosynthetic, nitrogen-fixing cyanobacterium.
Photosynthesis and nitrogen fixation are not compatible in the same cell due to the
production of O, during photosynthesis and the high sensitivity to O, of the
nitrogen-fixation components. Thus, photosynthesis is performed by vegetative
cells, whereas nitrogen fixation occurs in differentiated cells called heterocysts.
Heterocysts differentiate from vegetative cells at intervals along the filaments under
conditions of nitrogen deprivation. Anabaena has been extensively used to study
both cell differentiation and nitrogen fixation. The genome of Anabaena sp.
PCC7120 consists of a chromosome of 6,413,771 bp and six plasmids that range
from 5,584 bp to 408,101 bp in size. More than 60 genes that participate in
heterocyst formation and nitrogen fixation are present in the chromosome.

A close relative of Anabaena sp. PCC7120 is Nostoc punctiforme, a
filamentous cyanobacterium that can fix N, in both the free-living and plant-
associated states. There is an ongoing genome project on Nostoc punctiforme that is
about 98% completed (see Chapter 4). Moreover, the genome of a unicellular non-
nitrogen-fixing cyanobacterium, Synechocystis sp. PCC6803, was one of the first
completed bacterial genomic projects (Kaneko et al., 1996). Comparisons between
the genomes of Anabaena sp. PCC7120, Nostoc punctiforme, and Synechocystis sp.
PCC6803 are discussed in Chapter 4.

Organisms of the phylum Chlorobi are green-sulfur eubacteria that perform
anoxygenic photosynthesis by the reductive tricarboxylic-acid cycle. The only
member of this phylum whose genome has been completely sequenced is
Chlorobium tepidum (Eisen et al., 2002). Its genome consists of a single circular
chromosome of 2,154,946 bp with the nif genes clustered on the chromosome. The
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nif cluster has a similar organization as that of the methanogen archaea,
Methanothermobacter thermoautotrophicus. It has been suggested that the entire
cluster could have been laterally transferred between the two lineages (Eisen ef al.,
2002).

In addition to the completed genomic projects, there are several ongoing
projects that will certainly improve our knowledge of the organization, function,
and evolution of nitrogen-fixing organisms. These efforts include, among others:
Methanosarcina barkeri (see Chapter 2); Klebsiella pneumoniae; Azotobacter
vinelandii; Rhodobacter sphaeroides, Rhodobacter capsulatus, and Rhodobacter
palustris (see Chapter 5); Rhodosporillum rubrum; Nostoc punctiforme (see Chapter
4); Rhizobium leguminosarum bv viciae; and Rhizobium etli (see Chapter 9).

4. CONCLUSION

At this stage, genomic studies in the field of nitrogen fixation are mainly focused on
the genome organization and its expression in particular organisms, however, it
must be emphasized that genomics is improving and, in some cases, changing our
concepts of taxonomy, evolution, and genome dynamics.
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CHAPTER 2

GENOMICS OF DIAZOTROPHIC ARCHAEA

J. A. LEIGH
Department of Microbiology, University of Washington,
Seattle, WA 98195, USA

1. INTRODUCTION

Nitrogen fixation was discovered in the domain Archaea in 1984 (Belay, et al.,
1984; Murray and Zinder, 1984). Currently diazotrophic species are known in four
of the five orders of methanogenic Archaea: Methanobacteriales (Methano-
bacterium bryantii), Methanococcales (Methanococcus maripaludis and Methano-
thermococcus  thermolithotrophicus), Methanomicrobiales —(Methanospirillum
hungatei), and Methanosarcinales (Methanosarcina barkeri) (Boone and
Castenholz, 2001). In addition to these species, genome sequencing suggests that
the ability to fix N, exists in Methanosarcina acetovorans, Methanosarcina mazei,
and Methanothermobacter thermoautotrophicus and, for the purpose of this chapter,
these species are considered to be diazotrophic. The single species in the order
Methanopyrales, Methanopyrus kandleri, is not known to fix N, and nitrogenase is
not encoded. Despite its widespread distribution in the methanogens, nitrogen
fixation is not known within the Archaea outside of the methanogens, and
functional homologs of the nitrogenase proteins are not encoded in known non-
methanogenic archaeal genome sequences.

The genomes of the following diazotrophic methanogens are available:
Methanococcus maripaudis LL (still incomplete, see http://www.genome.
washington.edu/uwgc/methanococus/), Methanothermobacter thermoautotrophicus
AH (Smith et al.,, 1997; see http://www.tigr.org/tigr-scripts/CMR2/Genome
Page3.spl?database=ntmt01), Methanosarcina acetivorans C2A(Galagan et al.,
2002; see http://www.genome.wi.mit.edu/annotation/microbes/methanosarcina/),
Methanosarcina barkeri fusaro (still incomplete, see http://www.jgi.doe. gov/JGI
_microbial/html/methanosarcina/methano_homepage.html), and Methanosarcina
mazei Gol (Deppenmeier et al., 2002; see http://www.ncbi.nlm.nih.gov/cgi-bin/
Entrez/framik?db=Genome&gi=239). The genomes of several non-diazotrophic
Archaea have also been sequenced (see http://wit.integratedgenomics.com/GOLDY/).
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2. THE CORE nif GENE CLUSTER

All five available genome sequences of diazotrophic methanogens contain one or
more copies of a common nif-gene cluster (Figure 1). The clusters encode
dinitrogenase reductase (NifH or the Fe protein) and the dinitrogenase (the MoFe
protein) o and [ subunits (NifD and NifK) as well as the NifE and NifN proteins
that function in the synthesis of the nitrogenase cofactor. Sometimes, NifX is
encoded at the end of the cluster. In addition, the nif~gene clusters of methanogens
consistently contain genes encoding Nifl; and Nifl,. These are Py homologs (see
below) that were shown in Methanococcus maripaludis to regulate switch-off of
nitrogenase activity (Kessler, et al., 2001; Kessler and Leigh, 1999). All the genes
of the core nif-gene cluster are contained in a single operon in M. maripaudis
(Kessler, et al., 1998). In contrast, these genes (excluding nifl, and nifl,) are
typically divided into several operons in bacterial diazotrophs, although the overall
gene order is often the same.

Methanococcus maripaludis

—p P> P> > > > -
NifH 11, D K E N X
Methanosarcina acetivorans
e > P> =D = = = => =D
NifH I 1 D K E N modA B
...‘- q’}—’ﬁ : : #
“nfHI1l, D G K E N X
e PP — P e mnma frn
Anfly, D G K H
E - N - H -

Figure 1. nif gene clusters of two methanogenic Archaea.

The nif cluster of M. acetivorans is adjacent to the modA and B genes possibly encoding molybdate
uptake for the purpose of nitrogenase cofactor synthesis. The vnf and anf clusters of M. acetivorans are
adjacent and in opposite orientation. There are two genes possibly encoding AnfH in M. acetivorans,
one near anfK but separated by two genes and in opposite orientation, and one elsewhere in the genome
linked to apparent anfE and anfN genes.

M. maripaludis contains a single nif gene cluster (Figure 1). This cluster
apparently encodes a molybdenum-nitrogenase, consistent with the observation that
molybdate is required for diazotrophic growth (Kessler, et al., 1997). Methano-
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thermobacter thermoautotrophicus also contains a single nif cluster as does
Methanosarcina mazei. In contrast, Methanosarcina acetivorans (Figure 1) and
Methanosarcina barkeri each contains three nif clusters. These species appear to
have alternative (vanadium- and iron-based) nitrogenases as well as the
molybdenum-nitrogenase. In addition to the vuf and anf homologs of nif genes,
vnfG and anfG, which encode the & subunit of the alternative nitrogenases, are
present. Each alternative nitrogenase cluster contains, as a minimum, vaflanfH, D,
G, and K. A separate set of genes corresponding to nifl; and nifl, is also present in
each cluster. Both molybdate and vanadate have been shown to stimulate
diazotrophic growth in Methanosarcina barkeri 227 (Chien, et al., 2000; Lobo and
Zinder, 1988; Scherer, 1989).

Phylogenetic analyses on NifH, NifD, and NifK across a wide spectrum of
diazotrophs (Chien ef al., 2000; Chien and Zinder, 1996; Leigh, 2000) support a
scenario in which nitrogen fixation had an ancient origin that preceded the
divergence between Archaea and Bacteria. Ancient gene duplication or horizontal
transfer evidently participated in the evolution of the alternative nitrogenases.

3. OTHER NIF GENES

Many nif genes in bacteria function in electron delivery to the nitrogenase
complex, maturation and stabilization of nitrogenase proteins, molybdate transport,
and synthesis of homocitrate, a component of the nitrogenase cofactor. Clear
orthologs of these genes cannot be identified in diazotrophic Archaea. However,
some of these functions can be surmised. For example, M. maripaludis has three
sets of genes homologous to molybdate ABC transporters. Two of these gene sets
have inverted repeat sequences in their promoter regions that share nucleotide
identity to a repressor-binding sequence, which regulates nif and g/n4 expression
(Kessler and Leigh, 1999). If these genes are indeed nitrogen-regulated, they may
function in the transport of molybdate for the nitrogenase cofactor. Molybdate
ABC transporters are also encoded adjacent to nif-gene clusters in the diazotrophic
Methanosarcina species. Another function, that of homocitrate synthesis, may be
performed by 2-oxosuberate synthase (AksA), in the pathway leading to biotin and
coenzyme B synthesis (Howell er al., 1998). The dehydrated precursor of
homocitrate is an intermediate in that pathway.

Some Archaea contain zif gene homologs that are unlikely to have any function
in nitrogen fixation. Homologs of nifH, nifS, nifB, and nifU are present in non-
diazotrophic methanogens.

4. OTHER NITROGEN ASSIMILATORY GENES

4.1. Glutamine synthetase

Most methanogens, and Euryarchaeota (the kingdom within the domain Archaea
containing methanogens) in general, contain a single glutamine synthetase,
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belonging to the o subdivision of type I glutamine synthetases that are typical of the
low mol % G+C Gram-positive bacteria (Brown et al., 1994). M. acetivorans has a
second glutamine synthetase that is divergent and harder to place phylogenetically.
It also appears closest to members of the type I o subdivision, but may contain an
insertion typical of the [ subdivision found in Proteobacteria and other Bacteria.

4.2. Glutamate synthase

Bacterial glutamate synthases are composed of a large chain and a small chain.
Archaea typically encode the domains corresponding to the large chain as three
separate subunits. The first subunit contains an amidotransferase domain, the
second subunit an iron-sulfur cluster and a flavin-binding domain, and the third
subunit a domain of unknown function. These three domains are contiguous in the
genomes of both M. maripaludis and M. acetivorans. A gene corresponding to the
bacterial small chain is inconsistently present in archaeal genomes.

4.3. Glutamate dehydrogenase

Genes homologous to glutamate dehydrogenases are variably present in Archaea. A
glutamate dehydrogenase gene is present in M. acetivorans but no homolog is found
in M. maripaludis.

4.4. Alanine dehydrogenase

M. maripaludis possesses the unusual ability to use alanine as a nitrogen source.
This ability may be conferred by the presence of an alanine dehydrogenase, which
would produce ammonia from alanine. The gene encoding alanine dehydrogenase
in M. maripaludis has a highest BLAST hit to a gene in Gram-positive bacteria, and
may have been acquired by horizontal gene transfer. The alanine dehydrogenase
gene is adjacent to genes for alanine racemase and alanine transferase, also
apparently acquired from bacteria.

5. Py PROTEINS

Py, proteins are nitrogen transducers that are encoded by g/nB and g/nK in bacteria
(Arcondeguy, ef al., 2001). The Py protein of E. coli, encoded by g/nB, has been
extensively characterized. E. coli Py is covalently modified by uridylylation
depending on the level of glutamine, and apparently serves as an indicator of
nitrogen sufficiency. E. coli Py also binds 2-oxoglutarate, apparently as an indicator
of nitrogen deficiency.

Widespread in bacteria, Py proteins are also common in some of the Archaea.
Archaea containing Py proteins include both the methanogens (whether diazotrophic
or not) and some non-methanogenic Euryarchaeota. Other Euryarchaeota lack Py
proteins as do the Crenarchaeota. Work in the diazotrophic methanogens led to the
realization that there are three subfamilies of Py proteins, distinguished from one
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another in amino-acid alignments (Figure 2). One subfamily contains nearly all Py;
proteins (GInB and GInK) of bacteria and many of Archaea, whereas the second and
third subfamilies contain the Nifl; and Nifl, proteins that are encoded in the nif-
gene clusters of the diazotrophic methanogens and regulate nitrogenase acitvity (see
above).

*
SR AZPSTTAEEVVD,
\IEAII JPE SEEVID

Mm NifIl :
Mt NifIl :
Ma NifIl : Q
Mm NifI2 : g
Mt NifI2 : w
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Ec GlnB
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Ma NifIl :
Mm NifI2 :
Mt NifI2 :
Ma NifI2 :
Mm GlnK1l :
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Figure 2. Alignment of Nifl;, Nifl,, and GInB-GInK subfamilies of Py proteins.
The T-loop is designated, with an arrow indicating the tyrosine residue that is uridylylated in enteric
bacteria. Organism designations: Mm, Methanococcus maripaludis, Mt, Methanobacterium
thermoautotrophicum, Ma, Methanosarcina acetovorans, Ec, Escherichia coli.

The three subfamilies of Py proteins have different T-loops (Figure 2), which
are domains that protrude from the rest of the protein and are thought, in the GInB-
K subfamily, to mediate interactions with other proteins. The T-loop is also the site
of uridylylation in the GInB-K subfamily, which usually occurs on a conserved
tyrosine residue. M. maripaludis contains three P homologs of the GInB-K
subfamily in addition to Nifl; and Nifl,. As is often the case in bacteria, at least
some of these genes (g/nK genes) appear to be in operons with amtB genes encoding
ammonia transporters.
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CHAPTER 3

GENOMIC ASPECTS OF NITROGEN FIXATION IN
THE CLOSTRIDIA

J.-S. CHEN
Department of Biochemistry, Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061, USA

1. INTRODUCTION

The genus Clostridium is a diverse collection of rod-shaped, spore-forming,
obligately anaerobic bacteria, which do not carry out dissimilatory sulfate reduction
and usually stain gram positive in young cultures (Collins ef al., 1994). At present,
more than 160 named species are included in the traditional genus Clostridium
(according to the database maintained at the National Center for Biotechnology
Information or NCBI, USA). However, it has been proposed that, on the basis of
phenotypic criteria and the results of phylogenetic analyses, the diverse species in
the traditional genus Clostridium be rearranged into different genera (Collins et al.,
1994). 1In this proposed rearrangement, the genus Clostridium is reserved for
species that belong to the rRNA group I of Johnson and Francis (1975). The
redefined genus Clostridium, based on Clostridium butyricum, retains the better
known nitrogen-fixing species of the traditional genus Clostridium.

The genus Paenibacillus contains nitrogen-fixing species that form spores
under anaerobic conditions (Rosado ef al., 1997). The former Clostridium durum or
Paenibacillus durum, the dominant organism found in a sediment core from the
Black Sea, has been reclassified as a member of the species Paenibacillus
azotofixans (Rosado et al., 1997). Criteria used in the reclassification include the
DNA relatedness at the genome level as measured by the DNA-DNA reassociation
technique. Thus, some of the spore-forming, nitrogen-fixing rods do not belong to
the genus Clostridium.

The genus Clostridium has been closely associated with the advancement of our
knowledge about biological nitrogen fixation. Modern biochemical studies on
nitrogen fixation became possible when consistently active cell-free extracts were
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prepared from Clostridium pasteurianum (Carnahan et al., 1960; Burris, 1988),
which was the first free-living nitrogen-fixing organism isolated in pure culture
(Winogradsky, 1895; McCoy et al., 1928). Because C. pasteurianum is an
anaerobe, the study of cell-free nitrogen fixation with this organism was logically
conducted under O,-free conditions to circumvent possible inactivation by O, of
cellular components that support in vitro nitrogen-fixing activity. The use of an
obligate anaerobe in early nitrogen-fixation research and the perceived need to
conduct in vitro studies under O,-free conditions were momentous circumstances
for this field because it turned out that, regardless of the source organism,
nitrogenase itself is extremely sensitive to O,.

The purification of the component proteins of nitrogenase from C.
pasteurianum was followed by the determination of the amino-acid sequences of the
component proteins (Tanaka ef al., 1977, Hase et al., 1981; 1984). That the
structural genes nifH, nifD, and nifK encode the three polypeptides of nitrogenase is
definitive because the amino-acid sequences of these polypeptides have been
determined with the purified and active nitrogenase component proteins. Therefore,
the early biochemical studies conducted on the nitrogenase of C. pasteurianum
provided an important base for the ensuing genetic studies with nitrogen-fixing
organisms, whereas the later genetic studies provided the essential information for
the presumptive identification of other nitrogen-fixation and related genes in the
genome of clostridia.

2. THE NITROGEN-FIXING CLOSTRIDIA

Winogradsky in 1895 reported the properties of the first free-living nitrogen-fixing
organism in isolation and named it Clostridium pasteurianum. The culture of C.
pasteurianum from Winogradsky was subjected to single-cell isolation in the
laboratory of McCoy at the University of Wisconsin; however, this further
purification did not alter the nitrogen-fixing activity or efficiency of the culture
(McCoy et al., 1928). C. pasteurianum strain W5 (= ATCC 6013), which was from
the laboratory of McCoy, represents the organism isolated by Winogradsky.
Among the nitrogen-fixing clostridia, C. pasteurianum is the most thoroughly
characterized in terms of the nitrogen-fixing system.

In 1949, Rosenblum and Wilson reported the fixation of '°N, by several species
of Clostridium, including C. acetobutylicum, C. beijerinckii, and C. pasteurianum.
Clostridium madisoni also displayed nitrogen-fixing activity, but this organism is
now recognized as a member of C. beijerinckii (Keis et al., 2001). Besides these
mesophilic and saccharolytic species, the nitrogen-fixing clostridia include other
species that grow under more extreme conditions: the thermophilic C. thermo-
saccharolyticum or Thermoanaerobacterium thermosaccharolyticum (Bogdahn and
Kleiner, 1986; Collins et al., 1994), the cellulytic C. hungatei (Monserrate et al.,
2001), and the acid-tolerant C. akagii and C. acidisoli (Kuhner ef al., 2000).

Among the nitrogen-fixing clostridia, the nucleotide sequences of the nif genes
encoding the nitrogenase component proteins and those genes required for the
synthesis of the iron-molybdenum cofactor (FeMo-cofactor) have been determined,
either completely or partially, in C. acetobutylicum, C. beijerinckii, C. pasteurianum
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and C. hungatei. In addition, the complete genome sequence of C. acetobutylicum
has been determined, which allows a glimpse of the genomic distribution of nif'and
related genes in a phylogenetically ancient obligate anaerobe.

3. THE GENOME OF THE CLOSTRIDIA

Several species of Clostridium have been subjected to genome sequence analysis.
They include the nitrogen-fixing species Clostridium acetobutylicum ATCC 824
(Nolling et al., 2001). Although the genome of the nitrogen-fixing C. beijerinckii
and C. pasteurianum has not been sequenced, the nucleotide sequence of the nif
cluster of these two species has been determined. The flanking regions of the nif
cluster from these species may contain information about the origin and propagation
of the nif cluster among these species. Besides the genes present in the nif cluster,
other genes must be required for the regulation of the expression of the nif genes,
for the biosynthesis of the iron-sulfur clusters of the nitrogenase component
proteins, and for the assimilation of ammonia produced by nitrogenase. At present,
little is known about the latter genes, and a comparison of the genomes of both
nitrogen-fixing and non-nitrogen-fixing clostridia may facilitate the identification of
the ancillary genes for nitrogen fixation in the clostridia.

The complete genome sequences of two non-nitrogen-fixing clostridia, C.
perfringens and C. tetani, are now available, and several others are nearly complete.
These human pathogens are proteolytic or amino acid-fermenting organisms, and
their use of nitrogenous compounds for carbon and energy metabolism precludes a
need for these organisms to obtain nitrogen via nitrogen fixation. It is thus useful to
examine their genomes for the possible presence of any remnants of nif genes, if nif
genes had been present in these species or in their common ancestors before these
species became either pathogens or proteolytic.

3.1. The genome of Clostridium acetobutylicum

The genome of C. acetobutylicum consists of a chromosome of about 4 Mb and a
megaplasmid of about 200 kb (Cornillot ef al., 1997). The genome sequence of C.
acetobutylicum ATCC 824 has been determined (Nolling er al., 2001). The
chromosome is 3,940,880 bp in length (GenBank accession number AE001437),
with a total of 3,740 polypeptide-encoding ORFs and 107 stable RNA genes having
been identified and accounting for 88% of the chromosomal DNA. The average
length of the intergenic regions is about 121 bp. The megaplasmid, pSOLI, is
192,000 bp in length (GenBank accession number AE001438) and appears to
encode 178 polypeptides. There appear to be two unrelated cryptic prophages in the
chromosome. The first spans about 90 kb and includes about 85 genes (CAC1113
to CACI1197; genes and open-reading frames are assigned consecutive CAC
numbers), whereas the second spans about 60 kb and includes about 79 genes
(CACI1878 to CACI1957). Genes for three distinct insertion sequence-related
proteins are present on the chromosome, but only one of these is intact. It is
believed that no active insertion-sequence elements are present in the C.
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acetobutylicum genome. The nif genes of C. acetobutylicum ATCC 824 are
clustered between CACO0253 (nifH) and CACO0261 (nifV ), which are near the dna4
gene (CACO0001) that encodes the DNA replication initiator protein.

3.2. The genome of Clostridium beijerinckii

The presence of nitrogen-fixing activity in C. beijerinckii was first reported by
Rosenblum and Wilson (1949). More recently, nitrogen-fixing activity was
demonstrated in C. beijjerinckii strains NRRL B592 and NRRL B593, and the
sequence of the nif cluster of the two strains has been determined (Chen ef al., 2001;
J. Toth, M. Kasap, and J.-S. Chen, unpublished data). The genome of these C.
beijerinckii strains has not been sequenced. However, the genome of C. beijerinckii
strain NCIMB 8052, whose nitrogen-fixing capacity is unknown, has been studied,
and its circular chromosome has an estimated size of 6.7 Mb, which is over 50%
longer than the genome of C. acetobutylicum (Wilkinson and Young, 1995).

3.3. The genomes of non-nitrogen-fixing clostridia

The genomes of the non-nitrogen-fixing Clostridium perfringens strain 13 (3.03 Mb
chromosome, 54.3 Kb plasmid; Shimizu et al., 2002) and Clostridium tetani (2.8
Mb chromosome, 74 Kb plasmid; Briiggemann et al., 2003) have been sequenced,
and the genomes of several other non-nitrogen-fixing clostridia, including C.
botulinum and C. difficile, are being sequenced. C. perfringens, C. tetani, and the
nitrogen-fixing clostridia (C. acetobutylicum, C. beijerinckii, and C. pasteurianum)
belong to Cluster I - the redefined Clostridium group on the basis of 16S rRNA
sequence as proposed by Collins et al. (1994). C. perfringens is phylogenetically
closer to C. beijerinckii than to either C. acetobutylicum or C. pasteurianum. C.
tetani, although a member of Cluster I, is phylogenetically distant to C. perfringens
and the diazotrophic Clostridium species.

No nif-specific genes have been identified by BLAST searches of the genomes
of both C. perfringens and C. tetani; however, open-reading frames related to the
non-nif genes, nirJ-1 and nirJ-2, which are present in the nif cluster of C.
beijerinckii, can be found in the genomes of C. perfringens and C. fetani (Toth and
Chen, unpublished results). The genomes of these non-nitrogen-fixing clostridia
may be analyzed for structure, function, and regulation of genes involved: (i) in
ammonia assimilation; (ii) in the electron-transport pathways toward the reduction
of the low-potential electron carriers (ferredoxin and flavodoxin); and (iii) in the
assimilation of iron, sulfur, and molybdenum, which are relevant to the nitrogen-
fixation process. These aspects may be compared between the nitrogen-fixing and
non-nitrogen-fixing Clostridium species to reveal any evolutionary events that may
have altered the organization and effectiveness of the nif clusters and thereby
suggesting approaches that may enhance the nitrogen-fixation activity of either the
clostridia or other diazotrophs.
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4. ORGANIZATION OF THE NITROGEN-FIXATION GENE CLUSTER

The complete or partial amino acid sequence of the C. pasteurianum iron protein
(Tanaka et al., 1977) and the molybdenum-iron protein o subunit (Hase e al., 1981)
and = subunit (Hase er al, 1984) were determined with the purified protein.
Therefore, the assignment of the nitrogenase structural genes, nifHDK, in C.
pasteurianum is definitive, although there is a lack of data from genetic tests. The
other nif genes, which occur downstream to the nifHDK genes, are identified by the
conserved amino-acid sequences they encode and by their positional relationships to
the nifHDK genes.

A cluster of nif genes has been identified in three species of clostridia: C.
acetobutylicum, C. beijerinckii, and C. pasteurianum (Figure 1). The presumed
boundaries for the nif cluster are defined by long intergenic regions and the
presence of flanking genes that are unrelated to nitrogen fixation or nitrogen
metabolism. The proposed gene products or their functions of the nif~cluster genes
are listed in Table 1.

C. acetobutylicum ATCC824

(553) nifH  (143) nifl;  nifl, nifD  nifK  (96) nifE  nifN-B  nifVw
nifVa

C. beijerinckii NRRL B593

(459) nifH ~ (261) nifl;  nifl;  nifD  nifK  (1,123) nifE - nifN-B (328)

fdxA  (370) nirJl  nirJ2 nirD nirH (236) nifVo  nifVao

C. pasteurianum W5

(501) nifH2  (409) nifHl  nifD  nifK  (284) nifE  nifN-B modA
(349) modB  nifVw  nifVa

Figure 1. Organization of the nif cluster of C. acetobutylicum, C. beijerinckii, and C.
pasteurianum.

Each nif cluster is composed of nif-specific genes as well as putative genes that may play a role in
nitrogen regulation or nitrogenase synthesis. The direction of transcription is indicated by arrowheads.
The length of an intergenic region longer than 50 bp, which may signify a regulatory region, is indicated

by bp number in parenthesis.

4.1. Clostridium pasteurianum

The organization of the nif genes in C. pasteurianum has been reviewed (Chen and
Johnson, 1993; Chen et al., 2001). The major nif cluster (Figure 1) spans a region
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of 13.4 kb (between nifH2 and nifVa), and it is 12.2 kb between nifHI and nifV .
The orientation of all genes in the cluster is from nifH2 toward nifVe.

Table 1. The proposed gene products or their function of the nif cluster genes of C.
acetobutylicum, C. beijerinckii, and C. pasteurianum

C. C. C.

) Proposed gene product or
acetobutylicum

L . . Reference
beijerinckii  pasteurianum function

Homologue of

nifH2 nitrogenase Fe protein Chen et al., 1986
Nitrogenase Fe protein;
nifH nifH nifH1 synthesis of FeMo- Chen et al., 1986, 2001
cofactor
Regulation of
nifll nifl1 nitrogenase activity Chen et al., 2001
(switch-off)
Regulation of
nifl2 nifl2 nitrogenase activity Chen et al., 2001
(switch-off)
. . . Nitrogenase MoFe Wang et al., 1988b;
nifD nifD nifD protein, | subunit Chen et al., 2001
. . . Nitrogenase MoFe Wang et al., 1988b;
nifK nifK nifK protein, subunit Chen et al., 2001
. . . Synthesis of FeMo-
nifE nifE nifE cofactor Wang et al., 1988b
. . . Synthesis of FeMo- Chen and Johnson,
nifN-B nifN-B nifN-B cofactor 1993
modA Molybdate transport Chen et al., 2001
Wang et al., 1990;
modB Molybdate transport Chen et al.. 2001
. Toth and Chen,
JdxA 2Fe-2S ferredoxin unpublished
il Synthesis of heme d, or Toth and Chen,
m coenzyme PQQ* unpublished
nirJ2 Synthesis of heme d; or Toth and Chen,
coenzyme PQQ unpublished
. . Toth and Chen,
nirD Synthesis of heme d; unpublished
. . Toth and Chen,
nirH Synthesis of heme d, unpublished
Homocitrate synthase;
. ) . . > Wangetal., 1991; Toth
nifVo nifVo nifVe synthesis of FeMo- and Chen, unpublished
cofactor
Homocitrate synthase;
. ) . . > Wangetal., 1991; Toth
nifVa nifVa nifVa synthesis of FeMo- and Chen, unpublished
cofactor

* PQQ: pyrroloquinoline quinone

The nifHI gene encodes the purified nitrogenase iron protein (273 amino acids)
that has been sequenced (Chen et al., 1986), whereas the nifH2 gene encodes a
polypeptide of 272 amino acids, which differs from the nifH! product in 23 amino
acids (8%). The novel features of the nifD- and nifK-encoded polypeptides include
the presence in the C. pasteurianum NifD of an extra stretch of about 50 amino
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acids (in comparison to the NifD polypeptide of non-clostridial species) and the
shortened amino terminal region of about 50 amino acids in the C. pasteurianum
NifK polypeptide (Wang et al., 1988b).

The fused nifN-B and the split nifV’ and nifVa genes are the other novel
features that were first discovered in C. pasteurianum (Chen and Johnson, 1993).
The presence of the modA and modB genes within the nif cluster is rare. Similar
mod genes are present in other nitrogen-fixing organisms (Lee et al., 2000), but they
are located either elsewhere in the genome or at the boundary of the nif cluster, such
as in Acetobacter diazotrophicus (Lee et al., 2000). The proposed function for the
putative modA and modB genes is molybdenum transport.

In addition to nifH1, nifH2, and nifH3 (anfH; see Section 6), C. pasteurianum
has three unlinked nifH-like genes, nifH4 through nifH6 (Wang et al., 1988a). The
lengths of the polypeptides encoded by nifH! through nifH6 vary between 272 and
275 amino acids. Except for NifH3, which is about 65% identical to NifH1 at the
amino-acid level, the other five NifH polypeptides are between 91.6 and 99.6%
identical among themselves.

The postulated NifH2 and NifH6 polypeptides differ in only one amino acid
(Wang ef al., 1988a). A recent study detected the presence, in nitrogen-fixing cells
of C. pasteurianum, of a polypeptide that is the product of either the nifH2 or the
nifH6 gene (Kasap, 2002). The presence of this polypeptide in nitrogen-fixing cells,
but not in ammonia-grown cells, suggests a role related to nitrogen fixation for this
protein, however, its actual function remains to be determined.

4.2. Clostridium acetobutylicum

The nif cluster of C. acetobutylicum ATCC 824 spans 10.7 kb (No6lling et al., 2001;
Chen et al., 2001) and is the shortest nif cluster that has been described to date
(Figure 1). The orientation of all genes in the cluster is from nifH toward nifVa.
The assigned gene number is as follows: nifH, CAC0253; nifl;, CAC0254; nifl,,
CAC255; nifD, CAC256, nifK, CAC0257; nifE, CAC0258; nifN-B, CAC0259;
nifV o, CAC0260; nifV e, CAC0261.

The nifl; and nifl, genes correspond to the homologous genes that are present at
the same location in the #if cluster of several methanogens, and these genes were
previously designated as the g/nB; and ginB, genes, respectively, for their sequence
relatedness to the nitrogen-regulatory gene g/nB, which encodes the Py protein
(Arcondéguy et al., 2001). The nifl; and nifl, genes of Methanococcus maripaludis
are required for the ammonia-induced switch-off of nitrogen fixation (Kessler et al.,
2001).

In C. acetobutylicum ATCC 824, nifS-like genes are found outside the nif
cluster as CAC2234 and CAC2972 (Toth and Chen, unpublished results). Open-
reading frames similar to nifS are also found in the genomes of C. perfringens and
C. tetani, although the genomes of these two clostridia do not contain any other nif
genes (Toth and Chen, unpublished results). These observations suggest that the
nifS genes found in these Clostridium species are not nif-specific.



20 CHEN

4.3. Clostridium beijerinckii

The nif cluster of C. beijerinckii NRRL B593 (Figure 1) resembles those of C.
acetobutylicum and C. pasteurianum, both in the structure and order of the nif genes
and in the location of the non-#if genes in the cluster. However, the identity of these
non-nif genes is species-specific for these three clostridial species. The direction of
transcription for the nif -cluster genes is from nifH toward nifVe.

The deduced amino-acid sequences of the seven core nif genes (nifH, D, K, E,
N-B, V,, and V,) are highly conserved among C. acetobutylicum, C. beijerinckii,
and C. pasteurianum, whereas the deduced amino-acid sequences of the two nifl
genes are conserved in C. acetobutylicum and C. beijerinckii. The five non-nif
genes, from fdxA to nirH, are situated between nifN-B and nifV o, the same location
where the modA and modB genes are situated in C. pasteurianum. The C.
acetobutylicum genome does not have a gene similar to fdxA4 of C. beijerinckii. On
the other hand, the [2Fe-2S] ferredoxin of C. pasteurianum (Meyer, 1993) is highly
related to the fdxA-encoded sequence, although the gene encoding the C.
pasteurianum [2Fe-2S] ferredoxin is not part of the nif cluster. In C. pasteurianum,
the level of the [2Fe-2S] ferredoxin is greatly increased in nitrogen-fixing cells
compared to ammonia-grown cells, but there is no evidence that the [2Fe-2S]
ferredoxin is involved in nitrogen fixation.

The gene cluster, CAC2796 through CAC2793 of C. acetobutylicum,
corresponds to nirJ1, nirJ2, nirD, and nirH, respectively, of C. beijerinckii. The nir
cluster of C. acetobutylicum is about 1.3 Mb away (across the proposed origin of
replication) from the #nif cluster (Toth and Chen, unpublished results). The nirJ, D,
H genes are postulated to play a role in the synthesis of either heme d; or coenzyme
PQQ (pyrroloquinoline quinone), but it is not known if either heme d; or coenzyme
PQQ is present in the clostridial cell.

Another distinctive feature of the nif cluster of C. beijerinckii NRRL B593 is
the presence of an unusually long intergenic region (1,123 bp) between the #ifK and
the nifE genes (Toth and Chen, unpublished results). In Escherichia coli K-12, the
average distance of the intergenic region is 118 bp, and the longest intergenic region
is 1,730 bp (Blattner ef al., 1997). There are only 55 intergenic regions in E. coli
that are over 600 bp in length. A long intergenic region is believed to contain an
independent regulatory sequence for the succeeding gene(s). Except for those with
the base-pair number indicated in parentheses in Figure 1, all other intergenic
regions for the nif genes of the three Clostridium species are either shorter than 50
bp or have an overlap between the two contiguous genes. These longer intergenic
regions are presumed promoter regions, and results of transcriptional analyses of the
C. pasteurianum nif genes substantiate this prediction (Wang et al., 1988a). The
unusually long intergenic region between the nifK and nifE genes of C. beijerinckii
perhaps indicates a splicing event(s) accompanied by deletions and base changes.

4.4. Characteristics of the nif clusters of the clostridia

The nif cluster of C. acetobutylicum and C. pasteurianum is each composed of nine
genes, whereas the nif cluster of C. beijerinckii is composed of 14 genes. Seven of
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these genes are common for the three species; these are the nif-specific genes
arranged in the order of H < D < K< E < N-B < Vw < Va <. These seven nif genes
are conceivably the minimum required for nitrogen fixation. The fused nifN-B gene
and the split nifV,, and nifV, genes are characteristics of these three Clostridium
species. The intergenic region preceding the nif cluster of these three Clostridium
species is between 459 and 553 bp. The length of this intergenic region seems to
mark a clear upstream boundary for the nif cluster.

The genes in the nif cluster of C. acetobutylicum, C. beijerinckii, and C.
pasteurianum have two other general features. One is an overlap between the nifD
and nifK genes (Wang et al., 1988b; Toth and Chen, unpublished results). The other
is a biased codon usage pattern (Chen and Johnson, 1993). The third position of the
codons for each amino acid is predominantly or exclusively A and U for the nifHDK
genes, whereas the other nif genes and the nir genes use codons with G or C at the
third position more frequently than the nifHDK genes. The very biased codon usage
pattern for the nifHDK genes probably reflects the high level of synthesis of
nitrogenase component proteins but may also indicate a different origin for these
genes.

The nif cluster of C. acetobutylicum, C. beijerinckii, and C. pasteurianum can
be differentiated by the non-nif genes that are present in each cluster (Figure 1).
The nif cluster of C. acetobutylicum does not contain any non-zif gene and is thus
the simplest. The nif cluster of C. pasteurianum does not have the nifl genes but has
the modA and modB genes, instead. The nif cluster of C. beijerinckii has the nifl
genes and, instead of the mod genes, it has five other non-nif genes (fdxA4 and nirJ1,
J2, D, and H) occupying the location of the mod genes in C. pasteurianum.

Although the concise C. acetobutylicum nif cluster lacks the mod genes and the
nir genes, these genes are present in the C. acefobutylicum genome. They are
CACO0281 (modA), CAC0280 (modB), CAC2796 (nirJl), CAC2795 (nirJ2),
CAC2794 (nirD), and CAC2793 (nirH). A gene similar to the fdx4 gene of C.
beijerinckii is not found in C. acetobutylicum; however, C. pasteurianum has a
homologous gene that encodes a [2Fe-2S] ferredoxin that is synthesized in nitrogen-
fixing cells but not in ammonia-grown cells.

The organization of the nif and non-nif genes in the nif clusters of C.
acetobutylicum, C. beijerinckii, and C. pasteurianum suggests that the seven core
nif genes have existed in these species as a cluster in the present order prior to the
insertion of other genes into the cluster. The insertion of the mod genes would
result in the nif cluster of C. pasteurianum, whereas the insertion of the nifl genes
would result in the nif cluster of C. acetobutylicum. The insertion of the five genes
(fdxA to nirH) into the nif cluster of C. acetobutylicum would then result in the nif
cluster of C. beijerinckii.

5. REGULATORY GENES FOR NITROGEN METABOLISM

Because of the sensitivity of the nitrogenase component proteins to molecular
oxygen and the high energy requirement for the nitrogen-fixation process, nitrogen-
fixation activity is regulated in response to both the redox and nitrogen status of the



22 CHEN

cell (Arcondéguy et al., 2001). For the clostridia, the regulatory genes for nitrogen
fixation are yet to be identified. However, the discovery of the nifH-linked nifl
genes in some clostridia should accelerate the understanding of this important
aspect of nitrogen fixation in this group of diazotrophs.

In the proteobacteria, the expression and activity of the transcriptional regulator
(NifA) for the nif genes are generally modulated by proteins that respond to the
nitrogen status (NtrB, NtrC, and the Py, protein) and the O, level (NifL). In addition
to its role in the transcriptional control of nitrogen fixation, the Py protein may also
regulate the nitrogenase activity at a posttranslational level in response to ammonia
and other fixed nitrogen sources. The Py protein (named for its chromatographic
behavior) is encoded by the g/nB gene and represents a family of conserved signal-
transduction proteins that play a significant role in the coordination of nitrogen
metabolism in a wide variety of bacteria.

Because the clostridia are obligately anaerobic bacteria and are evolutionarily
ancient, one may not expect to find a nifL-like gene in the clostridia, especially if
the nif genes or their ancestral forms have existed in the clostridia before the earth’s
atmosphere became aerobic. Indeed, a nifL-like gene has not been reported in the
clostridia. In addition, a gene similar to nif4 is not present in the nif cluster of C.
acetobutylicum, C. beijerinckii, or C. pasteurianum or elsewhere in the genome of
C. acetobutylicum. The presumed promoter regions for the nif genes of C.
pasteurianum do not have the motif of the nif4-regulated promoters (Wang et al.,
1988a). Therefore, the nif-specific transcriptional regulators of the clostridia may
differ from the well-characterized proteins of the proteobacteria.

Interestingly, two g/nB-like genes are present between the nifH and nifD genes
in both C. acetobutylicum and C. beijerinckii. These two glnB-like genes are
referred to as the nifl; and nifl, genes here because the gene designation has been
proposed for similar genes found in Methanococcus maripaludis (Kessler et al.,
2001). The nifl; and nifl, genes are required for ammonia switch-off of nitrogen
fixation in M. maripaludis; this switch-off is reversible and does not seem to
involve ADP-ribosylation or any other covalent modification of the iron-protein
component of nitrogenase. Also, switch-off does not affect nif-gene transcription,
nifH mRNA stability, or the stability of the iron protein (Kessler ez al., 2001).

A search of the genome of two non-diazotrophic clostridia, C. perfiingens and
C. tetani, did not reveal any open-reading frames related to the nifl gene, which
further suggests a nif-specific role for the nifl genes of C. acetobutylicum and C.
beijerinckii (Toth and Chen, unpublished results). The nif cluster of C.
pasteurianum does not have any g/nB-like genes and the in vivo nitrogenase activity
of C. pasteurianum does not show switch-off on the addition of ammonia, although
the synthesis of nitrogenase is repressed by ammonia (Daesch and Mortenson,
1972). In contrast, the in vivo nitrogenase activity of C. beijeirinckii falls rapidly
following the addition of ammonia, but the in vifro nitrogenase activity shows a
much smaller decrease. Furthermore, there is no change in the mobility of the C.
beijerinckii iron protein on SDS-PAGE during the period that the in vivo
nitrogenase activity exhibits a decrease (Kasap, 2002). The nature of the switch-off
of nitrogenase activity by ammonia in C. beijerinckii is yet to be determined.
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6. ALTERNATIVE NITROGEN-FIXATION (anf) GENES

Besides the nif genes that encode the molybdenum-nitrogenase system, putative anf
genes, which encode the iron-only nitrogenase, have been identified in two
nitrogen-fixing clostridia. Separate from the major nif cluster, C. pasteurianum has
a putative anf cluster that consists of five open reading frames: anfH< ORF> anfD<
anfG< anfK< (Zinoni et al., 1993). The C. pasteurianum anfH gene is synonymous
to the previously reported C. pasteurianum nifH3 gene (Chen et al., 1986). The
OREF between anfH and anfD is in an opposite orientation relative to the anf genes
(Wang et al., 1988a; Zinoni et al., 1993). The separation of the anfH and anfD
genes by an ORF in C. pasteurianum resembles the organization of the vnf genes in
Azotobacter (Bishop and Premakumar, 1992). A cluster of anfHDGK genes is
present in the nitrogen-fixing, cellulytic Clostridium hungatei; however, the anfH
and anfD genes of C. hungatei are not separated by an ORF (GenBank accession
number U59415).

On the basis of 16S rRNA sequences, C. pasteurianum and C. hungatei are
phylogenetically distant. C. pasteurianum (with a G+C content of 26-28 %)
belongs to Cluster I of the clostridia (Collins et al., 1994), whereas C. hungatei
(with a G+C content of 40-42 %) clusters with species belonging to Cluster III of
the clostridia (Monserrate ef al., 2001). Further sequence analysis of the putative
anf genes and the flanking regions in the two clostridia may provide clues on the
path of propagation of the anf genes.

7. GENES FOR NITROGEN ASSIMILATION

Among the clostridia, C. pasteurianum has been the primary organism used in
biochemical studies on nitrogen fixation. The in vivo and in vitro nitrogen-fixing
activities of C. pasteurianum have been well characterized. In comparison, the
assimilation of fixed nitrogen in this organism has received much less attention, and
genes for nitrogen assimilation have not been cloned from C. pasteurianum.
However, several genes for nitrogen assimilation have been cloned from or
identified in the clostridia. At present, there is a rudimentary understanding of the
biochemistry and genetics of nitrogen assimilation in the clostridia.

In the genome of C. acetobutylicum, putative genes for glutamine synthetase
(CAC2658), glutamate synthase (CAC0764, CAC1673, CAC1674, CAC2398,
CAC3020), and glutamate dehydrogenase (CACO0737) have been identified
(annotated genome sequence; GenBank accession number AE001437). Nucleotide
sequences for the glutamate synthase genes of the non-nitrogen-fixing C.
perfringens are also available from the GenBank.

Genes for ammonia assimilation in Clostridium saccharobutylicum NCP 262
(formerly Clostridium acetobutylicum NCP 262) have been studied, although it
remains to be shown whether or not C. saccharobutylicum is a diazotroph. From C.
saccharobutylicum NCP 262, the ginA gene for glutamine synthetase (Usdin ef al.,
1986) and the genes for the large and small subunits of glutamate synthase
(GenBank accession numbers: AAD41675 and AAD41676) have been cloned and
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sequenced. Regulation of glutamine-synthetase activity in C. saccharobutylicum
NCP 262 appears to involve an antisense RNA (Fierro-Monti ef al., 1992). There is
no evidence for a global n#r system, and the glutamine synthetase of C.
saccharobutylicum is not regulated by adenylylation (Janssen et al., 1988; Fierro-
Monti et al., 1992). The regulation of the glutamine synthetase of C. pasteurianum
was also reported not to involve adenylylation (Kleiner, 1979). How the
diazotrophic clostridia regulate nitrogen assimilation remains to be determined.

8. CONCLUDING REMARKS

Both the structure and the organization of the nif genes of the clostridia display
distinct features when compared with those of the proteobacteria and the other
diazotrophs. The most prominent structural features include: (i) the extended nifD
gene and the shortened nifK gene; (ii) the fused nifN-B gene; (iii) the split nifV
genes; and (iv) a biased codon usage pattern that is consistent with organisms with a
low mol% G+C. These structural features and the organization of these genes in the
nif cluster are conserved in C. acetobutylicum, C. beijerinckii, and C. pasteurianum.
It is apparent that the nif cluster of these three Clostridium species originated from a
common ancestral cluster that differed substantially from the ancestral nif clusters
of the proteobacteria.

The nif clusters of C. acetobutylicum, C. beijerinckii, and C. pasteurianum are
the most concise among known #if clusters and they may represent the minimal set
of nif-specific genes that are required for diazotrophic growth in the absence of O,.
Despite the small number of genes that constitute the nif clusters of these three
Clostridium species and the conserved organization of nif genes in these nif clusters,
there is significant diversity in the non-nif genes that are present between nifN-B
and nifVw genes in these three species. They range from the absence of any non-nif
gene in this region in C. acetobutylicum to the presence of five non-nif genes in this
region in C. beijerinckii. The presumed insertion of these non-znif genes into the
otherwise highly conserved nif cluster manifests the pliability of the genome.
Whether or not these non-zif genes influence the nitrogen-fixation process remains
to be determined.

The presence of the nifH-linked genes, nifl; and nifl,, in C. acetobutylicum, C.
beijerinckii, C. cellobioparum as well as in other anaerobic bacteria and archaea
suggests that the cluster nifH-nifl;-nifl,-nifD-nifK is ancient in origin and may
resemble an ancestral nitrogen-fixation gene cluster. Future research on the
function of the nifl; and nifl, genes may shed new light on the evolution of the Py
protein family and the presumed advantage for an anaerobic diazotroph to possess
this regulatory capacity.
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CHAPTER 4

THE GENOME OF THE FILAMENTOUS
CYANOBACTERIUM NOSTOC PUNCTIFORME

What can we learn from it about free-living and symbiotic nitrogen fixation?

J. C. MEEKS
Section of Microbiology, University of California, Davis, CA 95616, USA

1. INTRODUCTION

Nostoc punctiforme is a filamentous cyanobacterium, typically found in soil
habitats. It has the unusual property of fixing nitrogen in both free-living and plant-
associated symbiotic growth states. The shotgun sequencing phase of its
approximately 9.25 Mb genome has been completed, with about 98% of the genome
provisionally assembled into 203 contiguous units (contigs), computationally
annotated, and is publicly available at http:www.jgi.doe.gov. A preliminary
analysis has been published (Meeks ef al., 2001) and the finishing of the complete
sequence is in progress. N. punctiforme is amenable to genetic manipulations,
including exogenous random transposon mutagenesis (Cohen ef al., 1994),
complementation in trans (Summers et al., 1995), and targeted gene replacement
(Campbell et al., 1998; Hagen and Meeks 1999), such that the physiological role of
any gene product can be defined by phenotypic analyses. This chapter examines the
genome of N. punctiforme in the context of nitrogen fixation.

Cyanobacteria are uniformly characterized by their oxygenic photoautotrophic
mode of energy and carbon metabolism for growth. Simultaneous photosynthetic
production of O, and light-dependent nitrogen fixation in an uncompartmentalized
prokaryotic cell appears to be incompatible due to the O, sensitivity of the
nitrogenase enzyme complex. The evolutionary solution to this incompatibility
dilemma in certain cyanobacteria resulted in the differentiation of a specialized,
nearly anoxic, nitrogen-fixing cell, called the heterocyst (see Volume 5 for details).
Consequently, a spatial separation is established between the production of O, and
reduced carbon in vegetative cells and nitrogen fixation in heterocysts. Heterocyst
differentiation occurs only in filamentous cyanobacteria and is a taxonomic
characteristic. The heterocyst-forming species constitute subsections IV (formerly
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order Nostocales, filamentous genera with a single plane of vegetative cell division)
and V (formerly order Stigonematales, filamentous genera with more than one plane
of vegetative cell division) of the Phylum Cyanobacteria (Castenholz, 2001).
However, based on 16S rRNA sequences, representatives from both subsection IV
and V clearly associate as one phylogenetic cluster (Wilmotte and Herdman, 2001).
Except for a very few isolates, most notably Anabaena variabilis ATCC 29413,
which express more than one nitrogenase enzyme complex (see Volume II),
synthesis and activity of the single molybdenum-nitrogenase is localized to the
heterocyst in heterocyst-forming cyanobacteria. Moreover, transcription of the
nitrogenase structural genes appears to be dependent on developmental signals
within the heterocyst differentiation cascade and not on environmental signals,
except indirectly through those signals inducing heterocyst differentiation (Elhai
and Wolk, 1990). Therefore, genomic analysis of the regulated expression of
nitrogen fixation is intricately and inescapably linked to analysis of heterocyst
differentiation in these organisms.

The genomes of N. punctiforme and its close relative, Anabaena sp. strain PCC
7120 (also known as Nostoc sp. strain PCC 7120), provide information about the
copy number, organization, and relative similarity of genes previously identified as
involved in nitrogen fixation and heterocyst differentiation (Kaneko ef al., 2001).
However, they provide little information about transcriptional regulation of those
genes and nothing about the identity of previously unknown genes involved in
cellular differentiation. The genes and gene products of most core metabolic
systems found in many, if not all, organisms provide motifs and organizational
structure from which to model newly identified genes and predict functional roles of
the gene products. The nitrogenase genes and their products are an excellent
example, albeit with a limited organismal distribution, as are the more widely
distributed DNA-binding proteins, protein kinases, ABC transporters, electron-
transfer proteins, to name but a few, and other core metabolic proteins. Conversely,
in predicting genes that could be involved in the heterocyst-differentiation cascade,
there appear to be no common models of bacterial developmental pathways that one
can follow (Shimkets and Brun, 2000). We hypothesized that the regulatory
elements and circuits governing the cellular differentiation alternatives expressed by
N. punctiforme uniquely evolved in the cyanobacterial lineage (Meeks et al., 2002).
Implicit in this hypothesis is an answer to the question posed in the subtitle of this
chapter; gene sequences present in the genomes of N. punctiforme and Anabaena
7120 provide little specific information about the overall process of heterocyst-
localized nitrogen fixation in an oxic environment that was not already known. Nor
do sequences in the genome of N. punctiforme allow one to identify genes that
could be responsible for its broad symbiotic competence (see below). Nevertheless,
the genomes do provide a vast amount of exciting, and often bewildering,
information upon which to formulate additional, more detailed and specific
questions.

An objective of this chapter is to consider the information that leads to the
above hypothesis. The organizational approach will be to first briefly describe the
extraordinarily wide range of ecological niches, physiological properties, and
vegetative cell developmental alternatives of N. punctiforme that make it a versatile
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experimental organism. This will be followed by a survey of the currently analyzed
status of its genome. The genome is large, complex and most likely in a state of
flux; consequently, the survey will not be comprehensive, but it will include
selected gene families of unexpected diversity. A comparison will then be made
between genes found in N. punctiforme and Anabaena 7120 that are established as
involved in heterocyst differentiation and maturation into a nitrogen-fixing cell and
of assimilation of other sources of nitrogen. In general, I will briefly describe what
is known of the process and then link that information to what may or may not be
predicted from the genome sequence.

2. PHENOTYPIC TRAITS OF N. PUNCTIFORME

2.1. Free-living growth state

Many of the phenotypic traits of N. punctiforme enhance its photosynthetic
competence and contribute to its competitive survival in a terrestrial habitat. N.
punctiforme can alter its photosynthetic pigment complement in response to light
quality (type II complementary chromatic adaptation; Rippka et al., 1979) and
produce UV-light-absorbing compounds in response to UV irradiation (Hunsucker
et al.,2001). These properties are important in surface terrestrial habitats subject to
both unshaded and changing shaded illumination. N. punctiforme can assimilate
ammonium and nitrate/nitrite, in addition to dinitrogen (N,). Nitrogen fixation
clearly provides a survival advantage in habitats lacking combined nitrogen. N.
punctiforme is among a limited number of cyanobacteria that can grow in the dark
as a respiratory heterotroph when supplied with sucrose, fructose or glucose,
although the growth rate is less than half of that supported by light (Summers et al.,
1995). The ability to switch to a heterotrophic metabolic mode may be essential in
the symbiotic competence of N. punctiforme.

The vegetative cells of N. punctiforme can mature in four developmental
directions (Figure 1) (Meeks et al., 2002). The first development mode occurs
when nutrients are unlimited. The cells grow and divide, primarily in a plane
transverse to the filament, to perpetuate the vegetative-cell cycle and yield an
elongating unbranched filament (Figure 1A). Cell divisions can deviate from a
purely transverse plane, resulting in a “kinky” appearing filament. When such
“kinky” filament segments are confined within a rigid sheath, the filaments tend to
loose their filamentary appearance, leading to aseriate morphology. The aseriate
growth stage is a characteristic part of the life cycle of many Nostoc species, but it
is not obligatory and is rapidly lost in laboratory culture.

The other three vegetative-cell developmental alternatives are induced by
environmental signals that specify either nutrient limitation or stress. The second
developmental mode involves nitrogen limitation. The differentiation of 5-10% of
the vegetative cells into nitrogen-fixing heterocysts is the most highly studied
developmental event in cyanobacteria. The environmental signal to induce
heterocyst differentiation is clearly deprivation of combined nitrogen (Fogg, 1949).
Heterocysts are morphologically distinguished from vegetative cells by their
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generally larger size and different shape, their pale color resulting from a loss of
phycobiliproteins, and the presence of refractile bodies at each pole. Heterocysts
are present in a semi-regular spacing pattern in the filaments, with singly spaced
heterocysts separated by 10-20 vegetative cells, depending on the heterocyst
frequency (Figure 1B) (Golden and Yoon, 1998; Haselkorn, 1998; Adams, 2000;
Wolk, 2000; Meeks and Elhai, 2002). Therefore, mechanisms regulating heterocyst
differentiation must include not only gene products involved in initiating the
differentiation event, but also those in defining which cells will initiate and/or
continue differentiation upon receiving the signal. Heterocyst differentiation is a
terminal event, although the heterocyst physiological life span has yet to be
precisely defined. Terminal differentiation is a basic form of programmed cell
death, or apoptosis, and the process may have initially evolved in different
developmentally competent bacteria (e.g., the Bacillus spore mother cell; Levin and
Losick, 2000) and emerged in eukaryotic organisms by acquisition from bacteria
(Koonin and Aravind, 2002). Known heterocyst-related gene products are
compared in Section 4.

Figure 1. Phase contrast photomicrographs of N. punctiforme.

A, ammonium-grown culture consisting of unbranched, undifferentiated filaments; B, a dinitrogen-grown
culture showing three heterocysts (h) present in a nonrandom spaced pattern, C, a dinitrogen-grown
culture from an early stationary phase culture showing akinete (a) differentiation, initiating in a cell in
the interval between heterocysts (h) and spreading from there; D, hormogonium culture, illustrating the
smaller size and different shape of the cells. Bars equal 10 M. Reformatted from Meeks et al., 2002,
with permission of the publisher.

The third developmental mode occurs under conditions of cellular energy
limitation, most often experimentally imposed by phosphate starvation, when some
or all vegetative cells can transiently differentiate into spore-like cells called
akinetes (Figure 1C). Akinetes are generally larger, have more granulation than
vegetative cells, but with similar pigmentation, and they lack the distinct polar
bodies of heterocysts. Akinetes are more resistant than vegetative cells to cold.
Only, but not all, heterocyst-forming cyanobacteria differentiate akinetes. Initiation
of akinete differentiation occurs in one of two patterns within a filament. In some
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species, akinetes differentiate from vegetative cells adjacent to existing heterocysts,
while in others, such as N. punctiforme (Figure 1C), the vegetative cells begin to
differentiate about midway in the interval between adjacent heterocysts (Meeks ef
al., 2002). In both cases, akinete differentiation continues in a sequential pattern
progressing away from the first cell to differentiate. Akinetes and heterocysts share
a unique envelope polysaccharide layer. These, and other properties, contribute to
the hypothesis that akinetes were the evolutionary precursors of heterocysts (Wolk
et al., 1994). A heterocyst regulatory-gene product, HetR, may (Leganés et al.,
1994) or may not (Wong and Meeks, 2002) be involved in the induction of akinete
differentiation (Meeks et al., 2002). A gene, avaK, whose gene product was found
to be enriched in akinetes of A. variabilis, has homologues in both the N.
punctiforme and Anabaena 7120 genomes (Zhou and Wolk, 2002).

The fourth developmental mode has non-motile N. punctiforme vegetative
filaments transiently differentiating into filaments that are motile by gliding and
called hormogonia. Hormogonium filaments are characterized by the smaller size
and different shape of their cells, relative to cells of vegetative filaments, and the
lack of either heterocysts or akinetes (Figure 1D). Hormogonia differentiate in
response to a variety of environmental changes that may be either positive or
negative for growth. They function in short-distance dispersal (Tandeau de Marsac,
1994) and are the infective units of cyanobacterial symbiotic associations (Meeks,
1998; Meeks and Elhai, 2002). Hormogonium differentiation has been a major
phenotypic characteristic used to distinguish the morphologically similar genera
Nostoc (positive) and Anabaena (negative) (Rippka et al., 1979). The smaller size
of the hormogonium cells results from cell divisions that are not accompanied by an
increase in cell biomass. There is no significant increase in DNA (Herdman and
Rippka, 1988), protein, or chlorophyll (Campbell and Meeks, 1989) in a culture
differentiating hormogonia. The extensive uncoupling of cell division (enhanced)
from DNA replication (repressed) appears to be unique to hormogonia of
cyanobacteria (Meeks et al., 2002). Because cyanobacteria contain multiple
chromosomal copies per cell (Herdman ez al., 1979), hormogonium cells are likely
to receive one or more copies of the chromosome in the absence of DNA
replication. Hormogonia remain in a motile state for about 72 h, after which they
cease to glide, the filament-end cells differentiate into heterocysts and
macromolecular synthesis resumes. Transcription of genes encoding a sigma
subunit of RNA polymerase and a carboxyl terminal protease are enhanced in
hormogonia of N. punctiforme (Campbell et al., 1998), as are genes in the related
organism, Calothrix sp. strain PCC 7601, encoding gas-vesicle proteins (Damerval
et al., 1991), cell division proteins, and pili (Doherty and Adams, 1999). However,
none of these gene products appear to be involved in the initiation of hormogonium
differentiation.

2.2. Symbiotic growth state

Cyanobacterial symbiotic associations are comprehensively described in Volume 5.
Therefore, the discussion here will be restricted to N. punctiforme and its symbiotic
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properties that are relevant to genome analyses. N. punctiforme has exceptionally
broad symbiotic competence with members of three of the major phylogenetic
groups of terrestrial plants and a fungus. N. punctiforme strain PCC 73102 was
isolated from a coralloid root of the gymnosperm cycad, Macrozamia sp. (Rippka et
al., 1979). Strain PCC 73102 and its sibling culture, strain ATCC 29133,
individually establish an association with the angiosperm Gunnera manicata
(Johansson and Bergman, 1994), the bryophyte hornwort Anthoceros punctatus
(Enderlin and Meeks, 1983), and the liverwort Blasia pusilla (Joseph and Adams,
2000). N. punctiforme is identified as the intracellular symbiont of the unique
mycorrhizal-like fungus Geosiphon pyriforme (Mollenhauer ef al., 1996) and strain
PCC 73102 is competent as a symbiotic partner in this association (M. Kluge,
personal communication).

The broad spectrum of partners that form a symbiotic association with N.
punctiforme implies that N. punctiforme is not the specialized type of symbiont
exemplified by the rhizobia. Not only are rhizobia largely restricted to association
with leguminous plants, but rhizobia also express a nitrogen-fixing phenotype in
symbiosis that they do not express during free-living growth. In contrast,
symbiotically associated Nosfoc species alter only the magnitude of the response of
targeted developmental and metabolic systems, all of which are typically expressed
also in the free-living state. Thus, the fundamental contrast between the two groups
in the consequences of their symbiotic interactions can be described in terms of the
degree of the response (Nosfoc) as opposed to the kind of response (rhizobia).

In cyanobacterial associations, the plant partners regulate the differentiation
and behavior of hormogonia, enhance the frequency of heterocyst differentiation,
and alter Nosfoc metabolism, such that the Nostoc assume a heterotrophic metabolic
mode, their rate of nitrogen fixation is elevated with the excess fixed nitrogen being
released to the plant partner (Meeks, 1998; 2003; Meeks and Elhai, 2002). These
observations led to the suggestion that, in contrast to the sophisticated exchange of
signals between rhizobia and leguminous plants which is essential for establishment
of a microoxic environment for nitrogenase expression, the interactions in
cyanobacterial symbioses are primarily unidirectional from photosynthetic plant to
the cyanobacterium (Meeks, 1998). Perhaps because N. punctiforme and its
relatives provide their own O,-protection mechanism by differentiating heterocysts,
such an elaborate signal exchange-dependent development sequence is not
necessary in the formation of cyanobacterial nitrogen-fixing symbiotic associations.

2.3. Genetic targets in hormogonium differentiation and behavior

The plant partner controls the induction of hormogonium differentiation and, in the
case of the bryophyte hornwort, Anthoceros punctatus, and liverwort, Blasia pusilla,
the direction of hormogonium gliding during the infection process. 4. punctatus
also represses hormogonium differentiation once colonization has occurred. There
is considerable experimental evidence for production of a hormogonium-inducing
factor (HIF) by various plant partners (Meeks and Elhai, 2002; Meeks 2003), but no
factor has been isolated and chemically characterized. Only two genes have been
shown experimentally to be transcriptionally induced by exposure to HIF; sigH,
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which encodes a class two alternative sigma subunit of RNA polymerase, and its 5’
gene, ctpH, which encodes a carboxyl terminal protease (Campbell ez al., 1998).
SigH appears to influence hormogonium behavior, whereas the symbiotic
phenotype of CtpH is unknown.

The phenotype of the sigH mutant is a higher frequency of infection, relative to
the parental N. punctiforme, in the A. punctatus association. The increased infection
by the mutant was not a consequence of either differentiation of more hormogonia,
or a prolonged gliding period, but rather that the formed hormogonia appeared to be
more efficient in the infection process. Nosfoc chemotaxis to bryophyte exudate
was clearly established by Knight and Adams (1996) and contributes to the
efficiency of infection. The N. punctiforme genome has multiple copies of genes
encoding putative chemotaxis proteins (Meeks et al., 2001). Nothing is known of
their expression, cellular localization, signal-transduction pathway, or ultimate
target. We speculate that the genes are specifically expressed in hormogonia, which
consist of the only motile cells in N. punctiforme. Whether SigH has a positive or
negative role in their expression is unknown. Mutation of the global nitrogen
regulator, NtcA (Herrero et al., 2001), in N. punctiforme resulted in a lower
frequency of HIF-dependent hormogonium formation and the hormogonia that were
formed failed to infect A. punctatus (Wong and Meeks, 2002). These results imply
positive (NtcA) and negative (SigH) regulation of hormogonium behavior by two
transcriptional regulators. Global transcriptional assays will be required to identify
the downstream regulated genes.

Hormogonium differentiation is accompanied by fragmentation of the
vegetative filament at the junctions between the heterocysts and adjacent vegetative
cells, leading to detachment of heterocysts and elimination of their reductant supply
(Campbell and Meeks, 1989). Therefore, populations of N. punctiforme in the
hormogonium stage do not fix N,. Associated N. punctiforme-A. punctatus tissue
produces HIF (Campbell and Meeks, 1989). The continual production of the HIF
could induce the hormogonium cycle in the symbiotic N. punctiforme colonies,
which would decrease the rate of nitrogen fixation and counter the selective
advantage of a nitrogen-fixing association. A. punctatus appears to produce a
hormogonium-repressing factor (HRF) that overrides the HIF and suppresses
hormogonium differentiation (Cohen and Meeks, 1997). A target of the HRF is an
8.3-kb cluster of 8 genes in the N. punctiforme genome that we have termed the hrm
locus (Campbell et al., 2003). Genes in the srm locus have a sequence similarity
and organization that is analogous to the genes encoding enzymes of hexuronic acid
metabolism in heterotrophic bacteria (Campbell ez al., 2003). We suggest that the
gene products synthesize a metabolite inhibitor of hormogonium differentiation.
Mutation of the ArmU gene, which encodes a product with similarity to 2-keto-3-
deoxygluconate dehydrogenase, resulted in continued reentry into the hormogonium
cycle in the presence of either HIF or HIF plus HRF and a symbiotic phenotype of
high infection frequency (Cohen and Meeks, 1996).

The related genes in the heterotrophic bacteria are organized in an operon and
transcription is regulated by a repressor that is encoded by the first gene in the
operon. Although co-located in N. punctiforme, the hrm genes are not transcribed
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as a unit. Transcription of #rmU and its cotranscribed gene, ArmA, are induced by
HRF and by the plant flavenoid naringin (Cohen and Yamasaki, 2000). The
homologous repressor in N. punctiforme, HrmR, regulates its own transcription and
also the transcription of a nearby gene, ~rmE, encoding an aldehyde reductase, by
binding to specific sequences in their respective operator regions. /n vitro binding
to the operator regions is eliminated by the presence of galacturonic acid and
extracts of a N. punctiforme hrmR mutant induced by HRF, but not by extracts
induced by naringin (Campbell ez al., 2003). The hrmR mutant is unable to
differentiate hormogonia in the presence of HIF, presumably due to unregulated
synthesis of the ArmE-gene product. Thus, transcriptional regulation in the hrm
locus involves at least two mechanisms.

The sequences of the genes encoding putative chemotaxis proteins allows one
both to predict a physiological role for them in hormogonium behavior and
symbiotic interactions and to design specific experiments to test that role(s).
However, the sequences of the other known genes identified thus far with an
involvement in hormogonium differentiation and behavior provide no clues as to
their function in the absence of a phenotype. This is particularly true of the genes of
the Arm locus. There is strong evidence that the gene products are not involved in
the catabolic process that is predicted from their gene organization, sequence
similarities, and biochemical characterization in heterotrophic bacteria (Campbell ez
al., 2003).

2.4. Genetic targets of growth, metabolic and developmental control

The growth of symbiotically associated Nostoc is at least 5-fold slower, and
considerably more depending on the plant partner, than that of free-living nitrogen-
fixing cultures in the laboratory (Meeks, 1998). Photosynthetic carbon dioxide
assimilation by Nostoc is depressed in proportion to the slower growth and
ammonium assimilation is similarly depressed (Meeks, 1998), except for cycad
associations (Pate ef al., 1988). There is no obvious causal relationship between the
slow growth rate and lower carbon- and nitrogen-assimilatory capacities and the
mechanisms of growth control remain unidentified. The relatively low rate of
photosynthetic CO, assimilation, in proportion to the relatively high rate of nitrogen
fixation, implies that the plant partner may supply reduced carbon for reductant
generation in the symbiotic Nostoc. Such a relationship was supported by
experiments measuring nitrogen fixation by Nostoc mutants that were resistant to
photosynthetic inhibitors and dependent on either plant metabolism or an exogenous
supply of sucrose, fructose or glucose (Steinberg and Meeks, 1991). The
heterotrophic rates of symbiotic nitrogen fixation were equal to light-dependent
rates and exceeded all measured heterotrophic rates by free-living cultures. These
results imply transition to a very robust heterotrophic metabolism. Neither the
genetic basis of the transition nor the metabolic end products (CO, and/or an
organic acid) in this situation of limited demand for carbon skeletons in the
assimilation of ammonium have been investigated.

In the A. punctatus association, the lower rates of Nostoc CO, and NH,"
assimilation are a consequence of irreversible inhibition of ribulose bisphosphate
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carboxylase/oxygenase and glutamine synthetase catalytic activities, respectively
(Meeks, 1998). However, irreversible inhibition of enzyme activity does not appear
to contribute to the lower assimilatory activities in the Gunnera spp. and cycad
associations (Meeks and Elhai, 2002; Meeks, 1998, 2003). Direct in situ
measurements have established that symbiotic Nostoc does carry out a low rate of
complete photosynthesis in the A. punctatus association (Steinberg and Meeks,
1991), verifying that light penetrates to the Nostoc embedded in the gametophyte
tissue. Therefore, the transition from photoautotrophic to heterotrophic metabolism
is not a simple consequence of light deprivation and may depend on signals from
the plant partner. Because there appears to be little transcriptional control of the
target enzymes in modulation of the metabolic activities that have been measured
thus far in symbiotic cyanobacterial associations, identification of genetic
mechanisms is not possible. Based on the observed irreversible inactivation of
catalytic activity, one would predict that either synthesis or activation of protein-
modification enzymes is important in metabolic control in symbiosis. The N.
punctiforme genome has approximately 150 ORFs with predicted protein protease,
phosphorylation, and sulfhydryl-modification activities that could function in
modulation of growth and metabolism. Identification of specific modulators will
require functional analyses.

Symbiotically associated Nostoc species show two morphological changes
relative to free-living populations. First, the vegetative cells are larger with a more
irregular shape, relatively weak cell-cell connections, and an aseriate appearance.
Consequently, the size difference between vegetative cells and heterocysts is
minimized and physically isolated Nosfoc tend to appear microscopically as
unicells, bicells, or very short filaments. Because the peptidoglycan layer defines
the shape of a bacterial cell, there appear to be modifications in the peptidoglycan of
symbiotic Nostoc. Putative penicillin-binding proteins involved in peptidoglycan
synthesis and/or assembly are predicted in the N. punctiforme genome, but their
activities have not been documented to be different in the symbiotic growth state.

The most dramatic morphological change is the increase in symbiotic
heterocyst frequency to a range of from 25% to more than 65% of the total cells
(Meeks and Elhai, 2002). Genes involved in heterocyst differentiation and
maturation will be discussed later. The two points to be considered here are: What
is the signal that initiates heterocyst differentiation and when is the signal perceived
by the vegetative cells that differentiate into heterocysts? The environmental signal
for initiation of heterocyst differentiation in free-living populations has long been
known to be deprivation of combined nitrogen (Fogg, 1949). However, several
lines of evidence imply that limitation of combined nitrogen is not the signal to
initiate heterocyst differentiation in symbiosis (Meeks, 1998; 2003; Meeks and
Elhai, 2002). Vegetative cells of symbiotic Nostoc contain cyanophycin granules,
carboxysomes, and phycobiliproteins (Meeks and Elhai, 2002); thus, they do not
show the ultrastructural characteristics of nitrogen-limited vegetative cells in the
free-living growth state. Yet some of these vegetative cells differentiate into
heterocysts. Moreover, symbiotic Nostoc are exposed to a concentration of N,-
derived ammonium of ca. 0.55 mM in the 4. punctatus association, which is at least
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37-fold higher than that required to repress heterocyst differentiation in free-living
populations (Meeks, 2003). Nevertheless, vegetative cells continue to differentiate
into heterocysts. A N. punctiforme mutant, which is defective in nitrate
assimilation, differentiated heterocysts in the presence of nitrate in free-living
culture, but heterocyst differentiation was repressed by nitrate when the mutant was
in symbiotic association with 4. punctatus (Campbell and Meeks, 1992). These
results are consistent with combined nitrogen acting indirectly, by repressing either
synthesis or release of a plant-derived signal of heterocyst differentiation, rather
than directly on the symbiotic Nostoc.

The global nitrogen regulator NtcA is the first gene product activated during
induction of heterocyst differentiation following combined nitrogen-deprivation in
free-living cultures. NtcA activates transcription of hefR, the primary positive
regulator of heterocyst differentiation (Buikema and Haselkorn, 2001), and a
functional HetR is required for symbiotic heterocyst differentiation (Wong and
Meeks, 2002). Thus, we speculate that a plant signal would enter the initiation
cascade prior to induction of hefR transcription, either at or before activation of
NtcA. Because NtcA is required for induced transcription of genes expressed late in
heterocyst maturation (Herrero et al., 2001), it must also be activated during
symbiotic heterocyst formation. NtcA is currently thought to perceive cellular
nitrogen status as the concentration of 2-oxogluratate (Muro-Pastor et al., 2001;
Vazquez-Bermudez ef al., 2002). It has not been excluded that the symbiotic-plant
signal (either directly or indirectly) elevates the cellular 2-oxoglutarate pool and
thereby activates the combined nitrogen-limitation cascade. Both the synthesis and
activity of isocitrate dehydrogenase needs to be examined in the symbiotic growth
state.

The free-living pattern of heterocyst spacing, with single heterocysts separated
by 10 to 20 vegetative cells, is altered in the symbiotic growth state. In free-living
populations, growth in the presence of combined nitrogen inhibits heterocyst
differentiation. The spacing pattern is established as the combined nitrogen is
depleted. The vegetative cells subsequently grow and divide using fixed nitrogen
provided by heterocysts, thereby lengthening the vegetative cell interval between
heterocysts; the spacing pattern is maintained when a vegetative cell in the middle
of the interval initiates differentiation. It is not known whether the same mechanism
is involved in establishment and maintenance of the spacing pattern in the symbiotic
state. In symbiotic associations between Nostoc and cycads (Lindblad ez al., 1985),
Gunnera spp. (Soderbiack er al., 1990), and the water fern, Azolla (Peters and
Mayne, 1974), a developmental gradient of low-to-high heterocyst frequency is
evident from the meristematic tip to the base of the symbiotic structure. Nitrogen
fixation activity parallels the developmental gradient up to a heterocyst frequency of
ca. 35% of the cells. At that frequency, single heterocysts are mostly present at a
site with a reduced vegetative-cell interval (Meeks and Elhai, 2002). Heterocyst
frequencies, which are greater than 30-35%, correlate with clusters of 2-3, or more,
heterocysts at a site and a decline in the rate of nitrogen fixation. These clusters
may result from new heterocysts arising adjacent to older non-functional heterocysts
(Meeks and Elhai, 2002). The presence of a developmental gradient implies that the
high functional heterocyst frequency in symbiosis of ca. 30-35% does not appear
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synchronously as would be expected from a mechanism analogous to that involved
in initial establishment of the free-living pattern. Rather, the gradient is consistent
with a symbiotic alteration in the maintenance of the pattern in the free-living state.
Less is known about maintenance than of establishment of pattern. One gene
product, HetN, however, has been directly implicated in maintenance of the pattern
(Callahan and Buikema, 2001). Neither the lack nor over-expression of HetN has
been examined in the symbiotic growth state.

Consistent with the fundamental difference in physiological responses of
symbiotically associated Nostoc, the emerging models of the exquisitely complex
rhizobia-legume interactions that lead to a root nodule (Downie and Walker, 1999;
Perret et al., 2000) do not provide a basis upon which to predict protein function
from gene sequence in N. punctiforme. Reports of heterologous DNA:DNA
hybridization signals using rhizobial nod gene probes (Rasmussen ef al., 1996) have
not lead to the identification of symbiotic genes in cyanobacteria. If, in the process
of establishing a functional nitrogen-fixing association, certain plants have evolved
mechanisms to manipulate genes that Nosfoc can express in the free-living growth
state (Meeks and Elhai, 2002), then there is little reason to assume that homologues
will be found in distantly related Proteobacteria that, as a result of evolutionary
selective pressure, display a distinctly different life style. Signaling strategies and
sequences of interaction, however, could be similar. Functional genomic analyses
will likely be necessary to identify genes responsible for the symbiotic competence
of N. punctiforme.

3. OVERVIEW OF THE N. PUNCTIFORME GENOME

The most recent assembly of the shotgun sequence with 11-X coverage yields 9.02
Mb in 203 contigs, representing about 98% of the estimated 9.25 Mb genome
(Table 1). This database, computationally annotated by Frank Larimer at the Oak
Ridge National Laboratory, yielded 7,281 open reading frames (ORFs), of which
73% can be associated with a previously recognized ORF and 27% are unique to M.
punctiforme when Anabaena 7120 is not included in the comparisons (see below).
This genome is among the largest of the microbial genomes that have been
sequenced.

3.1. Comparisons to the genomes of unicellular Synechocystis 6803 and heterocyst-
forming Anabaena 7120

The size and complexity of the N. punctiforme genome can be appreciated by
comparisons with the genomes of two other cyanobacteria. The unicellular, non-
nitrogen-fixing Synechocystis sp. strain PCC 6803 (Synechocystis 6803) was among
the first microbial genomes sequenced (Kaneko ef al., 1996). The 3.57-Mb genome
of Synechocystis 6803 putatively encodes 3,215 proteins, 47% and 53% of which
can be associated with known and hypothetical proteins, respectively (Table 2).
Fifty-five percent of the N. punctiforme ORFs find similarity in the Synechocystis
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6803 genome, whereas 80% of the Synechocystis 6803 ORFs are present in M.
punctiforme.

Table 1. Numerical summary of the genome of Nostoc punctiforme.

Current genome ~9,250,000 bases (11.4 x sequencing coverage; May, 2001);

size? 41.37 mol % GC
Size of annotated 9 020,037 bases (ca. 95% of presumed genome)
sequence
Preliminary 7,281 candidate protein-encoding gene models or ORFs
analyses
Relative to total 5,314 of the ORFs (73% of the total) can be associated with a
database previously recognized ORF

3,328 of the recognized ORFs (46% of the total) encode
proteins with known or probable known function

1,986 of the recognized ORFs (27% of the total) encode
conserved hypothetical proteins with no known function
1,967 of the ORFs (27% of the total) cannot be associated
with a previously recognized ORF, excluding ORFs in
Anabaena 7120

“Meeks et al., 2001; http://www.jgi.doe.gov/

Table 2. Comparisons of the genomes of N. punctiforme and
Synechocystis sp. strain PCC 6803 °.

Synechocystis 6803 3,573,471 bases, yielding 3,215 ORFs; 47.7 mol % GC

genome
Relative to the total 1,521 ORFs (47% of the total) encode proteins that can be
database associated with known or probable known function
1,694 ORFs (53%) encode conserved hypothetical or
hypothetical proteins

N. punctiforme vs. 3,965 of the N. punctiforme ORFs (55%) are present in
Synechocystis 6803 Synechocystis 6803

2,547 of the Synechocystis 6803 ORFs (80%) are present in
N. punctiforme

668 of the Synechocystis 6803 ORFs (20%) are unique to
Synechocystis 6803

“The comparative results are based on reciprocal BLAST analyses.
PKaneko et al., 1996

These comparative values indicate that the larger N. punctiforme genome is not
an exact multiple of the smaller Synechocystis 6803 genome, which would require
that nearly all of the N. punctiforme ORFs find significant similarity in the
Synechocystis 6803 genome. If larger cyanobacterial genomes arose by gene
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duplication in the smaller genomes, there appears to have been sufficient sequence
divergence since that event to obscure any direct lineage. However, the fact that
80% of the Synechocystis ORFs find similarity in the N. punctiforme genome is
consistent with the prediction that the N. punctiforme genome contains gene
families that multiply duplicate those present in Synechocystis 6803. Multigene
families do appear to be extensively represented in the N. punctiforme genome,
except for core metabolic processes that define cyanobacteria, such as genes
encoding photosynthetic functions (Meeks et al., 2001).

Table 3. Comparisons of the N. punctiforme and Anabaena sp. strain PCC 7120 genomes"

Anabaena 7120 7,211,789 bases, yielding 6,132 ORFs; 41.2 mol% GC

genome®
Relative to the total 4,157 ORFs (68% of the total) encode proteins that can be
database associated with known or probable known function

1,975 ORFs (32% of the total) cannot be associated with a
previously recognized ORF

N. punctiforme vs. 5,431 of the N. punctiforme ORFs (75%) are present in
Anabaena 7120 Anabaena 7120

4,814 of the Anabaena 7120 ORFs (79%) are present in N.
punctiforme

1,489 of the Anabaena 7120 ORFs (24%) are unique to
Anabaena 7120

486 of the 1,975 unique Anabaena 7120 ORFs are present
in N. punctiforme

*The comparative results are based on reciprocal BLAST analyses.
"Kaneko et al., 2001

The close relationship between the heterocyst-forming cyanobacteria N.
punctiforme and Anabaena 7120 is reflected in their relative genome similarity
(Table 3). The Anabaena 7120 genome, at 7.21 Mb, is about 78% of the size of N.
punctiforme and encodes 6,132 ORFs, 1,975 (32%) of which cannot be associated
with a previously recognized ORF (Kaneko et al., 2001). Approximately 79% of
the Anabaena 7120 ORFs find similarity in the N. punctiforme genome, whereas
75% of the N. punctiforme ORFs are similar to those in the Anabaena 7120 genome.
A significant fraction of the extra coding capacity in N. punctiforme is present as
ORFs encoding hypothetical proteins. Reciprocal BLAST analyses indicate that
486 ORFs, which encode hypothetical proteins, are present in both N. punctiforme
and Anabaena 7120 genomes and absent in the genomes of all other organisms
surveyed as of August 2000. Consequently, the ORFs unique to N. punctiforme and
to Anabaena 7120 reduce to 1,481 and 1,489, respectively. The number of ORFs
encoding hypothetical proteins in N. punctiforme and Anabaena 7120 are similar to
the total coding capacity of a small cyanobacterial genome, such as
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Prochlorococcus marinus strain MED4 (Hess et al., 2001). An interesting
consequence of this analysis is identification of the 486 ORFs encoding
hypothetical proteins uniquely shared by N. punctiforme and Anabaena 7120. We
predicted that many of these gene products will contribute to expression of
phenotypic traits common to both organisms, such as heterocyst differentiation
(Meeks et al., 2001). Subsequently, 3 genes, which encode shared hypothetical
proteins involved in heterocyst differentiation and pattern formation (see section 4),
and 1 gene each that encode proteins enriched in akinetes (AvaK; Zhou and Wolk,
2002) and hormogonia (HomA; Campbell and Meeks, unpublished results), have
been identified by either classical genetic techniques or protein isolation and
characterization. The presence in Anabaena 7120 of genes that encode proteins
associated with hormogonia and akinetes is consistent with both evidence that
Anabaena 7120 is genotypically a Nostoc species (Rippka and Herdman, 1992;
Wilmotte and Herdman, 2001) and suggestions that it has diminished phenotypic
traits due to spontaneous mutation during nonselective serial passage in culture over
an extended time period (Meeks ef al., 2002).

3.2. Genome characteristics relevant to cyanobacteria, plants, and the N.
punctiforme /ife style

A preliminary analysis of the N. punctiforme genome (Meeks et al., 2001)
documented the extensive multiple occurrences of tandem repeated heptameric
(STRR; Mazel et al., 1990; Holland and Wolk, 1990) and dispersed repeated
octameric (HIP1; Robinson et al., 2000) sequences, as well as insertion sequences
linked to transposases. There is an apparent dearth of hexameric palindromic
sequences that are associated with restriction enzymes encoded by Anabaena and
Nostoc species. Moreover, sequences of only two type II restriction/modification
systems (isoschizomers of Bg/ll and Acyl) are present in the genome. These
observations indicate that the N. punctiforme genome is highly plastic and in a state
of flux (Meeks et al., 2001). They are also consistent with widespread exchange of
DNA among heterocyst-forming cyanobacteria and extending to other organisms.

The identity of genes encoding proteins in basic metabolic categories, such as
photosynthetic and respiratory energy metabolism, auto- and hetero-trophic carbon
metabolism, inorganic and organic nutrient transport, transcription, and monomer,
polymer and secondary product synthesis, including proteins, the cell envelope, and
chromosome, were also surveyed and, with some notable exceptions, the numbers
were found to be generally similar to their individual occurrence in other
cyanobacteria and bacteria (Meeks ef al., 2001). N. punctiforme appears to contain
the breadth of genetic information that collectively reflects nearly all of the
physiological repertoire of cyanobacteria. Although peripherally relevant to the
nitrogen-fixation physiology of N. punctiforme, those data will not be presented
here. Three categories of genes, however, warrant elaboration; the presence of
genes that encode proteins related to plant biology and those implicated in
environmental sense and response will be discussed below, whereas gene products
concerned with nitrogen assimilation will be described in Section 4.
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3.3. Genes related to plant functions

Some cyanobacteria are now well known to exhibit a circadian rhythm similar to the
rhythms characteristic of plants and animals (Golden et al., 1998), but M.
punctiforme has not been shown to express such a rthythm. The N. punctiforme
genome contains homologues of four genes encoding proteins, KaiA, KaiB, KaiC
and CikA, which are essential for circadian rhythm expression in Synechococcus
elongatus strain PCC 7942. The C-terminal domain of the KaiA protein is thought
to modulate KaiC autophosphorylation, whereas the N-terminal domain functions as
a pseudo-receiver of an entrainment signal from CikA in S. elongatus (Williams et
al., 2002). However, the N-terminal domain of the KaiA protein in N. punctiforme
is truncated. The CikA protein is a sensor histidine kinase, with a GAF
chromophore-binding domain and a C-terminal phosphoreceiver domain that is
characteristic of response regulator proteins. The nearest sequence homologue of
CikA from S. elongatus in both N. punctiforme (45% identify, 65% similarity) and
Anabaena 7120, lacks the C-terminal phosphoreceiver domain. A gene is present in
N. punctiforme that would encode a protein with an identical domain architecture to
CikA, but the sequence shows only 31% identity and 50% similarity to CikA of S.
elongatus. The questions have not yet been asked whether the C-terminal receiver
domain is essential for function and can be replaced by a separate protein (if either
of these two proteins might function as a primary sensor in a thythm entrainment in
N. punctiforme) or whether the KaiA and CikA differences imply a quite different
entrainment pathway.

The cikA-like genes reflect a large cluster of genes encoding putative
chromophore-binding, phytochrome-like proteins in the N. punctiforme genome.
Montgomery and Lagarias (2002) identified two Cphl, four Cph2 cyanobacterial
phytochrome family proteins and 15 phytochrome-related proteins encoded in the
N. punctiforme genome. None have yet been subject to either biochemical or
genetic analyses. Nobles er al. (2001) established experimentally that N.
punctiforme, and other cyanobacteria, synthesize cellulose and identified three
putative cellulose synthase-encoding genes in N. punctiforme. Phylogenetic
analyses implied that the higher plant cellulose synthase, CesA, and cyanobacterial
cellulose synthases share a common evolutionary branch that is distinct from the
branch containing heterotrophic bacteria.

A recent bioinformatic analysis of the Arabidopsis thaliana genome has
revealed that perhaps 18% of its nuclear genes were derived from the endosymbiotic
cyanobacterial ancestor of its extant chloroplast (Martin ef al., 2002). A significant
majority of those genes show highest similarity to ORFs in N. punctiforme rather
than to unicellular cyanobacteria. It is most likely that genes encoding proteins
involved in circadian rhythm and phytochrome responses, as well as cellulose
synthesis, are included in that 18% subset of the A. thaliana nuclear genome.
Identification of others and their physiological role in growth and development of
N. punctiforme is of interest.
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3.4. Genes related to environmental sensing and cellular response

The multiple phenotypic traits and developmental alternatives of N. punctiforme are
expressed in response to specific environmental signals, including those from the
symbiotic plant partner. Therefore, one would anticipate a sufficiently adequate
environmental sensing, signal transduction, and response capacity. However, M.
punctiforme has an astonishingly higher than anticipated number of genes encoding
proteins associated with environmental sensing/signaling (>350 protein kinases,
response regulators and cyclases), protein modification (>150 molecular
chaperones, proteases and sulfhydryl group modifiers) and transcriptional
regulatory functions (>120 DNA binding proteins, including 60 DNA-binding
domains associated with response regulator receiver domains [see below], as well as
13 sigma subunits of RNA polymerase). The above numbers are based on the
computational annotation accessible at the JGI site and are, of course, subject to
revision, dependent not only on completion of the genome sequence, but also on
manual annotation and ultimately experimental demonstration of function. Even
though subject to minor change, the numbers of sensory proteins identified in the
genomes of N. punctiforme and Anabaena 7120 (Ohmori et al., 2001) markedly
exceed those in other bacteria and the specific proteins are complex with variable
domain architecture. Here, examples of the families of sensor histidine protein
kinases, signal-transduction response regulators, and serine/threonine protein
kinases will be discussed because they are present in multiple copies, their domain
organization is extremely diverse, and some are likely to be involved in cellular
differentiation, including heterocyst development.

3.4.1. Sensor histidine kinases

Sensor histidine kinases are sensory input proteins containing sensory modules and
activation domains (for a thorough discussion see Parkinson and Kofoid, 1992;
Galperin ef al., 2001). A minimal sensor histidine kinase protein contains activation
domains, which consist of an ATPase, identifed as HATPase, that is required for
autophosphorylation, and a conserved histidine phosphoacceptor, called HisKA.
Most, but not all, sensor histidine kinase proteins also contain one or more sensory
modules that may include a PAS/PAC domain involved in heme- and flavin-
binding, a GAF domain that binds cGMP, other nucelotides or chromophores, a
small ligand-binding cache domain, a HAMP-linker domain, or a phosphotransfer
Hpt domain. Some of these domains may also contribute to dimerization of the
sensor histidine kinase, which is required for activity. The 126 complete sensor
histidine kinases of N. punctiforme can arbitrarily be organized into three categories
(Figure 2): (i) 63 proteins containing the minimal histidine kinase HATPase and
HisKA domains, without or with sensory modules; (ii) 51 proteins containing the
histidine kinase domains, plus a response regulator receiver only domain (in one
instance also a response regulator output domain) also without or with various
sensory domains; and (iii) 12 proteins containing the C-terminal histidine kinase
domains, plus an N-terminal serine/threonine protein kinase domain, all of which
contain a GAF domain, some also contain PAS/PAC domains, and one of which
also contains a response regulator receiver only domain. In addition, 25 genes are
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present encoding putative proteins with a HATPase domain and lacking the HisKA
domain; this category consists of proteins with just the HATPase domain (17), or
with various sensory modules (7), plus one associated with a response regulator
receiver only domain. These kinases most likely participate in phosphorylation of
another protein. There are four genes present encoding proteins with only a HisKA
domain and two with only a HAMP domain. In addition, there are five genes
encoding CheA-like proteins with HATPase, response regulator receiver only
domain and Hpt modules, and genes encoding six proteins with methyl-accepting
chemotaxis protein domains, three of which also contain 14 or 7 GAF modules most
likely involved in photosensing and one with a N-terminal 560 amino acid region
that could be involved in chemosensing. Thus, the sum of putative proteins with
both (or one or the other) HATPase and HisKA domains and identified by COGs
analyses as sensor histidine kinases is currently 163. There are a further eight genes
present that encode proteins only containing one or more sensory modules that may
be involved in modulation of the activity of the sensor histidine kinases. Clearly,
the capacity of N. punctiforme to sense its chemical and, perhaps, physical
environment and possibly modulate expression of that sensing is extraordinarily
extensive and complex. However, there has been little or no association of specific
environmental signals with a sensor protein and a physiological response in N.
punctiforme.

A. Simple Histidine Ki - 63 repr tatives
HiskKA HATPase — HAMP HiskKA HATPase

100 Amino Acids

B. Complex Histidine Kinases and Response Regulator Receiver Domains - 51 representatives

PAS PAC PAS PAC PAC PAS PAC PAS HisKkA  HATPase Asp

C. Hybrid Histidine Kinases and Serine/Threonine Kinases - 12 representative

G =g g%

pkinase 200 Amino Acids GAF HisKA HATPase

Figure 2. Protein architecture of representatives of the three classes of sensor histidine
kinase proteins of N. punctiforme.

3.4.2. Response regulator proteins

In the current model, response regulator proteins interact with a cognate sensor
histidine kinase to effect a response to the environmental signal (Parkinson and
Kofoid, 1992; Hoch and Varushese, 2001). The response may target either protein
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activation, as in the chemotaxis signal-transduction cascade, or activation of gene
expression, as in modulation of inorganic-nutrient acquisition such as phosphate or
nitrogen (Stock et al., 2000). Response regulators are, therefore, sensory output
proteins that minimally contain a phosphoreceiver module, with a conserved
aspartate residue that is phosphorylated, and most often an output domain
predominately consisting of a helix-turn-helix DNA-binding module. The recently
identified domains, GGDEF and EAL, associated with diguanylate cyclases and
phosphodiesterases, and the metal-dependent phosphohydrolyase domain, HD-
GYP, also have output functions linked to receiver modules (Galperin et al., 2001).
The 135 putative response regulator proteins encoded in the N. punctiforme genome
can be arbitrarily organized into four groups (Figure 3): (i) 35 receiver domain only
proteins; (ii) 53 receiver domain only proteins also linked to an input module (51 of
these proteins were previously scored as sensor histidine kinases, one other is
associated with a hybrid sensor histidine kinase and serine/threonine kinase protein
and one with a HisKA domain protein); (iii) 8 receiver domain only proteins with
associated either GGDEF (7) or HD (1) domains; and (iv) 60 proteins with a
receiver domain and a helix-turn-helix DNA-binding output domain, only one of
which is also associated with a histidine kinase domain.

A Simple Response Regulators, Receiver Domain Only - 35 representatives

=

Asp

B. Complex Response Regulators, Receiver Domain Only and Histidinine Kinase Domain - 53 representaatives

OO0 4

Asp PAS HisKkA  HATPase
C. Complex Response Regulators, Receiver Domain Only and c-Diguanylate Binding - 8 representatives

O -

Asp PAC  GGDEF EAL

D. Complete Response Regulators, Receiver Domain and DNA-Binding Domain - 60 represetatives

O —
100 Amino Acids

Asp DNA-Binding

Figure. 3. Protein architecture of representatives of the four classes of response regulator
proteins of N. punctiforme.

The response components of the environmental signal transduction pathways of
N. punctiforme are obviously as extensive and complex as the sensory components.
What is perhaps most striking is the number of receiver domain only proteins.
Simple receiver domain only proteins are commonly thought to function by two
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mechanisms. One mechanism is in multicomponent phosphorelay signal trans-
duction pathways, exemplified by SpoOF in the pathway initiating sporulation in
Bacillus species (Hoch and Varushese, 2001). The other mechanism is by protein-
protein interactions that need not involve phosphotransfer, as in CheY activation of
the flagellar motor (Parkinson and Kofoid, 1992). The fact that receiver domain
only proteins (with or without either kinase- or diguanylate-binding domains)
outnumber those also with a helix-turn-helix output domain indicates extensive
operation of integrative signal transduction phosphorelay pathways and/or
activation of target proteins in N. punctiforme. A sensor histidine kinase (HepK)
and receiver domain only response regulator (DevR) are essential for synthesis of
the heterocyst envelope polysaccharide (Campbell et al., 1996; Hagen and Meeks,
1999; Zhou and Wolk, 2003; Zhu et al., 1998). Whether DevR-phosphate directly
activates an effector target protein or serves as a phosphodonor to another protein in
a relay pathway has not been determined.

3.4.3. Serine/threonine protein kinases
Serine/threonine (S/T) protein kinases were previously thought to be restricted to
eukaryotic organisms. They are now recognized to also be distributed throughout
the prokaryotic world (Shi et al., 1998), including cyanobacteria (Zhang, et al.,
1998). The N. punctiforme genome contains 59 genes encoding proteins with S/T
kinase domains. These protein kinases can be separated into three groups based on
protein architecture (Figure 4): (i) 38 protein kinase only domain proteins; (ii) 12
hybrid histidine kinase domain and protein kinase domain proteins previously
scored as sensor histidine kinases; and (iii) 9 protein kinase domain proteins
associated with tetratrichopeptide (TPR) repeat domains (4) and 31-40 unit
tryptophan-aspartate (WD) repeat domains (5). TPR (Lamb et al., 1995) and WD
(Smith et al.,, 1999) repeat domains are associated with a variety of cellular
functions, including signal transduction. Both domains influence peptide folding
and the subsequent tertiary shape of the protein. There is some information on the
physiological role of S/T protein kinases in cyanobacteria. Disruption of one S/T
kinase in Anabaena 7120 led to the differentiation of heterocysts that were less
active in nitrogen fixation in both the presence and absence of O, than the wild-type
(Zhang, et al., 1998). Mutation of a hybrid S/T kinase and histidine kinase protein
in Anabaena 7120 also resulted in slower growth on N, than the parental strain
(Phalip et al., 2001). In neither case was the physiological defect precisely defined.
Lastly, the N. punctiforme genome contains seven genes encoding phospho-
serine/threonine/tyrosine phosphatases and one gene encoding a phosphohistidine
phosphatase. Although these observations establish a capacity to regulate the
intensity and temporal period of a signal transduction phosphorelay pathway by
dephosphorylation of the activated phosphoproteins, the specific capacity seems
limited relative to the number and diversity of putative phosphoproteins. An
unknown extent of autodephosphorylation or dephosphorylation by a cognate
phosphorelay protein could be a primary mode of regulation. In any case, the
wealth of putative sense-response proteins in the N. punctiforme genome exceeds
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the known environmental signals to which the organism physiologically responds.
A challenge will be to identify the physiological process that may be regulated by
the signal-transduction systems, determine whether the signals are of environmental
or cellular origin, and the extent of interactions between signal-transduction
elements and pathways.

A. Simple Serine/Threonine Protein Kinases - 38 representatives

o

pkinase

B. Hybrid Serine/Threonine Protein Kinases and Histidine Kinase Domains - 12 representatives

2 E0&EmHA

pkinase GAF PAS PAC GAF HisKA HATPase
C. Hybrid Serinine/Threonine Protein Ki and Repeat D¢ ins - 9 representatives
pkinase WD repeats S pkinase TPR repeats

200 Amino acids

Figure 4. Protein architecture of representatives of the three classes of serine/threonine
protein kinases of N. punctiforme.

4. N. PUNCTIFORME GENES INVOLVED IN HETEROCYST FORMATION,
NITROGENASE EXPRESSION, AND AMMONIUM AND
NITRATE ASSIMILATION.

Nitrogenase expression is dependent on heterocyst differentiation and maturation in
essentially all heterocyst-forming cyanobacteria (see Volume 2 for a discussion of
A. variabilis, the notable exception). Heterocyst differentiation in free-living
species is repressed by the presence of either ammonium or nitrate. Therefore,
understanding and potentially manipulating the regulation of nitrogen fixation in
these cyanobacteria must be based on knowledge of the combined-nitrogen-
sensitive formation of the microoxic mature heterocyst, a cell that can best be
characterized as a sink of reductant from, and a source of fixed nitrogen for, the
immediately adjacent vegetative cells in the filament. Nomenclature for classifying
heterocyst- and nitrogen-fixation-defective mutants and genes was defined by Ernst
et al. (1992). The intent in this section is not to discuss the mechanistic details of
heterocyst differentiation and nitrogenase expression; these topics are covered in
Volumes 5 and 2, respectively.
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Genome sequence information is most valuable in predicting the enzymatic
machinery required for expression of nitrogenase activity in the mature heterocysts;
it is also valuable, but less so, for identifying proteins involved in synthesis of the
unique components heterocyst envelope; and it is of little value in predicting the
proteins of the regulatory cascade in initiation of differentiation and commitment to
terminal differentiation.

4.1. Genes encoding products involved in heterocyst formation, classification based
on phenotype.

Mutants that fail to form a morphologically distinct heterocyst are scored as
defective in heterocyst differentiation, in contrast to mutants that form either
structurally or functionally defective cells with the appearance of a heterocyst.
Mutants defective in differentiation can be separated into those that do and those
that do not initiate the process. Initiation of heterocyst differentiation can be
screened microscopically by the presence of cells that have either little or no
phycobiliprotein-induced fluorescence within 12 to 30 h following depletion for
combined nitrogen; by that time, such cells are typically present in a spacing pattern
within the filament that is similar to the ultimate heterocyst-spacing pattern. In the
absence of nitrogen fixation, all nitrogen-starved cells will ultimately become
deficient in phycobiliprotein-induced fluorescence. If a mutant fails to form weakly
fluorescent cells in a spaced pattern within 30 h following combined-nitrogen
deprivation, the mutation is linked to mechanisms involved in the initiation of
differentiation. If a mutant produces weakly fluorescent cells in a spaced pattern
that do not eventually develop into a cell with the appearance of a heterocyst, the
mutant is considered competent to initiate differentiation, but blocked in
commitment to terminal differentiation.

4.2. Genes encoding proteins required for initiation of differentiation and
commitment to terminal differentiation.

The currently known gene products required for both initiation of heterocyst
differentiation and commitment to terminal differentiation are listed in Table 4. All
of the genes encoding these proteins have been identified by traditional genetic
analyses of mutation, complementation, and phenotypic characterization; none of
the genes could be associated with heterocyst differentiation by sequence analysis
alone. For clarity, the gene products have been organized into five positive, five
negative, and one uncertain element involved in the initiation of differentiation and
two gene products associated with commitment to terminal differentiation. From
140 (Wolk, 2000) to over 1,000 (Lynn et al., 1986) genes have been estimated to be
involved in heterocyst differentiation and function. We have suggested (Meeks et
al., 2002), that the regulatory cascades involved in the initiation of heterocyst
differentiation and commitment to terminal differentiation are as complex, if not
more so, as that of Bacillus subtilis sporulation, in which 185 genes/gene products
are projected to participate (Kunst ez al., 1997).
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Table 4. Gene products essential for the initiation of heterocyst differentiation, pattern of

heterocyst spacing, or commitment to terminal differentiation.

N. punctiforme vs.

Gene Product Properties Anabaena 7120° Citation
A. Positive: Mutants differentiate no (or only 70 e
terminal, patA) heterocysts identity  similarity
Sequence specific DNA-binding
NtcA protein, global nitrogen regulator in 93 93 1
the Fnr family.
Sequence non-specific DNA- 100 (82,
HanA (HU) binding, DNA structure. 100 82, 84) 2
HetR Prlmary.ac.tlvator, au}oprot;ase, 38 93 3.4
transcriptional autoinduction.
Essential for HetR autoinduction,
HetF unique protein with a CHF protease 65 74 5
domain.
Essential for differentiation of
PatA intercalary he.terocysts, response 67 30 6
regulator receiver domain lacking
DNA-binding output domain.
B. Negative: Mutants differentiate multiple
heterocysts
Small peptide (13 or 17 aa) repressor
PatS of differentiation, effective 100 100 7
exogenously.
HetN Ketoacyl reduct:?se, maintenance of 49 65 3
the spacing pattern.
PaB C-termmgl DNA-bmd.mg dom_am, g2 90 9
N-terminal ferredoxin domain.
Unique protein, delayed and
PatU incomplete resolution of 67 84 10
differentiating clusters.
Unique protein, multiple single
PatN heterocysts with reduced vegetative 53 60 10

C. Uncertain:

cell intervals.

Null mutant same as wild type, over
expression gives multiple
heterocysts.

HetL

Pentapeptide repeat, over expression
phenotype insensitive to PatS.

28 N. punctiforme
genes with
BLAST values > 2 e-
6; 12 highest
with % similarity
values of 48 to 55.
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D. Mutants blocked prior to the
Commitment: transition to terminal
differentiation,

NtcA-dependent expression,
autoregulated transcription,

HetC HlyB family of ABC protein 46 66 (67) 12
exporters.
Unique protein, overexpression 70 (70
HetP of hetP and 3’ adjacent ORF 51 66) ’ 13

yield multiple heterocysts.

"Values based on BLAST results; numbers in parentheses are to extra copies of the gene product, relative
to the primary copy. Citations: 1, Herrero ez al., 2001; 2, Khudyakov and Wolk, 1996; 3, Buikema and
Haselkorn, 2001; 4, Zhou et al., 1998; 5, Wong and Meeks, 2001; 6, Liang ef al., 1992; 7, Yoon and
Golden, 1998; 8, Callahan and Buikema, 2001; 9, Liang et al., 1993; 10, Meeks et al., 2002; 11, Liu and
Golden, 2002; 12, Khudyakov and Wolk, 1997; 13, Fernadez-Pifas et al., 1994.

Because heterocyst differentiation occurs in response to a limitation in
combined nitrogen, a basic question is how N. punctiforme senses the nitrogen
status. Except for the glnB-encoded Py protein (Arcondéguy et al., 2001), the  **
and other members of the Ntr signal-transduction system of Proteobacteria
(including wuridylylation of Py and Py-regulated adenylylation of glutamine
synthetase) are lacking in all cyanobacterial genomes sequenced. In unicellular
cyanobacteria, Py is modified by serine phosphorylation in response to inorganic
carbon and nitrogen status (Forchhammer and Tandeau de Marsac, 1994), but Py
modification was not detected in N. punctiforme and, because a null mutant could
not be isolated, Py is apparently essential under either nitrogen-limited or -replete
conditions (Hanson et al., 1998). Therefore, the fundamental Ntr model in
Proteobacteria does not extrapolate to heterocyst differentiation or even general
nitrogen control in cyanobacteria.

4.2.1. Genes encoding positive elements for initiation of differentiation
In cyanobacteria, the first gene product known to be activated following combined
nitrogen deprivation is NtcA, a DNA-binding protein in the Fnr and Crp family of
transcriptional regulators (Luque et al., 1994). NtcA functions as a global regulator
of nitrogen-responsive genes in all cyanobacteria examined (Herrero et al., 2001).
Analogous, in part, to Py, NtcA appears to sense nitrogen status by the relative
cellular concentration of 2-oxoglutarate (Muro-Pastor ez al., 2001; Vazquez-
Bermudez et al., 2002). Mutants defective in NtcA do not activate genes involved
in the acquisition of alternative nitrogen sources to ammonium, such as nitrate or
dinitrogen, including those of heterocyst differentiation (Herrero ef al., 2001).

Gene products are identified as having a positive developmental role if the
mutant fails to initiate heterocyst differentiation, of which nfc4 is an example.
Mutants defect in the DNA-binding protein, HanA, fail to initiate heterocyst
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differentiation (Khudyakov and Wolk, 1996). However, han4 mutants of Anabaena
7120 are highly pleiotrophic, implying multiple functions for HanA, and the stable
mutant that was analyzed appeared to have acquired secondary mutations that
allowed for measurable growth in combined nitrogen. For those reasons, HanA is
most often omitted from working models of the heterocyst-differentiation cascade.
If HanA does have a differentiation role, it could be associated with activation of
hetR transcription. HetR is modeled as the primary activator of heterocyst
differentiation (Adams, 2000; Wolk; 2000; Meeks and Elhai, 2002). HetR is a
wonderfully complex protein in terms of expression and function. Induced
transcription of %efR is dependent on both NtcA (Herrero et al., 2001; Wong and
Meeks, 2001) and itself (Black ez al., 1993), and HetR appears to contribute to the
induced transcription of nfcA (Muro-Pastor et al., 2002). The protein may be
modified, it has autoproteolytic activity (Zhou ef al., 1998), is essential for
heterocyst differentiation, and is localized to differentiating cells and mature
heterocysts (Buikema and Haselkorn, 2001; Wong and Meeks, 2001). There is no
sequence similarity between HetR and characterized regulatory proteins that would
allow one to predict these diverse responses and activities.

A functional HetF is also required for the initiation of heterocyst differentiation
and the autoinduced transcription of 4etR is dependent on HetF (Wong and Meeks,
2001). Overexpression in trans of either hetR or hetF yields clusters of heterocysts
in the absence of combined nitrogen and excess HetR induces heterocyst formation
in Anabaena 7120 in the presence of nitrate. hetF was originally among the 486
hypothetical genes shared by N. punctiforme and Anabaena 7120. However, recent
sequence analyses have established that HetF is the first functionally identified
member of a large family of the caspase-hemoglobinase-fold (CHF)-containing
proteases (Aravind and Koonin, 2002). Most interestingly, this family of proteins is
associated with signal transduction and programmed cell death, both of which are
reflected in the developmental cascade of heterocysts and their physiological fate.
These observations provide a link between terminal heterocyst differentiation and
conventional apoptosis.

The phenotype of the PatA mutant differs from other positive regulators in that
the mutant forms heterocysts, but only at the ends of the filaments (Liang ef al.,
1992). Consequently, the heterocyst frequency is low and the pattern is disrupted.
Epistatic analyses established that PatA operates downstream of HetR in the
developmental program; clusters of heterocysts do not appear when HetR is
overexpressed in a patA mutant (Liang et al., 1992). PatA contains a C-terminal
response regulator receiver only domain and may participate in modification of
HetR (Buikema and Haselkorn, 2001).

4.2.2. Genes encoding negative elements for initiation of differentiation

If a mutant differentiates more heterocysts than the parental strain, the gene product
is identified as having a negative role. An increase in heterocyst frequency must
result in an alteration in the wild-type spacing pattern, therefore, such mutants are
generally identified as pattern (Pat) strains. Two altered patterns have been
observed, the most common of which is the presence of clusters of heterocysts at
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one site in the filaments. This pattern is referred to as multiple contiguous
heterocysts (Mch) (Black et al., 1993). One mutant has been isolated that forms a
higher frequency of heterocysts that are located singly in the filaments with a
correspondingly shortened vegetative-cell interval and is referred to as multiple
singular heterocysts (Msh), in contrast to Mch (Meeks ez al., 2002).

Five such negative regulatory mutants have been reported; four, patS, hetN,
patB and patU, result in Mch, whereas patN yields Msh. The patS gene encodes a
small (13 or 17 amino acids) peptide that is considered to be the primary negative
regulator in establishment of the pattern following nitrogen deprivation (Yoon and
Golden, 1998). Exogenous supply of a C-terminal pentapeptide of PatS suppresses
heterocyst differentiation.  patS is primarily transcribed in differentiating
heterocysts (Yoon and Golden, 2001). These results contribute to the idea that PatS
is the long sought diffusible inhibitor of heterocyst differentiation that is produced
by heterocysts. patS, at 39 or 51 bp, is too small to have been detected as a gene by
any algorithm.

HetN contains a domain with similarity to [ -ketoacyl reductase typically
involved in either fatty acid or polyketide synthesis (Black and Wolk, 1994). The
originally isolated and reconstructed mutants gave three different heterocyst
phenotypes (wild-type, Mch, or no heterocysts), some of which may have resulted
from secondary suppressor mutations. The conflicting results have been resolved
by copper-dependent transcription, using the petE promoter, of hetN (Callahan and
Buikema, 2001). Controlled overexpression of hetN suppressed heterocyst
differentiation, whereas lack of expression resulted in Mch, thereby verifying a
negative regulatory role that is similar to PatS. However, the Mch phenotyupe
appeared only at 48 h after nitrogen deprivation and at 24 h after establishment of
the typical pattern of single spaced heterocysts. This sequence of events is
consistent with disruption of the mechanism that maintains rather than establishes
the spacing pattern.

The patB gene encodes an unusual protein containing a C-terminal helix-turn-
helix DNA-binding motif and a N-terminal bacterial ferredoxin domain (Liang et
al., 1993). Mutations in patB also gave variable phenotypes. Filaments of the
original frame-shift mutant fragmented under nitrogen-limited incubation
conditions, making analysis of heterocyst spacing patterns equivocal. In terms of
intensity of response, the heterocyst phenotype appears to depend on the specific
mutation (Jones ef al., 2003). A patB deletion mutant has little nitrogenase activity,
but initially differentiates heterocysts in a wild-type spacing pattern, which is then
followed by Mch. The original frame-shift mutation disrupted the C-terminal
domain; this mutant had about 14% of the wild-type nitrogenase activity and a
delayed Mch phenotype similar to the deletion mutant. Site-specific disruption of
the ferredoxin domain yielded a less severe Mch pattern and higher nitrogenase
activity. The phenotype is consistent with a negative regulatory role in heterocyst
differentiation for PatB, but it may be associated with maintenance of pattern,
similar to HetN.

The patU and patN mutants, which differentiate multiple heterocysts, have
been preliminarily characterized in N. punctiforme (Meeks et al., 2002). Both
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mutants grow slowly with N, as the nitrogen source and both genes encode
hypothetical proteins whose sequences in the current database are shared only by N.
punctiforme and Anabaena 7120. The patU phenotype is a delayed induction of
clusters of differentiating cells following nitrogen deprivation that incompletely
resolve to a variable number in the Mch clusters, as well as single heterocysts. The
patN phenotype is the unique Msh pattern that forms within the same time frame as
the normal spacing pattern. The patN Msh pattern is similar to the symbiotic
spacing pattern in regions of highest nitrogenase activity (Meeks and Elhai, 2002).

Thus, PatS, PatN and, perhaps, PatU are negative regulatory elements of the
mechanism(s) that establishes the heterocyst-spacing pattern, whereas HetN and
PatB appear to function as negative elements in maintaining the pattern.

4.2.3. Genes encoding uncertain elements for initiation of differentiation

The hetl gene was identified in a survey of elements that suppress an
overexpression of patS heterocyst inhibition phenotype in Anabaena 7120 (Liu and
Golden, 2002). Such a suppressor effect indicates a positive regulatory role.
However, a hetL insertion mutant had a wild-type heterocyst differentiation and
dinitrogen-dependent growth phenotype. HetL almost entirely consists of
pentapeptide repeats, with no obvious functional domains. Therefore, a specific role
for HetL in heterocyst differentiation and/or pattern determination is difficult to
predict at this time. The N. punctiforme genome contains multiple pentapeptide
repeat proteins, none of which show strong similarity to HetL (Table 4).

4.2.4. Genes associated with commitment to terminal differentiation

The hetC (Kudyakov and Wolk, 1997) and hetP (Fernandez-Pifias et al., 1994)
mutants of Anabaena 7120 initiate heterocyst differentiation as evidenced by the
presence, in a spaced pattern in the filaments, of weakly fluorescent cells.
However, these cells do not continue differentiation and do not fix N, in air, thus,
they appear blocked prior to commitment to terminal differentiation. There have
been no reports of regression of the partially differentiated 4etC or hetP cells to the
vegetative-cell state following re-addition of combined nitrogen, which would be
consistent with such a categorization. The hetC mutant weakly fluorescent cells
continue to divide in the absence of biomass increase (Xu and Wolk, 2001), similar
to cells of hormogonium filaments (Meeks et al., 2002). HetC has similarity to
bacterial ABC protein exporters, whereas HetP has no sequence similarity. The
genes are co-located in Anabaena 7120, but not in N. punctiforme. In addition, the
N. punctiforme genome contains a second gene with similarity to sefC and two
more with similarity to hetP. Because commitment to terminal differentiation is
thought to require DNA replication (see Meeks and Elhai, 2002), it is reasonable to
assume that more than these gene products are required for commitment.

Only three of the genes/gene products listed in Table 4 have been characterized
genetically in both N. punctiforme and Anabaena 7120. Mutants with lesions in
ntcA, hetR and patS yield identical phenotypes in the two organisms. The fact that
these are among the gene products with highest sequence identity is probably not
significant. Nevertheless, it would be beneficial to compare mutant phenotypes in
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two or more strains, especially in those gene products with less than 70% identity.
Some of the gene products appear to be unique to N. punctiforme and Anabaena
7120, but many contain domains and motifs recognized by one or more algorithm
and associated with either a biochemical or physiological function. However, in no
case can the function be predicted as part of the regulation cascade of heterocyst
differentiation in the absence of a mutant phenotype.

4.3. Genes encoding proteins required for maturation of the microoxic heterocyst
and support of nitrogenase activity.

Mutants in this class differentiate cells with the overall appearance of a heterocyst,
but the cultures are unable to fix N, in the presence, or in some cases absence, of
0,. The progression to terminal heterocyst differentiation results in structural and
physiological changes that lead to the microoxic cytosol essential for nitrogenase
expression. In addition to elimination of photosystem II-dependent O, production
and enhanced respiratory O, consumption, an envelope bilayer is synthesized that is
not present in vegetative cells and functions to retard diffusion of gases and the
translocation of ions and other hydrophilic solutes (Wolk ez al., 1994). This
envelope consists of an outer polysaccharide layer and an inner glycolipid layer,
both of which are essential for O, protection (Murry and Wolk, 1989).

The structures of the polysaccharides have been chemically determined in three
strains to consist of a 3:1 glucose-mannose backbone with various mono- and di-
saccharide side chains (see Wolk, 2000). The glycolipids consist of very long chain
(Cy6—Csy) either keto- or hydroxyl-substituted alcohols, either ester- or ether-linked
primarily to glucose (see Wolk, 2000). The length and modification of the
hydrocarbon chain is more characteristic of a polyketide than a fatty acid. Utilizing
the structural information, the basic biosynthetic pathways can be modeled, using
similar types of pathways as precedence. Then, by applying genomic information to
predict motifs and catalytic domains, the gene products that could be involved in
synthesis of the monomers and their polymerization can be predicted; e.g., what
kind of enzyme is required and are any similar enzymes putatively encoded in the
genome? This approach is in progress with the polysaccharides (Fan ef al., 2002).

The information currently available on synthesis and assembly of the unique
heterocyst envelope is almost entirely derived from genes identified through
functional genetic analyses (Table 5). Five genes have been identified as associated
with the polysaccharide layer. They include regulation of synthesis by the two-
component sensor histidine kinase, HepK (Zhu ef al., 1998), and receiver domain
only response regulator, DevR (Campbell ef al., 1996; Hagen and Meeks, 1999).
The genetic evidence is supported by biochemical evidence of predicted
phosphotransfer from HepK to DevR (Zhou and Wolk, 2003). However, the target
(either protein activation or protein synthesis) of the phosphorylated DevR has yet
to be identified. Association of the remaining three gene products, which include
two sugar transferases and a putative export component, with polysaccharide
synthesis is supported by the respective mutant phenotype.



54

MEEKS

Table 5. Gene products essential for terminal differentiation of mature heterocysts
functioning in an oxic environment.

Gene
Product

Properties

N. punctiforme vs.
Anabaena 7120"

Citation

A.Envelopel

Mutants lack the
polysaccharide component

Yidentity

Yosimilarity

epK
DevR
HepA

HepB
HepC

B.Envelope2

Sensor histidine kinase with
transmembrane domains.
Response regulator lacking
DNA-binding output domain.
ABC transporter, ATP-binding
and transmembrane domain.
Glycosyltransferase.
Sugar transferase, gene
adjacent to hepA4 in N.
punctiforme.

Mutants lack the glycolipid
component

HglK

HglIB (HetM)

HglC

HglD

HglE

Hetl

DevA
DevB

DevC

C-Terminal pentapeptide
repeat, glycolipids synthesized
but not assembled.
Polyketide synthesis with N-
terminal phosphopantetheine
attachment site.
Beta-ketoacyl synthase with
acyl transferase domain.
Beta-ketoacyl synthase
domain only.
Beta-ketoacyl synthase with
acyl transferase domain and N-
terminal phosphopantetheine
attachment site, chain
elongation factor.
Phosphopantetheine-binding
domain, no mutants analyzed.
ABC transporter, ATP-binding
domain, glycolipids
synthesized, but not assembled.
Membrane permease,
glycolipds synthesized as DevA
Membrane permease,
glycolipds synthesized as in
DevA.

68

93

67
74

53

74

72

48

78
98

79
86

68

85

82

65 (76)

not in N. punctiforme

74

66

84

69

80

83

81

93

81

&9

1,2
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Proteins required for nitrogen
C. Cytosol fixation and nitrogen export.

DevH Regulatory protein with DNA

7 ! 99 99 10
binding domain.
Inv-2 copies  Neutral invertase, hydrolysis of 76: 86 85: 92 1
sucrose, no mutants analyzed.
G6PD Glucose-6-phosphate 94 96 12
dehydrogenase.
6PGD 6-Phosphogluconate
dehydrogenase, no mutants 88 91
analyzed.
ICD Isocitrate dehydrogenase, no 91 96 13
mutants analyzed.
HupS Uptake hydrolgenase, 38 93 14
H, recycling.
HupL Uptake hydro.genase, 38 93 14
H, recycling.
Cox2 Aa;-Cytochrome oxidase, A, B
and C, heterocyst specific? 72-85 84-95 15
Cox3 Aa;-Cytochrome oxidase, A, B
and C, heterocyst specific? 75-88 86-94 15
Nif See Table 6 and Figure 5.
GInA Glutamine synthetase, 91 96 16

ammonium assimilation.

“Values based on BLAST results; multiple numbers and numbers in parentheses are to extra copies of the
gene product relative to the primary copy.

Citations: 1, Zhu et al., 1998; 2, Zhou and Wolk, 2003, 3, Hagen and Meeks, 1999, 4, Holland and Wolk,
1990; Wolk, 2000, 6, Black et al., 1995; 7, Bauer et al., 1997; 8, Campbell et al., 1997, Fiedler et al.,
1998; 10, Hebbar and Curtis, 2000, 11, Curtti et al., 2002; 12, Summers et al., 1995, 13, Muro-Pastor et
al., 1996, 14, Tamagnini et al., 2002; 15, Schmetter et al., 2002; 16, Tumer et al., 1983.

Nine gene products are currently identified as being involved in either
glycolipid synthesis or assembly, one (Hetl) is included based on sequence and gene
locus in lieu of a mutant phenotype. The identified presumptive enzymes are
consistent with synthesis of a polyketide hydrocarbon chain rather than a fatty acid.
However, this is not to imply that gene products, which are associated by motifs and
protein architecture with enzymes of polyketide synthesis, will all be involved with
glycolipid synthesis. All heterocyst-forming cyanobacteria most likely produce and
export cyclic peptides (Christiansen et al., 2001), which are non-ribosomally
synthesized and contain side chains modified by enzymes analogous to polyketide-
modifying enzymes. Such modifying and peptide synthetase-encoding genes are
present in distinct clusters in the N. punctiforme genome (Meeks et al., 2001). The
functionally identified ABC transporter (DevABC) is required for assembly of the
layer, but not for synthesis of the glycolipids (Fiedler et al., 1998), presumably
through translocation of the lipid across the cell and, perhaps, outer membrane. The



56 MEEKS

HglK protein is also not required for synthesis of a glycolipid, and is modeled as
essential for assembly (Black er al., 1995). Except for both HglC, of which there
are two possible gene copies in the N. punctiforme genome, and HglD, the protein
architecture of which is absent in the N. punctiforme genome, the remaining
proteins have relatively high sequence similarity.

The metabolic potential of heterocysts has been modeled using a relatively
large published biochemical and physiological database (Wolk ef al., 1994), but
there has been little genetic confirmation of those experimental results. With two
exceptions, the cytosolic gene products listed in Table 5 and identified primarily by
genetic analyses, are involved in reductant generation, cycling, and consumption.
The putative DNA-binding protein, DevH, was identified by a DNA hybridization
transcriptional screen (Hebbar and Curtis, 2000). The mutant differentiated
heterocysts, but the culture failed to reduce acetylene or to grow with N, as the
nitrogen source, and the heterocysts lacked the characteristic polar bodies. These
phenotypic properties imply an inability to induce transcription of one or more key
factors necessary for continued physiological maturation. The signal-transduction
pathway that could activate DevH and other genes whose transcription could be
influenced by DevH are unknown.

Glutamine synthetase (GS, encoded by g/nA), which incorporates ammoniun
into glutamate to form glutamine in an ATP-dependent reaction, is about twice as
concentrated, with twice the specific activity, in heterocyst as in vegetative cells
(Wolk et al., 1994). The increased concentration of GS in heterocysts is ascribed to
transcription utilizing a promoter sequence with similarity to that of the nifH gene
(Tumer et al., 1983) and markedly different from the 6’*-like promoter sequence of
vegetative-cell genes (Curtis and Martin, 1994). The extent of utilization of this
nifH-like promoter by other genes whose transcription is enhanced in heterocysts is
unknown. The loss of photosystem II-dependent O, evolution also restricts
heterocysts to reduced carbon catabolic mechanisms for generation of the reductant
necessary to fuel both nitrogenase and respiratory O, consumption.

Sucrose has long been considered as the reduced carbon compound translocated
from vegetative cells to heterocysts. Bidirectional (synthesis and cleavage) sucrose
synthase enzyme assays of wild-type and sucrose synthease mutants implied, by
elimination, that only an invertase activity could hydrolyze sucrose in heterocysts
(Curatti ef al., 2002). If so, an invertase mutant should be unable to fix N,, but this
has not been demonstrated. Genes in the N. punctiforme genome encode two
putative higher plant-related neutral invertases. Enzyme assays have supported
catabolism of glucose and fructose in heterocysts by the activity of the initial
enzymes of oxidative pentose phosphate metabolism, glucose-6-phosphate
dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD) (Wolk et
al., 1994). Mutant analyses have verified that G6PD is essential for nitrogen
fixation in N. punctiforme (Summers et al., 1995). 6PGD is also likely to be
required for heterocyst-based nitrogen fixation, but verification has yet to be
published. The N. punctiforme genome contains two additional genes, each
encoding G6PD and 6PGD. Their physiological role is obscure because the
alternative G6PDs could not complement mutation of the first identified gene (zwf),
which apparently encodes the primary G6PD.



NOSTOC PUNCTIFORME GENOME 57

Muro-Pastor et al. (1996) established that isocitrate dehydrogenase (IDH) is
present in high concentrations in heterocysts, but the structural gene could not be
inactivated. IDH is essential for synthesis of 2-oxoglutarate, the substrate for
glutamate synthase-mediated glutamate formation, which apparently takes place in
vegetative cells (Meeks and Elhai, 2002). IDH, together with G6PD and 6PGD,
could all contribute to the NADPH pool.

One or more hydrogenases (either uptake or bifunctional) are also present in
heterocysts (Tamagnini ef al., 2002). The N. punctiforme genome contains genes
encoding only an uptake hydrogenase. The role of the hydrogenases is to recycle
reducing equivalents lost through nitrogenase action as H, gas. Consistent with
such a role, a N. punctiforme HupL mutant grew with N, as the sole nitrogen source,
but also evolved measurable amounts of H, gas into the environment, in contrast to
the wild-type strain (Lindberg ef al., 2002).

Both genetic and biochemical analyses imply that two cytochrome oxidase
complexes participate in O, consumption in heterocysts of Anabaena 7120
(Schmetter et al., 2002). Respiratory O, consumption is required to maintain the
microoxic cytosol and could also contribute to the ATP pool. However, the extent
of coupling of the respiratory electron transport to ATP synthesis has not been
determined. The N. punctiforme genome contains four clusters of genes encoding
cytochrome ¢ oxidases, two of which are highly similar (76 to 94%) to the putative
heterocyst-localized cytochrome oxidases of Anabaena 7120. Genome sequences
will provide additional information on the metabolic potential of heterocysts, but
mutant analyses and functional assays will be essential in establishing physiological
relevance.

4.4. The nif genes of N. punctiforme

None of the nitrogenase (nif) and nif-related genes of N. punctiforme have been
subjected to mutant analyses, as have very few in Anabaena 7120. Essentially all
that is known of nif genes in these cyanobacteria is derived from the pioneering
work of Rice et al. (1982) in defining gene sequence, physical map location, and
transcription pattern and size (for details, see Vol. II). There has been considerable
focus in Anabaena 7120 on gene-rearrangement events that excise elements
interrupting the structural genes (Golden, 1996).

The major nif~gene cluster of N. punctiforme is depicted in Figure SA and the
sequence relationship between N. punctiforme and Anabaena 7120 gene products is
presented in Table 6. Except for multi-copy genes, such as #ifS and »ifV, in which
the alternative copies may be involved in core biosynthetic pathways, the nif gene
products are highly conserved between the two organisms. The overall organization
is also nearly identical in the two organisms with a few notable exceptions.

First, present in the N. punctiforme nif cluster but absent in Anabaena 7120, is a
gene encoding a globin (g/bN), commonly called cyanoglobin. Cyanoglobin is
widely, but inconsistently, distributed in cyanobacteria (Potts, 2000). The
physiological role of cyanoglobin is obscure. The presence of cyanoglobin in both
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non-symbiotic and non-nitrogen-fixing strains (Potts, 2000) implies that it is not
specifically associated with either nitrogen fixation or symbiotic competence.

A. Major nif cluster

nifB nifS glbN nifD unk nifN unk nifW  hesB unk
nifX unk hesA fdxH mop

. mprnh o o . o e o o 84

B. nifD element

nk unk ret 3'xisA unk unk unk
u unk priX unk  fimC unk dih unk

- — - b - ——— o - r—

C. Satellite nif cluster

regM nifH2 nifE2  nifN2

=) ) Ememm) e

Figure 5. Physical organization of the major nif cluster, the nitfD element, and a
satellite nif cluster in N. punctiforme.

Second, although the N. punctiforme nifD gene contains an insertion element,
there are no elements interrupting either the fdxN or the AupL (not shown in Figure
5) genes, however, both are present in Anabaena 7120.

Third, the nifD element is more than twice the size of the corresponding nifD
element in Anabaena 7120. There have been two assemblies of the N. punctiforme
shotgun sequence. Both assemblies yielded a 23.7-kb nifD element; however,
computational annotation initially identified 20 ORFs and then later only 16 ORFs
with three large gaps of unannotated sequence in which the missing ORFs
previously resided. This discrepancy will be resolved when the genome sequence is
completed. The ORF map of the nifD element in Figure 5B is based on the initial
annotation. The two elements contain in common only the xisA gene, whose
product catalyzes the site-specific recombination event that removes the element
during the later stages of heterocyst differentiation and allows transcriptional read-
through of the nifHDK operon (Golden, 1996), and an ORF identified as 3’ from
xisA. However, this ORF is quite some distance 3 of xis4 in the N. punctiforme
nifD element. The N. punctiforme nifD element contains genes encoding a bacterial
reverse transcriptase (ref) and a sensor histidine kinase (%ik) that have similarity to
ORFs in Anabaena 7120, but they are not present within its 11-kb nifD element.
Eleven of the putative ORFs encode conserved and unique hypothetical proteins,
two of which are also found in Synechococystis 6803. The remaining ORFs encode
proteins containing motifs that are associated with various bacterial proteins,
including one each involved in S-layer (r£x) and fimbral (fimC) assembly, ubi- and
mena-quinone (umgq) synthesis, and dienelactone hydrolase (d/h), as well as one
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Table 6. Nitrogenase synthetic, support, and structural gene products.

Gene . N. punctiforme vs.
product Function Anabaena 7120
Yidentify  %similarity
NifB FeMo-cofactor biosynthesis, Fe and S donor 83 91
FdxN Ferredoxin 76 85
NifS Stabilization of the Fe protein 85 91
NifS2-3  Cysteine desulfurase? 37" 52-54*
Nifu Stabilizaton of the Fe protein 83 91
GIbN Cyanoglobin, unknown function,
inconsistent distribution ) i
NifH Fe protein — dinitrogenase reductase - g7 91
FeMo-cofactor biosynthesis
NifH2 FeMo-cofactor biosynthesis? 84* 90*
NifH3 FeMo-cofactor biosynthesis? 83" 89"
NifD MoFe protein, o subunit - dinitrogenase 81 91
NifK MoFe protein, | subunit - dinitrogenase 77 87
NifE FeMo-cofactor biosynthesis 85 89
NifE2 FeMo-cofactor biosynthesis? 60" 75"
NifN FeMo-cofactor biosynthesis 84 92
NifN2 FeMo-cofactor biosynthesis? 71" 82
NifX Determination of organic portion of FeMo- 73 89
cofactor
NifW Required for MoFe protein activity 71 86
FdxH Heterocyst specific ferredoxin 85 94
NifZ Required for MoFe protein activity 66 83
NifJ Pyruvate-Flavodoxin oxidoreductase 68 (80)” 80 (87)”
NifVv H'omocitra‘Fe synthase — FeMo-cofactor 89 (77)" 94 (88)”
biosynthesis
NifV2-4  Homocitrate synthase — FeMo-cofactor X X
biosynthesis or LeuA 26-33 45-50
NifT Widely distributed protein of unknown 20 g7
function in nitrogen-fixing organisms
XisA Site specific recombinase of the nifD
. . 83 93
insertion element
HesA Mo processing 91 86
HesB Widely distributed protein of unknown 73 36

function in many organisms

*Comparison to the primary gene product in N. punctiforme.
YComparison of the N. punctiforme single gene product to the second gene product in Anabaena 7120.
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with high similarity to protein X (prtX) of A. variabilis. These putative proteins
provide little insight into the selective advantage of the nifD element in N.
punctiforme. The element is dispensable for laboratory growth in either the
presence or absence of combined nitrogen (Brusca ef al., 1990; Meeks et al., 1994).
Nevertheless, a nifD element is nearly universally present in heterocyst-forming
cyanobacteria. The dramatic differences in gene number, identity and organization
within the nifD element in N. punctiforme and Anabaena 7120 imply that nifD
elements in other cyanobacteria may be equally diverse. This diversity complicates
models to explain the origins and retention of such elements interrupting
cyanobacterial genes.

Additional nif genes are present. They are apart from the major nif cluster in N.
punctiforme, but in the same chromosomal region. Sequences with similarity to
nifV (homocitrate synthase), nifZ, nifT and nifP are about 9 kb 5° of nifB, whereas
hupLS are about 10 kb 3’ of fdxH. An additional copy of nif}V is present in
Anabaena 7120, but that copy is absent in N. punctiforme. Rather, N. punctiforme
contains two copies of nifV-like genes whose gene products have markedly less
sequence similarity with either of the two genes in Anabaena 7120 or their
homologue in N. punctiforme. Most interesting is a cluster of four genes elsewhere
in the genome (Figure 5C) that encode second copies of three proteins (NifH2,
NifE2 and NifN2), the primary copies of which are likely to be involved in iron-
molybdenum cofactor (FeMo-cofactor) biosynthesis for incorporation into the
MoFe protein (dinitrogenase). NifH and NifEN appear to interact as a complex for
the insertion of molybdenum into the FeMo-cofactor, with the NifB cofactor
supplying the iron and sulfur and NifX specifying the homocitrate residue (Rangaraj
and Ludden, 2002). The only identified copies of nifB and nifX in N. punctiforme
are in the major nif cluster.

The protein encoded by the gene (regM) 5° of nifH2 in this N. punctiforme
cluster has a N-terminal helix-turn-helix DNA-binding domain and a C-terminal
molybdate-binding domain. The detection of this cluster of nif-associated genes in
N. punctiforme illustrates both the limitation and the power of genome sequence.
The major limitation is that sequence information alone does not provide evidence
of function. N. punctiforme synthesizes only a heterocyst-localized Mo-nitrogenase,
therefore, one can only surmise what might be the roles of the proteins encoded by
the nifH2E2N2 cluster. If they are not for synthesis of the FeMo-cofactor, maybe
they are for an alternative nitrogenase, which was either lost or is yet to be acquired
by N. punctiforme. If they are not associated with such an alternative nitrogenase, it
is difficult to resist speculating that, in response to the presence of molybdenum
(sensed by the RegM protein), either dependent on or irrespective of the
environmental nitrogen source, N. punctiforme induces the synthesis of enzymes for
the biosynthesis of a different type of molybdenum-containing cofactor. This
cofactor could lack both an organic moiety (and so be independent of NifX) and the
presence (or source) of the Fe-S components (and so be independent of NifB) of the
FeMo-cofactor, and may also differ from the molybdopterin-type of cofactor as
found in nitrate reductases (Rubio ef al., 1999).

In addition to verification of the expected, as is illustrated in the basic
organization of the major nif cluster in N. punctiforme, a power of genome
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sequencing is this discovery of the unexpected and unknown. Such genome
sequence information leads to insightful and specific mutagenesis and expression
assays (transcriptomics), as well as biochemical analyses (proteomics). From this
approach, a new unanticipated line of research will emerge that contributes to
understanding the evolution of cellular processes and competitive growth of an
organism.

4.5. Ammonium and nitrate assimilation in N. punctiforme

By differentiating nitrogen-fixing heterocysts, N. punctiforme and its relatives have
solved the problem of growth in the absence of combined nitrogen in their self-
perpetuated oxic environment. One might then assume that N. punctiforme would
have a relatively limited capacity to assimilate other forms of nitrogen. That
appears not to be the case. Culture studies have established that, as predicted, M.
punctiforme will grow using ammonium and nitrate/nitrite as the nitrogen sources
and, when doing so, will repress heterocyst differentiation (Campbell and Meeks,
1992). Moreover, the growth rate on ammonium is about 1.6-fold faster than that
supported by N, (Summers et al., 1996). Present in the genome are two gene
clusters, one containing five genes that encode a urea ABC transporter and another
of four genes encoding urease and an associated maturation protein. The gene
organization is similar to that in Anabaena 7120 (Valladares et al., 2002) and the
gene products have 81-97% similarity in the two organisms. In addition, there are
43 genes encoding putative amino-acid transporters (plus 13 periplasmic amino
acid-binding proteins). Growth of N. punctiforme on urea and amino acids as sole
nitrogen sources has not been systematically examined. Such a robust potential for
amino-acid transport was not anticipated. Cyanobacteria are well known for their
limited transcriptional regulation of amino acid-biosynthesis enzymes (Doolittle,
1979); why then retain a capacity to take up a metabolic end-product if it does not
reduce the biosynthetic costs? Do these porters have another physiological role?

An unexpected observation is the potential robustness of both the ammonium-
and nitrate-transport capacity. Two genes are present in the N. punctiforme genome
whose gene products align with ammonium/methylammoniun transporters (amf)
from a variety of prokaryotic and eukaryotic sources. Syrnechocystis 6803 and
Anabaena 7120 each contain three genes encoding putative Amt proteins. The three
genes are distributed at single sites in the Synechocystis 6803 genome, but are
contiguous in the Anabaena 7120 chromosome in the order alr0990, alr0991 and
alr0992. The alr0991 gene product shows the highest homology (58% identity) to
sll0108 of Symechocystis 6803, which has been experimentally demonstrated to
function as the primary ammonium transporter in that organism (Montesinos ef al.,
1998). The two N. punctiforme putative Amt proteins are most homologous to
alr0990 (84% identity) and alr0992 (86% identity), respectively. They are singly
spaced in the N. punctiforme chromosome and show only 31% sequence identity
(46% similarity) with each other. Neither of the N. punctiforme gene products have
strong homology to sll0108 (30 and 37% identities) or alr0991 (34 and 41%
identities).
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Anabaena 71210 contains a fourth gene identified as encoding Amtl, although
this identify is not supported by experimental evidence. N. punctiforme contains
two genes encoding proteins with 86% similarity to this putative Amtl, but all three
proteins are most similar in sequence and domain architecture to inositol
monophosphatase, indicating their likely misidentification as an Amt. The Amt
transporters could use as substrate either protonated or unprotonated NH;. Because
NH; can freely diffuse across the membrane, it has been assumed that NH," is the
transport substrate at neutral and acidic external pH. However, recent experimental
evidence supports the designation of these proteins as facilitators of the diffusion of
a gas (Soupene, Lee and Kustu, 2002), in this case, unprotonated NHj;, at a rate
consistent with the nitrogen metabolic demands for rapid growth. Also consistent
with this designation is sequence analyses identifying the rhesus (Rh) blood group
substance as a paralogue of the Amt proteins and the hypothesis that Rh proteins are
CO, gas channels (Soupene, King, ef al., 2002). Functional analyses will be
required to establish whether one or both Amt proteins transport low concentrations
of ammonia in N. punctiforme.

N. punctiforme may synthesize two, or possibly three, nitrate/nitrite transport
systems. In freshwater cyanobacteria, nitrate and nitrite uptake is through an ABC-
type transport complex encoded by nrtd, nrtB, nrtC and nrtD. Genes encoding
nitrate transporters in cyanobacteria are commonly flanked by one or both of the
genes encoding nitrite reductase (nird) and nitrate reductase (narB) and are
expressed as an operon (Frias ef al., 1997). As an example, the gene organization in
Anabaena 7120 is nird-nrtABCD-narB (Frias et al., 1997). In the marine
filamentous cyanobacterium Trichodesmium sp. strain WH 9601, a permease
encoded by napA transports nitrate/nitrite and the genes are organized as nird-
napA-narB (Wang et al., 2000). N. punctiforme contains a nirA-napA-narB gene
cluster with 73% NapA sequence similarity to the Trichodesmium 9601 NapA. This
observation indicates that the distribution of cyanobacterial nitrate/nitrite
transporters is not a sole consequence of a marine versus freshwater habitat.
Moreover, three genes with high similarity to n7z4ABC, which encode components of
the nitrate/nitrite ABC transporter, are present as the sole constituents of a contig;
ntrD is likely to appear upon completion of the genome sequence. Although
function must be established, N. punctiforme appears to be unique among
cyanobacteria in that it can assimilate nitrate and nitrite either concurrently through
both transporters, or through one or the other dependent upon environmental
conditions. Genes with less similarity to nrtC and nrtD of Anabaena 7120 are
contiguous in another chromosomal location, not at the end of a contig. Because it
is difficult to distinguish between bicarbonate and nitrate/nitrite transporters by
sequence, it is not clear what the actual substrate of these gene products might be in
the absence of functional assays.

When microbial ecologists, including phycologists, examine field samples, the
presence of heterocyst-forming, nitrogen-fixing cyanobacteria can be scored
because of the immediate microscopic detection of the distinctive heterocysts.
Often, but not always, these species appear in nutrient-poor habitats. Non-
heterocyst-forming species tend to be enumerated from nutrient-rich habitats.
Although recognizing that multiple environmental factors may limit growth of a
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physiological group of organisms, the above observations have led to the idea that
heterocyst-forming species do not compete well in habitats enriched with high
concentrations of combined nitrogen; this idea may be erroneous. Relatively low
concentrations of either ammonium (3.2 to 7.6 uM) or nitrate (6.2 to 9.5 uM) can
repress heterocyst differentiation (Meeks et al., 1983). Therefore, heterocyst-
forming cyanobacteria in which heterocyst differentiation has been repressed could
be present, but undetected, in a sample that is analyzed by morphology alone. The
probability of just such a scenario is strengthened by the inorganic nitrogen
assimilatory capacity present in the genome of N. punctiforme. 1f expressed, and
operative with efficient kinetic parameters, the redundant ammonia and
nitrate/nitrite assimilatory capacity indicates N. punctiforme and its ilk could be
highly competitive in both nitrogen-rich and nitrogen-poor habitats, but with their
presence inconsistently scored. The robust nitrogen-assimilatory capacity, and
either its retention or acquisition over evolutionary time in N. punctiforme, as well
as the more rapid growth on ammonium relative to N, and repression of heterocyst
differentiation by low concentrations of combined nitrogen, imply that heterocyst-
localized nitrogen fixation is more of a survival response than a competitive way-of-
life strategy. The biosynthetic costs of nitrogen fixation and the loss of a
reproductive photosynthetic cell are apparently sufficiently high that the default
growth mode may be to use sources of combined nitrogen.

5. SUMMARY AND CONCLUSIONS

A justification for basic scientific inquiry, beyond knowledge for the sake of
knowledge, is to apply the concepts and/or end products generated to problems of
the environment and human health and nutrition. Accrual of a considerable amount
of information on heterocyst-localized nitrogen fixation remains before the process
could be applied in, for example, an agronomic situation. Nevertheless, the
organizationally simple cyanobacterial symbiotic associations may provide a more
realistic paradigm for engineering new nitrogen-fixing plant symbioses than the
more complex, but highly effective, rhizobia-legume associations. The genome and
genetic tractability of N. punctiforme provide an experimental foundation and
system to approach such applied goals. Only a minor fraction of the information
will come from purely computational and comparative analysis of the genome
sequence, although such analyses will be instrumental to the overall process.

I hope to have convinced the reader that the elements of the regulatory program
that initiates and propagates terminal heterocyst differentiation in both free-living
and symbiotic growth states, as well as initiating symbiotic interactions, have few
(if any) homologues in other organisms. Therefore, identification of these elements
will require functional genetic approaches; i.e., the genes (and their gene products)
need to be fished out of the genome. The rate of progress in fishing can be greatly
accelerated by the application of high throughput global approaches of DNA
microarray transcription assays and mass spectrometric protein analyses. The
sequenced genome of N. punctiforme allows entry into such high throughput global
approaches in experimental design, application, and analysis. The genome of N.
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punctiforme contains a whole lot of gourmet fish, many of which are likely to be
involved in free-living and symbiotic nitrogen fixation as well as the other
numerous phenotypic traits expressed by this organism. They are primed to be
caught, identified, characterized, and manipulated by any and all who want to fish.
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CHAPTER 5

THE nif GENES OF RHODOBACTER CAPSULATUS,
RHODOBACTER SPHAEROIDES AND
RHODOPSEUDOMONAS PALUSTRIS

R. HASELKORN' AND V. KAPATRAL?
'Dept of Molecular Genetics and Cell Biology, University of Chicago, Chicago,
IL 60637; 2[m‘egratea’ Genomics, 2201 West Campbell Park Drive,
Chicago IL 60612, USA

1. INTRODUCTION

The photosynthetic bacteria Rhodobacter capsulatus and its relatives were isolated
by Howard Gest and shown by him to fix N, and to generate H, in the light. R.
capsulatus became the preferred member of the family for genetic studies due to the
identification of the generalized transducing agent (a bacteriophage) called GTA,
which was shown to package and transfer DNA fragments from one strain to
another with high efficiency (Marrs, 1974). Rhodobacter sphaeroides has been
used extensively for biochemical and biophysical studies of the photosynthetic
apparatus. One of the supreme mysteries of this field is the fact that photochemical
reaction centers from R. sphaeroides can be purified and crystallized, whereas
reaction centers from R. capsulatus cannot. Thus, there is a reasonable structure
available for the R. sphaeroides reaction center but most of the molecular genetic
studies, including amino-acid replacements, have been done using R. capsulatus.
Historically, genetic studies of nitrogen fixation in this group were carried out
on R. capsulatus, starting with the isolation of nitrogen fixation (nif) mutants (Wall
and Braddock, 1984) and their mapping using GTA. These mutants were used in
turn as the starting point for the cloning and mapping of the nif genes (Avtges et al.,
1985). This work began with a library of chromosomal DNA fragments in a vector
that could be transferred from E. coli to R. capsulatus by conjugation.
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Complementation of the Wall nif mutants led to the isolation of DNA fragments that
contained additional nif genes. These were identified initially by transposon
insertion and transfer of the transposon to wild-type R. capsulatus and the creation
thereby of new nif mutants. Eventually, the new nif genes were sequenced and lac
fusions were constructed to study their regulation (Kranz and Haselkorn, 1985).
Independently, Klipp and his collaborators cloned the nif genes of R. capsulatus and
sequenced them (Klipp e al., 1988). This last work led to the discovery of both
multiple copies of the nif4 gene, which explained why others had failed to isolate
nif4 mutants, and an alternative nitrogenase that lacks molybdenum and tungsten
(Klipp et al., 1988). Willison and Vignais also mapped nif genes in R. capsulatus
using whole chromosome mobilization (Vignais et al., 1985; Willison, 1993).

Global analysis of the R. capsulatus genome was begun by preparing a long-
range physical map of the chromosome (Fonstein ef al., 1992), then constructing a
cosmid library, and selecting an overlapping set of 192 cosmids that covered the
chromosome and a 134-kb plasmid (Fonstein et al., 1995). A fine-structure
physical map was based on more than 500 mapped sites for six restriction enzymes.
The sequencing of the cosmid set was carried out at the University of Chicago, The
Institute for Genetics of the Academy of Sciences of the Czech Republic in Prague,
and finally at Integrated Genomics, Inc. in Chicago (Vicek et al., 1997; Haselkorn
et al., 2001). Due to repeated eclements, some of the overlaps in the original
cosmid-based physical map were incorrect, leading to gaps in the final alignments.
As of the spring of 2003, four gaps remained in the sequence. Two of these have
been closed by lambda clones waiting to be sequenced. The last two gaps await
closing by other methods, such as long-range PCR.

A current view of the genomes of the three species of photosynthetic bacteria is
summarized in Table 1. The data for R. capsulatus are taken from the ERGO site at
Integrated Genomics; the data for R. sphaeroides are from S. Kaplan; and data for
Rhodopseudomonas palustris are from the Joint Genome Institute.

Table 1. Genome statistics

R. capsulatus  R. sphaeroides R. palustris

Genome size (Mb) 3.7 4.6 54
Number of contigs 9 14 2
Number of ORFs 3,616 4,488 5,208
Number of ORFs with 2,594 3,096 3,539
function

Number of ORFs with no 18 3 1
similarities

Ribosomal RNA operons 4 3 2

R. capsulatus has one chromosome and one 134-kb plasmid, so the number of
contigs implies that there are still some unsequenced gaps in the data. R.
sphaeroides has two chromosomes and five small plasmids, so seven gaps remain.



RHODOBACTER nif GENES 73

Finally, the R. palustris sequence is essentially complete. For each, the density of
ORFs, about one ORF per kb, is typical of bacterial genomes. The frequency of
functional assignments for the ORFs ranges from 72-67% for the three species and
again this is typical for a good sequence analyzed using the tools in the ERGO suite.

The number of ribosomal RNA operons is not correlated with genome size at
all. R. palustris has two such operons with the gene order 5S, 23S, tRNA-Ala,
tRNA-Ile, 16S. One of the operons has, in addition, a gene encoding tRNA-Ser
following the 16S gene. In R. sphaeroides, there are three complete operons:
tRNA-Met, 5S, 23S, tRNA-Ala, tRNA-Ile, 16S. One of these operons has an
additional tRNA-Ser gene at the 5° end. There is also a fragment of an operon
consisting of a 16S RNA gene followed by tRNA-Val. In R. capsulatus there are
four identical operons: tRNA-Met, 58S, 23S, tRNA-Ile, tRNA-Ala, 16S.

The best-studied system for nitrogen fixation remains that of Klebsiella
prneumoniae and the system in R. capsulatus is similar in many details but with the
following significant exceptions. First, nitrogenase activity can be modified, in
response to either addition of ammonia or transfer of cells to darkness, by the
covalent addition of an adenylyl group to the NifH protein. Second, as in
Azotobacter vinlandii, there is an alternative nitrogenase that operates without
molybdenum in its cofactor. Other minor differences will be noted below.

2. REGULATION OF THE NITROGEN-FIXATION SYSTEM

—— NuC I B

+ ++ + —+

n1fA1 n1fA2 aan glnB
RegA MopA, MopB
RpoN g \ p p
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Figure 1. The regulatory circuits controlling expression of the nif genes of R. capsulatus.
See text for explanations.

The regulatory circuits leading to transcription of the genes for nitrogenase and its
co-factors are shown in Figure 1. The top row consists of NtrC alone. This protein
was originally called NifR1 until its sequence similarity to the NtrC proteins of both
E. coli and K. pneumoniae was noticed (Jones and Haselkorn, 1989). NtrC is a
response regulator that binds to DNA and activates transcription by the major
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cellular RNA polymerase. NtrC is itself made active by phosphorylation by the
histidine kinase NtrB, which responds to the nitrogen status of the cell. NtrC-P
activates transcription of many genes, among them nifdl, nifA2, anfd, and ginB
(Py). NifAl and NifA2 are essentially identical proteins (see below), either of
which suffices to transcribe the structural nif operons, such as nifHDK. AnfA is a
paralogue of NifAl whose function is to activate transcription of the anf operons,
such as anfHDGK (Masepohl et al., 2002). All three factors (NifAl, NifA2, and
AnfA) are inactivated by ammonia or O,, making it impossible to express the nif
operons under those conditions.

Expression of NifA2, but not NifAl, is enhanced by RegA, another response
regulator that also functions in the expression of some genes for components of the
photosynthetic apparatus (Elsen ez al., 2000). Transcription of anfA4 is repressed by
MopA and MopB, which respond to the level of molybdenum in the cell (Masepohl
et al., 2002). Thus, under normal conditions, the alternative nitrogenase is not
made, even in the absence of ammonia and O,, unless the cells are also starved for
molybdenum (Schuddekopf ez al., 1993).

Although the nif4 genes are transcribed by NtrC-P/RNAP, the structural nif
operons require a different RNA polymerase, one in which ¢’ is replaced by ¢>*.
The latter factor is encoded by the rpoN gene, originally called nifR4. Expression of
the rpoN gene is moderately complex (Preker er al., 1992; Cullen et al., 1994;
Foster-Hartnett and Kranz, 1992). The gene is downstream of the nifU2 gene in a
small operon. One promoter, just upstream of rpoN, is transcribed constitutively by
6"°-RNAP to yield the RpoN needed by many operons. Under nitrogen-fixing
conditions, a second promoter upstream of nifU2 is transcribed by o’ '-RNAP
activated by NifA, yielding an enhanced level of RpoN.

Expression of the nif structural operons can be inhibited by low levels of drugs
that interfere with DNA supercoiling (Kranz and Haselkorn, 1986). These results
likely mean that special DNA structures are required to form transcription complexes
at the major nif promoters. The small basic nucleoid-associated protein, H-NS, has a
homologue in R. capsulatus called HvrA (Raabe et al., 2002). The latter protein
binds specifically to linear forms of the major nif promoters, i.e., those of nifH and
nifB. It seems to mediate the repression by ammonia of transcription from these
promoters. Thus, productive transcription from, say, the nifH promoter requires -
RNAP, either NifAl or NifA2, ITHF (to permit DNA bending for the interaction of
NifA with 6>*-RNAP), and the absence of HvrA. Other proteins may enhance this
transcription without being essential.

There is another set of controls over the entire system. The g/nB gene encodes a
small regulator protein, called Py, which reports, through the adenylylation cascade,
the nitrogen status of the cell. Py is itself transcribed using NtrC, the g/nB gene
having both positive and negative binding sites for NtrC (Foster-Hartnett and Kranz,
1994). In the presence of ammonium, Py prevents the transcription of the nif4 and
anfA genes, thereby shutting down the whole system. There is a second gene, called
glnK, that encodes a paralogue of Py, but this protein does not participate in the Ntr
signal-transduction mechanism. Instead, it plays a role in a post-translational control
of NifA activity. It also plays a role in the modification of NifH by the DraT/DraG
system in response to ammonium. The significance of the two Py proteins is manifest
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by the fact that cells can make highly active nitrogenase in the presence of ammonia
if both g/nB and ginK genes are mutated (Masepohl ez al., 2002).

As in Rhodospirillum rubrum and Azospirillum brasilense, R. capsulatus
responds to either the addition of ammonium or transfer to darkness by covalent
modification of the NifH component (the Fe protein) of nitrogenase. This
modification, catalyzed by the DraT protein, is the addition of an ADP-ribosyl
group to an arginine residue (Arg-101), resulting in total loss of activity. This
modification can be reversed by a glycohydrolase, which is the product of the draG
gene. The draTl and draG genes form a small operon, about 1 Mb distant from
nifHDK. 1t is curious that the DraTG system is missing from R. sphaeroides.
Transfer of the dralG genes from R. capsulatus into R. sphaeroides endows the
latter with the ability to modify nitrogenase in response to ammonium and darkness
(Yakunin et al., 2001). The DraTG system is regulated by Py and, as mentioned
above, a double g/nB/ginK mutant makes active nitrogenase in the presence of
ammonium.

3. OPERON STRUCTURE AND GENE ORGANIZATION

In the following figures, we show “pinned regions”, which correspond to the
neighborhoods of selected genes, taken from the ERGO suite at Integrated
Genomics. In each figure, a single ORF is aligned in two or three genomes and then
the neighboring genes can be compared. Details are given in the figure legends.
Here, we comment on unexpected features compared to the situation in K.
pneumoniae. Figure 2 reviews the nif-gene region of K. pneumoniae. Note the
operon structure, indicated by the transcripts, and the placement of the nifL gene,
which is missing from all the photosynthetic bacteria. NifL inactivates NifA in
response to ammonia or O,, whereas the NifA proteins of the photosynthetic
bacteria take care of that by themselves.

nif 0 B A L F M v § U XN E ¥ K L H € J

o 5 L O o B, O G O O O, N O R -

“—— 4+ > +— < - <

Figure 2. The nif operons of Klebsiella pneumoniae. Arrows indicate transcription units.

The operons that encode the structural proteins of the major Mo-containing
nitrogenase of the photosynthetic bacteria are shown in Figure 3. This region
contains the nifHDK operon, followed by the nifUrpoN operon (described above), a
nifAB operon, and then a four-gene operon for Mo transport, followed by their
repressor gene. The latter genes are slightly rearranged between R. capsulatus and
R. sphaeroides. The nifdA genes are duplicated in R. capsulatus, which made it
initially impossible to determine the phenotype of a nif4 mutant. Now, it is known
that NifA is required for transcription of the other nif operons, as for Klebsiella. In
fact, the genome sequence shows four paralogues of the nif4 gene (Figure 4).
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Figure 3. Region containing the structural genes for the major nitrogenase
in photosynthetic bacteria.

Numbered ORFs are as follows: 1, NifH, 2, NifD, 3, NifK; 4, NifU2; 5, RpoN; 6, NifA; 7, NifB; 8, ModD
(transporter); 9, ModC (ATP-binding),; 10, ModB (permease); 11, Mo-binding protein; 12, MopB (Mo-
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Figure 4. Amino-acid sequences of the four paralogues of Nif4 in the
genome of Rhodobacter capsulatus.
* indicates identical residues in all the proteins; : indicates similarity.
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The two nif4 genes are nearly identical except for the very N-terminal residues.
The anfA-gene product is similar and required for transcription of the operon
encoding the AnfHDGK proteins of the Mo-free nitrogenase. NtrX, which is part of
a two-component signaling system that is clearly related to the NifA protein family
(Ishida et al., 2002), is shorter at the N-terminus but otherwise very similar to NifA
through its central half and it has a good helix-turn-helix near the C-terminus.

Even though there is a single rpoN gene in R. capsulatus, there are four in the
genome of R. sphaeroides. Their sequences are compared in Figure 5.
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Figure 5. Amino-acid sequences of the RpoN proteins of R. capsulatus (fop line)

and R. sphaeroides (bottom four lines).
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At least two of these rpoN genes were known to be functional when it proved
impossible to knock out a single 7poN gene with phenotypic consequences (Meijer
and Tabita, 1992). The sequences are reasonably conserved through the central
third of the molecule and all of the proteins have the conserved RpoN box
(ARRTVAKYR) near the C-terminus.

The ntrX gene is adjacent to its cognate kinase gene, ntrY, in both R. capsulatus
and R. sphaeroides (Figure 6). The same region contains the genes nifR3, ntrB, and
ntrC (see Figure 1). The two chromosomal regions are very similar except for the
insertion, in R. sphaeroides, of two genes encoding components of the potassium-
uptake system, Trk, between nfrX and AfIX. The small gene nrf4 encoding a 77-
amino acid protein is found in both genomes just upstream of 4fI.X. NrfA is related
to a nucleoid-binding protein of E. coli, Hfq, and, although it is not absolutely
required for growth on N, as nitrogen source, it is required for maximum growth. It
functions by regulating the level of transcription of both the nif4 and anf4 genes
(Drepper et al., 2002).

S 0 S B
L U RN BN BN, BN, B Bt
Figure 6. Pinned regions of the ntrB/ntrC genes of R. capsulatus (A) and R. sphaeroides (B).

Numbered ORFs are as follows: 1, NifR3; 2, NtrB (kinase), 3, NtrC (response regulator);
4, NtrY (kinase); 5, NtrX (response regulator).

The genes encoding the structural components of the alternative nitrogenase in
R. capsulatus are located about 100 kb away from the region shown in Figure 3.
For comparison, we show also the pinned region from Azotobacter vinelandii, in
which the alternative nitrogenases were discovered (Figure 7). The regions are
similar in the two bacteria, except for the gene encoding an antibiotic-resistance
protein, which is downstream of the anf operon in R. capsulatus but upstream and in
reversed orientation in A. vinelandii. Note also that, between anfD and anfK, there
is a small ORF for the §-subunit, an extra component of the alternative nitrogenase.
There is no alternative nitrogenase in R. sphaeroides.

s> IR I BN B NER) R
s [ >3] IR IS R B BEE)
Figure 7. Pinned region of the anf operon in R. capsulatus (A) and A. vinelandii (B).

Numbered ORFs as follows: 1, AnfA; 2, AnfH; 3, AnfD; 4, AnfG (delta protein), 5, AnfK; 6,
hypothetical; 7, hypothetical; 8, 5-nitromidazole resistance protein.

The remaining nif genes of R. capsulatus are in a large cluster covering more
than 13 kb, in which non-nif genes are interspersed. These are shown in Figure 8.
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Figure 8. Pinned regions around the nifAB, nifUSVW, nifENX and rnfBCDGH genes.
Numbered ORFs are as follows: A. 1, Nifd; 2, NifB, 3, hypothetical; 4, hypothetical;5, hypothetical;
6, NifZ, 7, ferredoxin; 8, FixU. B. 1, NifU; 2, NifV; 3, NifS; HesB family; 5, ferredoxin; 6, hypothetical,
7, NifX; 8, NifN; 9, NifE, 10, NifW. C. 1, RnfA; 4, RnfB; 5, RnfC; 6, RnfD; 7, RnfG, 1, RnfE; 8, RnfH;
9, flavoprotein precursor.

Notable are a second nifAB operon (see Figure 3 for the NifA sequence) and a
possible nifUSVW operon. This nifU gene, however, corresponds to just the C-
terminal third of the real nifU gene. It contains a cys-X-X-cys sequence, so it could
be involved in the synthesis of Fe-S clusters for nitrogenase (D.R. Dean, personal
communication). The nif} gene encodes homocitrate synthase, which is needed for
the FeMo-cofactor. The nifS gene is annotated as a cysteine desulfhydrase but this
one is believed to encode the true NifS for nitrogenase cofactor synthesis.
Following nifQ, ferredoxin III, and several hypothetical proteins, we come to the
nifENX operon. Next, there are half a dozen ORFs for ferredoxins, a flavodoxin, a
sigma factor, a subunit of a Na'-translocating NADH-quinone reductase, and a
thiamine-biosynthesis lipoprotein. Finally, there is a six-gene operon that encodes
the Rnf electron-transport complex (rnf BCDGEH). This complex, which is
membrane-bound, plays an important role in electron transfer to nitrogenase
(Schmehl et al., 1993).

The genome regions around several of the remaining regulatory protein genes
(Figure 1) contain interesting features. The g/nB gene, encoding Py, precedes the
glnA gene, encoding glutamine synthetase, in both R. capsulatus and R.
sphaeroides. In both strains, the g/nK gene, encoding a second copy of Py, precedes
an ammonium-transporter gene. Other genes in the neighborhood, not related to
nitrogen fixation, are also similar in the two strains.

The last region to be considered is shown in Figure 9, which includes the
regulatory pair regA/regB and the hvrA gene. RegB is a histidine kinase and RegA
is the cognate response regulator (see Figure 1) that activates genes for
photosynthesis as well as one of the nif4 genes. An unusual feature is that these
two genes are not co-transcribed; they are on opposite strands and separated by
another ORF that encodes the regulatory protein PrrC. Downstream from the reg4
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gene is another small ORF for the regulatory protein HvrA. These features are
identical in R. capsulatus and R. sphaeroides.

R. capsulatus n n -n ‘L 1 7 8' 9 m
R. sphaeroides (1G-32) h -nn ‘6 1 7 “m

Figure 9. Gene organization at the RegB (1) in the R. capsulatus
and R. sphaeroides genomes.
1. Histidine kinase RegB; 2. Adenosylhomocysteinase (EC 3.3.1.1); 3. Hypothetical cytosolic protein;
(White ORF) AHCY transcriptional activator hvrB; 4. Trans-acting regulatory protein hvrA;
5. Photosynthetic response regulator PrrA; 6. Regulatory protein prrC; 7. Phosphate regulon sensor
protein phoR (EC 2.7.3.-); 8. ATP/GTP hydrolase; 9. 7.5 kDa chlorosome protein; 10. Mannose-1-
phosphate guanyltransferase (EC 2.7.7.13).

HvrA plays a strange role in nitrogen fixation, it is something of a mystery. It
is a small basic protein related to the E. coli protein H-NS, which binds to bent
DNA. In R. capsulatus, it activates transcription of genes for photosynthesis, but its
role in nitrogen fixation appears to be negative. It binds specifically to the nifH
promoter (Raabe et al., 2002).

The identity between R. capsulatus and R. sphaeroides extends to another ORF
in this region that is truly remarkable; one that encodes the chlorosome protein of
Chloroflexus. The latter bacteria are considered to be very primitive phototrophs,
most of which contain no conventional photochemical reaction centers but instead
have football-shaped chlorosomes as light-harvesting antennae. These transfer
energy to chlorophyll complexes attached to the cytoplasmic membrane. One
species, Chloroflexus auriantica, actually has conventional reaction centers as well
as chlorosomes. The fact that both R. capsulatus and R. sphaeroides have complete
ORFs for the chlorosome protein suggests that the ORFs are functional and
expressed. This suggestion is testable by mutation and expression experiments,
which are eminently feasible.
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CHAPTER 6

GENOMIC ARCHITECTURE OF THE MULTIPLE
REPLICONS OF THE PROMISCUOUS RHIZOBIUM
SPECIES NGR234
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1. INTRODUCTION

Rhizobium species NGR234 is a Gram-negative, a-proteobacterium that establishes
nitrogen-fixing symbioses with more leguminous plants than any other micro-
symbiont so far examined. What gives Rhizobium sp. NGR234 this broad host-
range is not fully understood, however. Like many rhizobia, NGR234 has a
composite genome. It consists of three replicons: a symbiotic plasmid pNGR234a
of 536 kb, a megaplasmid pNGR234h (> 2,000 kb), and a chromosome possibly
larger than that of Sinorhizobium meliloti (ca. 3,700 kb). Extensive genetic,
metabolic, genome-dynamics, and sequencing-analyses research has been carried
out on this bacterium. A landmark in understanding the genetics of nitrogen-fixing
organisms was the complete nucleotide sequence of pNGR234a. This review
focuses on the biology and genetics of the three replicons of NGR234 and intends to
shed light on the possible mechanism responsible for broad host-range symbioses.

A large spectrum of Gram-negative bacteria, including Burkholderia,
Methylobacterium, and Ralstonia are known to form nitrogen-fixing symbioses with
legumes (Moulin ef al., 2001a, b; Chen et al., 2001; Sy et al., 2001). Six genera of
rhizobia are also recognized; these are Allorhizobium, Azorhizobium,
Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium (van Berkum et
al., 2003; Broughton, 2003). In compatible interactions, these soil bacteria
penetrate plant roots via infection threads and new structures called nodules are
formed (Broughton ef al., 2000). Nodule organogenesis begins with the de-
differentiation of few root cortical cells near the site of bacterial infection and then
continues with the formation of a nodule primordium (Verma and Hong, 1996; Oke
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and Long, 1999). Nodule formation not only involves a large number of plant
genes, it also requires signals from the microsymbionts (Fisher and Long, 1992;
Schultze et al., 1994; Long, 1996; Broughton and Perret, 1999; Perret et al., 2000a).

Symbiotic nitrogen-fixing associations show varying degrees of specificity
(Martinez-Romero and Caballero, 1996). For instance, Sinorhizobium meliloti
nodulates plants of the three genera, namely Medicago, Melilotus and Trigonella
(Dénarié et al., 1992), whereas Azorhizobium caulinodans is restricted to Sesbania
species (M. Holsters, personal comunication; Lewin ef al., 1987). In stark contrast
to these narrow host-range rhizobia, Rhizobium species NGR234 nodulates more
than 112 genera of legumes and fixes nitrogen in association with plants that form
either determinate or indeterminate nodules (Pueppke and Broughton, 1999). This
extremely broad host-range makes NGR234 a convenient model to analyse the
bacterial determinants involved in symbiotic promiscuity and to test the possible
effects of alternative genome architectures on the nodulation capacities of this
strain. In this chapter, we will summarise general information on symbioses with
NGR234, especially focusing on genomic aspects that could help to understand the
complexity of such a “universal symbiont”.

2. PROMISCUITY OF NGR234

NGR234 was isolated in 1965 from nodules of the tropical legume Lablab
purpureus in Papua New Guinea (Trinick, 1980). Soon after, it was shown that
NGR234 was able to form nitrogen-fixing nodules with other legumes as well as the
non-legume Parasponia andersonii (Broughton and Dilworth, 1971; Trinick, 1980).
Since then, extensive studies have shown that the host-range of NGR234 includes
more than 112 genera in all three subfamilies of Leguminosae (Pueppke and
Broughton, 1999). Depending on the host-plant, both determinate and indeter-
minate nodules can be formed. This exceptional host-range was a further challenge
to the concept of specificity in Rhizobium-legume symbioses and drove studies
aimed at understanding the molecular basis for such promiscuity.

Initially, the control of specificity in legume-Rhizobium associations is
mediated by chemical cross-talk between the symbionts. Flavonoids released by
legume roots interact with rhizobial transcriptional regulators of the LysR family
(e.g., NodD) and induce the expression of nodulation genes (nod, noe and nol). In
response, rhizobia secrete a family of lipo-chito-oligosaccharides (LCOs), called
Nod factors, which induce nodule formation (Lerouge ez al., 1990; van Brussell et
al., 1992; Relil et al., 1993). NodD1 of NGR234 is able to interact with a large
spectrum of flavonoids and, partly for this reason, has an extended host-range
(Fellay et al., 1995). In addition, NGR234 produces a large variety of Nod factors
that differ in the number and degree of their substitutions (Price et al., 1992).
Classical genetic methods combined with biochemical analyses led to the
identification of all loci involved in the synthesis of NodNGR factors. These
include the operon nodSU, which is involved in the carbamoylation and N-
methylation of Nod-factors, and nodZ, which is required for their O-fucosylation
(Jabbouri et al., 1995; Quesada-Vincens ef al., 1997). Genes, such as noel, nolL
and nolO, encode enzymes that participate in O-methylation, O-carbamoylation, and
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O-acetylation of Nod-factors, respectively (Relil ef al., 1994; Freiberg et al., 1997,
Jabbouri et al., 1998). Another locus, noeE is involved in sulphation of NodNGR
factors, thus, extending the host-range of NGR234 to include Calopogonium
caeruleum (Hanin et al., 1997). Although, many homologous loci are found
individually in the genomes of other rhizobia, where they play a role in host
specificity of nodulation (4sn), they coexist in NRG234. Taken together, these
characteristics partially explain the symbiotic promiscuity of NGR234.

3. STRUCTURAL ORGANISATION OF THE NGR234 GENOME
3.1. Replicon number, size and geometry

Rhizobial genomes are complex. They are composed of a large chromosome plus
none to many large plasmids. The complete set of plasmids of a given strain may
represent up to 50% of the total genome (Honeycut et al., 1993). Research on the
structure of NGR234 genome began with the analysis of its plasmid profiles, which
were shown initially to contain one, then later two, replicons in addition to the
chromosome (Pankhurst et al., 1983; Morrison et al., 1983; 1984). After
contradictory results and controversial debates (Freiberg et al., 1997; Downie, 1997,
Perret and Broughton, 1997a), it is now well established that NGR234 contains
three replicons: one chromosome and two plasmids (pNGR234a and pNGR2345b,
Flores et al., 1998). Pulse-field gel electrophoresis (PFGE) with restricted and
intact genomic DNA of NGR234 confirmed that the three replicons are circular
(Mavingui et al., 2002; Perret and Mavingui, unpublished). The 536,165 bp of the
symbiotic plasmid pNGR234a encodes most loci involved in nodulation and
nitrogen fixation (Freiberg ef al., 1997). Electrophoretic analyses showed that the
megaplasmid pNGR234b is larger than pSymB of S. meliloti (1,683 kb) and the
NGR234 chromosome appeared larger than that of S. meliloti (3,654 kb) (Flores et
al., 1998; Mavingui et al., 2002). Combined data from Echkardt gels, PFGE, and
physical mapping give an estimate of the size of pNGR2345 at more than 2,000 kb,
making it probably the largest plasmid known in rhizobia (Table 1).

3.2. The symbiotic plasmid pNGR234a

Symbiotic loci are usually carried by large plasmids in Rhizobium strains and are
therefore called “symbiotic plasmids” (Banfalvi ef al., 1981; Rosenberg et al.,
1981). In B. japonicum (Kiindig et al., 1993) and M. loti (Sullivan and Ronson,
1998), symbiotic loci are clustered in “symbiotic islands” on the chromosome.
Curing and mobilisation experiments showed that NGR234 harbours a replicon that
confers on bacterial transconjugants the ability to nodulate non-host plants or extend
its host range (Morrison et al., 1984; Broughton ef al., 1984; 1986). Hybridisation
experiments confirmed the presence of nodulation and nitrogen-fixation (nif, fix)
genes on this replicon (Pankhurst ef al., 1983; Broughton ef al., 1984). Later, a
physical map of pNGR234a was constructed (Perret ef al., 1991) and its complete
sequence of 536,165 nucleotides established (Freiberg et al., 1997).
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Table 1. Architecture and genome size of some members of rhizobia.

. Replicon Replicon Genome
Strain Number size (kb) size (kb) References
Agrobacterium 2841%, 2075, Wood et al. 2001,

tumefaciens C58 4 542,214 3672 Goodner et al. 2001
Kiindig et al. 1993 ;

. . a,c,d
Bradyrhizobium 1 9106 9106 K aneko et al. 2000

Jjaponicum USDA 110
7036 351,

Mesorhizobium loti 3 208 7597 Kaneko ez al. 2000.
MAFF303099
Flores ef al. 1998
Rhizobium sp. 3 3700°%, 2000, 6236  Perreter al. 2000b
NGR234 536° Mavingui ef al.
2002
50007, 700,
Rhizobium etli CEN42 7 500, 370%,270, 7190 ](3}““0,51“ al. 210%03
ZOOd, 150 onzalez et al.
Sinorhizobium 3 3654%, 1683°, 6691  Galibert et al. 2001
meliloti 1021 13544

+bed Indicate replicons containing: *, rRNA; ®, Ti; ¢, nod-nif: *, exo genes.
 Most replicons of rhizobia are circular, except this linear chromosome of 4. fumefaciens.

Both genetic characterisation and sequence annotation confirmed the presence
of most symbiotic genes on pNGR234a. Except for nodPQ (Perret et al., 1991),
these include all the loci involved in Nod-factor biosynthesis as well as the
transcriptional regulators, nodD1, nodD2, syrMI, and syrM2. In contrast to the
hsnl, hsnll, and hsnlll loci, which are dispersed over the entire replicon, the »if'and
fix genes are clustered in a single large region that includes the regulator nif4, two
nitrogenase structural nifHDK operons as well as genes for electron transport and
ferredoxin synthesis (fixdBCXfdxBN). A total of 19 nod boxes and 16 NifA-c™*
promoters were found. In addition, pPNGR234a contains one copy of dct4 and a 35-
kb locus, which encodes a type three secretion system (TTSS) with homologues
also present in Rhizobium fredii (de Lyra et al., 2000), M. loti (Kaneko et al., 2000),
and B. japonicum (Gottfert et al., 2001). First characterised in plant and animal
pathogens where they play essential roles in virulence, TTSS modulates symbioses
between rhizobia and legumes (Viprey et al., 1998; Marie et al., 2001). Finally,
unlike pSymB of S. meliloti, which contains an Arg-tRNA gene (Finan ef al., 2001),
no loci essential to transcription, translation, or primary metabolism were found on
pNGR234a.

Strikingly, many duplicated sequences are present on pNGR234¢, including the
two nifHDK operons as well as both insertion (IS) and mosaic (MS) elements.
Together, repeated sequences represent 18% of the whole replicon (Freiberg et al.,
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1997). As IS/MS elements separate clusters of functionally related genes that have
distinct G+C values, horizontal gene transfers and movement of IS/MS elements
have shaped the mosaic structure of this plasmid. Several IS sequences, which are
repeated on pNGR234aq, are also found in multiple and identical copies on the other
two replicons, further showing that they are mobile (Perret ef al., 1997; 2000b). In
addition, many of the repeated sequences serve as points for homologous
recombination, leading to genome rearrangements (see Palacios and Flores, this
volume). Other interesting classes of reiterated sequences are short repeated DNA
motifs (van Belkum, 1998) that are known to play a role in microbial pathogenesis
and evolution (van Belkum, 1999). pNGR234a contains five mini-satellites (short
tandem repeat units) with repeat units of more than 10 bp and a total length greater
than 100 bp, that are randomly distributed throughout the replicon (Le Fleche et al.,
2001; http://minisatellites.u-psud.fr). One copy of RIMEI (Rhizobium-specific
Intergenic Mosaic Elements) was identified between ORFs y4fQ and y4fR (Freiberg
etal., 1997).

Like many rhizobial plasmids, pNGR234a belongs to repABC replicon-type.
Similarly replicating plasmids are pTiB63S and pRiA4b of Agrobacterium and
pRLS8IJI of Rhizobium (Freiberg et al., 1997). Also, a number of homologues of
conjugal transfer loci of Agrobacterium (Moriguchi et al., 2001) were found in
pNGR234q, including the 12-bp oriT.

3.3. The megabase-size replicons, pNGR234b and the chromosome

Morrison et al. (1984) were the first to observe pNGR234b on Eckhardt gels
(Eckhardt, 1978). A modified version of the in-gel cell lysis “Eckhardt” technique,
however, allowed its consistent detection in NGR234 (Flores et al., 1998). In
addition, PFGE allowed the detection of pPNGR2345 together with the ca. 3.7-Mb
chromosomal replicon (Figure 1; Mavingui ef al., 2002).

Although the sequencing of these two replicons is continuing, hybridisation
experiments have provided much additional information and some genes involved
in symbiosis have been found in this way on both replicons (Chen et al., 1985;
Perret, 1992; Gray et al., 1990; Flores et al., 1998). For instance, homologues of
exoBDFKL (Becker et al., 1993; Glucksmann et al., 1993), which are involved in
the synthesis of exo-polysaccharides, are located on pNGR234h. Two copies of
nodPQ genes, which encode enzymes involved in the synthesis of PAPS, a
precursor of Nod-factor sulphation (Schwedock and Long, 1990), are present; one
on pNGR234b and the other on the chromosome. Homologues of nodGE, fixLJ
(David et al., 1988), and fixK (Batut et al., 1989), whose products participate in the
regulation of nitrogen fixation in addition to fixNOPQ (Preisig et al., 1993), are also
present on the chromosome.

Other chromosomal loci include: (i) both the micro-aerobically induced
cytochrome oxidase complex and fixGHIS (Khan et al., 1989), which encodes a
membrane-bound complex that includes a cation pump involved in nitrogen
fixation; (ii) the sigma factor rpoN (van Slooten et al., 1990); (iii) the gene pckA for
phosphoenolpyruvate carboxykinase (Osteras ef al., 1991); and (iv) the hemA gene
for a-aminolaevulinic acid synthase (Stanley ez al., 1988). Moreover, as in many
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Rhizobium species, the chromosome of NGR234 contains three 5S, 16S, and 23S
rRNA gene clusters (Perret, 1992).

Further information on genes carried by both pNGR234b and the chromosome
was obtained by randomly sequencing DNA of ANU265 (Viprey et al., 2000), a
derivative strain of NGR234 cured of pNGR234a (Morrison et al., 1984). The
position of several of the sequenced loci was mapped onto the partially ordered
cosmid library constructed for each replicon. In total, 273 overlapping cosmids
were grouped in contigs of 50 kb to 600 kb that covered almost 95% of both
replicons (Perret, 1992). Blast analyses of 2,275 random “shot-gun sequences”
from the ANU265 library showed that more than one thousand (1,130) matched
putative proteins grouped by functional classes (see Table 2).

As expected, many sequences that were homologous to housekeeping genes
were found, including homologues of genes involved in the biosynthesis of
vitamins, such as biotin and thiamine, which are essential for growth of rhizobia
(West and Wilson, 1939; Streit et al., 1996). Various homologues of the
chaperones genes, groEL, groES, dnaJ, and others which encode small heat-shock
proteins (sHsps) that are present in many rhizobia (Miinchbach et al., 1999), were
also identified. Surprisingly, homologues of mocABC and mosA were also found.
These genes encode enzymes involved in the synthesis (mos) and catabolism (moc)
of rhizopines that were thought to be specific to strains of S. meliloti (Rossbach et
al., 1994, 1995) where they provide a competitive advantage (Murphy and Saint,
1992).

With respect to replication, recombination, repair, and DNA transfer, a number
of bacterial homologues were identified. For example, dnaEQXZ, parC, gyrAB,
recA, and uvrAC were located on the chromosome, whereas repB and trad are
found on pNGR234b (Viprey et al., 2000; Perret et al., unpublished data). IS/MS
elements are also present on both pPNGR2345 and the chromosome, albeit to a lesser
extent (around 2%) than on pNGR234a. Some of these IS/MS elements exist in
multiple copies and are identical to those found on pNGR234a (Perret et al.,
2000b). In contrast to pNGR234a and pNGR234b, a large number of BIMEs
(bacterial interspersed mosaic elements) were found in the chromosome and showed
homology to those of the S. meliloti genome (Perret et al., 2001).

3.4. Alternative architectures to the usual tripartite genome

As discussed above, the normal partitioning of NGR234 is into three replicons.
Identical tripartite partitioning was also observed in freeze-dried cultures of the
strain that were made in 1965 and 1971 (Flores et al., 1998), suggesting that this
genomic architecture is relatively stable. Nevertheless, as mentioned above, the
NGR234 genome contains a number of repeated sequences, including IS/MS
elements, some of which are shared between all three replicons (Perret et al., 1997).
Five copies of NGRIS4 (3,316 bp) exist, two on pNGR234a, one on pNGR2345,
and two on the chromosome (Perret et al., 2000b). It would, therefore, be
surprising if recombination did not occur between these exact repeats. Recently,
using a novel system for IS entrapment in Gram-negative bacteria (Schneider et al.,
2000), we were able to demonstrate IS movement in NGR234.
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Table 2. Functional classes of predicted proteins encoded by pNGR234b and the
chromosome (from Viprey et al., 2000; numbers in brackets are percentages of each group).

Functional categories Number
Cell wall 17 (1.9)

. Transport/binding proteins and lipoproteins 184 (20.0)
% Sensors (signal transduction) 21 (2.3
% Membrane bioenergetics (electron transport and ATP synthase) 49 (5.3)
:§ Surface polysaccharide biosynthesis and export 25(2.7)
E Sporulation 1(0.1)
§ Mobility and chemotaxis 26 (2.8)
g Cell division 5(0.5)
E Protein secretion 13 (1.4)
S Chaperones/heat-shock proteins 12 (1.3)
Cell killing 8(0.9)
Carbohydrates and related molecules 69 (7.5)
Amino acids and related molecules 91 (9.9)
Nucleotides and nucleic acids 11(1.2)
é Lipids 19 (2.1)
% Cofactors/prosthetic groups 37 (4.0)
= Phosphate 3(0.3)
Opine-like compounds 8(0.9)
Sulphur 2(0.2)
DNA replication, restriction, modification and repair 26 (2.8)
'g é» DNA segregation, recombination and transfer 10 (1.1)
é ﬁa RNA synthesis and modification 19 (2.1)
- Protein synthesis and modification 63 (6.8)
Regulatory functions 68 (7.4)
Adaptation to atypical conditions and protection 27 (2.9)
E -g Transposon-related functions 51(5.5)
o i‘f Phage-related functions 5(0.5)

S

Miscellaneous 52 (5.6)

Total

922 (100)
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Among the IS trapped, hybridisation experiments indicated that two IS
elements originated from pNGR234a, one from pNGR234b, and one from the
chromosome (Mavingui et al., unpublished data). Recombination between
homologous repeats promotes intra-genomic rearrangements, such as deletions,
amplifications, and inversions, of DNA regions throughout the NGR234 genome
(Flores et al., 2000; Mavingui ef al., unpublished data).

Furthermore, the genome of NGR234 is also prone to large-scale DNA
rearrangements as shown by the ability of the original tripartite NGR234 genome to
generate four alternative genomic architectures (Figure 1; Mavingui ef al., 2002).
One structure consisted of a single large DNA molecule resulting from the co-
integration of all three original replicons to give the form, chromosone-pNGR234a-
pNGR234h. The other architectures corresponded to genomes with only two
replicons. In these cases, the co-integrates were formed from only two of the three
original replicons, either the chromosome and pNGR234a or the chromosome and
PNGR234bh or pNGR234a and pNGR234h. In other words, the genome of
NGR234, like that of many bacterial species (Roth e/ al., 1996; Arber, 2000, 2002),
including thizobia (Romero and Palacios, 1997; Guo ef al., 2003), is dynamic and
prone to genetic rearrangements.
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Figure 1. Multiple genomic architectures of Rhizobium sp. NGR234. A, Plasmid and PFGE
patterns. B, schematic vepresentation of NGR234 alternative structures generated by
cointegration between replicons.

1 Sinorhizobium meliloti containing: a, pSymA; b, pSymB; and ¢, chromosome. 2 Rhizobium sp NGR234
harboring: a, pNGR234a; b, pNGR234b; ¢, chromosome. 3-6 NGR234 derivatives with cointegrates: d,
PNGR234b-pNGR234a; e, chromosome-pNGR234a; 1, chromosome-pNGR234b; g, chromosome-
PNGR234a-pNGR234b.

Amplifications of specific genes are often associated with both bacterial
adaptation (Sonti et al., 1999; Neuberger and Hartley, 1981) and virulence
(Mekalanos et al., 1983; Corn et al., 1993). Amplification of either a particular
DNA region or specific loci in rhizobia results in increased symbiotic capacity
(Mavingui et al., 1997; 1998; Castillo et al., 1999). Whether genome plasticity in
NGR234 plays a role in its promiscuous behaviour needs to be tested, however,
fusions of the different replicons seem to have no effect on the nodulation properties
of NGR234 on various hosts (Mavingui ef al., 2002).
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4. CODING CAPACITY OF THE NGR234 GENOME
4.1. Mutational analysis

Usually, the construction of defined mutants by either transposon mutagenesis or
allelic replacement is used for assigning gene function and for dissecting rhizobial
determinants involved in symbiosis. In this way, genes that play a role in both the
early and late stages of symbiosis have been identified in diverse bacteria (Spaink et
al., 1998; Triplett, 2000). Many functional genes in NGR234 were first charact-
erised by mutagenesis, and the resulting null mutants were often either symbiot-
ically inefficient or failed to establish symbioses with its hosts (Perret ez al., 2000a).
As an example, mutation of the TTSS locus affects the ability of NGR234 to
nodulate a variety of legumes (Viprey et al., 1998). Nevertheless, either general or
site-specific mutagenesis (producing “gene knockouts”), coupled with screening for
varying phenotypes on an array of plants, fails to identify loci with subtle
phenotypes or those that are refractory to mutagenesis. Alternative approaches are,
therefore, required to identify and characterise less essential genes, and one of these
approaches is to map transcripts produced during symbiosis.

4.2. Transcriptional analyses.

Availability of the complete DNA sequence of pPNGR234a opened up the possibility
of analysing transcription of the symbiotic plasmid on a global basis. Furthermore,
“transcriptomics” permit analysis under both free-living and symbiotic conditions.
PCR fragments representing all 416 predicted ORFs and their intergenic regions
were amplified by PCR and transferred onto filter membranes. Then, hybridisations
were performed with RNAs extracted either from cells of NGR234 grown in liquid
cultures, both with and without induction by flavonoids, or from bacteroids isolated
from nodules housing NGR234 (Frieberg et al., 1997; Perret et al., 1999). Most
genes encoded by pNGR234a (60%) are specifically expressed under symbiotic
conditions and many of them are controlled by either nod boxes or NifA-c** type
promoters. Genes involved in Nod-factor synthesis are induced rapidly following
flavonoid addition (including most Zsn loci). In contrast, genes, such as those that
form the TTSS locus and which are thought to be active only within the host plant,
respond later to flavonoid induction (Viprey et al., 1998). Levels of transcription of
nifA and two transcriptional regulators (y4gH and y4wC) are much higher in
bacteroids. More diverse transcripts were found in bacteroids from determinate as
opposed to indeterminate nodules. Surprisingly, many IS sequences are strongly
expressed both in free-living and bacteroid cells.

Similar, though less exhaustive, experiments were also performed to gain
insights into the transcription patterns of both pNGR234b and the chromosome. A
total of 921 selected clones (out of the 1,130 matches discussed in Section 3 above)
were arrayed on filters that were subsequently probed with radioactively-labelled
RNAs prepared from NGR234 cells grown under various free-living conditions
(Perret et al., 2000b). Positive hybridisation signals were obtained for many loci,
including those for the subunits of RNA polymerase, both 50S and 30S ribosomal
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RNA genes, and both groEL and groES homologues, as well as sequences that code
for enzymes involved in intermediary metabolism. Interestingly, several sequences
predicted to code for homologues of proteins of unknown function in other
prokaryotes were expressed, suggesting that they also play a role in NGR234.

In contrast to the situation with pPNGR234q, addition of flavonoids had little
effect on the expression patterns of pNGR2345 and the chromosome. Moreover,
although 19% of the sequences (179 of 921) hybridised with RNAs from liquid
cultures, only 3% gave positive signals with RNAs isolated from bacteroids,
suggesting that differentiation into nitrogen-fixing symbionts induces repression of
many housekeeping functions. Among the nodule-specific transcripts were
homologues of glycosyl hydrolase (FixN; Preisig et al., 1993) and GInll, a
glutamine synthetase involved in ammonium export (Carlson et al., 1987; Martin et
al., 1988).

5. CONCLUSIONS AND PERSPECTIVES

The genome of NGR234 resembles that of many rhizobia. It is partitioned into a
chromosome and two large plasmids. Random sequencing indicates that, as in M.
loti (Kaneko et al., 2000) and S. meliloti (Capela et al., 2001), housekeeping loci are
mostly located on the chromosome. The complete sequence of the symbiotic
plasmid, pNGR234a, confirmed that most genes involved in symbiosis are present
on this replicon. Comparative analyses revealed that pNGR234a shares many
features with either symbiotic plasmids or symbiotic islands of other members of
the Rhizobiaceae. For instance, the cytochrome P450 operon is almost identical to
that of B. japonicum (Tully et al., 1993; Géttfert et al., 2001), whereas many
nodulation and nitrogen-fixation loci are highly similar to those of S. meliloti
(Galibert et al., 2001). In addition, there were homologues of TTSS genes found in
B. japonicum, M. loti, and R. fredii, (see Marie et al., 2001). Moreover, the origins
of replication and transfer, as well as the #7a and repABC genes of pPNGR234a, are
highly similar to those of Agrobacterium plasmids (Freiberg et al., 1997; Moriguchi
etal.,2001).

These findings, together with the absence of co-linearity between replicons,
suggest that lateral transfer of genetic information has shaped the structure of the
NGR234 genome. This assumption is also supported by the mosaic architecture of
pNGR234qa, where IS/MS elements divide clusters of functional genes. The
dynamic nature of the NGR234 genome may also be a result of recombination
between homologous repeats that generate DNA amplifications, deletions,
inversions, and co-integrations (Flores ef al., 2000; Mavingui et al., 2002). The
biological consequences of this genomic plasticity remain to be assessed.

Comparison of different genomes has highlighted the many similarities among
rhizobia.  Nevertheless, important differences in the symbiotic capacity of
Rhizobium species exist. As mentioned in the Introduction, NGR234 is at one end
of the host-range spectrum and Azorhizobium caulinodans at the other. Despite the
similarities between different members of the Rhizobiaceae, important genetic
differences also exist. For example, in contrast to the majority of rhizobia that
possesses some of the NGR234 hsn loci but lack others, NGR234 contains many
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diverse symbiotic genes. Two copies of the transcriptional regulators, nodD and
syrM, exist and the central nodulation transcriptional protein, NodD1, can interact
with diverse families of flavonoids. As a consequence, the expression of genes
involved in the synthesis and decoration of Nod factors gives NGR234 many of the
codes needed to initiate perfect dialogues with different plants. Furthermore, after
establishing contact with a plant, NGR234 has other elements, such as the TTSS,
that allow this dialogue to continue.

Although combined data from sequence and transcriptional analyses have
provided a wealth of detailed information on the symbiotic properties of NGR234,
much remains to be discovered about its genome. One important step towards a full
understanding will be the completion of the whole genome sequence. Only then can
full advantage be taken of important developments in post-genomic methods,
including transcriptomics, proteomics and bioinformatics.
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1. INTRODUCTION

Bradyrhizobium japonicum (Jordan, 1982), formerly known as Rhizobium
Japonicum, is the symbiont of cowpea, mungbean, siratro, and soybean. Strain
USDA3I1b110, here referred to as strain 110, was isolated in 1959 from Florida soil
(van Berkum and Fuhrmann, 2001). Besides propagating in planta, strain 110 is an
aerobic heterotroph, which can also grow chemoautotrophically (Hanus ez al., 1979)
and anaerobically with nitrate as the terminal electron acceptor (Daniel et al., 1982).

Early studies on the genome of B. japonicum strains dealt with the G+C content
(DeLey and Rassel, 1965; Elkan, 1969) and included DNA denaturation and
renaturation experiments (Chakrabarti ez al., 1984). Hybridisations revealed that B.
Jjaponicum strains, unlike Rhizobium strains, harbour the nif" genes on the
chromosome (Masterson et al., 1985; Prakash and Atherly, 1986). The develop-
ment of pulsed-field gel electrophoresis was the basis of a more detailed
characterization of the B. japonicum genome (Sobral et al., 1991). Using this
technology, the first correlated physical and genetic map of the strain 110 genome
was created (Kiindig ef al., 1993). This map proved that the genome consists of a
single circular chromosome with the nodulation (nod) and nitrogen-fixation (#if, fix)
genes clustered. Later, the nucleotide sequence of a 410-kb region (Géttfert et al.,
2001) gave a detailed insight into the coding capacity of the symbiotic gene region.
The next step towards a whole genome characterization was the establishment of an
ordered BAC library (Tomkins et al., 2001). The publication of the complete
genome sequence of strain 110 now reveals, in principle, its full coding potential
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(Kaneko et al., 2002a). The genome has a size of 9,105,828 bp. There are about
8317 protein-coding ORFs, 50 tRNA genes, an 77n operon, and a split tmRNA.

2. MATERIAL AND METHODS

Source of DNA and protein sequences was RhizoBase (http://www.kazusa.or.jp
/rhizobase/). If not otherwise stated, sequences were analysed using the European
Molecular Biology Open Software Suite (EMBOSS; Rice ef al., 2000). Intergenic
regions were extracted with the ‘extractseq’ module, motifs were searched with
either the ‘fuzznuc’ or ‘fuzzpro’ module. BLAST similarity searches were
performed either at the National Center for Biotechnology Information website or at
the RhizoBase website. Rho-independent terminators were identified using
TransTerm (Ermolaeva et al., 2000). G+C content and GC skew (calculated as G-
C/G+C) were analysed with Quickie-Calc™ (Molecular Programming LLC).
Genome comparisons were done using TaxPlot at the National Center for
Biotechnology Information (www.ncbi.nlm.nih. gov/sutils/taxik2.cgi).

3. GENOME CHARACTERISTICS
3.1. Nucleotide composition

The overall G+C content is 64.1 % (Kaneko et al., 2002a). Apart from a few small
regions, there are two larger stretches with the coordinates 1681-2362 kb and 8975-
0-75 kb that have a significantly lower G+C content of 59.4 % and 60.2 %,
respectively (Figure 1). The asymmetric intrastrand distribution between G and C
(GC skew) that is often observed in bacterial chromosomes indicates the location of
the oriC and fer regions (Lobry, 1996; Lobry and Louarn, 2003; McLean ef al.,
1998). In B. japonicum, two shifts are observed at 700 kb and 4890 kb. In addition,
several genes likely involved in replication are located around the 700-kb position,
e.g., parA and parB, so the oriC should be located in the vicinity. The replication
forks might meet around position 4890 kb. A dif-like sequence potentially involved
in chromosome separation was identified nearby (Kaneko ef al., 2002a).
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Figure 1. G+C content and GC skew of the strain 110 genome.
Window size 10000 nucleotides.
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3.2. IS-related elements and genome stability

The genome harbours a total of 167 transposase-encoding/IS-related elements
(Kaneko et al., 2002b). 130 of them are located within the symbiotic region (1681-
2362 kb) and the 8975-0-75 kb region. Out of the 20 groups reported, 9 have
representatives in both regions and all have a copy in at least one of the two regions.
The ten complete or partial copies of ISBj7 are exclusively located within the two
regions. So far, there is no report on the activity of these elements, however,
deletions that are obviously due to recombination between repeated elements have
been described (Hahn e al., 1984). Considering the fact that so many repetitive
elements are closely spaced, it is surprising that the chromosome is comparatively
stable. For most of the chromosome, there is no difference between the map
published by Kiindig ez al. (1993) and the map based on the nucleotide sequence
published by Kaneko ef al. (2002a) despite the fact that the strains were maintained
separately for several years. A significant deviation is around position 8975-0-75
kb, where a difference in the number and size of Pacl and Pmel fragments exists
(data not shown). It is unclear if this difference is due to a rearrangement caused by
a transposable element. At several other positions, there are indications of DNA
insertions of varying sizes into tRNA genes (Kaneko et al. 2002a; 2002b). For
some rhizobia, the phenomenon of genome plasticity is well established (Flores et
al. 1988; Flores et al. 2000).

3.3. Basic replication, transcription and translation machinery

As expected, the basic replication, transcription, and translation machineries are
very similar to those of other bacteria. Besides both DNA polymerase III and I,
strain 110 encodes two proteins similar to DNA polymerase IV of Escherichia coli.
Pol IV of E. coli is involved in error-prone repair (Napolitano ef al., 2000). Neither
Pol II nor UmuD-like proteins were detected. Both MutS and MutL, which are
required for mismatch repair (Yang, 2000), are present, however, there is no close
homologue either of MutH, the sequence specific endonuclease, or of the DNA
adenine methylase (Dam).

The Rho factor is encoded close to the putative oriC region. Rho-independent
transcription terminator structures are present in 276 intergenic regions (98 %
confidence level). The presence of 21 sigma factor-like proteins indicates the
versatility with which strain 110 is able to respond to environmental changes. The
protein encoded by blr2469 has weak similarity to poly(A) polymerase, however,
there is no experimental evidence for poly(A) tailing in the Rhizobiaceae.

When genomes are compared, genes involved in translation are always the best
conserved group. Strain 110 is no exception, nevertheless, there are two notable
observations. First, there is no asparaginyl-tRNA synthetase. The charged tRNA is
probably formed by transamidation of mischarged Asp-tRNA(Asn) as described for
many prokaryotes (Tumbula et al., 2000). Strain 110 has two sets of proteins,
which are similar to the heterotrimeric glutamyl-tRNA amidotransferase (encoded
by the gatA, gatB, and gatC genes), that could serve this function. Second, strain
110 has a two-piece tmRNA (Keiler ef al., 2000). The function of tmRNA is to
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rescue stalled ribosomes and to mark the unfinished proteins for degradation
(Withey and Friedman, 2002). The SmpB protein (bl15070), which is known to be
required for tmRNA activity (Karzai et al., 1999), is also present. A mutation of the
tmRNA gene in strain 110 leads to a deficiency in symbiosis (Ebeling ef al., 1991).

3.4. Restriction modification

The method of choice to transfer plasmids from E. coli into strain 110 is by
conjugation. This method is a very time-consuming step. Therefore, electro-
poration protocols were elaborated, however, still with low yields of transformants
if DNA propagated in E. coli was used (Guerinot et al., 1990; Hattermann and
Stacey, 1990). This failure is probably due to the presence of a restriction
modification system of type I. Deleting this system should increase transformation
efficiency.

3.5. The symbiotic island

The lower G+C content of the symbiotic-gene region suggests that it was
transmitted by horizontal transfer from an unknown origin. Such a transmissible
symbiotic element exists in Mesorhizobium Ioti (Sullivan and Ronson, 1998).
There, the integration took place in a phe-tRNA gene and a phage integrase was
found close to one end of the integrated element. Interestingly, in strain 110, there
are proteins encoded within the symbiotic-gene region (encoded by
bll1584/bl11585/bl11586) that are similar to the integrase/excisionase system of the
S. meliloti phage 16-3. In Sinorhizobium meliloti, the phage integrates into proline
tRNA (Papp et al., 1993; Semsey et al., 1999; Semsey et al., 2002). No proline
tRNA gene was detectable next to the integrase gene of strain 110; however, there is
a val-tRNA gene at one end of the symbiotic region (Kaneko er al., 2002a). No
duplication was found at the other end. Instead, a 3’-terminal portion of a val-tRNA
gene is located at a different position within the genome adjacent to a small region
of lower G+C content (59.2 %; Kaneko ef al., 2002a). It has been suggested that the
two parts originate from a rearrangement within the original symbiotic island.

In addition, the 8975-0-75 kb region might form a third part of the symbiotic
island. As mentioned above, this region also has low G+C content and harbours
many IS-related elements. Interestingly, the 8975-0-75 kb region contains a set of
genes similar to the #7b genes of the Ti-plasmid of Agrobacterium tumefaciens,
which are required for conjugative transfer. Five of the genes reside as a copy also
within the symbiotic gene region.

The Nod factor of strain 110 is a pentasaccharide of N-acetylglucosamine
modified by a C18:1 fatty acyl chain and the sugar 2-O-methylfucose (Sanjuan et
al., 1992). The genes required for synthesis of the factor are located within two
separate clusters. One contains the already known nodulation genes nodABC,
which are essential for synthesis of the backbone, plus several other nod genes. The
second cluster consists of nodM, which probably encodes a glucosamine synthetase
(Baev et al., 1991), noeK and noelL, which are likely to be involved in synthesis of
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the fucose residue, and noeD, which influences the acetylation degree of the Nod
factor (Lohrke ef al., 1998).

The symbiotic-gene region also encodes all of the proteins known to be
required for nitrogen-fixation activity (Géttfert et al., 2001). However, it should be
noted that other genes that support symbiotic nitrogen fixation are located outside
the symbiotic gene region. Among these are the genes fixNOQP, which are
essential for respiration under the micro-oxic conditions prevailing in the nodule
(see also 3.8).

An unavoidable by-product of nitrogen fixation is the generation of H,.
Although strain 110 recycles this H, (Arp and Burris, 1979), only a relatively small
cluster, encoding the small and large subunits of hydrogenase, and a few other
genes, which were partly interrupted by frame-shifts, were identified within the
symbiotic-gene region (Gottfert ef al., 2001). The genome sequence now reveals a
large cluster (bll6924-bl16449) that encodes all components required for H,
utilization. Three of the proteins (encoded by bll6926, bll6925 and bl16924) belong
to the two-component regulatory family and two proteins are very similar to HoxX
and HoxA, which are required for expression of sup structural genes in free-living
B. japonicum (Durmowicz and Maier, 1997; Van Soom et al., 1997).

The symbiotic region not only carries the nod and nif determinants, but also
genes that encode both plant cell wall-degrading enzymes (Caldelari Baumberger et
al., 2003) and many proteins involved in transport processes (see also 3.7). One
cluster encodes a type-III secretion system that influences symbiosis in a host-
dependent manner (Krause et al., 2002).

3.6. Regulatory capacity

In B. japonicum, there are several well-studied regulatory circuits and DNA
elements that influence promoter activity. One example is the regulation of heat-
shock genes. Two negatively regulating elements, CIRCE (controlling inverted
repeat of chaperone expression; Minder et al., 2000) and ROSE (repression of heat-
shock gene expression; Nocker et al., 2001), have been defined. Furthermore, three
olike proteins indicate the flexibility of strain 110 and how it copes with stress
situations.

Other well-characterized elements are the nod box (Wang and Stacey, 1991),
which is the binding site of NodD, the FixK consensus sequence (Fischer, 1994),
the —24/—12 promoter (Adams and Chelm, 1984; Thony and Hennecke, 1989), and
the putative housekeeping promoter that was identified upstream of the 7z operon
(Beck et al., 1997). In order to get an idea about the use of these promoters and
regulatory nucleotide motifs, they were sought in intergenic regions (Table 1). In
view of missing experimental evidence and to avoid too many false positives, the
search was restricted to either perfect or close matches with respect to the consensus
sequence. The nod box sequences were selected after an additional alignment (not
shown). Five out of seven potential nod box elements were identified within the
symbiotic-gene region, indicating that most, if not all, nodulation genes are located
there. This result does not necessarily mean that other genes are of no relevance for
nodulation. For example, nwsB, which is located outside the symbiotic region, is
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involved in the complex regulation of nod genes (Loh et al., 2002b; Loh and Stacey,
2003). Furthermore, the novel signal molecule, bradyoxetin, which originates from
an unknown biosynthetic pathway, mediates population density control of the
nodulation genes (Loh ef al., 2002a).

Table 1. Conserved DNA elements in 5 -regions of genes.

o4 o4 FixK nod box 70
bll1044 blr3677 blr1201 bll1718 rrn
blr1719 bl14798 bsr2670 bsri863 bsl1986
blrl755 blr5598 blr2767 blr2024 bl12905
blrl769 bll5679 bl12821 bll1845 bs12907
blri850 blr6145 bsr2822 blI12016 bll13735
bll1944 bll16702 bll2851 blr3139 blr5051
blI12063 bl16937 blr4641 bl15092 blr6795
bsl2575 bll7180 bll5772 blr6804
blr2725 blr7289 bl16060
bll13193 blI8310 bsr7036

bll17787

ORFs located within the symbiotic region are in italics.
o™ consensus: TGGCACN(5)TTGC[TA], no mismatch allowed.
fixK consensus: TTGANCNNGATCAANG, no mismatch allowed.
nod box: ATCN(3,6)GATGN(4,6) ATCCAAACAATCGATTTTACCA, up to 9 mismatches allowed.
6" consensus: TTGACAN(16,18)TATAA[TC], 1 mismatch allowed.

14 out of 20 selected 6*-dependent sequences are located outside the symbiotic
region. Although they do not precede classical nif genes, some of the encoded
proteins have interesting similarities to known proteins.

- bll1044 encodes a protein with an amidase/glutamyl-tRNA(GIn) amido-
transferase motif and might be involved in nitrogen metabolism.

- blr6145 encodes one of the DctA copies, a protein belonging to the
sodium:dicarboxylate symporter family.

- bll6937 is the first ORF in a long operon encoding components of the H,-
utilization complex.

The fact that B. japonicum has two o>* genes (Kullik ef al., 1991), one inside
and one outside the symbiotic region, suggests an important function of —24/—12
promoters in strain 110 apart from their contribution to symbiosis (Nienaber et al.,
2000).

That FixK-dependent promoters are located outside the symbiotic-gene region
is not surprising because this regulator is required for activation of transcription
under microaerobic conditions (Anthamatten ez al., 1992; Nellen-Anthamatten et
al., 1998). Strain 110 contains two fixK genes, with fixK, being central for the
regulation of O,-responsive genes. FixK,-regulated genes include fixNOQP and
fixGHIS, which are required for formation of the high-affinity c¢hb;-type cytochrome
oxidase (Preisig et al., 1996), and napE (bsr7036), which - together with genes
probably in the same operon - encodes a periplasmic nitrate reductase. Because
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only a single nucleotide motif was searched, many genes that are known to be
regulated by FixK, are not listed here, e.g., nirK, encoding nitrite reductase, and
norCBQD, encoding nitric oxide reductase (Mesa ef al., 2002; Velasco et al., 2001).

There was an interesting low abundance of ¢'’-like promoters. It was shown
previously that the 77n promoter consists of the typical ¢'-dependent —35/~10
elements. Including the rrn promoter, there are only 8 operons that are preceded by
—35/-10 consensus eclements (1 mismatch allowed). One of the operons
bl11985/bl11986 is located within the symbiotic-gene region and encodes proteins
similar to HipA/HipB of E. coli, which are involved in the regulation of cell
division (Hendricks ez al., 2000).

This lack of o’® promoter-like sequences may indicate that most of the
promoters require transcriptional activators. Most numerous are members of the
two-component regulatory family (Table 2), followed by LysR- and TetR-type
regulators. In addition, 21 sigma factor-related proteins indicate the complexity of
the regulatory networks in strain 110. None of the putative sigma factors exhibited
high similarity to 6" (SigS). In E. coli, o™° regulates the synthesis of many growth
phase-related proteins (Hengge-Aronis, 2002). It will be interesting to see how the
transition from exponential to stationary phase is regulated in strain 110.

Table 2. Predominant regulatory families

Family Number of genes
Two-component 170
LysR 69
TetR 58
AraC 44
MarR 44
GntR 35
ArsR 17
LuxR 16
IcIR 16
Crp 11
AsnC 9
Fis 7
Lacl 7

3.7. Transport capacities

Based on gene quantity, strain 110 has an extraordinary broad transport capacity.
There are as many as 511 genes that are likely to encode components of ABC
transporters. These high-affinity uptake systems will guarantee the supply of strain
110 with nutrients even under very unfavourable conditions. Some of the systems
may have export rather than import functions. For example, there are several
proteins that have high similarity to HlyB and HlyD of E. coli. HlyB and HlyD are
required for export of haemolysin (Koronakis et al., 1992), a fatty acylated protein
(the product of HlyA that is modified by HlyC activity) that forms pores in the
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membrane of the target cell. Strain 110 does not encode HlyA- or HlyC-like
proteins and secreted proteins still have to be determined.

There are 7 proteins that have high similarity to Na'/H'-dicarboxylate
symporters (DctA), which supply bacteria with corresponding carbon sources
(Janausch et al., 2002). It is unclear how similar the substrate spectra of these
systems are. In this respect, it is worthwhile to mention that DctA of S. meliloti is
also able to transport orotate, a monocarboxylic acid (Yurgel et al., 2000).

Strain 110 appears very versatile with respect to protein export. Several
proteins (encoded by bll0666, bll1439, bl11842, blr3500, and blr6022) have weak
similarity to PulD and are predicted to be outer-membrane proteins. Therefore, they
could be part of protein-secretion systems. One of these proteins is located within a
cluster encoding a functional type-III secretion system (Krause et al., 2002).
Moreover, all rhizobial strains sequenced so far that do not contain a type-III
secretion system (S. meliloti, M. loti R7A) encode proteins similar to the VirB
system of 4. tumefaciens. In contrast, no VirB-like transport system was found in
strains (B. japonicum strain 110, Rhizobium sp. strain NGR234, M. loti strain
MAFF303099) that harbour a type-III secretion system.

A twin-arginine translocation system seems also to be present (bll4749,
bll4750, bll4751). Membrane-bound hydrogenases are secreted by the Tat pathway
due to the presence of a N-terminal twin-arginine signal peptide within the small
subunit (Wu et al., 2000). Such a signal is also detectable in the corresponding
protein of strain 110 (blr1720). In Rhizobium leguminosarum bv. viciae, the Tat
system is also present (Meloni et al., 2003). A tatABC mutant lost the ability for
membrane targeting of hydrogenase and was impaired in symbiosis.

3.8. Respiratory chains

A total of five terminal oxidase complexes (or the encoding genes) were previously
discovered in B. japonicum. The genome sequence has now revealed the presence
of three additional complexes (Table 3). Thus, with eight terminal oxidases, B.
Japonicum has the most highly branched respiratory chain of all acrobic prokaryotes
known to date. Four of these eight are cytochrome ¢ oxidases, whereas the other
four are quinol oxidases. A new member of the cytochrome ¢ oxidase class is
encoded by a putative bll4479-4483 operon. Some of the encoded proteins share
similarity with PQQ-dependent dehydrogenases. The presence of biosynthesis
genes (bsr6735-blr6739) for PQQ supports the notion that this unusual quinol serves
as an electron donor to one of the c-type cytochromes of the new oxidase. The
specific substrate oxidized by the PQQ-dependent oxidase remains to be
determined.

The two newly detected quinol oxidases are homologs of previously described
examples. The blr0149-0152 genes share high sequence similarity with coxWXYZ
and might encode a cytochrome o-type quinol oxidase (hence the cyo nomenclature;
Table 3). The blr3728-3729 genes are close homologs of a cydAB-encoded
cytochrome d-type quinol oxidase. Why B. japonicum employs so many respiratory
oxidases and under which growth condition each of them is predominantly active,
are important questions to be answered in future research.
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Table 3. B. japonicum terminal oxidase genes

Terminal oxidase Genome Gene Subunit (SU), property, cofactor
ORF name
blr1170 coxB SU 11, CuA center
1. aas-type heme—c'opper cytochrome ¢ blrl171 coxd SU I, heme A, heme A;, CuB
oxidase center
(Bott et al., 1990) blr1175 coxC SU I
blr1173 coxF SU IV
bll3785 coxM SU II, CuA center
2. Alternative heme-copper bl13784 coxN SUL dlhezneilz)errotem, CuB
cytochrome ¢ oxidase
(Bott et al., 1990) bl13783 coxO SU IIIA
blI13782 coxP SU 11IB
bl13781 coxQ SUIV
bl14481 SU II, CuA center
3. Novel type of heme-copper b114480 SUL dlhercr;grotem, CuB
cytochrp me oxidase bl14479 diheme cytochrome ¢
(This report) .
b114483 diheme cytochrome ¢
bl14482 triheme cytochrome ¢
SU I, heme B, heme B3, CuB
blr2763 N ’ i >
4. cbbs-type heme-copper cytochrome 8 Jix center
oxidase blr2764 fixO SU II, monoheme cytochrome ¢
(Preisig et al., 1993) blr2765 fixQ SU I
blr2766 fixP SU IV, diheme cytochrome ¢
blr2714 coxW SUII
5. bbs-type heme—copper quinol bl2715 coxX SU I, heme B, heme B;, CuB
oxidase center
(Surpin et al., 1996) blr2716 coxY SU I
blr2717 coxZ SU IV
blr0149 cyoA-like SUII
6. New heme-copper quinol oxidase blr0150 cyoB-like SUL dlhergil&oteln, CuB
Thi rt
(This report) bI0151  cyoC-like SU I
blr0152 cyoD-like SUIV
b110282 cydB sull
7. bd-type quinol oxidase
(Arslan 2001) 110283 cydA SUT, heme B, heme B-D
binuclear center
blr3729 cydB-like su Il
8. New bd-type quinol oxidase
(This report) blr3728  cydd-like SUL heme B, heme B-D

binuclear center

3.9. Genome comparison

It is known from 16S rDNA analysis that strain 110 is closer to Rhodopseudomonas
palustris than to fast-growing rhizobia.
complete genome, the whole protein set of strain 110 was compared to the
sequenced genomes. As can be deduced from Figure 2, strain 110 is slightly more

In order to check if this is true for the
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similar to M. loti than to S. meliloti. However, most hits were obtained with R.
palustris. This close relation of strain 110 and R. palustris is also reflected by the
fact that strain 110 shares more similarity with the intergenic regions of R. palustris
than with those of the two rhizobial strains (data not shown).
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Figure 2. Whole genome comparisons of B. japonicum strain 110 with
S. meliloti, M. loti and R. palustris.
The 8317 proteins of strain 110 were chosen as query. Each circle represents a single query genome
protein, plotted by its BLAST scores to the highest scoring protein from each of the selected organisms.
The preset cut-off was used.

4. PERSPECTIVES

The nucleotide sequence still leaves many questions to be answered. The functions
of numerous transporters and transcriptional regulators are unclear. Several
functions seem to be encoded by multiple gene copies. For example, there are about
27 proteins that have similarity to the glutathione S-transferase family and none of
them has been studied so far. Furthermore, there are over 1400 genes that have no
similarity to published sequences and 2500 genes have similarity to other
hypothetical genes. Technical progress in transcript and protein analysis, i.e.,
transcriptomics and proteomics, will soon yield a rough picture of gene expression
under varying environmental conditions including symbiosis. It will be more
difficult to follow changes in the bacterial cell envelope and to shed light on the
signal exchange with the plant and within the bacterial community.
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1. INTRODUCTION

pSymaA, the smaller of the two megaplasmids of Sinorhizobium meliloti, contains a
large number of the genes known to be needed for the development and productivity
of the nitrogen-fixing symbiosis with legumes. However, pSymA contains no genes
that are essential for cell viability and is, therefore, squarely in the category of
accessory elements. Analysis of the genes contained in pSymA suggests many roles
that the plasmid may play beyond symbiosis or to supplement the symbiotic
interaction. But there are a large number of genes whose functions are either
unknown or are difficult to specify precisely enough so that a specific role for the
genes can be assigned. In this review, we attempt to set a context for further
functional analysis of pSymA by discussing the content of this plasmid and the tools
that can be brought to bear on its analysis.

Sinorhizobium meliloti is a nitrogen-fixing bacterial symbiont of several
important forage crops, which include Medicago species, like alfalfa and the model
legume M. truncatula, Melilotus species, like sweet clover, and Trigonella species,
like fenugreek. The bacteria infect the roots of these plants and induce formation of
an organ called a nodule, within which they are able to fix enough atmospheric N,
to satisfy the host plant's fixed nitrogen requirements. This type of nitrogen-fixing
symbiosis is ecologically important by providing a large fraction of the nitrogen
available to natural ecosystems. It is also agronomically significant both by
supporting optimal growth of many crop plants and by serving as an important
nutrient input in many systems of sustainable agriculture. In addition, as an
intimate cellular symbiont that acts by manipulating fundamental plant processes,
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the study of S. meliloti provides a unique probe into the ecological and evolutionary
context surrounding aspects of plant signal transduction and plant development.

S. meliloti belongs to the family Rhizobiaceae within the order Rhizobiales of
the a-proteobacteria. Rhizobiales includes nitrogen-fixing symbionts, often referred
to as rhizobia, that are members of the genera Azorhizobium, Bradyrhizobium,
Mesorhizobium, Rhizobium, and Sinorhizobium. But it also includes photosynthetic
genera, like Rhodopseudomonas, chemolithotrophs, like Nitrobacter, and animal
pathogens, like Brucella and Bartonella. 1t is of considerable interest that these last
two share with the rhizobia a prominent intracellular phase in their life histories.
Members of this order generally possess large, often multipartite, genomes (Jumas-
Bilak ef al., 1990).

There is some controversy concerning the phylogeny of the family
Rhizobiaceae. ~ Although the separation of genera, like Sinorhizobium and
Rhizobium, is widely acknowledged, placement of species within previously
described genera, like Agrobacterium, has been more controversial because
taxonomies that rely heavily on grouping by 16S rRNA similarities sometimes have
reassorted species within the family and have discounted other taxonomic and life
history traits. Both the order and family have representatives that differ substan-
tially in genome structure and lifestyles (Martinez-Romero and Caballero-Mellado,
1996; Young and Haukka, 1996; Young ef al., 2001). In addition to the S. meliloti
strain 1021 genome (Barnett ez al., 2001; Capela et al., 2001; Finan et al., 2001;
Galibert et al., 2001), two other complete genome sequences of nitrogen-fixing
symbiotic rthizobia have been published (as of June 2003), from Mesorhizobium loti
and Bradyrhizobium japonicum (Kaneko et al., 2000; Kaneko et al., 2002).
Complete sequences for Brucella suis (Paulsen et al., 2002), Brucella melitensis
(DelVecchio et al., 2002), and A. tumefaciens C58 (Goodner et al., 2001; Wood et
al., 2001) have also been determined and sequencing projects are underway for
several other bacteria within this grouping. In this review, we discuss what is
known to date about the S. meliloti pSymA plasmid.

2. HISTORY

In the late 1970s, researchers discovered that some bacterial nitrogen-fixing legume
symbionts contained large plasmids (Casse et al., 1979; Nuti et al., 1977). Genetic
characterization of S. meliloti was underway by this time (Kondorosi et al., 1977;
Meade and Singer, 1977) and, aided by advances in analytical methods (Eckhardt ez
al., 1978), several S. meliloti strains were found to contain large (> 300 X 10°
daltons) "megaplasmids" (Banfalvi et al., 1981; Rosenberg et al., 1981). In S.
meliloti 1021, the two circular megaplasmids present were later designated as
pSymA and pSymB. Genes that hybridized to the Klebsiella pneumoniae
nitrogenase genes, nifD and nifH, were shown to be on pSymA (Banfalvi et al.,
1981; Rosenberg et al., 1981; Ruvkun and Ausubel, 1980), suggesting that this
megaplasmid was essential for a functional symbiosis.

Later work demonstrated that spontaneous non-nodulating mutants (Nod )
(Rosenberg ef al., 1981) and Nod mutants generated by heat treatment (Banfalvi ez
al., 1981) could be complemented by DNA linked to nifHD. Further analysis
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showed that symbiotically important genes on the megaplasmid included the nod
genes that are required for nodulation and host specificity, other nif genes related to
additional Klebsiella genes that encode nitrogenase-associated functions, and fix
genes that, when mutated, lead to ineffective nodules unable to reduce (fix) N,.
Mutants "tagged" with Tn5 were important in this work, by allowing DNA
corresponding to mutations to be associated with sequences that could be easily
mapped and retrieved (Buikema et al., 1982; Long et al., 1982; Meade et al., 1982).

Several years later, the second megaplasmid of S. meliloti 1021, pSymB, was
also shown to be important in symbiosis (Banfalvi ez al., 1985). Among its 1570
predicted proteins, pSymB carries polysaccharide specificity genes necessary for
effective invasion of plant hosts (Finan et a/., 1985) and a gene used in
dicarboxylate uptake that was needed for effectiveness (Bolton, et al., 1986).

The findings that enzymes recognizing AT-rich target sites cut the GC-rich S.
meliloti genome infrequently (Sobral ef al., 1991a) and the ability to separate the
replicons with transverse alternating-field gel electrophoresis (Sobral et al., 1991b)
led to the generation of physical circular maps for all three S. meliloti replicons,
including pSymA (Honeycutt ef al., 1993). Predictions of pSymA size ranged from
1.325 to 1.42 Mb (Honeycutt et al., 1993). All strains of S. meliloti appeared to
contain a pSymA megaplasmid and genes involved in nodulation and nitrogen
fixation continued to be characterized at a rapid pace. However, these genes were
all located within a 275-kb region on pSymA, so that, at the end of the 20th century,
more than 1 Mb of pSymA was largely uncharted territory.

3. THE PSYMA SEQUENCE PROJECT

In 1997, one of us (Barnett), working in Sharon Long's laboratory, began to purify
Swal-linearized pSymA DNA by pulsed-field gel electrophoresis with the ultimate
goal of determining the DNA sequence of pSymA. Sequence tagged site markers
from a cosmid library made from this pSymA-enriched DNA were used to construct
a detailed physical map (Barloy-Hubler ef al., 2000). As part of an international
consortium to sequence the entire S. meliloti genome (Galibert et al., 2001), these
pSymA libraries and one total genome library were used for MI13 shotgun
sequencing of the entire pSymA replicon that used the physical map and BAC
clones to guide correct assembly and to close sequence gaps (Barnett ef al., 2001).

4. GENERAL FEATURES OF PSYMA

The completed DNA sequence of pSymA confirms the prior length assessment.
The exact size of 1,354,226 bp falls within the previous range of predictions
(Burkhardt ef al., 1987; Honeycutt ef al., 1993) and is smaller than that of the other
two replicons, pSymB (1.68Mb) and the chromosome (3.65 Mb). After manually
editing the predictions of various bioinformatic tools, it was concluded that pSymA
encoded about 1,293 proteins, which accounted for 83.6% of the total DNA. This
usage was slightly lower than that of either the chromosome (85.9%) or pSymB
(88.6%). Subsequent analyses, based on new sequence comparisons and proteomics
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data, suggest that there are several more potential protein-coding sequences in
pSymA (Barnett and Kahn, unpublished data; Djordjevic ef al., 2003). The G+C
content of pSymA is 60.4%, which is higher than previous estimates but still
significantly lower than that of both pSymB (62.4%) and the chromosome (62.7%).
This difference in G+C content led us to hypothesize that pSymA was acquired
relatively recently by an ancestor of strain 1021 (Galibert et al., 2001). The nod and
nif genes have a notably lower G+C content than the rest of pSymA as do several
regions with similarity to bacteriophage elements. In contrast, a pSymA region
containing putative chemotaxis and pilus genes that are similar to chromosomal
genes has a higher than average G+C content, suggesting that these genes may have
been acquired by lateral transfer from the chromosome.

Our analysis of pSymA within the context of the total genome failed to find any
pSymA genes that might be absolutely required for free-living growth. These
results support previous data demonstrating that pSymA can be cured from a closely
related strain, S. meliloti strain 2011, without drastic effects on growth in either rich
or minimal-succinate-nitrate media (Oresnik et al., 2000). However, pSymA is
absolutely required for nodulation and nitrogen fixation.

5. COMPARATIVE GENOMICS

Of the complete and partial Rhizobiaceae genomes sequenced to date, S. meliloti is
predicted to be most closely related to the broad-host-range symbiont, Rhrizobium
sp. NGR234. The NGR234 symbiosis plasmid (NGR234a) was completely
sequenced (Freiberg et al., 1997) and a partial shotgun sequence has been carried
out for the remainder of the genome (Viprey ef al., 2000). Surprisingly, 54% of the
predicted genes on NGR234a have no match anywhere in S. meliloti. However, of
those with replicon-specific full-length matches (26%), more are found on pSymA
(13%) than on either pSymB (9%) or the chromosome (4%) (Galibert et al., 2001).
A high proportion of the pSymA/NGR234a orthologs are genes related to
nodulation and nitrogen fixation.

Comparison of the S. meliloti genome to the complete genome of the symbiont
Mesorhizobium loti reveals a similar story: 35% of M. loti genes have no match in
S. meliloti (Galibert et al., 2001). Similar pSymA genes are dispersed throughout
the M. loti genome, with a higher concentration in the M. loti "symbiotic island".
As in the comparison with NGR234a, many of these are nodulation and nitrogen-
fixation genes. The Bradyrhizobium japonicum 410-kb region that contains
symbiotic genes (Gottfert ef al., 2001) has little similarity to pSymA other than the
symbiotic genes themselves.

As previously mentioned, some Rhizobiaceae family members are not nitrogen-
fixing symbionts, but plant pathogens that cause hypertrophies on plants. Recently,
the complete genome of the crown gall pathogen, A. tumefaciens strain C58, was
determined (Goodner ef al., 2001; Wood et al., 2001). The genomic structure of 4.
tumefaciens, which consists of both circular and linear chromosomes plus the Ti and
AT plasmids, is very different from that of S. meliloti. There is substantial
congruence of the A. tumefaciens circular chromosome with the S. meliloti
chromosome, which suggests that these units are either recently diverged or are
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subject to selection that conserves both the presence of particular genes and their
relative order. In striking contrast, the pSymA genes also present in A. tumefaciens
are dispersed throughout the 4. tumefaciens genome with no apparent synteny in
any of the replicons, although there is a somewhat higher proportion of orthologs on
the linear and plasmid replicons than on the circular chromosome (Goodner et al.,
2001; Wood et al., 2001).

6. PLASMID BIOLOGY

pSymA contains genes that encode a repABC-type of replication control system,
like those commonly found in Gram-negative bacteria, including rhizobia (Thomas
2000; Turner et al., 1996). repABC control systems are often used by large, low
copy number plasmids. Although repABC replication control is often associated
with other plasmid stabilization mechanisms, such as post-segregational killing, the
latter are not obvious from inspection of the genes predicted on pSymA (Ramirez-
Romero et al., 2001). pSymA is considered quite stable by those working with S.
meliloti 1021 but it was possible to cure pSymA by selecting for sucrose resistance
as the result of the loss of an experimentally integrated sacB gene (Oresnik et al.,
2000). The loss of the plasmid was accomplished in two stages, which might reflect
the relative frequency of eliminating the sacB gene by recombination or some other
deletion process compared to loss of the whole plasmid. pSymB also contains a
repABC-type replicon, but obviously from a different incompatibility group.

The megaplasmids in S. meliloti strain 41 have been reported to be able to
transfer between bacteria (Banfalvi er al., 1985). pSymA contains putative
conjugative-transfer genes (1raACDG) and a putative plasmid-transfer origin (oriT)
sequence, but the previous analysis did not identify a full complement of tra/trb
genes, such as those found on NGR234a (Freiberg et al., 1997). However, the 4.
tumefaciens avhB genes have recently been shown to mediate conjugal transfer of
pPATCS58 (Chen et al., 2002). These A. tumefaciens avhB genes are homologs of the
better studied virB genes, which transfer bacterial T-DNA into the plant cell (Kado,
2000). The ten S. meliloti pSymA genes described as homologous to virB and type-
IV secretion systems are actually more similar to these 4. tumefaciens avhB genes
than they are to the A. tumefaciens virB genes. This suggests that the S. meliloti
genes may be involved in conjugal transfer of pSymA. A mammalian pathogen,
Brucella abortus, also has homologs to the virB genes and these are required for
virulence and intracellular multiplication (Sieira et al., 2000). However, mutants of
S. meliloti 1021, which contain deletions of the pSymA virB operon, appear to
nodulate and fix nitrogen normally (Wells, unpublished data), suggesting that these
genes do not play a direct role in symbiosis.

7. ELEMENTS OF EXTERNAL ORIGIN

Consistent with data from many other bacterial plasmids, pSymA carries more than
its share of phage and IS elements (3.6% of sequences vs. 2.2% for genome overall).
pSymB has fewer of these elements (0.9%) and both plasmids fall far short of the
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remarkable 18% of NGR234a that is assigned to mobile elements. pSymA contains
12 of the 21 types of IS elements found in the S. meliloti genome (Table 1). Four of
these 12 are pSymA-specific. The distribution of IS elements on pSymA is uneven
with over half of the IS elements on pSymA being located in the region from ca.
208-kb to 590-kb, more than triple the density on the remaining three quarters of the
replicon. The nod-nif-fix gene region in this sector is especially rich in IS elements
and three of the four pSymA-specific elements are found only in this region. The
two of these, ISRm7 and ISRmS, that are most closely linked to the nod genes are
predicted to be nonfunctional. All of the ISRml1 elements are found in an
approximately 345-kb region near the replication origin. The unique population of
IS elements on pSymA and the bias in their distribution adds further credibility to
the idea of a recent acquisition for pSymA and perhaps recent acquisition of
symbiotic genes by a pSymA precursor. The role of IS elements in the S. meliloti
genome evolution is not known but, in Rhizobium sp. strain NGR234, it was shown
that intragenomic rearrangements may be mediated by reiterated sequences such as
IS elements (Mavingui et al., 2002).

pSymA carries two phage-related regions that have open reading frames
(ORFs) similar to the lambda integrase/recombinase family (901to 904 kb and 1225
to 1228 kb). These phage regions are similar to Y4rABCD found on the Rhizobium
species NGR234 symbiotic plasmid (Freiberg ef al., 1997).

Table 1. IS elements present on pSymA

IS Family Number of Number Qf partial.or

complete copies nonfunctional copies
ISRml 1S3 3 5
ISRm3 18256 4 |
ISRm5 1S256 1 0
ISRm7* 1S3 0 .
ISRm8* IS66 0 |
ISRm11* 18630 3 |
ISRm17 ? 2 1
ISRm23* 1S3 | |
ISRm24 1830 3 0
ISRm25* IS66 1 1
ISRm29 ? 2 0
ISRm30 ? 1 0

*pSymA specific elements; ! formerly ISRm2011-2
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Members of the Rhizobiaceae contain repetitive palindromic sequences in
intergenic regions; these are called Rhizobium-specific intergenic mosaic elements
(RIME; @steras et al., 1995) as well as a related repeat with palindromic sequences
(Osteras et al., 1998). 476 of these repetitive sequences are found in the S. meliloti
genome. Consistent with earlier observations (Osteras et al., 1995), only 1.3% of
these are found on pSymA, 6.7% on pSymB, and 92% on the chromosome (Galibert
et al., 2001). It has been proposed that the dispersion of RIMEs occurred on the
chromosome before acquisition of the megaplasmids (Dsteras et al., 1995). A
similar distribution of RIMEs has been observed in Rhizobium sp. NGR234 (Perret
etal.,2001).

8. TRANSFER RNA GENES

pSymA contains two tRNA genes. The first one, the proposed pSymA tRNA,,, is
redundant with the chromosomal tRNA .. and may be nonfunctional on the basis of
secondary-structure predictions. The second (se/C) has a UCA anticodon that
specifies selenocysteine and its functionality is suggested by its location adjacent to
genes encoding SelA (selenocysteine synthase), SelD (required to modify seryl
tRNA to selenocysteine tRNA), and SelB (selenocysteine specific elongation
factor), plus genes encoding formate dehydrogenase, the only selenoprotein
identified thus far in the S. meliloti genome. tRNAs play a role in the horizontal
transfer of bacterial pathogenicity islands; frequently, the 3' sequences of tRNA
genes are used as recombination sites by P4 family recombinases (Hou, 1999). In
M. loti, the symbiosis genes are present on a 610-kb island that is inserted into a
phenylalanine tRNA gene with the 3' 17 nucleotides of the tRNA present as a direct
repeat at the right end of the island (Kaneko et al., 2000; Sullivan and Ronson,
1998). An adjacent P4 integrase-like gene may be responsible for integration of the
M. loti island (Sullivan and Ronson, 1998). In S. meliloti, we found an 11-bp direct
repeat of the selenocysteine tRNA 3' end about 518 kb from se/C, but find no
evidence for a closely-linked integrase gene.

9. NODULATION GENES

In S. meliloti, the early events in symbiosis are mediated by Nod factors, which are
lipo-chito-oligosaccharides synthesized by the bacteria in response to chemical
signals produced by the host plants (Lerouge ez al., 1990; Long, 1996). The genes
necessary for biosynthesis of Nod factors are encoded by the nod, nol, and noe
genes, which lie in six operons within 82 kb on pSymA. Transcription of the nod
genes depends on three LysR-type activators, NodD1, NodD2, and NodD3 (Honma
and Ausubel, 1987; Honma et al.,, 1990; Mulligan and Long 1989). These
activators bind to a conserved sequence in the nod-gene promoters, called the nod
box (Fisher et al., 1988; Fisher and Long, 1989; Fisher et al., 1987). NodDI is
active in the presence of flavonoid inducers, such as luteolin and methoxychalcone
(Maxwell et al., 1989; Mulligan and Long, 1985; Peters et al., 1986). NodD2 is
activated by plant flavonoids and also by betaines, such as trigonelline (Phillips e?
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al., 1992). There is no known inducer for NodD3, but it is known that nodD3
transcription is activated by another LysR-family member, SyrM (Barmett ef al.,
1996; Swanson et al., 1993). NodD3 activates syrM expression by binding to a
degenerate nod box upstream of syrM (Barnett et al., 1996; Swanson ef al., 1993),
thus, establishing a positive feedback loop. In addition, SyrM activates
transcription of an adjacent gene, syrd, which appears to affect acidic exopoly-
saccharide (EPSI) production (Barnett ez al., 1998). Because syrM and nodD3 have
been found to control synthesis of a unique class of nod factors that are N-acylated
with ( -1)-hydroxylated fatty acids (Demont et al., 1994), they may also activate
genes involved in the synthesis of these molecules.

The nod factor-pathway genes are well characterized and the complete genome
did not contain any new nod-structural genes related to known nod genes from other
species. pSymA does encode a second copy of the nfrR gene, which encodes a
regulator thought to be responsible for nod-gene repression in the presence of
nitrogen (Dusha et al., 1989; Dusha and Kondorosi 1993; Olah et al., 2001). The
sequence also revealed two additional copies of the syrB gene, a putative repressor
of syrM expression (Barnett and Long, 1997); one of these, syrB3, is closely linked
to the nod and nif genes. Functional tests are required to determine if ntrR2, syrB2,
and syrB3 are involved in nod-gene regulation and to determine if additional
regulators in the nod-gene pathway are present on pSymA. Searching for additional
nod-gene promoters (nod boxes) yielded no significant matches.

The chaperonins, GroES and GroEL, are required for nod-gene activation,
presumably by facilitating the assembly of active NodD (Ogawa and Long, 1995).
A gene, groESL2, encoding a functional chaperonin of this type, was previously
shown to be present on pSymA (Ogawa and Long, 1995) and, based on mutational
analysis, this is likely to be the only groESL in the genome able to substitute for the
chromosomal groESLI (Ogawa, 1993). However, the pSymA sequence revealed a
third complete groESL operon; additional experiments are necessary to determine
the role of groESL3.

10. NITROGEN-FIXATION GENES

As indicated above, pSymA contains the only copy of the nitrogenase structural
genes in S. meliloti 1021. In addition, pSymA contains homologs to most of the
other nitrogenase-associated genes found in Klebsiella, including the primary
transcriptional regulator of nif-gene expression, nifA (Fischer, 1994). A detailed
discussion of fix and nif'genes found on pSymA is part of the original publication of
the sequence, so the following will emphasize points that we consider of special
interest with regard to the metabolism related to nitrogen fixation.

First, neither pSymA nor the other replicons in S. meliloti 1021 include a
homolog of nifJ, which codes for a pyruvate-flavodoxin oxidoreductase, or of nifF,
which codes for the associated flavodoxin. These proteins are involved in
transferring reductant to nitrogenase in Klebsiella. How electron transfer to
nitrogenase is mediated in S. meliloti has not yet been established, but it has been
suggested that the fixABCX operon, which is located next to the nitrogenase
structural genes and is transcribed from a divergent promoter, may be involved
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(Earl et al., 1987). FixABC are homologs of electron transfer flavoproteins (ETF
proteins) that carry electrons from various specific dehydrogenases to respiratory
electron-transport chains and it is possible that, in S. meliloti, FixABC reduce FixX,
a ferredoxin with an unusual structure. It has recently been shown that the E. coli
fixA and fixB genes are needed for carnitine reduction during anaerobic growth
(Walt and Kahn, 2002). A second set of ETF-related proteins of the FixAB type are
encoded by etfA2B2 on pSymA. An identical set of these genes, etf41B1, is also
present on the chromosome.

Second, also missing from the complement of genes in S. meliloti is a homolog
of the Klebsiella NifL protein, which is involved in O,-dependent regulation of
nitrogenase expression. In S. meliloti, O,-dependent regulation is carried out by the
FixJ-FixL two component-regulatory system in conjunction with the FixK
transcriptional regulator (Foussard et al., 1997, Tuckerman et al., 2001).
Interestingly, the sequence of pSymA shows that these regulatory proteins are
embedded in a large cluster of genes involved in denitrification and are not located
near the nitrogenase genes. The primary function of these fix genes may be to
regulate the microaerobic use of nitrate as a terminal electron acceptor rather than to
control nitrogenase. Their use in controlling nitrogenase may be a secondary
adaptation. It is clear that rhizobia use many different mechanisms to couple O,
sensing with nitrogenase regulation (Fisher, 1994), suggesting that different
rhizobia have recruited diverse control networks during the evolution of the
different symbioses.

Third, three other classic nif genes, nifQ, nifZ, and nifW, are missing from the
S. meliloti sequence, although they are found in the genomes of other rhizobia,
including M. loti, R. etli, and B. japonicum. The functions of these proteins are not
well established, although NifZ and NifW might form a complex. It is, therefore,
difficult to know what other functions might substitute for them, but there are only
two unassigned ORFs in the nitrogenase-related gene cluster in pSymA.

11. CARBON AND NITROGEN METABOLISM

A large fraction of the genes on pSymA appear to be involved in nitrogen
metabolism. However, assigning specific functions to many of the pSymA genes
that are related to known proteins can be difficult because, although a protein might
clearly have a certain function (in transport, for example), the relationship to a
protein with known specificity may not be close enough to convincingly indicate its
substrate. The pSymA-cured derivative of S. meliloti 2011 had relatively few
differences from wild-type in its "ordinary" physiology (Chen ez al., 2000).
Moreover, only 29 of the 2000 protein spots that could be observed in the S. meliloti
proteome disappear in the pSymA-cured strain (Chen et al., 2000). Because about
20% of the predicted ORFs in S. meliloti are on pSymA, this result means that
disproportionately few of these ORFs were expressed in free-living cells at a level
detectable in these experiments. This result is also consistent with the idea that
plasmid-encoded proteins are expressed only under special circumstances. Adding
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the nod-gene inducer luteolin significantly influenced expression of only 6 of the 29
proteins (Chen et al., 2000).

The pSymA-cured strain, in contrast to wild type S. meliloti 1021, was unable
to catabolize inosine, -aminobutyric acid (GABA), gluconate, trigonelline, glycine,
or serine as sole carbon sources (Oresnik, ef al., 2000). The possible relationships
of specific genes on pSymA to these phenotypes is discussed in Barnett ef al.
(2001), where it was noted that, although pSymA plausibly contains genes involved
in catabolism of each of these compounds, many of these genes belong to families
with representatives on the other replicons. Thus, the involvement of specific
pSymA genes in catabolism of these compounds will require additional and more
specific mutants to sort out the genetics and biochemistry of the use of these
compounds.

Examination of the pSymA sequence suggests the involvement of plasmid
genes in other aspects of metabolism. For example, S. meliloti 1021 grows well on
formate as a carbon source. Genes needed for the synthesis of a selenocysteine-
containing formate dehydrogenase, including those for both synthesizing
selenocysteine and charging a pSymA-encoded selenocysteine tRNA, are located
adjacent to the predicted pSymA origin of plasmid replication. Genes for an NAD-
dependent formate dehydrogenase are present on the chromosome and it remains to
be determined which of these formate dehydrogenases is used for growth on
formate and under what circumstances, although selenium is presumably needed for
the plasmid-encoded gene products to function.

pSymA also encodes an arginine deiminase pathway for the catabolism of
arginine. This pathway, which is best described in anaerobes, releases carbamyl
phosphate from arginine and then uses carbamate kinase to synthesize a molecule of
ATP. Two copies of arginine deiminase are carried on pSymA: arcAl, which is
linked to both ornithine carbamoyl transferase and carbamate kinase, and arcA42,
which is linked to genes that are similar to basic amino acid-transport proteins.
Other pathways for catabolism of basic amino acids are suggested by the presence
of two related amino acid decarboxylases, SMA0680 and SMAO0682, with
specificity for basic (ornithine, lysine, arginine) amino acids.

Like many rhizobia, S. meliloti 1021 is able to use nitrate as a terminal electron
acceptor. Within an approximately 50-kb region are genes for components of
nitrate reductase (6 genes), a copper-containing nitrite reductase (2 genes), nitric
oxide reductase (5 genes), and nitrous oxide reductase (1 gene) that allow the
bacteria to convert nitrate to N,. In addition, this cluster contains genes for copper
transport, a fixNOQP gene cluster (containing a predicted Cu-cytochrome c, di-
heme cytochrome c, and cytochrome ¢ oxidase), a fixGHIS cluster of redox proteins
(including a Cu-dependent ATPase), a fixKTJL group of regulatory genes involved
in O, sensing, and such miscellaneous genes as azul, which codes for the blue
copper protein azurin, cycB2, which encodes a cytochrome ¢552, and hemN, which
codes for coproporphyrinogen III oxidase, an enzyme involved in heme
biosynthesis. Whether this gene cluster is actively involved in denitrification, even
while nitrogen fixation is taking place, is an interesting question because
simultaneous activity of both pathways would imply that the metabolic role of these
activities was to deliver electrons to terminal electron acceptors rather than the
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synthesis of metabolically useful forms of nitrogen. Preliminary evidence (House
and Kahn, unpublished observations) suggests that denitrification is operational in
nodules. Furthermore, nodules formed by mutants, which are unable to convert NO
into N,O, are unusually sensitive to the addition of nitrate to the growth medium,
whereas mutants, which are unable to make NO, are relatively resistant. As
indicated above, the presence of the FixJ-FixL O, sensor in this cluster may indicate
that expression of denitrification is under control of these proteins. An additional
25 proteins without a firmly assigned function are predicted in this region. It would
be interesting to know if these also had a role in microaerobic use of either nitrogen
oxides or other electron acceptors.

In B. japonicum, FixNOQP constitute a cytochrome cbb3 oxidase that functions
as a proton pump and is essential for symbiosis (Arslan ez al., 2000). The S. meliloti
JfixNOQP gene cluster referred to above is one of three encoded on pSymA, but
what distinguishes the products of these three sets of genes is unknown. Lack of all
three sets of genes leads to an ineffective (Fix ) phenotype, but it has not been
determined whether the fixN202Q2P2 or fixN3O3Q3P3 genes are able to support
fixation by themselves. fixN202Q2P?2 is associated with a second plasmid copy of
homologs of the regulatory genes, fixK and fixT. The genes adjacent to these last
two clusters do not encode an obvious alternative function that would need the high
O,-affinity cbbs cytochromes that are characteristically products of these genes.

12. CHEMOTAXIS AND PILUS FORMATION

Chemotaxis is an important adaptation to diverse environments. S. meliloti is
chemotactic toward a wide variety of compounds, including nod-gene inducers in
root exudates (Dharmatilake and Bauer, 1992), and possesses cellular machinery for
efficient motility in the soil (reviewed in Armitage and Schmitt, 1997). pSymA
contains a 14-kb cluster of putative chemotaxis and pilus-assembly genes, some of
which are similar to genes on the S. meliloti chromosome. Genes in the cluster
encode a putative CheB chemotaxis methylesterase, a CheR-like methyltransferase,
a methyl-accepting chemotaxis protein, a CheA-like histidine kinase, a CheW-like
protein, and pilus assembly proteins, PilA2, CpaA2, CpaB2, CpaE2, and CpaF2.

The pilus-assembly proteins are related to those of type-II secretion systems for
biogenesis of a type-IV pilus. Similar proteins in the a-protobacterium,
Caulobacter crescentus, form the polar pilus, which is a receptor for the
bacteriophage COK, and are regulated by the CtrA cell-cycle regulator (Skerker and
Shapiro, 2000). A putative pilQ (SMa0163) homolog lies outside this cluster, but
no other pilus genes are located in this region. Pili have not been characterized in S.
meliloti. The function of these proteins is unknown but it is tempting to speculate
that these genes play a role in attraction and adhesion to plant roots.

13. TRANSPORT

We predict that about one of every seven genes on pSymaA is involved in transport.
The 34 ABC transporter-gene clusters, which consist of genes encoding permease,
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ATP-binding, and solute binding domains, are fairly evenly distributed on pSymA,
except for a 100-kb region (732 to 833 kb) that contains eight clusters. The high
degree of conservation between ABC transporters makes it difficult to predict the
transported solute for the majority of these, although some of them were tentatively
identified as transporting nitrate, sulfate/thiosulfate, amino acids, sugars, and
polyamines. In the cation P-type ATPase subgroup of transporters, there are four
transporters predicted to transport copper (actP, SMal087, fixIl, fixI2), one
predicted to transport potassium (kdp), one predicted to transport cadmium and/or
magnesium (SMal163), and one undetermined solute (SMal155).

The second most abundant group of transporters comprises those in the major
facilitator superfamily (MFS). This group includes amino acid antiporters
(SMa0678, SMa0684, SMal667, SMal668), a Na'/H" antiporter, a copper-export
protein (SMal198), three members of the RND transport family that function with
associated membrane-fusion proteins (n0/G, SMal662, SMal884), and many others
for which no solute was provisionally assigned. Although S. meliloti has a large
number (Bolton et al., 1986) of MFS members in the RhtB amino acid efflux
subclass, none are present on pSymA (Galibert ef al., 2001).

Iron is often scarce in the soil and is required for synthesis of symbiotically-
important proteins, such as nitrogenase, cytochromes, and ferredoxins. In addition
to the previously known regulon encoding a high-affinity siderophore iron-transport
system rhbABCDEFrhrArht4 (Lynch et al., 2001), there are two clusters of putative
iron-transport genes at positions 283 kb and 985 kb.

In addition to the unique KdpABC-type of potassium transporter, pSymA
carries the TrkH- and KUP-types that are also present on the chromosome.
Potassium transport may be important for either pH adaptation or membrane
potential during symbiosis because a mutant defective in potassium efflux was
shown to be Fix (Putnoky et al., 1998).

14. REGULATION AND SIGNAL TRANSDUCTION

The largest family of transcriptional regulators in S. meliloti is of the LysR/NodD-
type. This group is over-represented on pSymA with 36 of the 85 total S. meliloti
members. Of the 11 proteins that most closely resemble NodD, nine are on pSymaA.
The GntR family of small repressors is the second most abundant family of
regulators with 15 members on pSymA. There are eight response regulators on
pSymA and nine proteins with either global or local similarity to histidine kinases.
None of the pSymA histidine kinases are similar to the family of seven sensor
histidine kinases found on pSymB and the chromosome. We found neither SorC
nor DeoR-type regulators on pSymA, consistent with other data suggesting that
pSymaA is not specialized for sugar metabolism (Galibert ez al., 2001). Nor did we
identify any LuxR- or NtrC-like activators on pSymA. Three Crp/Fnr-like
regulators are present on pSymA (SMal067, 1141, 1245); these constitute a family
distinct from the FixK family. We failed to discern any particular bias in the
locations of the regulators as they are fairly evenly distributed about the replicon.
The S. meliloti genome contains more nucleotide cyclases than any other a-
proteobacterial genome to date (Galibert ez al., 2001). Nine proteins on pSymA
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were annotated as having either global or partial similarity to adenylate cyclases.
Two of these, cyaF4 and cyaF5, belong to a family of five "type II" cyclases that
contain a catalytic domain in the N-terminal part of the protein and C-terminal
tetratricopeptide repeats and, thus far, have been found only in S. meliloti and M.
loti (Galibert et al., 2001; Sharypova et al., 1999). Three (SMa0464, 1591, 1789)
encode proteins of 1058-1159 amino acids with local similarity to both adenylate
cyclases and transcriptional regulators. Of the remaining four, one (SMal046) is
most similar to cyaE and three (SMa0579, 1103, 2357) have local similarity to the
C-terminal catalytic domain of classic adenylate cyclases.

It is difficult to determine specific functions of regulatory proteins from the
sequence alone because subtle changes in substrate, DNA, and protein binding can
strongly influence how a particular protein may act. However, the interesting work
that has already been carried out with many of these proteins suggests that it will be
very worthwhile to determine the targets of these new regulatory proteins.

15. STRESS RESPONSES

Plasmid-encoded genes often play a role in the exploitation of specific niches
related to environmental stresses. Genes that are involved in cold shock (SMa0126,
SMa0181, and SMa0738) and heat shock (SMalll8) responses are found on
pSymA but they also have homologs on the chromosome.

It is important for a symbiotic soil bacterium to be able to withstand osmotic
stress. Desiccation resistance might be mediated by a pSymA aquaporin, agpZ2,
which also has a chromosomal homolog. Several pSymA genes are potentially
involved in metabolism of osmolytes, such as trehalose, glutamine, and glycine
betaine. Trehalose synthase, o#s4, is presumably required for synthesis of trehalose,
an endogenous osmolyte in S. meliloti (Gouffi et al., 1999), although several other
trehalose-related proteins are encoded on pSymB. S. meliloti appears to lack OtsB,
trehalose phosphatase, supporting the idea that trehalose synthesis occurs via an
alternate pathway (Streeter and Bhagwat, 1999). Interestingly, ots4 is linked to
gdhA, which encodes the only glutamate dehydrogenase in the genome. GdhA is
likely to play a role in metabolism of glutamate, another S. meliloti osmolyte. A
pSymA copy of betaine aldehyde dehydrogenase, betB2, catalyzes the second step
in betaine synthesis and presumably acts together with chromosomal genes involved
in other steps of betaine synthesis. SMal466 and SMal467 are 44% identical to
ABC-transport proteins for glycine, betaine, carnitine, and choline.

A hydroperoxidase (SMa2379) and two haloperoxidases (SMal809 and
SMa2031) may be part of protective mechanisms for dealing with either symbiotic
or environmental oxidative stresses. SMa2389 is similar to other Ohr (organic
hydroperoxide) stress-induced proteins from various bacteria, including Xylella, in
which the homolog was recently shown to have thiol-dependent organic
hydroperoxidase activity (Cussiol et al., 2003).

Other predicted pSymA proteins may protect against specific damage caused
by such agents. For example, the protein encoded by SMal896 is predicted to be
homologous to methionine sulfoxide reductase, an enzyme that reduces an oxidized
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form of methionine that is found both as the free amino acid and in oxidized
proteins (Weissbach e al., 2002). SMal547 is the best match in the entire genome
to E. coli PimT, L-isoaspartate protein carboxymethyl transferase. This protein
initiates the restoration of damaged aspartate residues to aspartate and, therefore,
plays a role in repairing damaged proteins (Li and Clarke, 1992).

Other putative pSymA proteins may confer resistance by exporting a broad
spectrum of hydrophobic toxins. SMal664 and SMal662 encode homologs of
AcrA and AcrB, the membrane and periplasmic subunits of a resistance complex.
SMal884 is also similar to AcrB and is adjacent to an AcrR-like regulator,
SMal882 (Nikaido and Zgurskaya, 2001).

Several gene products (ActP, NosD, NosF, FixIl, FixI2, SMA1198) are
predicted to have copper-transport activity and, although some may be involved in
acquiring copper for copper-containing proteins in the genome (and especially in
pSymA), some may be involved in copper- (or other heavy metal-) export.

16. SULFUR METABOLISM

Sulfur metabolism is central to the S. meliloti symbiosis because a critical
recognition step requires sulfated Nod factors. pSymA encodes the NodH enzyme
responsible for the transfer of activated sulfate to the Nod factor (Ehrhardt et al.,
1995; Schwedock and Long, 1990). In addition, pSymA codes for a duplicate set of
enzymes involved in the synthesis of activated sulfate, which is needed to meet the
increased demand made by Nod factor synthesis. Analysis of the pSymA sequence
identified additional enzymes putatively involved in sulfur metabolism, including a
sulfite oxidase, sulfate/thiosulfate-transport proteins, two arylsulfatase-like proteins,
sulfonate-binding proteins, and proteins similar to dibenzothiophene desulfurization
enzymes (Barnett ef al., 2001). The desulfurization and sulfonate-binding proteins
may be important for scavenging sulfur during either sulfate or cysteine starvation.
Some desulfurization enzymes can remove covalently bound sulfur without
breaking carbon-carbon bonds and are potentially important for desulfurization/
bioremediation of fossil fuels. The function of these putative enzymes in S. meliloti
1021 is unknown, but there is at least one S. meliloti strain, Orange 1, that can grow
on dibenzothiophenes as a sole carbon and energy source (Frassinetti et al., 1998).
A. tumefaciens has orthologs of these putative desulfurization genes but, in M. loti,
BLAST analysis returned only weak or no matches.

17. ORPHAN GENES

As of April 2002, 6.1% of the total predicted protein-coding genes in the S. meliloti
genome have no database match. The number of these orphan genes on the plasmid
replicons is higher, 10% for pSymA and 9.5% for pSymB. Some (and perhaps
many) of these predicted open reading frames may not really be genes at all;
experiments are necessary to determine which of these ORFs encode functional
proteins. Of the 130 orphan genes on pSymA, 39 are shorter than 100 amino acids
long. Many are either clustered together or in regions near transposons and
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transposon fragments. Preliminary data (Barnett and Toman, unpublished data)
indicates that more than a third of the 130 pSymA orphans may be transcribed in
free-living cells.

18. GENOME-WIDE ANALYSES

As this review is being written, we are in a situation now typical for microbiologists
who are working with sequenced bacterial genomes, where the number of
characterized genes is dwarfed by those that were discovered through the
sequencing effort. With the focus on predictive bioinformatics that was necessary
to organize the data in the sequence, it is useful to list/detail/describe the number of
different predictions currently available on the internet. These include analyses at:
CNRS site (http://sequence.toulouse.inra.fr/meliloti.html); Institute for Genome
Research (www.tigr.org); EBI (www.ebi.ac.uk/proteome/index.html); at NIH
(www.ncbi.nlm.nih.gov); Center for Biological Sequence Analysis (Denmark)
(www.cbs.dtu.dk/services/GenomeAtlas/Bacteria/Sinorhizobium/meliloti/Rm1021);
GeneQuiz EMBL-EBI (http://jura.ebi.ac.uk:8765/ext-genequiz/genomes/sme0108/);
PromScan promoter scan site at the Sanger Institute (England)
(http://www.promscan.uklinux.net/data.html); and the Munich Information Center
for Protein Sequence site (http://pedant.gsf.de/).

These sites contain interesting analyses of different aspects of the sequence,
from protein predictions and alignments, like those that were used in the original
analysis, to structural analysis of the genome. To our knowledge, the only site that
includes extensive human annotation of the pSymA sequence is the one at Toulouse
but, especially because of subsequent publications of sequences from closely related
bacteria such as A. tumefaciens, the automated analyses are of increasing interest.

19. A STRATEGY FOR ANALYZING PSYMA OF S. MELILOTI

Major projects are underway in several laboratories to adapt genomic technologies
to the analysis of S. meliloti 1021. Data on pilot macroarrays, covering 214 S.
meliloti genes, including 46 pSymA genes, have recently been published (Ampe et
al., 2003; Berges et al., 2003) and a major proteomics project has been referred to
above (Chen et al., 2000; Djordjevic et al., 2003). Our efforts at Stanford
University and Washington State University are aimed at developing something we
call a "platform" for genetic analysis of this bacterium. This platform includes the
construction of an Affymetrix oligonucleotide array for monitoring gene expression
both from the postulated ORFs and from the intergenic regions. In addition to being
able to observe the expression of mRNA that corresponds to ORFs identified in the
sequence, an advantage of the Affymetrix approach is that the oligonucleotides have
been designed both to detect intergenic RNA molecules that might have a regulatory
role and to provide some indication of the possible validity of proteins too short to
be uncovered by the statistical models used to predict "significant" ORFs.

In addition, we are in the process of cloning the postulated ORFs, using PCR
technology and a strategy (House, Mortimer and Kahn, unpublished data) that
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incorporates lambda integrase site-specific recombination and then uses this,
together with both homologous and site-specific recombination, to generate
reporter-gene fusions to each promoter and deletion mutations for one or several
genes. Preliminary work in this direction has yielded over 3000 clones, including
almost all of pSymA, and we are working to extend this set to represent the entire
genome. At some point in the near future, we envision collections of mutants,
reporter genes, and protein overexpression plasmids that will allow investigators to
carry out preliminary experiments to test hypotheses, at least in a crude way,
without having to do the genetics de novo. Arrays of DNA from limited numbers of
the plasmid clones should allow investigators to focus on the expression of subsets
of genes identified by using the Affymetrix technology at a fraction of the cost of
the oligonucleotide arrays. In this way, we hope to determine how the various
unknown genes on pSymA influence both the survival of the free-living bacteria
and symbiotic function.

It will also be instructive to use heterologous hybridization to see how many of
the genes in pSymA are common to other S. meliloti strains and to other rhizobia.
The results of such an analysis would help us to understand how many of the genes
on pSymA are always needed for the bacteria to establish itself in its ecological
niches, how many may be important in some specialized niches, and how many are
just along for the ride. With so many genes on pSymA and in S. meliloti, it is
tempting to try to use strategies for doing everything all at once. However, an
alternative view is that preliminary surveys of all of the genes at one level of
resolution may give us the ability to choose for further analysis those genes, which
give us the best opportunity to investigate the critical properties of S. meliloti. In
the next few years, we will learn how successful we have been in mining data that
helps identify both the questions and the answers that define the essence of S.
meliloti.
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RHIZOBIUM ETLI GENOME BIOLOGY
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1. INTRODUCTION

Rhizobium etli is a Gram-negative soil bacterium that forms nitrogen-fixing nodules
on the roots of Phaseolus vulgaris L. Many genetic determinants from both
symbionts are required for this association. The genome of bacteria belonging to
this species is structured in several replicons; one circular chromosome and several
large plasmids that could represent up to one third of the genome (Garcia-de los
Santos et al., 1996). Most of the genes for nodulation and nitrogen fixation are
encoded in one of these plasmids, which is necessary, but not sufficient, for optimal
symbiosis. The whole sequence of p42d, the symbiotic plasmid of R. etli CFN42,
has recently been completed. Members of all the species belonging to the
Rhizobiaceae family seem to have a single and ancient ancestral chromosome, even
though the genetic diversity of the chromosome for any of such species is usually
very high. To achieve symbiotic capability, these chromosomes must be associated
with a specific symbiotic genome compartment that also determines the plant host
range. Commonly, these Symbiotic Genome Compartments (SGC) occur either in
replicons referred to as symbiotic plasmids (pSym) or as symbiotic islands (or
regions) within the chromosome. Phylogenetic comparisons of these compartments
from different species of the rhizobia have shown a mosaic structure, whereas
compartments belonging to bacterial isolates from a single species are probably
clonal and epidemic. A genomic project with CFN42, the type strain for R. et/i, is
currently in progress.

Some of the relevant structural qualities of the genomes of this bacterial family
have been recently established by the complete genomic sequence of
Mesorhizobium loti MAFF303099 (Kaneko et al., 2000), Sinorhizobium meliloti
(Barnett et al., 2001; Capela et al., 2001; Finan ef al., 2001; Galibert et al., 2001),
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and Bradyrhizobium japonicum USDA110 (Kaneko et al., 2002). In addition, the
pSym of Rhizobium sp. NGR234, called pPNGR234a (Freiberg et al., 1997), the
chromosomal SGC of both Bradyrhizobium japonicum and Mesorhizobium loti
R7A (Gottfert et al., 2001; Sullivan et al., 2002), and the pSym of Rhizobium etli
p42d (Gonzalez et al., 2003) have been sequenced and analyzed. Analysis of
complete genomes has revealed that they share many orthologous genes with a good
level of chromosomal syntheny. However, the genetic relatedness of the symbiotic
plasmids and the symbiotic chromosomal compartments has a different evolutionary
history. This difference could be due either to the fact that they may have been
acquired through horizontal transfer or to the frequent occurrence of genomic
rearrangements, which is indicated by both the high concentration of insertion
sequences and the large amount of reiterated DNA elements.

Native populations of R. etli, which were isolated from nodules on the common
bean plant, Phaseolus vulgaris, in Mesoamerican soils, show a variation in both the
size and the number of plasmids per strain. Most of the isolates contained four
plasmids and only one out of 24 had a megaplasmid (Brom et al., 2002).
Interestingly, in these natural populations, the linkage distribution of genetic
markers indicates a high level of conservation in the sequence integrity of their
symbiotic plasmids. The pSym of R. et/i strains fluctuates between two sizes as
shown with plasmid-profile gels hybridized with a nifH probe. These plasmids
differ in approximately 100 Kb and are equally distributed among R. et/i strains
isolated from bean-nodules from around the world. The larger pSym includes
almost all the sequence present in the smaller one. The additional information
present in the larger pSym appears to be conserved, clustered, and localized in a
specific region. Moreover, the genetic diversity among the symbiotic plasmids of
R. etli is exceptionally low, particularly when contrasted with that of their
chromosomes. These characteristics support the existence of a unique common
ancestor for the R. etli pSym.

2. RHIZOBIUM ETLI GENOME STRUCTURE

The R. etli CFN42 genome contains a circular chromosome with an estimated size

of 4.5 Mb and an average GC content of 60%. In addition, 2 Mb are distributed in

six large plasmids, p42a to p42f, whose sizes range from 184 to ca. 600 Kb. The

symbiotic plasmid p42d has 371,255 bp (http://itzamna.cifn.unam.mx/retlidb/;

Gonzalez ef al., 2003). The analysis of plasmid-encoded functions indicates that:

(1) p42b, p42c¢, p42d and p42f are required for an efficient nodule occupancy;

(ii) p42b and p42d are essential for effective nodulation;

(iii) p42d and p42f participate in nitrogen fixation;

(iv) p42b, p42c and p42e are involved in the utilization of some carbon compounds;

(v) p42¢ and p42f participate in cellular growth and viability (Brom et al., 2000).
Interestingly, in natural populations of R. etli, hybridization experiments, using

an overlapping collection of cosmids (Girard ez al., 1991) that cover the whole p42d

plasmid, show a high level of RFLP conservation (Figure 1). Moreover, Brom and

coworkers found that the majority of R. efli strains share not only the presence but

also the organization of some genetic regions associated with three replicons of R.



RHIZOBIUM ETLI GENOME BIOLOGY 135

etli CFN42, namely p42b, p42d and p42f (Brom et al., 2002). This information
suggests a high level of structural and functional conservation between several
plasmids of R. etli and, even though the whole genome is extremely variable, it
constitutes a comprehensive functional unit structured in several replicons.
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Figure 1. Conservation of regions covered by the complete p42d sequence
in 50 natural isolates of Rhizobium etli.
Cosmid insert lengths and positions are shown in the outer ring, together with their names and
conservation percentage of the RFLP patterns. The inner ring shows the nod genes (light gre), the nif
and fix genes (black), and the rep operon (dark grey).

Another type of element relevant for the organization of these genomes
corresponds to Elements Related to Insertion Sequences (ERIS). These elements
are present in high numbers in the genomes of several rhizobia and they are
particularly concentrated in the SGC. Even though in R. etli experimental evidence
for functional ERIS is not available, a computational search for ERIS within the
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partial sequence of the CFN42 genome, suggests that the majority of the ERISs are
distributed on two plasmids, p42a and p42d, but with only nine of them showing all
the features required by a functional IS. The participation of ERIS in genome
dynamics is currently under evaluation.

The CFN42 genome contains an unusually large number of reiterated
sequences (RS), with about 700 elements (of 300-bp average size with more than
80% homology) belonging to about 200 different families. This assessment
suggests that as much as 4.2 % of this genome is reiterated (Flores et al., 1987).
Reiterated sequences are scattered throughout the genome but, surprisingly, their
distribution is not completely random. For example, all the elements from several
RS families are exclusively shared by two replicons. The genetic nature of the RS
comprises either structural genes, such as the two copies of 7poN, one of which is
located in p42d and the other in the chromosome, or complete operons, like the two
nifHDK regions present in p42d (Quinto ef al., 1985), or pseudo genes and ERIS
shared between replicons. The participation of the RS in eliciting genomic
rearrangements is reviewed below.

3. RHIZOBIUM GENOMIC PLASTICITY

Variability and plasticity of genomic structures are common phenomena among
members of the Rhizobiaceae family. It is possible that these features are related to
the capacity to both adapt and survive in a changing environment. Two processes
participate in the modification of the bacterial genome structures; these are genomic
rearrangements and horizontal gene transfer. In R. et#/li (see Chapter 12), it was
initially shown that, when colonies derived from a single mother cell were analyzed,
3-6 % of them revealed some kind of genomic reorganization, implicating a high
frequency of genomic rearrangements (Brom et al., 1991; Flores et al., 1988). The
proportion of derivatives bearing rearrangements may increase up to 35 % after
subculturing for one year under normal laboratory conditions (Romero et al., 1998).
The main process that produces these rearrangements involves homologous
recombination between two RS and these rearrangements may generate
cointegrations, deletions, amplifications, or inversions (Romero ef al., 1995).

The best-studied model of genomic plasticity in R. etli is the symbiotic plasmid
p42d. The analysis of this plasmid revealed the presence of 29 RS (with at least 300
identical nucleotides) grouped in 12 families of two or three elements each. A
segment of DNA bordered by a pair of direct repeats is known as an amplicon that
may promote the amplification (or deletion) of the encompassed region. Figure 2
shows the 12 predicted amplicons of p42d; three of them have been experimentally
confirmed (black arcs) and the remaining 9 are under study (grey arcs). The
characterized amplicons, which are located in the symbiotic region of the plasmid,
allow amplifications at frequencies that range from 10° to 10 (Romero et al.,
1991; Romero et al., 1995).

Other types of rearrangements that occur correspond to cointegrations and
translocations. The symbiotic plasmid p42d is able to form a transient cointegrate
with p42a that is usually resolved so preserving the original structures and
organization of the wild-type plasmids. However, in some cases, this cointegrate is
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spliced by recombination between the abundant RS shared by these plasmids
yielding two chimerical replicons (Brom ef al., unpublished data). Another
interesting observation is that, when a replicon that is incompatible with p42d is
acquired by conjugation, instead of losing the resident plasmid, it recombines with
p42b forming a hybrid replicon. Such a hybrid plasmid is stably maintained as long
as the selective pressure exerted by the incompatible plasmid is present (Soberon
and Cevallos unpublished data).

Figure 2. Amplicons of the symbiotic plasmid p42d of R. etli CFN42.

The external circle shows the replicator and some symbiotic genes as in Figure 1. Arcs in the second
circle show the location and extension of putative (grey) and actual (black) amplicons. The inner circle
illustrates the position and size of all RS present in the structure of p42d. The double-headed arrows in

the internal circle connect all pairs of directly oriented repeats.

Conjugative transfer of the CFN42 plasmids can be detected in laboratory
conditions. Studies by Brom et al. indicate that, of the six plasmids of the strain,
only p42a is self-transmissible at high frequency; in addition, p42d transfers at low
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frequency depending on the presence of p42a. Furthermore, the mechanism that
allows p42a-dependent transfer of pSym seems to involve the cointegration of these
plasmids. Two mechanisms for cointegration have been proposed, one is RecA-
dependent and the other involves a RecA-independent site-specific recombination
(Brom et al., unpublished data). In natural populations of R. et/i isolated from
Mexican and European soils, it is common to obtain strains containing one
transmissible plasmid. Usually, many of the conjugative plasmids recovered are
very similar to p42a. However, some self-transmissible plasmids with no similarity
to p42a have been identified, and 10% of the analyzed strains simultaneously
contain two conjugative plasmids (Brom ez al., 2002).

4. RHIZOBIUM ETLI TAXONOMY AND EVOLUTION

This group of nodule-forming bacteria belonging to the Rhizobiaceae family is
heterogeneous with a high degree of genetic diversity (Martinez-Romero and
Caballero-Mellado, 1996). Every attempt to classify the rhizobial species has
confronted the fact that their most prominent feature is the symbiotic phenotype,
even though it is mostly associated with either large plasmids or symbiotic islands.
These genomic compartments may be transferred among different chromosomal
backgrounds and this circumstance has complicated the understanding of Rhizobium
phylogeny.

Strains able to engage in symbiosis with the common bean are not constrained
to a single species (Martinez-Romero and Caballero-Mellado, 1996), indicating
either a promiscuous host range of the plant or the frequent horizontal transfer of the
pSym between different chromosomal backgrounds. R. efli has been isolated from
Meéxico, South America, and Europe and is characterized by both its narrow host
range and the reiteration of nifH gene (Segovia ef al., 1993). Population genetics,
based on multi /ocus enzyme electrophoresis, has revealed that the genetic diversity
of the chromosome of R. etli is exceptionally high (Pifiero et al., 1988; Souza et al.,
1992). In contrast, the R. et/i pSym is remarkably conserved among isolates from
different geographical regions (see Figure 1). These data support the idea that the
evolution of this plasmid is both clonal and epidemic.

A detailed examination of the bacterial population of the bean rhizosphere has
revealed that intermingled with the effective but scarce R. et/i bacteria, there is a
vast population of bacteria unable to nodulate beans, even though their
chromosomes are similar to those of the effective ones (Segovia et al., 1991). A
possible explanation for this unequal distribution is a frequent loss of the pSym.
This suggestion is supported by the fact that, when an ineffective bacterium
(re)acquires the plasmid by in vitro conjugation, the symbiotic abilities are
reestablished. Underlying this observation is the notion that a collection of different
chromosomal backgrounds is able to endorse the symbiotic process and, therefore,
these bacterial chromosomes have been chosen by association with a specific pSym.
These bacteria were clustered in what is now named the species of Rhizobium etli.
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Figure 3. Order, orientation, and redundancy of the twenty orthologous genes
shared by six SGC.

Only the symbiotic genes (neither in scale nor real spacing) are shown with nif, fix and fdx as black
arrows and nod as grey arrows. First and last gene delimit the smallest region that enclose the 20
orthologous genes in its respective SGC with the following sizes: A, p42d of R. etli, 120 kb;

B, pNGR234a of R. sp. NGR234, 250 kb; C, the symbiotic island of M. loti R74, 300 kb;

D, the symbiotic region of M. loti MAFF, 320 kb; E, the symbiotic region of B. japonicum, 300 kb;
and F, pSymA of S. meliloti, 50 kb.



140 DAVILA, GONZALEZ, RAMIREZ-ROMERO, AND RODRIGUEZ

Because not all soil bacteria can both replicate and express the symbiotic genes
of the plasmid, then how diverse are these chromosomes? Could they be rationally
classified into a single species? These are fundamental questions that still remain
unsolved.

From the phylogenetic point of view, R. etli seems to share a common
chromosomal ancestor with R. tropicii, R. leguminosarum, and S. meliloti. Notably,
strains of Brucella and Agrobacterium also lie close to some rhizobial branches,
highlighting the common origin of the a-proteobacteria group (Martinez-Romero et
al., 2000; Young et al., 2001). On the contrary, the variability of the SGC in regard
to the size, gene content, lack of synteny, and degree of distortion in the phylogeny
of the 20 orthologous genes shared by them (see Figure 3) highlight the absence of a
common ancestor for these compartments among the rhizobial species.

The genomic architecture of rhizobial species can be quite different in size and
compartmentalization (Sobral ef al., 1991). For example, R. etli has one
chromosome and several large plasmids, S. meliloti has one chromosome and two
megaplasmids, both M. loti and B. japonicum contain large chromosomes with an
integrated symbiotic region or island (Brom et al., 2002; Gottfert et al., 2001;
Sobral et al., 1991; Sullivan and Ronson, 1998). Moreover, Agrobacterium
tumefaciens and several Brucella species have two chromosomes. Despite this
variable organization, several common features have emerged from whole genome
comparisons. We find, for example, that A. fumefaciens C58 chromosomes have
extensive conservation in gene order with S. meliloti, but a limited synteny with M.
loti (Goodner et al., 2002; Wood et al., 2002). On the other hand, the chromosome
of Brucella suis shares more regions of synteny with the chromosome of M. loti
than with that of either A. tumefaciens or S. meliloti (Paulsen et al., 2002).

Taken as whole, these findings suggest a common chromosomal ancestor for all
the rhizobial species. Nevertheless, it is clear that along the evolutionary history of
these genomes, multiple events of genetic exchange have occurred as have DNA
rearrangements, including whole replicon fusions. It has recently been shown that
the three replicons composing the genomes of Rhizobium sp. NGR234 and S.
meliloti can be stably fused without altering either bacterial growth or symbiotic
proficiency (Mavingui ef al., 2002; Guo et al., 2003; see Chapters 6 and 12).
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CHAPTER 10

THE DAWN OF FUNCTIONAL GENOMICS IN
NITROGEN FIXATION RESEARCH

S. ENCARNACION
Programa de Ingenieria Metabolica, Centro de Investigacion sobre Fijacion de
Nitrogeno, Universidad Nacional Auténoma de México, Cuernavaca,
Morelos CP62210, México

1. INTRODUCTION

Functional genomics is changing our understanding of biology and our approach to
biological research. It brings about concerted high-throughput genetics with
analyses of gene transcripts, proteins, and metabolites to answer the ultimate
question posed by all genome-sequencing projects: what is the biological function
of each and every gene? Functional genomics is stimulating a change in the
research paradigm - away from the analysis of single genes, proteins, or metabolites
towards the analysis of each of these parameters on a global scale. By identifying
and measuring several, if not the entire, molecular group of actors that take part in a
given biological process, functional genomics offers the panorama of obtaining a
truly holistic representation of life.

Functional genomics is based on high-throughput methods which are not
necessarily hypothesis-dependent. It offers insights into mRNA expression, protein
expression, protein localization, and protein interactions and may cast light on the
flow of information within signaling pathways. At its beginning, biology involved
observing nature and experimenting on its isolated parts. Genomic research now
generates new types of complex observational data derived from nature. During the
early twenty-first century, this new biology will have positive consequences in all
fields, including agriculture, and will hasten the development of design-based
biological engineering of cells and organisms to perform new functions. This
chapter describes the tools that are currently being used for functional-genomics
work and considers the impact of this new discipline on nitrogen-fixation research.

Although the earth's atmosphere is 78% N,, free gaseous N, cannot be utilized
by either animals or higher plants. Instead, they depend on reduced-nitrogen
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sources that are present in the soil. To be incorporated by a living organism,
nitrogen must be fixed (usually combined with either oxygen or hydrogen) into
compounds, such as either nitrate or ammonia, that plants can utilize.

The nitrogenase enzyme complex catalyzes biological nitrogen fixation, a
process present only in a relatively few types of prokaryotes. Bacteria containing
nitrogenase occupy different ecological niches and include: (i) strict anaerobes, like
Clostridium spp., Desulfovibro, Desulfotomaculum, and Methanococcus; (ii)
phototrophic  anaerobes, like Chromatium, Chlorobium, Thiopedia, and
Ectothiospira; (iii) facultative heterotrophs, which grow aerobically when not
fixing N,, like Klebsiella, Bacillus, FEnterobacter, Citrobacter, and
Proprionibacterium; (iv) facultative phototrophs, like Rhodospirillum and
Rhodopseudomonas; (v) microaerophiles, which are normally aerobes when not
fixing N,, like Mycobacterium, Thiobacillus, Spirillum, Aquaspirillum,
Methanosinus, and Rhizobium; (vi) microaerophilic phototrophs, such as Lyngbya,
Oscillatoria, Plectonema, and Spirulina; (vii) aerobic heterotrophs, such as
Azotobacter, Azotococcus, Azomonas, Beijerinckia, and Derxia; and (viii) aerobic
phototrophs, like Anabena, Calothrix, Gloeocapsa, Nostoc, and other genera of
cyanobacteria.

All of these supply fixed nitrogen to the global nitrogen cycle. Due to their
fundamental position in the nitrogen cycle, diazotrophs are present in practically all
ecosystems, with representatives in environments as varied as aerobic soils (e.g.,
Clostridium, Azotobacter and Azospirillum species), the ocean surface layer (e.g.,
Trichodesmium), and specialized nodules on legume roots (e.g., Allorhizobium,
Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium).
In any ecosystem, diazotrophs must respond to varied environmental conditions to
regulate the nitrogen-fixation process.

The complete DNA sequence of a number of nitrogen-fixing microorganisms
has been obtained and several genomic projects are now in progress (as described in
this volume). The genome information from all these nitrogen-fixing organisms
will allow researchers to rapidly apply information obtained from genome
sequencing to the developing area of functional genomics, which will provide new
insights into the complex molecular relationships that underpin both symbiotic and
non-symbiotic nitrogen fixation.

The general pictures of biological function revealed by coding sequences are
suggestive but not conclusive. The next great goals in the biology of nitrogen-
fixing bacteria is to understand the function of the encoded proteins, to reconstruct
the metabolic pathways in which these participate, and to determine when and under
what conditions these proteins are actively expressed.

2. FUNCTIONAL GENOMICS - THE ROLE OF GENE-EXPRESSION STUDIES

We are witnessing a remarkable change in the scale of molecular microbiological
research and are entering an era of integrative ‘genomic science’. In the past
decade, we have moved from the time when entire research papers were based on
the sequencing of either a single gene or operon to single papers describing the
sequence of a whole genome. The number of completed microbial genomes
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continues to increase and the availability of this level of genetic information has
spawned the terms ‘functional genomics’, ‘transcriptomics’ (Schena et al., 1996;
Velculescu et al., 1997), and ‘proteomics’ (Dutt, Lee 2000; Quadroni, James 1999;
Wasinger et al., 1995), which describe the large-scale application of mass
mutagenesis, gene-expression profiling, and global protein analysis. However, there
has also been a concern that this genome-wide approach might signal a move
towards ‘non-hypothesis-driven’ or ‘data-driven’ science (Brent 1999), a term that
has been used rather pejoratively. It is clear that scientific inference uses a
combination of both deductive and inductive reasoning (Kell and King, 2000).
Functional genomics allows us to make new and unexpected links between the
function of unrelated and hitherto uncharacterized genes and to suggest hypotheses
that must subsequently be tested by more traditional methods of molecular genetics
and biochemistry (Hughes, 2000). An example lies with the rising numbers of
proteins that have unexpected dual cellular functions, such as aconitases, which, in
addition to their catalytic role in the TCA cycle, have been shown to act as a post-
transcriptional regulators by binding mRNA (Tang and Guest, 1999). Genomic-
scale research may be termed ‘non-hypothesis-driven’ science, but we suggest it
should be viewed positively because it is likely to reveal the function of many genes
that have been missed by more conventional approaches. The need for this
approach is apparent when we consider that the genome sequences of different
organisms still contain a large amount of FUN (ie., function unknown) genes,
which remain to be functionally characterized (Hinton, 1997). The role of FUN
genes will not be discovered without the application of functional genomic
technologies combined with creative experiments.

A new technology, called ‘DNAarray’, has attracted tremendous interest among
biologists. This technology promises to monitor the expression of a whole genome
in a single experiment so that researchers can have a better picture of the
interactions among thousands of genes simultaneously. On the other hand, the
understanding of probably 10-fold more proteins than genes in a organism is still a
long way away, and the hard work to unravel the complexity of biological systems
is yet to come. A new fundamental concept called proteome (PROTEin
complement of a genOME) has recently emerged that should drastically help to
unravel biochemical and physiological mechanisms at the functional molecular level
(Dutt and Lee, 2000). A new discipline, "proteomics", has been initiated that
complements structural genomic research. Proteomics can be defined as "the
qualitative and quantitative comparisons of proteomes under different conditions to
further unravel biological processes".

3. THE TRANSCRIPTOME

The development of arrays of either DNA or oligonucleotides offers a tool for the
analysis of the expression of the mRNA under specific cellular conditions.
DNAarrays allow us to produce a “signature” or “gene-expression profile” for a
particular organism under defined environmental conditions. Since the first reports
of DNAarray technology in 1995 (DeRisi ef al., 1996; Lockhart ez al., 1996; Schena
et al., 1995), the potential of DNAarrays has definitely captured the minds of



146 ENCARNACION

biologists. The term DNAarray essentially includes a mixture of technologies that
share common characteristics. In general, it refers to high-density arrangements of
DNA fragments that represent gene sequences obtained from various sources,
including either those previously identified in public databases or those from
expressed-sequence tags, called ESTs, which are randomly selected clones
sequenced from cDNA libraries, bonded to a structural support. These techniques
offer extreme flexibility because targeted arrays can be designed to suit specific
needs and applications. The methodology is based on the principle that
complementary sequences of DNA can be used to probe immobilized DNA
molecules. The classical Southern and Northern blotting approaches for the
recognition of specific DNA and mRNA species (Alwine et al., 1977; Southern
1975) provided the basis for microarray hybridization with fluorescently labeled
cDNA. As a replacement for detecting and studying one or a few genes at a time,
DNAarrays allow thousands or tens of thousands of specific DNA or RNA
sequences to be detected simultaneously in a single experiment.

For DNA microarrays, either presynthesized oligonucleotides or PCR-
fragments are immobilized by using a robotic arrayer and capillary printing tips,
which can print more than 10,000 cDNAs or 250,000 different oligonucleotides
(Wilkins and Gooley, 1997) per square centimeter onto a glass slide.

To measure relative gene expression using cDNA microarrays, RNA is
prepared from the two samples to be compared, and labelled cDNA is made by
reverse transcription, incorporating any Cy3 (green) or Cy5 (red) fluorescent dye.
Then, the two labeled cDNAs are mixed and hybridised to the microarray, and the
slide is scanned. In cases where the green Cy3 and red Cy5 signals are overlaid,
yellow spots indicate equal intensity for the dyes (Schena, 1995). With the use of
image-analysis software, signal intensities are determined for each dye at each
component of the array, and the logarithm of the ratio of Cy5 intensity to Cy3
intensity is calculated. Positive log (Cy5/Cy3) ratios indicate relative excess of the
transcript in the Cy5-labeled sample, and negative log (Cy5/Cy3) ratios indicate
relative excess of the transcript in the Cy3-labeled sample. After several such
experiments have been performed, either clustering or some other computational
analysis is used to identify the overall gene-expression profile - or lists of up- or
down-regulated genes can be used analyze the data set. These techniques are
detailed in Chapter 11.

4. TRANSCRIPTOMICS IN NITROGEN-FIXATION RESEARCH.

In the area of symbiotic nitrogen-fixation research, the application of DNA array
technology to bacteria has just started. S. meliloti, K. peneumoniae, Rhizobium sp
NGR234, and R. etli are the only nitrogen-fixing bacteria which have been analyzed
using DNAarrays. The slow application of DNAarrays to bacterial research is
probably due to the fact that bacterial mMRNA is less stable than eukaryotic mRNA
and it is not polyadenylated, which complicates its purification. The isolation of
sufficient, good-quality bacterial mRNA is especially complicated from complex
environments, such as nodules, and the relatively few completed genome sequences
in nitrogen-fixing organisms also contribute to the low number of projects which
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involve this methodology. This situation will change in the future because the
genome sequencing of more nitrogen-fixing bacteria is in progress. We hope that
work in our own and in other laboratories worldwide will soon produce a push of
informative data concerning bacterial gene expression.

The first massive approach to transcriptional analyses of entire symbiotic
replicons was based on a high-resolution transcriptional analysis of the symbiotic
plasmid of Rhizobium sp. NGR234 (Perret er al., 1999) at the Universite de
Geneve, which developed methods to study the regulation of bacterial genes during
symbiosis. To analyze the transcription of all putative ORFs, the nucleotide
sequence of pPNGR234a, sequenced previously by Freiberg ef al., 1997, was divided
into 441 segments designed to represent all coding and intergenic regions. Each of
these segments was amplified by the polymerase chain reaction, transferred to
filters, and probed with radioactively labeled RNA either extracted from bacterial
cultures grown under various experimental conditions or from bacteroids of
determinate and indeterminate nodules.

Genes involved in the synthesis of Nod factors were induced rapidly after the
addition of flavonoids, whereas others thought to act within the plant (e.g., those
encoding the type-III secretion system) responded more slowly. Many insertion
(IS) and transposon (Tn)-like sequences were expressed strongly under all
conditions tested. In addition, a number of loci other than those known to encode
nif. fix, nod, noe, nol, and nod genes were also transcribed in nodules. A greater
diversity of transcripts was found in bacteroids of determinate as opposed to those
from indeterminate nodules.

In S.meliloti, Batut and colleges (Cabanes et al., 2000) attempted to determine
the expression of a significant portion of the genes expressed by this organism. In
these experiments, RNA fingerprinting by arbitrarily primed PCR was used to
isolated genes regulated during the symbiotic interaction with alfalfa (Medicago
sativa). Sixteen partial cDNAs, whose corresponding genes were differentially
expressed between symbiotic and free-living conditions, were isolated. Thirteen
sequences corresponded to genes up-regulated during symbiosis, whereas the
remaining three were instead repressed during establishment of the symbiotic
interaction. Seven cDNAs corresponded to either known or predicted fix, nod, and
nif genes. Four presented high sequence similarity with genes not yet identified in
S. meliloti, including genes that encoded a component of the pyruvate
dehydrogenase complex, a cell-surface protein component, a copper transporter, and
an argininosuccinate lyase. Finally, five cDNAs did not exhibit any similarity with
sequences present in databases.

A detailed expression analysis of the nine nod-nif-fix genes provided evidence
for an unexpected variety of regulatory patterns, most of which had not been
described previously. Using nylon macroarrays, Batut and colleagues have
explored the potential of a transcriptome approach to dissect the establishment of
the S. meliloti-M.truncatula symbiosis. They have also probed free-living S.
meliloti under a variety of environmental conditions, such as microaerobiosis, in the
presence of the nod-gene inducer, luteolin (Ampe ef al., 2003).

The direct application of microarrays in nitrogen-fixing systems has already
begun to receive extensive examination, as evidenced by work like that performed
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by Dong and colleagues (2001) at the University of Wisconsin with Klebsiella
pneumoniae, a common diazotrophic endophyte of maize. K. pneumoniae and E.
coli are closely related enteric bacteria. DNA from this strain was hybridized to a
microarray containing 96% (n = 4,098) of the annotated open reading frames from
E. coli K-12 (Richmond ef al., 1999). Using a criterion of 55% identity or greater,
3,020 (70%) of the E. coli K-12 open reading frames were also found to be present
in K. pneumoniae strain 342. Approximately 24% (n = 1,030) of the E. coli K-12
open reading frames were absent from strain 342. Genes with high identity between
the two organisms are those involved in energy metabolism, amino-acid
metabolism, fatty-acid metabolism, cofactor synthesis, cell division, DNA
replication, transcription, translation, transport, and regulatory proteins. Genes that
were less highly conserved included those involved in carbon-compound
metabolism, membrane proteins, structural proteins, putative transport proteins, cell
processes, such as adaptation and protection, and central intermediary metabolism.
Open reading frames of E. coli K-12 with either little or no identity in strain 342
included putative regulatory proteins, putative chaperones, surface structure
proteins, mobility proteins, putative enzymes, hypothetical proteins, and proteins of
unknown function, as well as genes presumed to have been acquired by lateral
transfer from sources, such as phage, plasmids, or transposons.

These microarray results were also compared to the genome sequence of K.
pneumoniae MGH78578, a clinical isolate. Of the 4,290 ORFs in E. coli K-12,
3,053 (71%) were found in K. pneumoniae MGH78578. Only 183 (4.3%) of the E.
coli K-12 genes that were missing in K. pneumoniae MGH78578 were present in K.
pneumoniae strain 342 and 113 (2.6%) of the E. coli K-12 genes that were missing
in K. pneumoniae 342 were present in K. pneumoniae MGH78578. Nitrogen-
fixation genes were present in K. pneumoniae strain 342 but absent in both K.
pneumoniae MGH78578 and E. coli K12 (Dong et al., 2001). As shown by this
work, the main advantage the microarray approach is that it permits the
identification of thousands of genes in an organism without any need for
sequencing. The inconvenience is that it indicates only the genes in common
between strains of interest, whereas genes that are exclusive to a Klebsiella strain
remain unknown.

The genome of S. meliloti 1021 has been sequenced by an international
consortium (Galibert et al., 2001). A comprehensive genome-wide functional
analysis of the S. meliloti genome is now in progress (see Chapter 11). Other
genomic projects that are using transcriptomics analysis include those of
Rhodopseudomonas palustris (http://www.jgi.doe.gov/), Mesorhizobium loti, B.
Japonicum (see Chapter 7) and R. etli (see below).

5. TRANSCRIPTOMICS IN PLANTS DURING SYMBIOTIC
NITROGEN FIXATION.

Plant-gene DNAarrays have recently been used to study plant-microbe interactions
from the viewpoint of the host by determining the effects of the interaction on the
mRNA-expression profile of plant cells. Moreover, some groups are using the same
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approach by comparison of the plant cellular transcriptional signatures in response
to bacterial strains carrying well-defined mutations.

Recent advances in plant genomics are sure to accelerate progress in
understanding plant-controlled aspects of the legume-rhizobia nitrogen-fixing
symbiosis. Udvardi recently used an array of 2,304 cDNA clones derived from
nitrogen-fixing nodules of Lotus japonicus to detect differences in relative gene-
transcript abundance between nodules and uninfected roots (Colebatch et al., 2002;
Udvardi, 2002). Transcripts of 83 different genes were found to be more abundant
in nodules than in roots. More than 50 of these have never before been identified as
nodule-induced in any species. Expression of 36 genes was detected in nodules but
not in roots. Several known nodulin genes were included among the nodule-
induced genes. Also included were genes involved in sucrose breakdown and
glycolysis, CO, recycling, and amino-acid synthesis, which are processes that are
accelerated in nodules compared with roots. Genes involved in membrane
transport, both cell-wall and protein synthesis, and signal transduction and
regulation of transcription were also induced in nodules. Genes that may subvert
normal plant defense responses, including two genes that encode enzymes involved
in detoxification of active oxygen species and one that may block phytoalexin
synthesis, were also identified. The data represent a rich source of information for
hypothesis building and future exploration of symbiotic nitrogen fixation. The goal
is to use high-density arrays of non-redundant ESTs to monitor global changes in L.
Japonicus gene transcription both during nodule development and following the
onset of nitrogen fixation in wild type as well as to monitor the effects of specific
mutations.

Using M. truncatula as a model plant, Endre and colleagues constructed several
c¢DNA libraries representing different time points during nodule initiation. Partial
sequencing of ~11,000 clones from these libraries has contributed to the >150,000
ESTs from M. truncatula (http://www.medicago.org/MtDB). Their goals are to
establish a unigene set of cDNA clones representing the breadth of the
transcriptome and to investigate thoroughly the genome-wide patterns of gene
expression by using hybridisation of probes to cDNA microarrays. As a first step,
they have assembled a pilot array of ~1,000 non-redundant cDNA clones (called the
'kiloclone set') that contains nodulation markers as well as root-specific clones. The
kiloclone set also contains clones encoding proteins with putative functions in
signal transduction, transcriptional regulation, control of cell division and cell death,
pathogen responses, secondary metabolism, and a number of genes of unknown
function. The identity of the clones composing the kiloclone set has been verified
by resequencing. Hybridization experiments have monitored differences in gene
expression during the early steps of the symbiotic process.

In addition to its use in regard to gene expression, the DNAarray methodology
can be used to compare the gene content of an organism with a model organism
whose nucleotide sequence is known. Furthermore, strain comparison by the
hybridization of genomic DNA to microarrays (genomotyping) is a more realistic
approach than the whole-genome sequencing of dozens of strains. This high-
definition evolutionary picture could explain the strategies used for development
and survival of different bacteria strains. Gene-specific microarrays are being used
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by Jaime Mora at University of Mexico (personal communication) to compare the
entire genome of R. etli CE3 (of low nitrogen-fixation capability) with the closely
related R. etli CR652 (of high nitrogen-fixation capability).

6. THE PROTEOME

Many researchers consider the next key landmark to be an overview of the
characteristics and activity of every protein that an organism can synthesize in its
lifetime; its 'proteome'. Protagonists argue that proteomics is one of the most
important of the so-called 'post-genomic' approaches to understanding gene function
because it is the proteins expressed by genes that are ultimately responsible for all
processes that take place within the cell. Proteomics is a term generally used to
describe analysis of the levels of individual proteins. The technology is more
complex than that used for measurement of mRNA, but there are major reasons for
studying proteomics; these include the fact that levels of expression of proteins are
not particularly well-correlated with mRNA levels and because many important
regulatory signals involve posttranslational changes in proteins (e.g.,
phosphorylation and oxidation-reduction changes). The major technology used
today involves separation (and quantification) of proteins by 2D gel electrophoresis
and rapid identification by mass spectrometry, particularly matrix-assisted laser
desorption ionization methods.

The concept of the proteome, like the transcriptome, is fundamentally different
from that of the genome because the genome is virtually static and can be well
defined for an organism. In contrast, the proteome frequently changes in response
to external and internal events. For example, a rhizobial organism will express
different proteins, and so have a different proteome, when cultivated in minimal
media as compared to being in symbiosis with a plant. In some ways, this situation
paints a dark picture for biochemistry. If we cannot yet fully understand how the
proteins in the simplest organisms operate, how can we ever hope to understand the
functions of the 6,000 to 7,000 polypeptides thought to occur in bacteria, which
after post-translational modifications may total more than 70,000? The response to
this question is simply that more effort must be placed into the investigation of
proteins and, on a larger scale, proteomes.

The overall picture, highlighted by proteomics, will permit cell biologists to
start building a complex map of cell function by discovering how changes in one
signaling pathway, the cascade of molecular events sparked by a signal, affect other
pathways and also how proteins within one signaling pathway interact with each
other. This whole representation also allows researchers to look at the multiplicity
of factors involved in biological processes, very few of which are caused by a single
gene. The field of proteomics has emerged as a robust and global approach to
analyze protein expression. There are hundreds of "proteome projects" (see
examples in http://au.expasy.org/ch2d/) that impact all areas of biology from
agriculture to medical sciences.

Some years ago, a protein chemist would have been happy to identify two or
three proteins a year. Now, increasing volumes of genome data, combined with
mass-spectrometry technologies, permit a researcher to identify hundreds of
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proteins within a week. The term ‘proteomics' was first formalized in 1996,
whereas the primary experimental tool to monitor genome-wide protein expression,
2-D electrophoresis (2DE), has been available since 1975 (O'Farrell 1975) and is
used to separate proteins by isoelectric focusing in a first dimension and then by
their apparent molecular weight in an SDS-PAGE second dimension (Leymarie,
1996; Tsugita et al., 1996). Current methods can resolve as many as 1,500 proteins
on a 22 x 24 c¢cm gel so, in principle, it is possible to resolve the entire proteome of
an organism like R. etli or S. meliloti on a single two-dimensional gel. 2-D PAGE is
also one of the most efficient and powerful methods for purifying proteins in small
quantities (Kamo ef al., 1995; Klose and Kobalz, 1995). Immobilized pH gradients
(IPG) can now be used for the pH range 3 to 12 and have become the method of
choice for isoelectric focusing. IPG gels do not suffer from cathodic drift and focus
proteins to equilibrium, thus, providing very high reproducibility (Bjellqvist ef al.,
1982; Sanchez et al., 1997).

The visualization of the separated proteins by different staining techniques is
limited due to the low dynamic range of most staining techniques (Merril et al.,
1979). The recent development of fluorescent dyes for proteins (Patton, 2000) may
overcome this limitation. Microgram quantities of protein can be studied in an
initial experiment to identify proteins whose expression change in a significant
manner. Subsequently, the same sample can be applied in milligram quantities to
purify individual peptides for amino-acid analysis, mass spectrometry, either amino-
terminal or internal amino-acid sequencing, and other techniques (Rouquie et al.,
1997; Touzet,et al., 1996; Towbin et al., 1979; Wilkins and Gooley, 1997).

Aebersold et al. (1987) showed that amino-terminal and internal protein
sequence information could be obtained from 2DE-separated proteins. Direct
amino-acid sequencing provided an important connection between proteomic and
genomic information - yielding a genetic basis for as yet uncharacterized proteins;
however, equipment and reagent costs, as well as the limited sensitivity associated
with direct sequencing, have been restrictive. More recently, peptides (from
digested proteins obtained from 2DE gels or blots) are characterized by mass
spectrometry (MS) (Haynes ef al., 1998; Quadroni and James, 1999.).

Among the more impressive recent developments is the use of tandem mass
spectrometry (MS) to sequence gel-separated proteins. The two common ionization
techniques for proteins are either electrospray (or nanospray for smaller quantities)
ionization (ESI) or matrix-assisted laser desorption ionisation (MALDI) (Karas and
Hillenkamp 1988; Patterson and Aebersold, 1995). MS has become a powerful,
rapid and sensitive tool for the analysis of proteins. An even more sensitive
approach is peptide mass fingerprinting; here, low nanogram quantities of proteins
are enzymatically cleaved, the peptide masses are determined by mass spectrometry,
and then are used for database searches (Acbersold er al., 1987, Bairoch and
Apweiler, 1999; Henzel et al., 1993). All mass spectrometers have three
components: an ionisation source, such as either MALDI or ESI; a mass analyzer,
such as quadrupoles, ion trap, or time-of-flight (TOF) tube; and an ion detector,
such as electron multipliers or photomultipliers. The flexibility of combining
ionisation sources with mass analysers has brought forward numerous types of MS
instruments with varying mass accuracy, sensitivity, and, importantly, applications.
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Ions produced in the ion source are separated in the mass analyzer by their
mass-to-charge (m/z) ratio. MS data are recorded as "spectra", which display ion
intensity versus the m/z value. The two techniques that have become preferred
methods for ionization of peptides and proteins are ESI and MALDI, due to their
effective application on a wide range of proteins and peptides (Fenn et al., 1989;
Karas et al., 1989; Porubleva et al., 2001). In general, MALDI/time-of-flight MS is
more effective for the analysis of higher molecular-weight proteins, whereas
ESI/ion-trap MS offers better sensitivity of detection, down to the femtomole level.

A key feature of MS analysis of gel-separated proteins and peptides is the
ability to generate different types of structural information about a particular peptide
of interest. For example, the mass spectrometer can directly provide information on
the mass of a particular peptide but can also generate de novo amino-acid sequence
information from the tandem mass spectra obtained either by post-source decay or
collision-induced dissociation (as described in Keough ez al., 1999). A new
approach to post-source decay matrix-assisted laser desorption ionization mass
spectrometry provides easy to interpret ion-mass spectra (Southern 1975). After
proteins in two-dimensional gels are identified, studies can be initiated to evaluate
post-translational modifications. Recently, tandem MS has been used to identify
proteins in macromolecular complexes (Link ef al., 1999).

There is, however, a limit to how many proteins a single gel can separate and
the sensitivity is still not adequate to detect proteins appearing at very low levels.
Some classes of protein, particularly hydrophobic membrane-bound proteins, will
not run on 2D gels. On the other hand, the 2D gel is the only method that can
resolve large numbers of proteins in a quantitative way.

7. PROTEOMICS AND NITROGEN-FIXATION RESEARCH

Differential proteome analysis compares the expression profile of 2DE-separated
proteins from an arbitrary reference state of a cell (or organism) to the profile of a
non-standard condition, such as free-living with either symbiosis or following the
addition of an inducer to the system. The differences between two proteomes give
an indication of the response of the system to the perturbations. There are an
increasing variety of applications of differential proteome analysis to interesting
problems.

A pioneer proteome study on nitrogen-fixing bacteria was undertaken five years
ago by Guerreiro and colleagues who used derivatives of R. leguminosarum biovar
trifolii strain ANU843, which had been cured of indigenous plasmids, to investigate
plasmid-encoded functions (Guerreiro et al., 1998). The level of synthesis of thirty-
nine proteins was affected after curing of plasmid A. The differences observed
upon plasmid curing included: protein loss, either up- or down-regulation of specific
proteins, and the novel synthesis of new proteins. The results suggested that
normally a complex interplay between the cured plasmid and the remaining
replicons occurred. Twenty-two proteins appeared to be absent in the cured strains
and plasmid-borne genes presumably encoded these. Of these, a small heat-shock
protein, a cold-shock protein, a hypothetical protein, and the alpha and beta subunits
of the electron transfer flavoprotein were identified by N-terminal microsequencing
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and were predicted to be encoded on plasmid e. Four of the sequenced proteins that
were putatively encoded on plasmid e and two others encoded on plasmid ¢ were
novel. In addition, curing of plasmid e and ¢ consistently decreased the levels of 3-
isopropylmalate dehydratase and malate dehydrogenase, respectively, suggesting
that levels of these proteins may be influenced by plasmid-encoded functions. A
protein with homology to 4-oxalocrotonate tautomerase, which is involved in the
biodegradation of phenolic compounds, was found to be newly synthesized in the
strain cured of plasmid e. Proteome analysis provides a sensitive tool to examine
the functional organization of the Rhizobium genome and the global gene
interactions that occur among the different replicons.

S. meliloti was also analysed for the contribution of plasmid-encoded functions
to the intracellular regulation of this bacterium (Chen et al., 2000). Protein profiles
of strain 2011 were compared with those from mutant strains, which were either
cured of pRme2011a (pSyma) or contained an extensive deletion of this plasmid
(strain SmA146). pSyma is 1.4 Mbp with an estimated coding potential of 1,400
proteins and contains both the nodulation and nitrogen-fixation genes. Under the
growth conditions used, they detected 60 differences between the parent strain and
its pSyma-cured derivative. Although the majority of these differences were due to
regulatory changes, such as up- and down-regulation, some proteins were totally
missing in some strains. The 60 proteins were classified into 21 subgroups, based
on their protein levels when the cells were grown in the presence or absence of
luteolin. Comparisons were made between the different strains to assess the
possible interactions of the different proteins of the subgroups and plasmid pSyma.
The results suggested that pSyma has a role in the regulation of the expression of
genes from the other replicons (3.5 Mbp chromosome and the 1.7 Mbp pSymB
plasmid) present in the S. meliloti.

Because cell cycle and environmental changes are multi-factorial, involving
many metabolic changes, it is difficult to unravel the role played by specific global
gene regulators. The definition of important regulons by the use of appropriate
regulatory mutants provides the framework for a better understanding of complex
cellular responses. This approach has led to the global characterization of AniA (R.
etli), NolR (S. meliloti), and NifA and FixK2 (B. japonicum). Our group is
currently analysing the role of NiFA, OxyR, FnR, FixK, NtrC, and others in R. et/i
when in either the free-living or symbiotic state.

Proteome analysis has yielded clues to carbon flux in R. et/i based on the
analysis of a regulon, AniA (Encarnacién et al., 2002). We reported previously that
the oxidative capacity and ability to grow on carbon sources, such as pyruvate and
glucose, were severely diminished in a Rhizobium etli phaC mutant strain, which is
unable to synthesize poly-B-hydroxybutyric acid (PHB) (Cevallos et al., 1996). By
random Tn5 mutagenesis of the phaC strain, we isolated mutants containing single
Tn5 insertions that had recovered the ability to grow on either pyruvate or glucose
(VEMSS). Nucleotide sequencing of the region surrounding the TnS insertions
showed that they had interrupted an open reading frame that was designated as aniA.
An anid::Tn5 mutant (VEM5854) was constructed and found to synthesize only
40% the wild-type level of PHB. Both VEMS58 and VEMS5854 produced
significantly more extracellular polysaccharide than the wild type. Both organic-
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acid excretion and levels of intracellular reduced nucleotides were lowered to wild-
type levels in VEMS58 and VEMS5854, in contrast to those of strain CAR1, which
were significantly elevated. Proteome analysis of VEMS58 showed a drastic
alteration of protein expression, including the absence of a protein identified as
PhaB. We propose that the anid gene product plays an important role in directing
carbon flow in R. etli. Clearly, the fact that AniA modulates the pattern of protein
synthesis, carbon flux, and energy is extremely important in metabolism, as
demonstrated by the fact that cells lacking AniA failed to produce 795 proteins,
including the phaB-gene product.

Another regulon analysed with this methodology was described by Rolfe and
colleagues, who identified NolR-regulated proteins in S. meliloti (Cevallos et al.,
1996). Analysis of Coomassie-stained preparative two-dimensional (2D) gels
showed that at least 52 of the altered proteins could be reproducibly detected and
isolated from a no/R mutant. These 52 altered proteins were classified into five
groups based on both abundance and the effect of the presence (or absence) of
luteolin addition in the growth medium. N-terminal microsequencing of 38 proteins
revealed that the most striking feature of the no/R mutation was the number and
broad spectrum of cellular functions that were affected by its loss. These included
proteins involved in the tricarboxylic acid (TCA) cycle, heat shock and cold shock
functions, translation elongation, oxidative stress, and cell growth and maintenance.
They proposed that the NolR repressor is a global regulatory protein that responds
to environmental factors.

Dainese-Hatt and colleagues (1999) used this approach to study the regulation
of microaerobically and anaerobically induced genes, which included genes
involved in nitrogen fixation, in the symbiotic bacterium, B. japonicum. Their
results showed that, in addition to the two known regulons controlled by the
transcription factors NifA and FixK2, a third set of proteins may exist in B.
Jjaponicum, which are induced by anaerobic conditions and are regulated
independently.  Further, 19 heat shock proteins (Hsp) were induced when B.
japonicum, was shifted from 28°C to 43°C (Munchbach et al., 1999). Up-regulated
proteins included the small Hsp (sHsp; HspB, C, D, E, and H) and three others with
strong sequence similarity to the sHsp family. Two other low molecular-mass
proteins, which corresponded to GroES1 and GroES2, and five novel proteins were
found. Four proteins of approximately 60 kDa were identified as GroEL2, GroEL4,
GroELS, and DnaK. An analysis of the heat-shock induction of DnaK, of four of
the most strongly induced GroESL proteins, and six of the sHsp revealed that the
proteins could be placed into four distinct regulatory groups based on the kinetics of
protein appearance.

Similar to regulon analysis, this methodology was used to described stimulons
proposed by Rolfe and colleagues in R. leguminosarum strains, where protein-
expression profiles in response to specific genetic perturbations in
exopolysaccharide (EPS) biosynthesis genes were examined, using two-dimensional
gel electrophoresis (Guerreiro et al., 2000). Lesions in either pssA, pssD, or pssE of
R. leguminosarum bv. viciae VF39 or in pssd of R. leguminosarum bv. trifolii
ANU794 not only abolished the capacity of these strains to synthesize EPS but also
had a pleiotropic effect on protein-synthesis levels. Twenty-two protein differences
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were observed for the two-pssA mutant strains. The differences identified in the
pssD and pssE mutants of strain VF39 were a distinct subset of the protein synthesis
changes that occurred in the pss4 mutant. The pssD and pssE mutant strains shared
identical alterations in the proteins synthesized, suggesting that they share a
common function in the biosynthesis of EPS. In contrast, a pssC mutant that
produces 38% as much EPS as the parental strain showed no differences in its
protein-synthesis patterns, suggesting that the absence of EPS was contributing to
the changes in protein synthesis and that there may be a complex interconnection of
the EPS-biosynthetic pathway with other metabolic pathways. Genetic complement-
tation of pssA restored wild-type protein-synthesis levels, indicating that many of
the observed differences in protein synthesis were also a specific response to a non-
functional PssA. It is evident that enzymatic pathways and regulatory networks are
more interconnected and more sensitive to changes in the cell than is often
appreciated. In these cases, linking the observed phenotype directly to the mutated
gene can be misleading because the phenotype could be attributable to downstream
effects of the mutation.

The differential study of Sinorhizobium meliloti highlights the application of
proteomics in identifying markers during both early and late exponential-phase
growth (Guerreiro et al., 1999). Changes in gene expression of cells grown in a
defined medium occur at different growth phases. Fifty-two reproducible changes
in protein-expression levels were detected when early exponential-phase cells were
compared to late exponential-phase cells. N-terminal microsequencing of eighteen
constitutive proteins along with four more proteins, induced in late exponential
phase, allowed the identification of proteins not previously described in rhizobia.
As a follow-up to experiments with plant root exudates, R. leguminosarum bv.
trifolii strain ANU843 was treated with the flavonoid, 7,4'-dihydroxyflavone
(Guerreiro et al., 1997), and proteome analysis of the flavonoid-treated cells
revealed that the global expression pattern of proteins was largely unaltered by the
treatment. Four inducible proteins and 20 constitutively expressed proteins were
subjected to sequence analysis and the identity of 12 proteins was established.
NodE was present during all phases of growth but was diminished in stationary
phase cells, whereas NodB was not detected in the later stages of growth.

Djordjevic and colleagues, using the symbiosis between S. meliloti and
Melilotus alba (Natera et al., 2000), characterized novel symbiosis proteins and
determined how the two symbiotic partners alter their respective metabolisms as
part of the interaction. Proteome maps from control M. alba roots, wild-type
nodules, and S. meliloti cultures and bacteroids were generated and compared. They
found that over 250 proteins were up-regulated in the nodule as compared with the
root and over 350 proteins were down-regulated in the bacteroid form of the
rhizobia as compared with cultured cells. They identified nearly 100 nodule,
bacterial, and bacteroid proteins by using N-terminal amino-acid sequencing and
mass-fingerprint analysis, in conjunction with data-base searching, including
leghemoglobin and NifH as well as proteins involved in nitrogen and carbon
metabolism. Bacteroid cells showed down-regulation of several proteins involved
in nitrogen acquisition, including glutamine synthetase, urease, a urea-amide
binding protein, and a Py isoform, indicating that the bacteroids were nitrogen
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proficient. The down-regulation of several enzymes involved in polyhydroxy-
butyrate synthesis and cell division were also observed.

This same group, using R. leguminosarum bv. trifolii, also recognized proteins
that are implicated in the early stages of nodulation between strains ANU843 and
ANU794 and the subterranean clover cultivar, Woogenellup (Morris and
Djordjevic, 2001). On the roots of cv. Woogenellup, strain ANU843 induces
nitrogen-fixing nodules, whereas strain ANU794 forms abnormal nodules, which
fail to develop beyond an early stage. Proteome maps from control and inoculated
roots were generated and compared at 24-h and 48-h post inoculation. The 16
proteins that were differentially regulated included an alpha-fucosidase, several
ethylene-induced proteins, a Cu/Zn superoxide dismutase, a hypothetical 16.5 kDa
protein, tubulin alpha-chain, chaperonin 21-precursor, and triosephosphate
isomerase. The 22 constitutively expressed proteins included several pathogenesis
and stress-related proteins. These results might suggest that ethylene levels are up-
regulated during the early stages of infection but that this does not result in the
induction of common pathogenesis-related proteins. Further, the specific induction
of alpha-fucosidase by ANU794 might be important in the nodulation-failure
phenotype.

8. PROTEOMICS IN PLANTS DURING SYMBIOTIC
NITROGEN FIXATION

The legume-Rhizobium symbiosis leads to the formation of a new compartment in
the plant cell, the symbiosome (Saalbach et al., 2002). This compartment harbours
the bacteroids surrounded by a peribacteroid membrane (PBM) that originates from
the plant plasma membrane. The PBM and the space between the PBM and the
bacteroid membrane, called peribacteroid space (PS), mediate the exchange of
metabolites between the symbionts. One of the focal points for proteomics in
legumes is the peribacteroid membrane that separates the microsymbionts from the
plant cytoplasm. Proteins bound to this symbiotic membrane interface are expected
to control the traffic of nutrients and signals between the symbionts. Proteins in the
PBM and PS fractions obtained from symbiosomes were separated by two-
dimensional gel electrophoresis and 89 spots were analysed by tandem mass
spectrometry. Interestingly, endomembrane proteins, including V-ATPase, BIP,
and an integral membrane protein known from COPI-coated vesicles, were found in
the PBM fraction, supporting the role of the endomembrane system in PBM
biogenesis.

Other researchers identified 17 putative PBM proteins, six of these were
homologous to proteins of known function (Panter et al., 2000). These included
chaperones and serine and thiol proteases, all of which are involved in some aspect
of protein processing in plants. The PBM homologs of these proteins may play
roles in protein translocation, folding, maturation, or degradation in symbiosomes.
Two proteins were homologous to known nodule-specific proteins from soybean;
nodulin 53b and nodulin 26B. Although the function of these nodulins is unknown,
nodulin 53b has independently been shown to be associated with the PBM. All of
the eight proteins with identifiable homologs are likely to be peripheral rather than
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integral membrane proteins. The identification of homologs of HSP70 and HSP60
associated with the PBM is the first evidence that the molecular machinery for co-
or post-translational import of cytoplasmic proteins is present in symbiosomes.
This observation has important implications for the biogenesis of this unique
nitrogen-fixing organelle.

In M. truncatula, Mathesius et al., (2001) have established a proteome
reference map for root proteins using two-dimensional gel electrophoresis combined
with peptide mass fingerprinting to aid in the dissection of nodulation and root
developmental pathways. M. truncatula has been chosen as a model legume for the
study of nodulation-related genes and proteins. From 2,500 proteins displayed on
2D gels, they analysed 485 proteins by peptide mass fingerprinting, and 179 of
those were identified by matching against the current M. truncatula expressed
sequence tag (EST) database, which contains DNA sequences of approximately
105,000 ESTs. The majority of proteins identified were metabolic enzymes and
stress-response proteins, but two nodulins were also identified in uninoculated root
tissue, supporting other evidence for a role of nodulins in normal plant
development.

9. PROTEOMICS IN CONCERT WITH TRANSCRIPTOMICS

Biological systems are comprised of protein components found at a wide variety of
abundances, from millions of molecules of a single species per cell to less than one
copy per cell. Because of this wide range of concentrations, a full accounting of all
proteins in a cell is presently unavailable. Two-dimensional gel electrophoresis
permits the separation and detection of many, but not all, protein species and as yet
undetected proteins may, in fact, constitute the majority of the proteome.
Conventional separation and analytical methods (two-dimensional gel electro-
phoresis and mass spectrometry) allow identification and quantification of many of
the most abundant gene products, however, the greater part of the gene products
(found at low abundance) can be neither identified nor measured in complex
mixtures at present. The gene products that are found at low levels can be
characterized by transcriptomics, which can yield important biological information
about what genes are turned on and when. It has the disadvantage that, although the
snapshot it provides will reflects the genome's strategy for protein synthesis, it does
not represent the realization of those plans, unlike protein-based analysis, which has
the ability to show post-transcriptional control as well as post-translational
modifications of proteins (Kaufmann ez al., 1999; Nyman, 2001).

Experimental evidence clearly shows a disparity between the relative
expression levels of mRNA and their corresponding proteins (Anderson and
Seilhamer, 1997; Gygi et al., 1999). Additionally, it has been proven
mathematically that expression information from both mRNA and proteins is
required to understand a gene network (Hatzimanikatis and Lee, 1999). A nonlinear
stability analysis shows that a combination of gene-expression information at both
the message level and at the protein level is required to describe even simple models
of gene networks. A further informatics challenge is to establish effective
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connections between protein level and nucleic-acid level information about genes
and gene networks.

10. GLOBAL APPROACHES TO STUDY THE
R. ETLI -P.VULGARIS INTERACTION

At the Nitrogen Fixation Research Center of the National University of Mexico, we
are developing an integrated program, including genomics, proteomics, and
transcriptomics to aid in our understanding of symbiotic nitrogen fixation. These
approaches have been used to study R. etli in its free-living state and during its
symbiotic interaction with P. vulgaris. Combining the strengths and advantages of
both the genome-based global approaches and conventional tools will allow us to
attain a global picture of this biological interaction.

Our initial goal is gene products that are differentially present between the
symbiotic and non-symbiotic states. Proteome maps from R. et/i cultures and
bacteroids have been generated and compared. Using proteome analysis, we have
identified proteins that are essential for Rhizobium during nitrogen fixation in
association with legume plants. To discover bacterial patterns of proteins involved
in the infection and differentiation stages of symbiosis, we obtained 2D-gels of
proteins expressed at the appropriate time points in the nodule. The protein maps of
the nodule-expressed proteins will help us to understand the complex metabolism
during nitrogen fixation in R. et/i.

Over 300 proteins were either induced or up-regulated in the bacteroid
compared with the free living bacteria and over 400 proteins were down-regulated
in the bacteroid form of the rhizobia as compared with cultured cells. N-terminal
amino-acid sequencing, in conjunction with database searching, were used to assign
a putative identity to nearly 80 bacteroid proteins. These included the previously
identified nodule proteins, GroEL and NifH, as well as proteins involved in carbon
and nitrogen metabolism in R. et/i. The down-regulation of a cell-division protein
was also observed.

When free-living, R. et/i undergoes a transition from an aerobic to a
fermentative metabolism during successive subcultures in minimal medium. This
metabolic transition does not occur in cells sub-cultured in either rich medium or in
minimal medium containing either biotin or thiamine (Encarnacion et al., 1995).
We characterized the aerobic and fermentative metabolism of R. ef/i using proteome
analysis. According to their synthesis patterns in response to aerobic (rich medium,
minimal medium with biotin or minimal medium with thiamine) or fermentative
(minimal medium without supplements) growth conditions, proteins were assigned
to five different classes: (i) proteins produced only in aereobic conditions, e.g.,
catalase-peroxidase KatG and the E2 component of pyruvate dehydrogenase; (ii)
proteins produced under both conditions but strongly induced in aerobic
metabolism, e.g., malate dehydrogenase and the succinyl-CoA synthetase o subunit;
(iii) proteins that were induced equally under all conditions tested, e.g., AniA,
DnaK, and GroEL; (iv) proteins down-regulated during aerobic metabolism; and (v)
proteins specific to only one of the conditions analyzed. Northern-blotting studies
of katG expression confirmed the proteome data for this protein. The negative
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regulation of carbon metabolism proteins observed in fermentative metabolism is
consistent with the drastic physiological changes which occur during this process
(Encarnacion et al., 2003).

The metabolic alteration observed during the change from aerobic to
fermentative growth is similar to that observed in R. erli when these bacteria
undergo differentiation prior to nitrogen fixation in symbiosis with legume-plants.
We proposed that the fermentative metabolism, which occurs when free living is
similar to the physiological condition observed in the bacteroids during symbiosis.
During the fermentative-like response, the bacteria grow less, increase their size and
become pleiomorphic, poly-"-hydroxybutyrate is accumulated, and a symbiotic
oxidase is induced just as occurs during symbiotic nitrogen fixation (Encarnacion et
al., unpublished data).

To investigate also the expression of symbiotic functions in free-living
conditions, we have grown R. et/i in minimal medium without a nitrogen source and
analyzed the genome expression with proteome methodology. Differentially
expressed proteins, which were also detected in 2D gels in fermentative
metabolism, were identified. Surprisingly, some of the proteins expressed by R. etli
under fermentative conditions of growth were found to be present in the
differentiated bacteroid stage of R. etli (nitrogen-fixation condition), suggesting that
the fermentative metabolism may be related to the first stages of the establishment
of the symbiotic relationship between R. etli and the plant (Phaseolus vulgaris). We
are currently identifying the proteins by mass spectrometry, using both electrospray
ionization and MALDL.

The sequencing of the R. etli genome is in progress and we already have the
complete sequence of one replicon, pSym (Gonzalez et al., 2003; see Chapter 9).
This replicon contains 359 genes, which are mainly involved in symbiotic
processes. With this sequence, we constructed two microarrays, the first of which
contains 372 PCR products and represents, kilobase by kilobase, the coding and
non-coding regions. The second microarray was design to contain open reading
frames. With those microarrays, we have recently performed time-course studies of
the R. etli-P. vulgaris symbiosis during nitrogen fixation. Symbiotic plasmid gene
expression at various time points during nitrogen fixation with P. vulgaris was
compared by quantification of hybridization signals, background subtraction, and
calculation of normalized intensity values of the individual spots, as described by
Eymann ef al. (2002). Expression level ratios of two or greater that were measured
in two independent experiments were considered significant. Final evaluation of the
macroarray data included the consideration of putative operons, which were derived
from the symbiotic plasmid sequence, using (http://www.cifn.unam.mx/retlidb/), as
well as previously known transcriptional units. An ontology (gene functional
classification) analysis revealed gene-expression patterns of different subsets of
genes within the same functional class. Coordinated up-regulation of specific
mRNAs clustered into functional groups. Nearly all genes showed some regulation
over the course of development. These data will help to identify genes with a
critical role during the nitrogen-fixing interaction between R. etli and P. vulgaris.

In addition to expression profiling at the transcriptome level, protein patterns of
certain R. etli regulatory mutants were compared by high-resolution 2D gel
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electrophoresis to learn more about the global effects of these mutation during
symbiosis and in the free-living state. With this combination of functional
genomics tools (proteomics and transcriptomics), we intend to elucidate the genome
expression from R .et/i in both the free-living and symbiotic states.

11. PROTEIN-PROTEIN INTERACTIONS: APPLICATIONS OF
MODULAR MAPS

An emerging paradigm in protein biology involves the systematic identification of
proteins that interact with each other at a "biological level" (Lueking et al., 1999;
Lueking et al., 2001; MacBeath and Schreiber, 2000; Rain et al., 2001). Proteins
can be defined in the context of their interactions to provide a unique
characterization of associations within whole proteomes. Protein domains and their
interactions and associations increase the complexity of higher organisms. Many
biological regulatory events result through protein protein interactions
(Schwikowski et al., 2000, Walhout and Vidal, 2001; Walhout et al., 2000; Walter
et al., 2000). Establishing protein-interaction maps is still difficult but not
impossible. The complexity of this task can be appreciated by the ca. 300,000
interactions possible within a single yeast cell (Bader and Hogue, 2002; Fromont-
Racine et al., 1997; Gygi et al., 1999; von Mering et al., 2002).

Modular proteomics relies on many technologies because of (i) the relatively
low physiological concentration of proteins inside the cells and (ii) the difficulty of
attaining a multi-protein state in its "biological form". Classical methods for
identifying such interactions include immunoprecipitation, cross-linking, and pull-
down strategies. However, for some proteins, these methods are not effective, not
available, or not sufficiently sensitive. Furthermore, it is not feasible to use low-
throughput techniques to identify potentially interacting partners in entire
proteomes. Alternatively, high-density protein filters and microarrays offer the
required high-throughput capability for whole-genome analyses.

To study protein-protein interactions, we are employing the combination of
techniques previously used to identify proteins and peptides (Fields and Song, 1989;
Puig et al., 2001; Rigaut et al., 1999), which includes the use of antibodies specific
for proteins, 2D chromatography and MS for the direct analysis of protein
complexes from mixtures, to characterize the role of chaperons, such as DnaK-Dnal
and GroEL-GroES. We are also starting the analysis of protein complexes by
characterization of a tricarboxylic acid cycle metabolon. Here, we are using
methods involving "co-precipitation/mass spectrometry", the bait proteins for which
are purified on an affinity column and then separated by SDS-PAGE.

12. TRANCRIPTOMICS, PROTEOMICS AND BIOINFORMATICS

Genomics coupled with proteomics and trasncriptomics are now important high
throughput techniques for qualifying and analyzing both gene and protein
expression, discovering new gene or protein products, and understanding gene and
protein functions. The microarray technology has made it possible to collect vast
amounts of data on gene expression. The bottleneck within transcriptomics thereby
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lies in analyzing and managing data. One solution to this problem is to use software
that digitizes microarray images, making it possible to let the computer search for
patterns and trends in the data collected. Software can also assist in the
visualization of gene expression in cells and making comparisons between levels of
expression in different metabolic conditions.

Although many bioinformatics companies sell software, which assists in
microarray analysis, there are several freely available software packages that can be
used to perform the analytical techniques. A standard software for hierarchical
clustering is Cluster and TreeView (http://rana.lbl.gov/EisenSoftware.htm), which
also creates self-organizing maps and performs principal-components analysis.
GeneCluster 2.0 was initially used for constructing self-organizing maps
(http://www-genome.wi.mit.edu/cancer/software/genecluster2/gc2.html), now the
latest version now also finds nearest neighbours and performs other supervised
methods. MultiExpression Viewer (http://www.tigr.org/software/) is software that
creates self-organizing maps and performs hierarchical clustering as well as finding
principal components. This package also includes a component for support vector
machines. MAExplorer (http://maexplorer.sourceforge.net) is a tool that performs
many aspects of microarray processing, including the raw image analysis. It
contains a few analytical techniques, including hierarchical clustering. RELNET
(http://www.chip.org/relnet) and other software packages, like GETools software
(http://www.cifn.unam.mx/Computational Genomics/GETools/), which is a set of
integrated programs linked to RegulonDB, uses as input a set of genes and their
expression values from a transcriptome experiment and then extracts all information
associated with them from RegulonDB, which is a database on transcriptional
regulation and  operon  organization in  Escherichia  coli  K-12
(http://www.cifn.unam.mx/Computational Genomics/regulondb/).  In this way,
GETools provides ways to compare a microarray dataset directly with
approximately 670 mapped promoters, 300 operons, 165 transcriptional regulators
and 400 regulatory sites.

The following web sites also contain large amounts of microarray data that are
of good quality and are freely available for academic use: Stanford Microarray
Database  (http://genome-www5.stanford.edu/MicroArray/SMD/)  with 3,290
microarrays measured across 11 species, from 80 publications; and the National
Center for Biotechnology  Information Gene  Expression  Omnibus
(http://www.ncbi.nlm.nih.gov/geo/) with 2,354 microarrays from 105 types of
microarray, measured across 78 experiments.

Bioinformatics is also indispensable for the examination of the data obtained in
proteome analysis. An excellent resource of Internet-accessible proteome databases
is the Expert Protein Analysis System (ExPASy), available online at
http://www.expasy.ch/.  Furthermore, there is the desire to develop software
packages that can take multiple protein-expression profiles and automatically
identify quantitative changes of interest (Melanie 3 2D Gel Analysis Software on
World Wide Web URL: http://www.expasy.ch/melanie/). The key features of
Melanie 3 include the ability to perform multivariate statistics on datasets, make
comparisons with online databases, and interface with a MS spectrum. A set of
proteomic tools (Wilkins ef al., 1998a; Wilkins et al., 1998Db) is available at the
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ExPASy website. The Swiss Institute for Bioinformatics maintains this database
and has released a summary of the protein sequence data bank (Bairoch and
Apweiler, 1999).

Numerous proteome projects are now in progress, resulting in the generation of
two-dimensional electrophoresis databases that are accessible on the Internet and
can be browsed with interactive software and integrated with in-house results.
Clusters of Orthologous Groups of proteins (COG) is a new database search and
represents an attempt at a phylogenetic classification of proteins from complete
genomes (http://www.ncbi.nlm.nih.gov/COG). It is to serve as a platform for
functional annotation of newly sequenced genomes and for studies on genome
evolution. Proteome Analysis @ EBI database (http://www.ebi.ac.uk/proteome)
from SWISS-PROT/TrEMBL contains complete non-redundant proteome sets that
are constructed by selecting entries from SPTR, which is a comprehensive protein
sequence database consisting of SWISS-PROT, TrEMBL, and TrEMBLnew
(Arenkov et al., 2000).

The construction of databases from nitrogen-fixing organisms that will be able
to correlate genes identified from cDNA microarrays with their corresponding
protein functions is an important goal to be achieved. The first protein map
constructed for a nitrogen-fixing organism was developed by the Genomic
Interaction Group at the Australian National University and was called ANU-
2DPAGE (http://semele.anu.edu.au/2d/2d.html). The proteome maps of S. meliloti
and Medicago truncatula will be updated continuously and will be a powerful tool
for investigating the molecular mechanisms of root symbioses in legumes.

Post-translational modification of proteins is important for the regulation in
many cellular processes (Kaufmann ef al., 1999; Oda ef al., 1999), including
recognition, signaling, targeting and metabolism. The post-translational
modification databases and resources can be found on the Internet at websites: O-
GlycBase, which is the O-glycosylated protein database
(http://www.cbs.dtu.dk/databases/OGLYCBASE); PhosphoBase, which is the
phosphorylation site database (http://www.cbs.dtu.dk/database/PhosphoBase);
GlycoSuiteDB,  which  forms a  database  of  glycan  structures
(http://www.glycosuite.com); RESID, which is the database of amino-acid
modifications (http://www-nbrf.georgetown.edu/pirwww/dbinfo/resid.html); and
DSDBASE, which forms the disulfide database derived from 3D data
(http://www.ncbs.res.in/~faculty/mini/dsdbase/dsdbase.html).

13. CONCLUSIONS

The genomic sequences now accessible and those now on-going, along with
DNAarrays and proteome analysis, will provide a powerful set of tools to study the
functional genomics of many nitrogen-fixing species. A unification of genomics,
proteomics, and trancriptomics technologies is needed if we are to start to
understand the complexity of biological function in nitrogen fixation. The high-
throughput technologies of functional genomics are opening our eyes to the true
complexity of cellular differentiation that underpins symbiotic nitrogen fixation.
The detailed understanding of cellular function offered by proteomics and
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transcriptomics analysis, under both free-living and nitrogen-fixing conditions, has
potentially staggering implications for nitrogen-fixation research. Integration of the
results of transcriptome and proteome analyses will undoubtedly lead to a better
understanding and increased efficiency of nitrogen-fixing symbioses. Eventually,
this understanding may possibly lead to an expansion of the symbiotic fixation of
nitrogen to agriculturally essential non-legumes.
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CHAPTER 11

TRANSCRIPTOMICS IN SINORHIZOBIUM MELILOTI
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BP27 31326 Castanet-Tolosan cedex, France

1. INTRODUCTION TO TRANSCRIPTOMICS

The availability of complete bacterial genome sequences has greatly changed the
face of microbiology. Value has to be added to the nucleotide sequence to convert
genome data into gene-function data. Knowing the complete sequence of a genome
is only the first step towards understanding how all components of a bacterial cell
work together. Information about a predicted gene can be deduced from sequence
similarities to either genes or sequence motifs of known function, from the location
of a gene in either an operon or a gene cluster, from expression patterns, and from
mutant phenotypes. Gene-expression analyses comprise monitoring changes in
levels of both RNA and protein. In the post-genomic era, experimental approaches
have moved from the targeted investigation of individual genes to the investigation
of thousands of genes in a single untargeted experiment. Recent developments of
novel tools allow the analysis of a whole genome in a single highly parallel
experiment. High-throughput analysis of differential gene expression is a powerful
tool for gaining information about biological processes on a genomic scale. The
transcriptome is the RNA complement of all transcribed genes of an organism.
Arrays have developed into the most popular tool for transcriptome analysis. These
tools allow the measurement of concentrations of RNA complementary to defined
genomic sequences in a highly parallel way.

In prokaryotes, gene expression is predominantly controlled at the level of
transcription. Transcription is the first step towards protein synthesis. In particular,
in prokaryotes, where transcription and translation are spatially and chronologically
coupled, correlation of mRNA concentrations and protein abundance is expected.
Most of the studies that addressed this issue have found only modest correlations
(Gmuender et al., 2001). However, combined analyses of both transcript and
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protein content in response to a specific stimulus resulted in similar patterns
(Yoshida et al., 2001; Petersohn et al., 2001). RNA abundance is affected both by
transcription activity and by the stability of the RNA. It is not only important to
identify the factors affecting the expression of a gene and to understand the
regulatory mechanisms, but also to identify co-regulated genes to improve our
knowledge about the context in which a gene is expressed. Because coordinated
increases or decreases in the abundance of RNA derived from many different genes
can be detected, DNA micro- and macro-arrays represent ideal tools for high-
throughput analysis of gene regulation on the transcriptional level (see Lockhard
and Winzeler, 2000).

Both micro- and macro-array experiments rely on the principle of
hybridization, which is the pairing of complementary strands of nucleic acids (either
DNA or RNA) in a sequence-specific manner. Single-stranded DNA fragments that
represent either specific genes or other regions of a genome are coupled in an
ordered pattern (array) to a solid substrate. Labeled nucleic acids are added that
bind to the complementary sequence of the DNA molecules on the surface. Both
the site and strength of the signals derived from labeled nucleic acids bound to the
array allow the quantity of different sequence species in the unknown mixture of
nucleic acids to be measured. Thus, the relative amounts of thousands of transcripts
under various conditions can be compared in a single experiment (Figure 1).

In microarray experiments, RNA from two different cell populations is
prepared and converted into targets that are labeled by two different fluorophores
either by direct labeling or by reverse transcription into cDNA. Labeled RNA or
cDNA is mixed and hybridized to a microarray. The experimental steps of a
microarray experiment for gene-expression analysis comprise the design and
generation of probe DNA, array fabrication, preparation and labeling of target DNA
or RNA, array hybridization, and signal detection, followed by image and data
analysis. These steps are discussed in detail by Rhodius er al. (2002). The
nomenclature of probes and targets that is commonly used reflects the similarity
between arrays and reverse dot-blot technologies. The DNA with a defined identity
coupled to a solid substrate is referred to as "probe" and the labeled nucleic acid as
"target". Moreover, "array" refers to the whole printed area on a substrate, a "spot"
is the smallest unit of an array area that contains molecules of one species of a DNA
probe, a "grid" is a sub-area of the array, i.e., a group of spots usually produced by
one print tip, and a "metagrid" is a group of grids. If an array consists only of one
metagrid, the metagrid is identical to the array. Currently, the most frequently used
arrays can be categorized into macroarrays and microarrays.

Macroarrays are usually fabricated by spotting probes on either a nylon or
nitrocellulose membrane-based matrix. The term macroarray reflects the lower spot
density on these arrays in comparison to microarrays. Targets for these filter arrays
are usually radioactively labeled and the bound target can be detected using
phosphoimagers. Therefore, different samples are not hybridized simultaneously to
one array, but in a consecutive way, as described below.

Glass slides are usually used for the fabrication of microarrays. These glass
substrates are coated to enable the coupling of DNA to the surface. In contrast to
macroarrays, microarrays contain spots at a high spot density.
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Figure 1. Microarray hybridization experiment for gene-expression analysis.

Either PCR products or pre-synthesized oligonucleotides are usually spotted.
Targets are prepared from two RNA populations that are each labeled with a
different fluorophore by either direct labeling or reverse transcription into
fluorescently labeled cDNA. Gene-expression patterns can be compared by
determining the ratio of fluorescence intensities of the two fluorophores after
hybridization.

2. INTRODUCTION TO THE BIOLOGICAL SYSTEM

Rhizobia are soil bacteria capable of establishing a N,-fixing symbiosis with plants
of the family Leguminosae. During this symbiosis, new specialized organs are
formed, the nitrogen-fixing root nodules, as a result of an elaborated developmental
program directed by an exchange of signals between the two partners. Plant
flavonoids secreted by the roots trigger Nod-factor production by the bacteria
(Denarie et al., 1996). In turn, Nod factors induce on specific host-plants a
transduction pathway leading to nodule development (Catoira et al., 2000).
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When bacteria that are growing either in the rhizosphere or on the root surface
become trapped between two epidermal root-hair cell walls, alteration and
invagination of a root-hair cell wall initiates the development of an infection thread,
a tubular structure in which the bacteria penetrate the plant and propagate further
towards the inner cortex where the infection threads ramify. Among the few known
bacterial genes required for initiation and elongation of infection threads, those
directing the production of different types of cell-surface polysaccharides play a
major role, possibly by protecting the invading bacteria against plant-defense
mechanisms (Pellock ef al., 2000). Oxidative stress protection through the
production of detoxifying enzymes is also essential for the survival of symbiotic
bacteria during infection (Santos et al., 2000). Bacterial cells at the tip of the
infection threads eventually enter the nodule cells through a process that appears to
involve binding to the root-cell cytoplasmic membrane and uptake into the cells by
endocytosis (Vasse et al., 1990; Brewin, 1998).

Once inside the plant cells, the bacteria differentiate into non-dividing cells,
called bacteroids. The genetic control of both endocytosis and bacteroid
differentiation is essentially unknown with the exception of BacA, an inner-
membrane protein affecting the cell envelope composition (Ferguson ef al., 2002).
S. meliloti bacA mutants are released from the infection threads but senesce rapidly
before bacteroid differentiation, possibly because of their increased sensitivity to
stress (Ferguson ef al., 2002; Glazebrook et al., 1993). Finally, bacteroids
synthesize proteins essential for symbiotic nitrogen fixation, such as those
responsible for dicarboxylic-acid transport (dct genes) (Watson et al., 1988),
nitrogenase synthesis (nif genes), and microoxic respiration (fix genes) (Kaminski ez
al., 1998). In nodules, nif and fix gene expression is driven by O,-limitation
(Soupene et al., 1995).

In addition to this specific symbiotic lifestyle, the physiology of rhizobia has
been investigated under a wide variety of environmental conditions, such as either
nutrient deprivation or resistance to environmental stress, which is relevant to their
survival in soils (e.g., Milcamps ef al., 1998; Trzebiatowski et al., 2001; Ricillo et
al., 2000; 2001). Over the past several years, Sinorhizobium meliloti, the symbiont
of alfalfa, has become one of the primary model organisms to study microbial
persistence, competition, and stress response in soil, as well as plant-microbe
interactions. Moreover, one of its hosts, Medicago truncatula, has become a model
organism to study the plant partner of symbiotic nitrogen fixation (Cook et al.,
1977).

Despite the above-mentioned information, we lack a global view on how the
Rhizobium-legume symbiosis develops. In particular, we need to learn more about
the bacterial genes that control plant-cell adhesion, colonization of infection threads,
plant-cell invasion, and bacteroid differentiation. Genomics is, of course, of
particular interest in this respect (see Ampe ef al, 2003).

3. SINORHIZOBIUM MELILOTI MICROARRAYS

The basis upon which we are able to study rhizobia is changing due to the
availability of complete genomic sequences that allow the study of gene expression
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on a global scale. DNA macro- and micro-arrays represent an ideal tool for global
analyses of gene expression on the level of transcription in rhizobia. Perret ef al.
(1999) first reported both the complete sequence of the symbiotic plasmid of
Rhizobium sp. NGR234 and analyses of transcripts derived from this plasmid in the
symbiosis.  This study demonstrated that such an approach improves our
understanding of regulatory mechanisms in nodule symbiosis. Recently, the
complete genome sequence of S. meliloti 1021 became available (Barnett et al.,
2001; Capela ef al., 2001; Finan ef al., 2001; Galibert ef al., 2001).

As a tool for systematic genome-wide gene-expression analysis in S. meliloti
1021, whole-genome microarrays and macroarrays were generated. Two sets of
experiments with pilot macroarrays containing 34 and 214 S. meliloti gene probes,
respectively, were carried out both to validate the experimental conditions to be
used and to show that valid biological results can be obtained with genes whose
function or mode of regulation is known (Berges ef al., 2003; Ampe et al., 2003;
Ampe and Batut, 2003). These pilot experiments are described below.

In the case of the microarrays, a set of primer pairs, which were specific for all
6207 predicted protein-coding genes of the S. meliloti 1021 genome (Barnett ef al.,
2001; Capela et al., 2001, Finan et al., 2001; Galibert et al., 2001,
http://sequence.toulouse.inra.fr/rhime/Consortium/home.html), was generated using
Primer3 (Rozen and Skaletsky, 1996; 1997; 1998). These primer pairs were
designed to amplify internal gene-specific DNA fragments of 80-350 bp.
Amplification, using the specific primer pairs, and re-amplification, using standard
primers directed against 5' extensions of the specific primers, resulted in 6046 gene-
specific PCR fragments for microarray production. This set was supplemented with
161 70-mer oligonucleotides, which substituted for the ORF-specific probes that
were not obtained by PCR, to generate microarrays containing probes for all 6207
predicted protein-coding genes of the S. meliloti 1021 genome. In addition to the
PCR fragment-based microarrays, microarrays containing 6208 70-mer oligo-
nucleotides (synthesized by Operon-Qiagen), which were specific for the predicted
protein-coding genes, were generated (for details, see Becker, 2003).

Probe specificity is a very important issue in the design of microarrays. In
particular, repeat sequences, multi-copy genes, and paralogous genes have to be
considered. Usually, probes, which contain sequence stretches of more than 15 bp
and are more than 80% similar, cannot be differentiated by hybridization of an array
with a complex labeled target-molecule mixture (Kane ef al., 2000). Whereas the S.
meliloti 1021 PCR-fragment-based arrays contain 201 probes that probably cross-
hybridize on this basis, the oligonucleotide-based arrays contain only 177 probes
that may cross-hybridize. 100 of these probes were derived from transposase-gene
sequences. The higher specificity of the oligonucleotide-based arrays is often
beneficial due to shorter probe sequences, but it makes them less applicable for
expression analyses of strains not very closely related to the reference strain 1021.

As controls, DNA probes from an unrelated organism, alien DNA, and both
stringency-control and spiking-control probes are included in the arrays. Alien
DNA fragments have artificial sequences that are not found in any known genome
sequence. Stringency controls are 80% identical to selected gene-specific probes.
Probes from an unrelated organism, alien probes, and stringency controls are used to
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control the specificity of hybridization. For a spiking control, an in vitro transcribed
RNA is added to the target preparation and labeled together with the target
molecules to verify the labeling procedure. This spiking RNA is complementary to
a probe on the array which is unrelated to the genome sequence to be analyzed.
Table 1 summarizes characteristics and sources of the different arrays that were
generated for transcription profiling in S. meliloti 1021 (see also Becker, 2003).

Table 1. S. meliloti arrays

PCR fragment-based Oligonucleotide- PCR fragment-

microarray based microarray ~ based macroarray
Number of gene-specific 6046 PCR fragments 6208 6061
probes 161 oligonucleotides
Length of gene-specific 80-350 bp 70 N 80-350 bp
probes
Number of gene-specific 201 177 201
probes that are likely to
cross-hybridize
Alien control probes 3 19 5
Alien probes used as 3 3 5
spiking controls
Stringency control probes 0 2 0
Source Institute for Genome Institute for Genome INRA-CNRS
Research, Research, Toulouse
Bielefeld University — Bielefeld University  (J. Batut)
(A. Becker) (A. Becker)

In order to validate gene expression studies in S. meliloti using the PCR
fragment-based whole-genome microarrays, hybridizations based on RNA samples
obtained from cells cultured under identical conditions were performed. In each of
these experiments, transcript abundance of two independent cultures of S. meliloti
1021 in TY complex medium (Beringer, 1974) was compared. In all cases, signal
intensities differed less than 1.6-fold (Figure 2A).

Phosphorus is an essential nutrient, which is taken up in the form of inorganic
phosphate and organic phosphate compounds. In most soils, soluble phosphate is
present at low concentrations. S. meliloti possess two different phosphate-transport
systems, a high-affinity system that is encoded by phoCDET and a low-affinity
system encoded by the orf4-pit genes (Voegele et al., 1997; Bardin et al., 1998).
To assess the PCR-fragment-based whole-genome microarrays, the response of S.
meliloti to different phosphate concentrations was analyzed. S. meliloti 1021 was
cultured in minimal medium with either a low (0.1 mM) or high (2 mM) phosphate
concentration. Microarray hybridizations revealed ca. 100 genes that displayed at
least two-fold lower transcript abundance and ca. 150 genes that showed at least
two-fold higher transcript levels in low phosphate medium (Figure 2B). Among the
genes that displayed higher transcript levels in low phosphate medium were the
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phoCDET genes. Induction of these genes in response to phosphate starvation was
previously reported by Bardin er al. (1996), so confirming the results from
microarray hybridizations.
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Figure 2. A. Comparison of transcript abundance in RNA preparations from two independent
S. meliloti 1021 cultures in complex medium. B. Comparison of transcript abundance in RNA
preparations from S. meliloti 1021 cells cultured in minimal medium with low and high
phosphate concentrations.

Mean-centered log intensities are shown for the Cy3 and Cy5 channel of each experiment.

4. S. MELILOTI MACROARRAYS

As pointed out above, microarrays based on glass-slide supports are becoming the
most popular form of arrays. Miniaturisation allows the spotting of several
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thousand genes on a glass-slide-cover surface, hence allowing transcriptome
analysis of large (regions of) genomes (see section above). Yet, the production and
use of microarrays are technically challenging and require specific and expensive
equipment, including both an accurate robotic spotter and a laser scanner.
Therefore, in parallel to our experiments with micro-arrrays, we investigated the use
of macroarrays, which use a nylon membrane as a support, as a worthwhile
alternative because their manufacture and analysis are easier than those of glass
microarrays. Moreover, most laboratories have the required equipment and are
trained in nylon-membrane handling, plus a relatively simple robot (if any) is
sufficient, and phosphor-imager screens are frequently available. In addition, nylon
membranes are cheap as compared to glass slides and the spotted membranes are
both stable over time and reusable (Ampe and Batut, 2003). In fact, macroarrays
can be designed for other applications, such as either comparative genomics,
through hybridisation of the membranes with labelled genomic DNA from different
microbial isolates, or for population studies, using environmental DNA as a probe
community (meta-genome libraries from soil; Goodman and Liles, personal
communication).

As described above, we used S. rhizobium as our model soil and symbiotic
bacterium because its entire genomic-DNA sequence is known and it forms nodules
on, and fixes N, with, the model legume M. truncatula, which is also being studied
intensively in our laboratories. In principle, the development and use of macro-gene
arrays is very simple. In practice, however, many strategic and technological
choices have to be made. In preparation for whole genome analysis, therefore, we
carried out a number of pilot studies, using membranes carrying first 34, and
subsequently 214, S. meliloti genes that are either known or predicted to either carry
out specific functions in the free-living state, or be regulated in a known fashion or
be potentially involved in critical steps of the establishment of the Rhizobium-
legume symbiosis. For our first set of experiments, S. meliloti pilot DNA
macroarrays were designed carrying probes corresponding to 34 genes of known
regulation (see Berges er al, 2003). We were interested in evaluating the
reproducibility of DNA-nylon arrays, as well as identifying the main sources of
experimental errors. Our experimental design intended to include four experimental
parameters (RNA labeling, type of PCR spotted, repetition of experiments, and
replication of spots) using RNA generated under two biological conditions (either
aerobic or micro-aerobic growth) and to examine their influence on the expression
of the 34 genes. Normalized results of all experiments were analysed by performing
both Anova and Principal Component Analysis (PCA) in order both to identify the
main sources of experimental variability and to select optimal experimental
conditions (Berges et al., 2003).

Variance and Principal Component Analysis showed that the most important
non-biological parameter was the labeling method. Anova yielded a high Fischer (¥
= 29.66) value associated with a low p-value (<10°%), which indicated that the type
of protocol used to label RNA strongly influenced the results. When DIG-labeled
probes were used, the background was strongly increased when membranes were
rehybridized, thus, preventing their multiple use. As a result, the signal/background
ratio was lower with DIG-labeled than with *’P-labeled probes. In conclusion,
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despite the higher amount of RNA required, we prefer to use **P-labeling for the
reverse transcription.

The size of the PCR products was also found to be important. In several
studies, full-length genes were amplified (Richmond ez al., 1999), whereas other
studies used gene fragments of constant size (Loos et al., 2001). We amplified
either the genes from the predicted start codon to the stop codon, which yielded
PCR products from 335 bp to 2888 bp, or internal fragments of 238-387 bp. When
the Anova analysis was performed with all the data generated with tagged-primers,
the PCR size appeared to be a crucial factor influencing the results (high Fischer
value (F = 20.22) associated to a low p-value (<10°; Berges et al. 2003). The ratio
between hybridisation signals obtained with full-length and constant-size PCR
products globally increased with the corresponding ratios of the PCR products sizes
(size of full-length PCR product / size of constant PCR products).

Specific sequences referred to as ‘tags’ are often included in the primers used to
amplify genes or gene fragments in transcriptome studies (Richmond ez al., 1999).
These tags are most useful for both enabling re-amplification using a single pair of
primers corresponding to the tags and generating restriction sites facilitating further
cloning of PCR product. Tags also make it possible to quantify the amount of PCR
products spotted on DNA arrays, an important quality control. Results showed that
the influence of the tag sequence was minimal and lower than that yielded by the
repetition of a single experiment. Therefore, the presence of the 19-mer tag in all
the primers did not influence the transcriptome results and the use of tagged primers
can be highly recommended (Berges ef al., 2003).

The last factor considered was a biological one; gene expression under aerobic
and microaerobic conditions. A local Anova analysis performed as described by
Didier et al., (2001) enabled us to identify those genes being more responsive to
changes in the O, status. Genes, which showed both high variation in expression
depending on the O, input and low p-values testifying the significance of the
observed effect, were considered to be specifically regulated by O,. As expected
(Soupene et al., 1995), the fix genes involved in microoxic respiration were
significantly induced by O, limitation with induction factors ranging from 9 to 11
for the fixKNP genes. The induction by O, limitation of other genes was also
detected by the macroarrays experiments. Those induced 2- to 3-fold by O,
limitation, which is in agreement with the literature (Davey and de Bruijn, 2001;
David et al., 1988; Fousard et al., 1997), included: fix7, which encodes an
antikinase under the control of FixK; nif4, the nitrogen-fixation transcriptional
activator; tspO, a tryptophan-rich sensory protein; and ndiB, a nutrient-deprivation
induced protein. The variability between replicated spots on a membrane was found
to be low (Berges ef al., 2003), thus supporting the idea that variations observed
here are essentially due to O, limitation.

For the second, more extensive, pilot experiment, nylon macroarrays featuring
214 genes (3.5% of the total genome content), which were selected by mining the S.
meliloti genome sequence, were produced. Genes potentially related to adhesion
and attachment to the host plant, oxidative-stress protection, iron metabolism,
invasion, calcium binding, toxin and protease production, cell-surface organization,
and regulation were selected based on either their overall similarity with known
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genes or the presence of specific motifs. Thirty-four control genes from S. meliloti
were included, the regulation of which was known under at least some of the
conditions studied. Finally, five genes from Corynebacterium with no homologues
in S. meliloti were included to assess the quality of the hybridizations. The
comprehensive list of the genes included in the custom nylon macroarrays as well as
the complete expression results is available on the Internet (Ampe et al., 2003).
(http://sequence.toulouse.inra.fr/rhime/Infection/Infection macroarray 2002.htm).

The expression of 214 S. meliloti genes was monitored under ten environmental
conditions, including free-living aerobic and microaerobic conditions, addition of
the plant symbiotic elicitor luteolin, and a variety of symbiotic conditions. Five
new genes induced by luteolin were identified as well as 9 new genes induced in
mature N,-fixing bacteroids. A bacterial (bacA; see Introduction) and a plant
symbiotic mutant affected in nodule development (M. truncatula TET) were found
to be altered in their gene-expression patterns and are, therefore, of particular
interest in deciphering gene expression at the intermediate stage of the symbiotic
interaction. S. meliloti gene expression in both the cultivated legume, Medicago
sativa (alfalfa), and the model plant, M. truncatula, were compared and only a small
number of differences was found (Ampe ef al., 2003).

Thus in addition to exploring conditions for a genome-wide transcriptome
analysis of the model rhizobium, S. meliloti, in culture, the second pilot experiment
highlighted the differential expression of several classes of genes during symbiosis.
These genes are related to invasion, oxidative-stress protection, iron mobilization,
and signaling, thus, emphasizing possible common mechanisms between symbiosis
and pathogenesis (Ampe et al., 2003).

These pilot experiments that were carried out on a limited number of ORFs also
allowed us to define the conditions that can be used for whole genome S. meliloti
macroarrays to study the mRNA global changes (for details, see Ampe and Batut,
2003). In fact, such whole S. meliloti genome macroarrays have been produced by
spotting 6063 gene-specific PCR fragments, which represent 97.7% of the genome
and were obtained by PCR amplification using the specific primers and re-
amplification with the standard primers (Table 1). These macroarrays are presently
being used extensively in hybridization experiments using mRNA generated both
from cultures grown under varying physical conditions as well as from nodule
bacteroids. Because largely the same PCR products are used as target for both
macro- and micro-array experiments, it will also be possible to directly compare the
results of both types of approaches, including their relative sensitivity.

5. CONCLUSIONS AND PERSPECTIVES

The recent availability of the entire annotated genome sequence of S. meliloti
(Galibert et al, 2001) has opened new perspectives in the study of its biology
through the use of DNA arrays. DNA arrays have already been used to study gene
expression in several model bacteria, such as Escherichia coli, Bacillus subtilis, and
several pathogens (e.g., Arfin ef al., 2000; Sekowska et al., 2001), but were so far
not used for symbiotic model plant-associated bacteria, although Perret ez al. (1999)
pioneered this approach in rhizobia by determining the complete nucleotide
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sequence of the symbiotic plasmid of Rhizobium NGR234 as well as its
transcriptome during symbiosis.

Different questions can be addressed by gene-expression profiling using the S.
meliloti whole-genome arrays. Expression analyses on a global scale can greatly
improve our understanding of regulatory networks on the level of transcription.
Alterations of expression patterns can be monitored in response to either a specific
stimulus or specific environmental conditions or in planta. Expression patterns of
mutant and wild-type bacteria can be compared. Operons and regulons provide a
conceptional biological framework for analysis of comprehensive expression
profiling experiments. Comparisons of expression patterns of regulatory mutants
and wild-type strains in response to a specific stimulus either in free-living culture
and in planta contribute to a definition of regulons and a decription of regulatory
responses to a perturbation. In addition to exploring conditions for a genome-wide
transcriptome analysis of the model rhizobium S. meliloti, the present work has
highlighted the differential expression of several classes of genes during symbiosis,
suggesting possible common mechanisms between symbiosis and pathogenesis.

However, if a large proportion of the genes of a genome change transcript
levels, understanding the regulatory networks underlying this response becomes a
difficult task. The measurements from array experiments are estimates of transcript
levels, but regulatory mechanisms work at the level of gene expression and protein
activity. A search of upstream sequences of co-regulated genes for conserved
motifs, in some cases, results in the prediction of binding sites of regulatory
proteins. Classical approaches are then taken to analyze further the predicted
regulons and regulatory mechanisms.
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CHAPTER 12

GENOME DYNAMICS IN RHIZOBIAL ORGANISMS

R. PALACIOS AND M. FLORES
Centro de Investigacion sobre Fijacion de Nitrogeno, UNAM, P.O. Box 565-4,
Cuernavaca, Morelos 62170, México

1. INTRODUCTION

Bacterial genomes should be considered as dynamic structures; they are prone to
generate rearrangements at relatively high frequencies. The most conspicuous
rearrangements are due to homologous recombination between reiterated DNA
sequences. According to the location and orientation of the reiterated elements in a
genome, different types of rearrangements may be produced. As shown in the
scheme presented in Figure 1, recombination between directly oriented repeated
sequences in the same replicon can lead to either deletion or amplification of the
segment bordered by the repeats. Conversely, recombination between sequences in
different orientations can generate an inversion of the region bordered by such
sequences. Recombination between reiterated elements located in different
replicons may result in the co-integration of the corresponding replicons.

Some rearrangements have interesting biological consequences. In particular,
gene amplification has been correlated with the adaptation of microorganisms to
survival under either limiting or stress conditions. Deletions may result in the loss
of specific non-essential functions. Co-integration between different replicons
alters the general architecture of the genome. With the exception of deletions,
rearrangements that are generated by homologous recombination are reversible
events. Thus, alternative structures, which are generated by either amplifications or
inversions or co-integrations, should be considered as transient states that do not
alter permanently the structure of a genome.

Rearrangements generated by homologous recombination are found at
relatively high frequency, usually from 107 to 10°. This means that a bacterial
culture contains cells presenting all the different rearrangements that a genome may
generate as long as they do not alter the survival of the cell in the particular
conditions used. Derived strains containing specific rearrangements may be
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isolated by different experimental strategies. Some of these strategies do not
involve the introduction of exogenous DNA and, thus, the rearranged strains
obtained are natural derivatives of wild-type strains. These strains should be ideal
for both scientific and applied studies.
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Figure 1. Different types of genomic rearrangements generated
by homologous recombination.

The scheme represents regions of two replicons of a genome, A and B. Reiterated DNA elements are
represented by open arrow heads. In replicon A, recombination between two directly oriented reiterated
sequences can generate either a deletion (1) or a tandem duplication (2). In replicon B, recombination
between two reiterated sequences located in different orientation can generate an inversion of the
respective region (3). Recombination between reiterated elements present in replicons A and B (4) can
generate a new replicon (C), product of the co-integration of the two original replicons.

The availability of the nucleotide sequence of the genome of a large number of
microorganisms has open new possibilities for the study of genome dynamics. The
reiterated elements of a genome can be localized and the potential rearrangements
generated by homologous recombination can be predicted. Pathways of consecutive
rearrangements leading to alternative genomic structures can be designed and the
desired structures can be isolated. This chapter will discuss different aspects of
genome dynamics using as a model the nitrogen-fixing symbiotic bacteria that
belong to the genus Rhizobium and related genera, hereinafter referred to as
rhizobial organisms.

2. REITERATED DNA SEQUENCES

About twenty years ago, at the time of the inauguration of the Nitrogen Fixation
Research Center of the National University of México, an experiment aimed at the
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cloning of the nitrogenase genes in Rhizobium etli, which was known at that time as
Rhizobium leguminosarum bv. phaseoli, revealed that the nitrogen-fixation gene
sequences were reiterated in this organism (Quinto et al., 1982). Southern blots of
total restricted DNA from different strains were hybridized against a probe of the
nitrogenase genes from Klebsiella pneumoniae. The autoradiography showed
several restriction fragments in different isolates of R. er/i. Further experiments
showed that the symbiotic plasmid (pSym) of the model R. efli strain CFN42
contained three regions with nitrogenase genes; two of them contained functional
nitrogenase HDK operons, whereas the third contained a functional nifH gene
(Quinto et al., 1985). The mapping (Girard ef al., 1991) and the recently obtained
nucleotide sequence (Gonzalez et al., 2003) of the pSym of R. etli CFN42 have
established the structure of the reiterated nif regions. Region nif-a contains nifHDK
genes and a truncated nifE pseudogene; region nif-b contains the nifHDKENX
genes; and region nif-c contains nifH and a truncated nifD pseudogene. The two
largest reiterated regions, of ca. 5-kb, are located in direct orientation in the regions
nif-a and nif-b, whereas the reiteration in region nif-c is located in an inverted
orientation.

The presence of a large number of reiterated DNA sequences in rhizobial
genomes was suggested (Flores ez al., 1987) and then confirmed by the current
availability of the nucleotide sequence either of the complete genomes or of the
symbiotic compartments of different strains. Reiterated sequences include complete
operons, genes, pseudogenes, regulatory regions, and insertion sequences. Genomic
projects have revealed that must of the reiterated sequences correspond to elements
related to insertion sequences. Such sequences are particularly abundant in the
symbiotic compartments. About 18% of the sequence of the pSym of Rhizobium sp
NGR234 (Freiberg et al., 1997) corresponds to elements related to insertion
sequences. Figure 2 schematizes the position of such elements.
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Figure 2. Schematic representation of elements related to insertion sequences
in the pSym of R. sp NGR234.

According to the annotation of the 536,165 bp long pSym of NGR234 (Freiberg et al., 1997), the
elements related to insertion sequences are represented as black bands.
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In the pSym of R. etli CFN42, 10% of the DNA sequence is related to insertion
sequences (Gonzalez et al., 2003). The genome of Mesorhizobium loti strain
MAFF303099 consists of a chromosome and two plasmids, pMLa and pMLb
(Kaneko et al., 2000). The chromosome contains a symbiotic island of 611 kb. In
the symbiotic island, 19.6% of the sequence corresponds to elements related to
insertion sequences, which contrasts dramatically with only 0.5% in the
chromosome outside of the island, 7.5% in pMLa, and 2.9% in pMLb (Kaneko et
al., 2000). The genome of Bradyrhizobium japonicum USDA110 is a circular
chromosome that contains a presumptive symbiotic island of 681 kb (Kaneko et al.,
2002). About 60% of the 167 transposase genes found in the chromosome are
present in the symbiotic island (Kaneko er al., 2002). The genome of
Sinorhizobium meliloti (Galibert et al., 2001; Capela et al., 2001; Finan ef al., 2001;
Barnett et al., 2001) is composed of a chromosome and two megaplasmids, pSymA
(which contains most of the nodulation and nitrogen-fixation genes) and pSymB.
The whole genome of S. meliloti contains a relatively low amount of elements
related to insertion sequences; however, their distribution is asymmetric, being more
abundant in pSymA, especially near the symbiotic genes (Barnett ez al., 2001).

3. GENOMIC INSTABILITY

It is common knowledge among both research laboratories and industries working
with rhizobial organisms that the symbiotic properties of some strains are unstable.
Initial experiments performed with Rhizobium trifolii, Bradyrhizobium japonicum,
and Rhizobium etli suggested that such instability is due to genomic rearrangements
and, in particular, deletions that may affect the symbiotic properties of the strain
(Djordjevic et al., 1982; Zurkowski, 1982; Berry and Atherly, 1984; Kaluza et al.,
1985; Soberon-Chavez et al., 1986; Hahn and Hennecke, 1987; Flores et al., 1988).
The occurrence of genomic rearrangements was observed by analyzing direct
descendants of single Rhizobium cells with regard both to their DNA-hybridization
patterns obtained against different recombinant plasmids (Flores ef al., 1988) and to
their plasmid profile (Brom ef al., 1991).

The mechanisms responsible for the generation of genomic rearrangements in
Rhizobium were first analyzed by the construction and use of genetic elements
known as GDYN elements (Romero et al., 1991). These elements allow the
positive selection of different kinds of genomic rearrangements, in particular,
amplifications and deletions. The first of these elements used in Rhizobium was
GDYNI, which is a DNA cassette that carries both kanamycin/gentamycin- and
spectinomycin/streptomycin-resistant markers. It also contains a region with the
SacR-SacB genes of Bacillus subtilis that confer sucrose sensitivity on several
Gram-negative bacteria, including Rhizobium. Upon introduction into Rhizobium,
this element confers a high level of resistance to spectinomycin (100pg ml™), but a
low level of resistance to kanamycin (15ug.ml™"). Higher levels of resistance to
kanamycin can be obtained by an increase in gene dosage, thus, providing a way to
isolate amplified variants. On the other hand, either deletions or loss of plasmids
can be isolated by selecting for sucrose-resistant derivatives (Romero ez al., 1991).
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The GDYNI element was first introduced in the nifH gene of region nif-c (see
above) of the pSym of R. et/i CFN42 (Romero ef al., 1991). An increase in the
kanamycin concentration in the culture medium allowed selection of cells
containing amplifications of a region of ca. 120 kb. The mechanism responsible for
such amplification was the homologous recombination between the reiterated nif
operons in regions nif-a and nif-b (see above). Duplications of the region were
found in about 107 cells, whereas a higher level of amplification, up to 8-fold, was
found in about 10~ cells. The addition of sucrose to the culture medium selected
for cells that had lost the GDYNI element. Analysis of the DNA of such cells
indicated that the 120-kb segment that extended from region nif-a to region nif-b
was deleted as a consequence of the homologous recombination between the two
reiterated nitrogenase operons located in these regions. Such deletions occurred at a
frequency of about 10 (Romero ez al., 1991). Figure 3 shows the dynamics of
amplification and deletion of the nod-nif region bordered by the reiterated
nitrogenase operons of the pSym of R. et/i CFN42.

The introduction of GDYN elements in different regions of the pSym indicated
the existence of other end points for amplification and deletion (Romero et al.,
1995). Moreover, the use of a GDYN element as a transposon led to the conclusion
that gene amplification is a general feature in the genome of R. etli, occurring at
high frequency in both the chromosome and in the different plasmids (Flores ef al.,
1993).
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Figure 3. Amplification and deletion of a nod-nif amplicon in the pSym of R. etli.

The original structure of the pSym (A) presents an amplicon bordered by the two reiterated nif operons
(see text) represented by white and black arrow heads. This amplicon can generate deletion (B), tandem
duplication (C), or amplification (D). The relative frequencies at which the different structures are found

are shown in the respective connecting arrows.
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4. NATURAL GENE AMPLIFICATION

The analysis of the genome of different Rhizobium strains using GDYN elements
(Romero et al., 1991; Flores et al., 1993; Romero ef al., 1995; Mavingui et al.,
1998) (see above), as well as more recent approaches based on the prediction of
genomic rearrangements from the DNA sequence (see below), led to the conclusion
that gene amplification occurs at high frequency in different regions of the rhizobial
genome. Actually, gene amplification is probably ubiquitous in the genomes of
prokaryotic organisms. The foundations for current interpretation of gene
amplification were established by the genetic work of Roth, Hill and their associates
in Escherichia coli and Salmonella typhimurium (Anderson and Roth, 1977; Petes
and Hill, 1988). These pioneering studies were followed by an expansion of
knowledge of natural gene amplification in a variety of prokaryotes (reviewed by
Romero and Palacios, 1997).

Gene amplification may affect almost any region on the bacterial genome. The
frequency of duplication for specific loci varies, usually from 10~ to 10°. A
common characteristic of amplifiable regions is the presence of long repeated
sequences, located in direct orientation, flanking the region that undergoes tandem
duplication and amplification. We have referred to those structures as "amplicons"
(Flores et al., 1993; Romero et al., 1995; Romero and Palacios, 1997). Figure 4
schematizes the structure and dynamics of an amplicon. It can be defined as a
region of the genome bordered by two repeated sequences present in direct
orientation (Figure 4A). Homologous recombination between the repeated
sequences may lead either to a tandem duplication (Figure 4C) or to a deletion of
the amplicon sequence (Figure 4B). Once a tandem duplication is formed,
recombination may lead to either further amplification (Figure 4D) or to return to
the basal, non-amplified state.

The rate-limiting step for amplification is the initial duplication. An amplified
region of the genome is a highly dynamic structure. Recombination is continually
increasing or decreasing the level of amplification and, eventually, unless selective
pressure is applied, the structure returns to the basal state. Amplification is,
therefore, a transient phenomenon that does not compromise the general structure of
the genome. It is interesting to point out that recombination in amplified regions
results in the excision of complete amplicon sequences, either as monomeric or as
polymeric closed circular structures (Figure 4E). We have developed an
experimental strategy for cloning such amplicon structures in vivo from Rhizobium
into E. coli (Flores et al., 1993). The bacterial genome can be considered as a
structure formed by overlapping amplicons. The location of the different families
of reiterated elements determines the "amplicon structure" of the genome. Such
structure may be predicted from the nucleotide sequence (see below).

Several lines of evidence suggest that the general biological role of gene
amplification in prokaryotes is related to adaptation to extreme conditions that
cannot be handled by the regulatory systems of the cell. Among such conditions
are: antibiotic resistance (Perlman and Stickgold, 1977; Yagi and Clewel, 1980;
Nichols and Guay, 1989; Matheus and Stewart, 1988); resistance to heavy metals
(Kondratyeva et al., 1995); growth under conditions of nutrient scarcity (Sonti and
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Roth, 1989; Tlsty et al., 1984); and growth on exotic nutrient sources (Neuberger
and Hartley, 1981; Ghosal and You, 1988; McBeth and Shapiro, 1984).

Other examples of the role of gene amplification in adaptive processes have
been derived from both pathogenic and symbiotic interactions. Increased
pathogenicity, due to amplification of specific DNA regions, has been shown in
Vibrio cholerae (Goldberg and Mekalanos, 1986), Haemophilus influenzae (Hoiseth
et al., 1986) and Pseudomonas aeruginosa (Deretic et al., 1986). In regard to
symbiotic interactions, amplification of a region in the pSym of Rhizobium tropici
leads to enhanced production of nodulation factors, which are necessary for nodule
development (Mavingui ef al., 1988).
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Fig. 4. Structure and dynamics of an amplicon.

An amplicon structure (A) is a region of the genome (solid line) bordered by two reiterated sequences
present in direct orientation (white and black arrow heads). Recombination between the reiterated
sequences can generate either a deletion (B) or a tandem duplication (C). The duplicated region can
recombine generating either further amplification (D) or a return to the basal non amplified structure
(A). The amplified state (D) is a highly dynamic structure; recombination can increase or decrease the
level of amplification, and generates closed circular structures containing monomers or multimers of the
whole amplicon structure (E). The rate limiting step in the amplification
is the first tandem duplication (see text).

5. ARTIFICIAL GENE AMPLIFICATION

As discussed above, the location of reiterated sequences in a genome determines
which regions may be amplified at high frequency. This is an inherent property of
any particular genome. In addition to this "natural gene amplification", the genome
can be manipulated to generate new amplicons, thus allowing the amplification of
any desirable region. We will refer to such manipulations as "artificial gene
amplification".
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We have used different rhizobial strains to develop experimental approaches
for artificial gene amplification. Two general strategies have been followed. In the
first one, different segments of a genome are amplified at random. In the second
strategy, a defined region of the genome is specifically amplified. Both strategies,
random (RDA) (Mavingui et al., 1997) and specific (SDA) DNA amplification
(Castillo et al., 1999), have resulted in the generation of derivative rhizobial strains
with improved symbiotic properties (see below).

The RDA approach is based in the generation of amplicon-type structures by
the co-integration of recombinant plasmids, which harbor randomly cloned DNA
sequences, into the homologous region of the genome (Mavingui ef al., 1997). This
strategy is schematized in Figure 5 as applied to the pSym of Rhizobium tropici.
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Figure 5. Schematic representation of the random DNA amplification strategy.

This strategy produces DNA amplifications in random regions of a genome of a target bacterium
(Rhizobium). For the purpose of DNA transfer, a vector bacterium is used (E. coli). The amplified
derivative strains of the target bacterium are subjected to a selective pressure (nodulation in plants). The
different steps of the strategy (A-J) are explained in the text.

Total DNA from the target bacterial strain is isolated (Figure 5A) and cloned in
an appropriate plasmid in the vector bacterium, E. coli (Figure 5B). In this case, the
plasmid is a suicide vector that is able to replicate in E. coli but not in R. tropici.
The recombinant suicide vector is mobilized by conjugation from the vector
bacterium to the target bacterium, by selecting for antibiotic resistance. In the target
bacterium, the recombinant plasmids co-integrate into the homologous sites, so
forming artificial amplicon structures (Figure 5C). An increase in antibiotic
concentration selects for cells containing random amplifications of DNA (Figure
5D). The amplified target bacteria are then challenged with a selective pressure, in
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this case, nodulation cycles in plants (Figure 5E). In these conditions, the cells,
which contain amplifications that better fit the particular conditions used, are
selected and isolated (Figure 5F). Selected bacteria are conjugated with the vector
bacteria to obtain plasmids containing the selected amplicon-type structures (Flores
et al., 1993) (Figure 5G). Such plasmids, which are in fact suicide vectors, are
mobilized again to the target bacterium for co-integration and amplification of the
corresponding selected DNA regions (Figures SH and 5I). Finally, these derivative
strains are tested for improved function (Figure 5J).

The potential success of the RDA approach relies on imposing a strong
selective pressure on the amplified derivative strains generated in the procedure. If
amplification of a particular region of the genome confers an advantage under the
specific conditions used, then the better fit strains may be selected. When this
strategy was applied to the pSym of R. tropici, strains with an increase in
competitiveness for nodule formation were obtained (Mavingui ef al., 1997).

In the SDA approach (Castillo ef al., 1999), the target for amplification is a
defined DNA region of the genome. The desired region is first cloned in a suicide
vector in E. coli. The corresponding recombinant plasmid is mobilized by
conjugation into the target bacterium, by selecting for an antibiotic-resistance
marker of the vector. In the target bacterium, the recombinant plasmid co-integrates
into the homologous site, forming an amplicon-type structure.  Different
concentrations of an antibiotic marker in the vector will select for cells containing
different copies of the amplicon structure. Cells with different gene dosage of the
amplified region are then tested for the particular desired function.

We applied the SDA approach to a region of the nod regulon of Sinorhizobium
meliloti (Castillo ef al., 1999). This region contains the regulatory gene nodD1; the
nodulation genes, nodA, nodB, and nodC, which encode the enzymes responsible
for the synthesis of the core structure of Nod factors; and an operon, which is
essential for nitrogen fixation. Derivatives of S. meliloti containing this fragment
with an average copy number of 2.5 to 3 showed a significant increase in nodulation
and nitrogen fixation and also promoted alfalfa growth.

6. DYNAMICS OF GENOME ARCHITECTURE

The genomes of rhizobial organisms are compartmentalized. In particular, the
region that contains most of the nitrogen-fixation and nodulation genes is
commonly present as either a plasmid (pSym) or as a symbiotic island in the
chromosome. Genome architecture differs according to the species but is usually
constant among different strains of the same species. The genome of S. meliloti
1021 (Galibert et al., 2001) is composed of a chromosome (3,654,135 bp) (Capela
et al., 2001) and two megaplasmids, pSymA (1,354,325 bp) (Barnett et al., 2001)
and pSymB (1,683,333 bp) (Finan et al., 2001). Mesorhizobium loti strain
MAFF303099 consists of a chromosome (7,036,072 bp) and two plasmids, pMLa
(351,911 bp) and pMLb (208,315 bp) (Kaneko et al., 2000). Bradyrhizobium
Japonicum USDA110 has only a single replicon, a circular chromosome of
9,105,828 bp (Kaneko ef al., 2002).  Rhizobium sp NGR234 contains a
chromosome, a megaplasmid (larger than 2MB) and a symbiotic plasmid of 563,165
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bp (Freiberg et al., 1997; Flores et al., 1998). Finally, the genome of R. et/i CFN42
contains a chromosome and 6 plasmids, one of them (371,255 bp) corresponds to
the pSym (Gonzalez et al., 2003). Figure 6 schematizes the genomic architecture of
different rhizobial strains.
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Figure 6. Genome architecture of rhizobial organisms.
The replicons that constitute the genome of different rhizobial model strains are represented by circles.
The diameter is proportional to the size of the replicon; The size in bp of some of the replicons are given
in the text. In all cases, the largest replicon is the chromosome. In R. sp NGR234 and in R. etli, the size
of the chromosome is tentative. In each of the genomes, the symbiotic compartment is represented by
either a thick black circle (pSym A in R. meliloti, pSym in R. sp NGR234 and R. etli) or by an arc of a
circle (symbiotic region in the chromosome of B. japonicum).

As mentioned above (see Figure 1), homologous recombination between
reiterated sequences located in different replicons may lead to co-integration of such
replicons, thus altering the genomic architecture. Genomic projects have actually
revealed the presence of repeated elements, mainly insertion sequences, which are
shared by more than one replicon, in different genomes analyzed. We searched for
changes in genomic architecture by analyzing the replicon profiles of individual
colonies derived from the same bacterial culture. These studies were first
performed in R. sp NGR234 (Mavingui et al., 2002) and, more recently, in S.
meliloti (Guo et al., 2003).

As mentioned above, strain NGR234 presents three replicons, a chromosome, a
megaplasmid, and the pSym, whereas S. meliloti stain 1021 presents a chromosome
and two megaplasmids, pSymA and pSymB. The analysis of the replicon profiles
of individual colonies led to the retrieval of alternative genomic architectures. From
both strains, we could isolate derivatives containing the genetic information in
either two replicons or in a single replicon, which are products of the co-integration
of the three original structures. It is interesting to point out that different
architectures do not alter significantly the symbiotic properties of the strains,
suggesting that genome architecture can be manipulated without impairing
important biological functions (Mavingui ef al., 2002; Guo et al., 2003).
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7. PREDICTION OF GENOMIC REARRANGEMENTS

The knowledge of the DNA sequence of a genome indicates the location of the
different reiterated DNA families that may participate in homologous recombination
events. From this knowledge, the potential rearrangements that a genome may
generate can be predicted and, thus a dynamic map of the genome can be produced.
A schematic dynamic map is presented as Figure 7, showing different types of
potential genomic rearrangements.

Figure 7. Prediction of genomic rearrangements based on the nucleotide sequence.

A simplified hypothetical genome formed by two replicons (A and B) is shown. According to the
nucleotide sequence, the reiterated DNA families may be located. White arrow heads represent a family
of 3 direct repeated elements in replicon A; black arrow heads represent a family of 2 direct repeated
elements in replicon B, dashed arrow heads represent a family of 5 elements shared by both replicons,
two direct elements in replicon A and two direct and one inverted elements in replicon B. Potential
rearrangements are indicated by lines joining the two elements involved in the recombination events.
Solid thin lines, amplifications or deletions, broken lines, inversions; solid thick lines, replicon
cointegrations.

We first predicted the potential rearrangements that could result from
recombination of direct repeated DNA sequences in the pSym of R. sp NGR234
(Flores et al., 2000). A dynamic map of this replicon is schematized in Figure 8.
For the construction of this map, we took into account only those reiterated
elements longer than one kilobase, had 100% sequence homology, and were present
in direct orientation. There are 13 such elements in the plasmid. As discussed
above, DNA regions bordered by two reiterated sequences in direct orientation
(amplicons) can generate either deletions or amplifications. The pSym of NGR234
contains eight overlapping amplicons (Figure 8). We have shown that both
amplification and deletion of each of these amplicons occur at high frequency in a
culture of the wild-type strain (Flores et al., 2000).

Based on the reported genomic sequence (Galibert ef al., 2001; Capela et al.,
2001; Barnett et al., 2001; Finan et al., 2001), we have recently generated a
dynamic map of the whole genome of S. meliloti strain 1021, indicating potential
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sites for the generation of amplifications, deletions, inversions and replicon
cointegrations (Guo et al., 2003).

pNGR234a

Figure 8. Prediction of genomic rearrangements in the pSym of R. sp NGR234.

Based on the nucleotide sequence of the pSym of R. sp NGR234 (Freiberg et al., 1997), the different
families of reiterated elements present in direct orientation were localized (arrow heads). Such elements
form 8 overlapping amplicon structures (thick solid lines joining the corresponding pair of reiterated
elements). Each amplicon can be either deleted or amplified (see text). The origins of replication (OV)
and transference (OT) are shown.

8. IDENTIFICATION OF GENOMIC REARRANGEMENTS

We have developed a general experimental approach, based on the polymerase
chain reaction (PCR), to detect different types of genomic rearrangements in a
bacterial culture (Flores ef al., 2000). In accord with the DNA sequence, PCR
primers, which border the reiterated sequences that may generate rearrangements,
are synthesized. Such primers should be located near, but outside of, the two ends
(5" and 3'") of each reiterated sequence. The use of different combinations of primers
to drive the PCR allows the detection of different types of rearrangements. This
strategy is exemplified in Figure 9. The use of the 5' primer of the first repeat and
the 3' primer of the second repeat detect a deletion; the 5' primer of the second
repeat and the 3' primer of the first detect an amplification; either the 5' primer of
the first repeat plus the 5' primer of the second or the 3' primer of the first repeat
plus the 3' primer of the second detect an inversion; the 5' primer of a repeat located
in one replicon and the 3' primer of a repeat located in another replicon detect a co-
integration between the two replicons.
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Figure 9. Identification of genomic rearrangements by a PCR strategy.

A simplified hypothetical genome containing two replicons (A and B) is shown. Reiterated elements and
their orientation are represented by arrow heads. The relative positions of the oligonucleotides used to
prime the PCR reaction for identification of the rearrangement are indicated (a-h). The structures
generated by different types of rearrangements are presented: C, deletion; D, amplification; E,
inversion; F, replicon cointegration. Squares indicate the joint point structures characteristic of each
rearrangement, showing the position of the corresponding oligonucleotides. Details of the strategy are
discussed in the text.

We have used successfully this approach to detect different types of
rearrangements (Flores ef al., 2000; Mavingui ef al., 2002; Guo et al., 2003). In our
experience, rearrangements present in 10~ cells in a bacterial culture can be clearly
detected by this approach.

9. ARTIFICIAL SELECTION OF GENOMIC REARRANGEMENTS

Once a desirable genome rearrangement is identified in a bacterial culture, it is
possible to obtain a cell sub-population that is "pure" for such a rearrangement.
Actually, a sub-population can only be pure in the case of non-reversible
rearrangements, such as deletions. In the case of reversible rearrangements
(amplifications, inversions, and replicon co-integrations or excisions), some cells
will return to the basal state. However, sub-populations more than 99% pure for a
particular rearrangement can be obtained.

We have developed a strategy to purify specific rearrangements from wild-type
bacterial cultures. In the first step, the goal is to obtain an enriched sub-population
(see Figure 10). The culture is plated and colonies derived from individual cells are
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isolated. When a single cell divides to form a colony, at certain stage a particular
rearrangement will appear. If such a rearrangement is generated at an early stage of
the formation of the colony, a large proportion of cells of the derived culture will
contain the rearrangement. Conversely, if the rearrangement first occurs at the later
stages of colony formation, a relatively low proportion of the cells will present the
rearrangement. If the cell from which the derived culture is generated contains the
rearrangement, the derived culture should be "pure" for the particular
rearrangement. Thus, cultures derived from individual cells should contain different
relative proportions of specific rearrangements. We have experimentally confirmed
these predictions (Flores et al., 2000).

Figure 10. Relative proportion of specific rearrangements in colonies derived from single
cells of a bacterial culture.

A bacterial culture (dashed circle in the top) is plated and colonies are derived from single cells. The
scheme represents the development of two of such colonies. Arrows indicate the occurrence of specific
rearrangements. The presence of cells harboring such rearrangements is indicated with the same
graphic motive as the corresponding arrow. The white arrow indicates a reversion to the original non-
rearranged structure. At the bottom, the areas with the corresponding graphic motifs indicate the
relative proportion of the different rearrangements in the resulting cultures.

Details are presented in the text.

The cultures derived from single cells are then analyzed for the specific
rearrangement. For this purpose, a quantitative PCR method can be used, priming
the reaction with the appropriate oligonucleotides to identify the join-point structure
characteristic of the rearrangement. Usually, the analysis of 100-1000 cultures
derived from single cells is sufficient to obtain an enriched sub-population in which
107'-107* cells contain the desired rearrangement.

In the second step, the enriched sub-population is plated again and colonies
derived from single cells are analyzed, searching for a sub-population "pure" for the
desired rearrangement. To confirm the purity, the analysis of most of the cultures
derived from single cells of the potential "pure" sub-population must reveal the
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presence of the rearrangement at high concentration. An optimal concentration of
product after the corresponding PCR is a good criterion for different types of
rearrangements. In the case of rearrangements that alter the architecture of the
genome, such as replicon cointegrations or excisions, the analysis of the replicon
profile by gel electrophoresis is a method of choice.

Using this strategy, we have obtained sub-populations "pure" for specific
rearrangements both in R. sp NGR234 (Flores ef al., 2000; Mavingui et al., 2002)
and in S. meliloti (Guo et al., 2003). It is interesting to point out that this strategy
does not use the introduction of exogenous DNA and that no selective pressure is
applied. The sub-populations "pure" for specific rearrangements are actually natural
derivatives of wild-type strains. These sub-populations are thus ideal strains for
either scientific or applied purposes.

10. NATURAL GENOMIC DESIGN

The capacity to predict, identify, and purify specific genomic rearrangements allows
a novel type of genome manipulation that we have proposed as "natural genomic
design" (Flores et al., 2000). In the first step, the nucleotide sequence of a genome
is analyzed and the different potential genomic rearrangements are predicted. In the
second step, a pathway of consecutive rearrangements leading to a desired
alternative genome structure is designed. In the third step, a sub-population "pure"
for the first rearrangement of the design is obtained by an artificial selection
procedure (see above). Then, in further steps, sub-populations pure for each of the
remaining rearrangements of the design are consecutively isolated until the final
desired structure is obtained. This procedure is schematized in Figure 11. We have
successfully used this strategy to obtain novel genomic architectures in S. meliloti
(Guo et al., 2003).

11. CONCLUDING REMARKS

The knowledge accumulated in regard to the mechanisms responsible for the
generation of genomic rearrangements and their biological consequences, together
with the availability of the complete nucleotide sequence of a continuously growing
number of prokaryotic genomes, is resulting in novel strategies for the generation of
alternative genome structures. Some of the alternative structures obtained could be
of great value for either scientific or applied purposes. In a broad sense, this type of
manipulation could be considered as part of a man-guided prospective evolution of
prokaryotic organisms.
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Figure 11. Strategy for a natural genomic design.
A wild-type strain has a particular genomic structure (A). Based on the nucleotide sequence, a series of
consecutive rearrangements are designed to obtain a desired alternative structure of the genome (E). In
the original culture (4),some cells contain the first rearrangement (B). A culture "pure" for the structure
B is obtained (see text). Such culture contains some cells presenting the next rearrangement of the design
(C). A culture pure for structure C is then obtained. The strategy continues until a culture "pure" for
structure E is obtained (see text).
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1. SYSTEMATICS

Swedish botanist Carolus Linnaeus (Karl von Linné) introduced a system of
classification of plants based on overall morphological similarities among their
sexual organs. He established a workable classification of living organisms in his
Systema Naturae published in 1735 that resulted in the birth of modern taxonomy.
The Linnaecan System of classification is a hierarchy that includes the categories
Kingdom, Phylum, Class, Order and Suborder, Family, Genus, and Species, and still
remains the basic framework for taxonomy in the biological sciences. The primary
category in his classification scheme is the species for which a "type specimen" is
chosen to reflect the belief that all earthly items are projections of their perfect
heavenly forms.

There are several ways in which organisms are currently classified.
Evolutionary classification uses any pertinent information available to construct a
dendrogram that illustrates phylogenetic relatedness. Evidence may be gathered
from a variety of sources, including the fossil record, comparative morphological
and biochemical studies, and through comparisons of any other available
characteristic, such as ecology and lifecycle. The problem with this approach is that
there are many gaps in the fossil record and assumptions have to be made. Also,
there is no standard definition of each taxonomic group and the classification
method is not measurable. Phenetic classification, or numerical taxonomy, is based
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solely on the shared similarity of traits between two organisms and is calculated
using a large number of morphological characteristics. Because there is the
problem of convergent evolution, many different characteristics need to be
examined. One disadvantage of this method is that it is necessary to decide whether
two traits are either variations within the same character or are characters in their
own right. Cladistic classification (sometimes called phylogenetics) is a scheme
that uses variation in characters reflected by differences in the genetic composition
of organisms. The similarity of characters and their derivation are represented in a
cladogram that is intended to portray the ancestry of extant species. Unlike phenetic
classification methods, which are often used to infer the evolutionary time span (or
distance) that separates two species, cladistic analysis is intended to infer branch
points in a tree that represents the evolutionary relationships among the organisms.
There is a trend, especially when classifying organisms in the Kingdom Monera, to
rely heavily on cladistic classification to both estimate evolutionary relationships
and guide decisions of taxonomy and nomenclature. However, with the dawn of
genome sequencing and comparative genomics, it is becoming increasingly evident
that genome plasticity should have appreciable influence on interpretations of
phylogenetic relationships.

Nitrogen fixation is a biological process confined to the Super Kingdom
Prokarya (or the Prokaryotes) and the Kingdom Monera, which by some has been
suggested to consist of the Subkingdoms, Archaea and Eubacteria. They are
distinguished from life forms in all other kingdoms in that they do not have a
membrane-bound nucleus containing the genetic material of the cell. The study of
microbes was initiated within the fields of hygiene, medicine, fermentation, and
food technology. Bacteriology as a science originated from botany, which supplied
the basis for microbial systematics. Classifying bacteria on the basis of their
appearance or morphology is extremely difficult because they are generally quite
small and have simple shapes. However, there are some bacteria with nitrogen-
fixation capability, notably the cyanobacteria and actinomycetes that have
sufficiently complex morphology to permit some classification by shape. In
addition to shape, bacteria have traditionally been identified and classified on the
basis of their biochemistry and the conditions under which they grow. Using the
methods of numerical taxonomy, morphological variation and cultural
characteristics have frequently been used to produce phenetic classification schemes
for bacteria. More recently, phenetic classification of bacteria has been combined
with cladistic classification in an attempt to increase the number of characters for
taxonomic purposes. The combination of these two schemes has been called the
Polyphasic Approach.

Cladistic classification of bacteria originally relied on rudimentary
determinations of traits, such as either genome G+C content or DNA homology, to
ascertain differences or similarities among entire genomes. However, these two
characters failed to provide sufficient detail about the evolutionary relationships
among the genomes. Therefore, the goal became the reconstruction of evolutionary
history through the study of patterns of the genetic diversity, and from these results
to predict the ancestral types. There is some disagreement among bacterial
systematists about defining a bacterial species but, until the advent of genomics,
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there was the general consensus that a bacterial species should be monophyletic or
at least approximately so. This meant that most of the DNA of the members of a
given species should be descended from a single common ancestral genome.

2. CURRENT REFLECTIONS FOR EVOLUTION OF DIAZOTROPHY

Newton (2000) has outlined the possible circumstances under which Earth’s
environment may have provided the necessary conditions for the evolution of
nitrogen fixation, first as an abiological process ultimately incorporated by living
cells. A case was made that initially the Fe-only nitrogenase came into existence
(Chisnell et al., 1988) and that this was the precursor for the three nitrogenases that
have been described among extant microbial species (Newton, 2000). However,
two alternative hypotheses have been suggested to explain the development of the
nitrogen-fixing process and the sequence with which the three different nitrogenases
evolved (Newton, 1993; Newton, 2000; Postgate, 1974; Postgate and Eady, 1988).
Whatever the view relative to development of diazotrophy, it is evident that the
process is widely distributed among highly divergent members of the prokaryotes.
This has fostered suggestions that maybe either diazotrophy initially was a common
character that, with evolutionary time, was randomly lost (Newton, 2000) or that
evolution of extant nif clusters was more recent and was followed by their spread by
lateral gene transfer (Postgate, 1974).

3. RECONSTRUCTION OF EVOLUTIONARY RELATIONSHIPS AMONG
MEMBERS OF THE KINGDOM MONERA.

From evidence based on the reconstruction of evolutionary relationships, it would
appear that there are two distinct groups of prokaryotes (Figure 1), the Bacteria (or
Eubacteria) and the Archaea (or Archaebacteria). It has been suggested that these
two groups diverged near the time of the origin of life and that they each belong to
one of the three domains of life (the Bacteria, the Archaca and the Eucarya).
Because each of these domains has two or more kingdoms, it is possible that the
Kingdom Monera eventually will be replaced by these two domains.

The reconstruction of microbial phylogeny has undergone dramatic progress
with the advent of sequencing analysis of the ribosomal genes. Sequencing the 16S
rRNA gene, in particular, has profoundly affected the description of the
relationships among the bacteria (Maidak ef al., 1994; Olsen et al., 1994). The 16S
rRNA gene sequence has been declared useful for this purpose because it is slowly
evolving and the gene product is both universally essential and functionally
conserved. Basing bacterial phylogeny on 16S rRNA gene sequence variation not
only presupposes that evolution throughout the genome progresses at a constant rate
by mutation and Darwinian selection, but it also assumes that the evolution of the
genome and of the 16S rRNA gene, in particular, is strictly hierarchical. In a
hierarchical evolutionary pattern, genes are passed from generation-to-generation
vertically by descent and are not shared between existing cells as a result of
horizontal transfer. Furthermore, the assumption is that the 16S rRNA gene can
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map evolutionary paths of entire genomes. From a practical standpoint, this
approach requires either that each genome harbors a single copy of the 16S rRNA
gene or that multiple alleles within single genomes have identical sequences.

Archaea i Eubacteria

%ﬁLLﬂL%P T

Figure 1. Phylogenetic relationships among members of the Kingdom Monera reconstructed
from 168 rRNA gene sequence divergence.

Euryarchaeota
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Proteobacteria
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Although the results from some multi-locus sequencing studies give the
impression of congruence between 16S rRNA gene trees and corresponding trees
based on other loci (Gaunt ef al., 2001), usually the discordance is more readily
apparent (Feil e al., 2001). Other lines of evidence also may be cited to suggest
that some of the assumptions mentioned above may not always be justified. For
example, linear discontinuities within 16S rRNA gene sequences were suggested as
evidence for intragenic recombination among divergent alleles of this locus (Eardly,
et al., 1996; Smith et al., 1999). Furthermore, the species Thermomonospora
chromogena harbors two different sets of functional expressed 16S rRNA genes,
one of which was acquired by a horizontal-transfer event (Yap et al., 1999). This
observation is supported by evidence indicating that the presence of heterologous
rRNA molecules within the same cell may not be as problematic as once believed
(Asai et al., 1999).

Besides the uncertainties regarding the assumptions made when interpreting
evolutionary relationships from divergent 16S rRNA gene sequences, there also are
problems with the data when drawing conclusions for taxonomic purposes. Because
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the 16S rRNA gene sequences are highly conserved, it has been suggested that,
perhaps for reasons described above, the scale of variation in the data is not
sensitive enough to differentiate between closely related species (Fox et al., 1992;
Stackebrandt and Goebel, 1994). Although Stackebrandt and Goebel (1994)
concluded that a 16S rRNA gene sequence similarity of less than 97% may be
interpreted as representing strains of different species, this suggestion may be
limited by the possible presence of divergent 16S rRNA alleles within single cells
of magnitudes that may reach up to 6.4% sequence variation (Wang et al., 1997).

4. THE RAPID SPREAD OF ANTIBIOTIC RESISTANCE:
IMPLICATIONS OF RETICULATE MICROBIAL EVOLUTION

The discovery of penicillin, which became widely available in the 1940s, paved the
way for development of many different antibiotics. Antibiotic use in medicine
transformed the treatment of many infectious diseases that did not respond to other
forms of medication. Besides medical applications, ca. 50% of the antibiotics
manufactured are used in agriculture and aquaculture both to stimulate growth in
livestock and to reduce disease caused by overcrowded animal husbandry practices
(Teuber, 1999). The disadvantage associated with overuse of antibiotics, both in
medicine and agriculture, is that it provides selective pressure on microbial com-
munities for the survival of resistant mutants and elimination of those susceptible.
The result is a dramatic increase in the incidence of resistance to antibiotics among
many pathogenic or clinical microorganisms (Mazel and Davies, 1999).

Although the origin of antibiotic resistance genes is unclear, plausible sources
that have been proposed include housekeeping genes, self-protection genes in
antibiotic-producing microbes, and naturally evolved genes in soil communities
(Bushman, 2002; Davies, 1997). Mutation as a mechanism by which resistance
genes emerged among clinically important microbes was considered less likely than
acquisition of those genes by horizontal transfer (Maiden et al., 1998; Mazel and
Davies, 1999). Horizontal gene transfer is defined as the movement of DNA
between bacteria other than by descent in which genetic information travels through
the generations as the cell divides. It is more similar to a sexual process that
requires a mechanism for the mobilization of chromosomal DNA among bacterial
cells. Therefore, horizontal gene transfer is a reticulate rather than a hierarchical
evolutionary process that ensures survival of recombinants with genes that provide
selective advantage over other members of the microbial community. In this
manner, it was the clinical and agricultural overuse of antibiotics that provided
selective pressure for the rapid spread of resistance genes by horizontal transfer
among microbial communities (Amabile-Cuevas er al., 1995; Nwosu, 2001;
Ochman et al., 2000; Teuber, 1999).

5. MECHANISMS OF HORIZONTAL GENE TRANSFER IN MICROBES

Genetic exchange in prokaryotes differs from genetic exchange in higher
organisms (Cohan, 2001). There are three processes by which microbes are able to
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share genetic information through horizontal gene transfer. These processes are
transformation, conjugation, and transduction (Droge et al., 1999; Ochman et al.,
2000; Zgur-Bertok, 1999).

Transformation is the uptake of naked DNA that can mediate the exchange of
any part of a chromosome and is most common in bacteria that are naturally
transformable. Competence for transformation develops during the life cycle of
both Gram-positive and Gram-negative bacteria. Typically, only short DNA
fragments are exchanged by transformation. Mechanisms of transformation in
Gram-positive and Gram-negative bacteria have been reviewed (Dubnau, 1999).

Conjugation is the transfer of DNA mediated by conjugal plasmids that may
carry transposons. The process requires cell-to-cell contact and can occur between
distantly related bacteria or even between bacterial and eukaryotic cells. An
example of conjugation between a bacterial species and eukaryotic cells is the
transfer of either the entire Ti plasmid or a 20-kb fragment (T-DNA) from
Agrobacterium tumefaciens to plant cells, which is followed by the expression of
agrobacterial genes within the transformed cells. Conjugation can involve the
transfer of long fragments of DNA.

Transduction is the transfer of DNA by phage requiring the donor and recipient
cells to share surface receptors for phage binding, which limits the mechanism to
closely related bacteria. However, this process can be divided into two types,
generalized and specialized transduction. In generalized transduction, host DNA is
randomly packaged into the phage head. A second cycle of infection may transfer
this DNA to a recipient, followed by its incorporation into the genome. Specialized
transduction includes the integration of phage DNA into the genome called
prophages. Phage head packaging in the infected cell can only include regions of
host DNA directly adjacent to the insertion sites. This is a common mechanism by
which diphtheria toxin genes (Groman, 1984) and the cholera toxin locus (Waldor
and Mekalanos, 1996) are transferred. The length of DNA transferred is limited by
the size of the phage head.

Processes and genetic determinants for homologous recombination in
prokaryotes have been reviewed (Smith, 1988).

6. SIGNIFICANCE OF HORIZONTAL GENE TRANSFER IN NATURE.

Horizontal gene transfer among bacteria allows the rapid, effective, and competitive
exploration of new ecological niches. The three processes of horizontal gene
transfer in microbes are well understood and their utility in molecular-biology
research is well documented. What is less clear is the extent by which these
processes occur outside the laboratory in nature. A particular concern is that genes,
which are the products of genetic engineering either in novel microbes or in
modified crop plants, upon their release may transfer by one or more of these
processes to the general microbial population in the environment (Davison, 1999;
Droge et al., 1998). The concern for taxonomy is that such genetic exchange would
challenge the key assumption that evolutionary relationships among members of the
Kingdom Monera are strictly hierarchical.
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6.1. Transformation

DNA is present in most environments as the result of excretion, cell death, and
autolysis (Davison, 1999; Droge et al., 1999). Because the DNA in the
environment originated from a multitude of sources, it is highly variable containing
an abundance of different gene sequences and it is present mostly in a form that is
available to bacteria, which are naturally transformable (Day, 1998; Lorenz and
Wackernagel, 1994). Naturally transformable bacteria include diazotrophs; for
example, the heterotroph, Azotobacter vinelandii, the cyanobacterium, Nostoc
muscorum, and the legume symbiont, Sinorhizobium meliloti (Day, 1998; Lorenz
and Wackernagel, 1994). DNA is very sensitive to hydrolysis (Blum ef al., 1997;
Fibi et al., 1991; Maeda and Taga, 1974; Paul et al., 1987; Phillips et al., 1989;
Romanowski et al., 1992; Romanowski et al., 1993) by DNAases produced by the
micro flora (Greaves and Wilson, 1970; Paul et al., 1988), but it can persist for up to
2 months in soil (Romanowski et al., 1992; Romanowski et al., 1993). Although
DNA hydrolysis would appear to be more rapid in aquatic than in terrestrial
environments (Droge et al., 1999), to our knowledge, the only known reported
example of transformation in nature is in a freshwater habitat (Williams et al.,
1996). Natural transformation in aquatic environments and in soil has been
reviewed (Davison, 1999; Day, 1998; Droge et al., 1999; Wackernagel et al., 1998).

6.2. Transduction

The potential for transduction as a mechanism for genetic recombination of bacteria
in the environment has been described and several different environmental factors
have been postulated to affect this process in nature (Droge et al., 1999). Phage
particles may be found in high numbers in soils (Campbell ef al., 1995; Germida
and Casida, 1983; Lanning and Williams, 1982; Reanney and Marsh, 1973) and in
aquatic environments (Berg et al., 1989; Bratbak et al., 1990; Ewert and Paynter,
1980; Hara et al., 1991; Paul et al., 1991; Paul et al., 1993; Proctor and Fuhrman,
1990; Wommack et al., 1992). Because the isolation of phage particles that infect
nitrogen-fixing bacteria has been described (Abdel Basit ef al., 1991; Abebe et al.,
1992; Ahmad and Morgan, 1994; Ali et al.,1998; Bancroft and Smith, 1989; Barnet,
1972; Bishop et al., 1977; Dhar and Ramkrishna, 1987; Dhar et al., 1993; Elmerich
et al., 1982; Germida, 1986; Hashem et al., 1986; Hegazi and Jensen, 1973; Hegazi
and Leitgeb, 1976; Hu ef al., 1981; Kankila and Lindstrom, 1994; Kowalski et al.,
1974; Lajudie and Bogusz, 1984; Lawson and Barnet, 1984; Lindstrom and
Kaijalainen, 1991; Patel and Craig, 1984; Patel ef al., 1985; Seldin et al., 1984;
Wdowiak et al., 2000; Werquin et al., 1988), there also is the potential for
transduction as a mechanism for genetic exchange in diazotrophs in the
environment. Although from laboratory studies it can be inferred that transduction
is an important mechanism for the exchange of genetic information among bacteria,
only some definitive results have been obtained from analyses in aquatic
environments (Morrison et al., 1978; Ripp and Miller, 1995; Saye et al., 1987,
1990). Nevertheless, transduction is thought to be important also in terrestrial
environments because many bacterial genomes harbor phage sequences (Blattner et
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al., 1997; Bolotin et al., 2001; Ferretti et al., 2001; Kunst et al., 1997; Miller and
Sayler, 1992; Ogunseitan et al., 1992; Perna et al., 2001; Simpson ef al., 2000).

6.3. Conjugation

Conjugation involves physical contact between cells for the transfer of distinct
plasmids from donor to recipient. Often the plasmids are transferred across highly
divergent genetic backgrounds. Plasmids are circular, autonomously replicating
DNA elements that bear a variety of different genes and may be vehicles by which
other non-plasmid-borne genes are transferred. The #ra gene is required for the
conjugal transfer of self-transmissible plasmids and also provides in trams the
conjugal mechanism for mobilizable plasmids rendered by products of the mob
gene. However, self-transmissible plasmids also may provide the mechanism for
conjugal transfer in cis by combining with another plasmid (co-integration) before
transfer. In some cases, chromosomally-located genes may be mobilized by
plasmids that have the ability to co-integrate into the chromosome, as for example
plasmid R68.45 (Currier and Morgan, 1982; Kinkle ef al., 1993). The majority of
the reports describing bacterial gene transfer in the natural environment are related
to conjugation (Davison, 1999). Conjugation has been documented in animal
ecosystems, the rhizosphere, on plant leaves, in non-polluted water and soil, and in
polluted environments (Davison, 1999). Particularly relevant are the transfer of:
symbiotic  determinants between = Sinorhizobium  fredii and  Rhizobium
leguminosarum (Kinkle and Schmidt, 1991); numerous genes, including nod and
nif, between bacterial genomes within the genus Mesorhizobium (Sullivan et al.,
1995; Sullivan et al., 1996); and genes for antibiotic resistance, mercury resistance,
and the degradation of 2,4-dichlorophenoxyacetic acid among serogroups of
Bradyrhizobium japonicum (Kinkle et al., 1993).

7. EVIDENCE FOR LATERAL GENE TRANSFER AND
RECOMBINATION IN MICROBIAL GENOMES

With some significant exceptions (e.g., Sullivan and Ronson, 1998), it has not been
possible to directly monitor the transfer of DNA from one bacterial genome to
another in natural populations. Consequently, the evidence for the acquisition of
genes usually relies on unusual features of the transferred regions when compared to
the characteristics of the DNA of the remaining genome. Because the evidence is
indirect, it is possible that the extent of gene transfer and recombination among
microbial genomes may be underestimated. Evidence for lateral gene transfer may
be inferred from phylogenetic analyses when comparing evolutionary relationships
from results of different loci and subsequently identifying incongruence (Eisen,
2000; Herrick et al., 1997; Koonin et al., 2001; Ragan, 2001). Although there are
many possible explanations for incongruence besides horizontal gene transfer, the
phylogenetic reconstruction method is probably the only approach to infer historical
events from gene sequences (Koonin et al., 2001). As an alternative, lateral gene
transfer may also be inferred from a best sequence match for a locus harbored by
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highly divergent genomes (Koonin et al., 2001; Logsdon and Faguy, 1999;
Markham et al., 1999). The identification of regions within the genome that have
either unusual G+C contents or unusual codon usage may also be indicative of gene
transfer and recombination (Delorme et al., 1994; Eisen, 2000; Garcia et al., 2000;
Kuroda et al., 2001; Lawrence and Ochman, 1998; Martin, 1999). Finally, from
either partial or complete genome sequencing projects, insertion-sequence (IS)
elements, phage remnants, and many other patches of unusual composition indicate
genome plasticity through horizontal transfer among divergent bacterial genomes
(Blattner et al., 1997; Bolotin et al., 2001; Bourgoin et al., 1996; Edwards et al.,
2002; Ferretti et al., 2001; Kunst et al., 1997; Kuroda et al., 2001; Nelson et al.,
1999; Nolling et al., 2001; Perna et al., 2001; Ruepp et al., 2000; Salanoubat ef al.,
2002; Simpson et al., 2000; Takami et al., 2000).

8. GENOMIC ISLANDS.

"Genomic islands" is a collective term used to describe mobile elements that occur
as distinct units on the core chromosomes of bacteria. Although they can vary in
size from 1 to 500 kb or more, they exhibit several unifying characteristics. It is
particularly important to understand that they may be present in the genomes of
closely related strains and that their presence may confer a significant change in
bacterial phenotype. Frequently, they differ in both G+C content and codon usage
from the remaining genome, and often they are flanked by specific repeat sequences
that are generated following integration into the host genome via recombination.
Usually, they are associated with tRNA loci that have 3' ends identical to attachment
sites of bacteriophages, indicating that these are regions for the insertion of foreign
DNA. Genomic islands often possess either genes or cryptic pseudo genes coding
for genetic mobility and origins for replication and may be, but are not necessarily,
unstable (Hentschel and Hacker, 2001).

Genomic islands were first defined following a study of the chromosomally-
located hemolysin determinants in E. coli (Hacker et al., 1990; Hacker et al., 1983)
and they were termed pathogenicity islands or PAls (Hacker et al., 1990) because
they conferred the bacterial strain with a pathogenic phenotype. Hacker and Kaper
(2000) have presented a simplified model diagram of a bacterial pathogenicity
island, showing its presence integrated into a tRNA locus in a pathogenic strain and
its absence from the tRNA locus in a closely related non-pathogenic variant. Since
the original description, it has become evident that pathogenicity islands occur in
the genomes of various human, animal, and plant pathogens and may carry
determinants for adherence, toxins, iron uptake, invasion, and type III or type IV
secretion. However, not all genomic islands are associated with pathogenicity but
may encode different functions.

Although genomic islands that are associated with resistance to either
antibiotics (Ito et al., 1999) or sucrose metabolism (Hochhut ef al., 1997) have been
described, the symbiosis island of Mesorhizobium loti (Sullivan and Ronson, 1998)
is the most relevant in a description of evolution of nitrogen-fixing bacteria.
Although the evidence for the presence of a symbiosis island in the genome of M.
loti appears conclusive, to our knowledge, no other example within the genus
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Mesorhizobium or any other rhizobial genus has been described. Similarly, there is
no other evidence for a genomic island that carries a full complement of nif genes.
Certainly, if evidence for the existence of a “nif island” is obtained, it would in part
offer some explanation for the presence of diazotrophy among bacteria with widely
divergent genomic backgrounds. It may be relevant in the search for genomic
islands to be aware that they need not necessarily be located in chromosomes, but
also may be plasmid-borne or be part of phages (Hacker and Kaper, 1999). Also of
relevance is the realization that only ca. 75% of genomic islands are associated with
tRNA loci (Hacker and Kaper, 1999).

9. MICROBIAL EVOLUTION AND GENETIC RECOMBINATION

Genetic variability is fundamental to Darwinian evolution. Point mutations,
genomic rearrangements, and horizontal gene transfer are important driving forces
of microbial evolution, creating genetic variants for the selection and survival of the
most successful genomic combinations (Arber, 1993). By their nature, point
mutations result in small changes, which require long time frames for their
cumulative effect to result in the emergence of descendants by a hierarchical
evolutionary process. In contrast, genomic rearrangements and lateral gene transfer,
which are mediated by plasmids, phages, and genomic islands, result in almost
instantaneous reticulate microbial evolutionary histories. However, evolution of the
core microbial genome is complemented by evolution of the genetic elements that
transfer between different genomes (Hacker and Kaper, 2000).  Therefore,
microbial evolution is a complex process permitting genomes to quickly adapt to
rapidly changing environmental pressures.

The biomass of prokaryotic protoplasm has been suggested to exceed half that
of all life on earth with a total number of cells of approximately 1.0 x 10*° that have
an annual cellular production rate of about 1.7 x 10°° cells per year (Whitman ef al.,
1998). There is a vast potential for genetic diversity among the prokaryotes
because of this large population size and production rate. Diversity resulting from
point mutations has been estimated at five such events occurring in every gene
shared by the population every 60 years (Whitman et al. 1998). However, estimates
for the influence of recombination on diversity may be much higher. Feil et al.
(1999) concluded from an analysis of genetic variation among housekeeping genes
of Neisseria meningitides, Escherichia coli, or Streptococcus pneumoniae that a
single nucleotide was from 10-fold to 80-fold more likely to change as a result of
recombination than as a result of mutation. Therefore, by combining the conclusion
of Feil et al. (1999) with the estimated rate of mutation (Whitman et al. 1998), there
would seem to be the potential for approximately 5 simultancous recombination
events in every gene shared by prokaryotes every year.

10. ESTABLISHED SPECIES CONCEPTS APPLIED TO BACTERIA

Considerable attention has been given to the various species concepts that have been
proposed for bacteria because the species is the most fundamental unit in both
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taxonomy and systematics. Kluyver and van Neil (1936) stated: "that the only truly
scientific foundation of classification is in appreciating the available facts from a
phylogenetic view". In the most recent version of the Bergey's Manual of
Systematic Bacteriology, Brenner ef al. (2001) indicated that most new bacterial
species are defined using a pragmatic polyphasic (consensus) approach that
integrates all available data, but places considerable emphasis on DNA similarity
between organisms from measurements of DNA homology. Although there has
been little disagreement as to the relative merits of a polyphasic approach for
defining taxonomic species limits, the suggested emphasis on DNA-DNA
hybridization as the primary criterion has been criticized. The focus of the
criticisms have been on: (i) the labor-intensiveness of the method and non-
transportability of the results, which in practical terms does not allow for sufficient
sampling of genetic diversity in natural populations; (ii) an arbitrary cutoff (70%
similarity) to define species limits; and (iii) that a species definition using these
criteria are not real entities and, thus, may be of only limited value in understanding
evolutionary dynamics in natural populations. A related criticism, which is
particularly relevant to genera within the Rhizobiaceae, is the potential ambiguity
that may arise as the result of acquisition (or loss) of large, horizontally transferred
genomic segments (e.g., a symbiotic island; Sullivan ef al., 1996).

Over the years, population biologists have proposed two species concepts that
may be used to address some of the problems associated with the standard
taxonomic (or typological) species concept. They are the Biological Species
Concept (BSC) and the Ecological Species Concept (ESC).

Genetic exchange is frequently cited as being a cohesive force in plant and
animal populations (Meglitch, 1954). The BSC, as proposed by Mayr (1982),
defines a species as a population of organisms that share a common gene pool by
genetic exchange. The application of this concept to bacteria was first proposed by
Dykhuizen and Green (1991) on the basis of observations from extensive bacterial
population surveys. From these surveys, it was evident that intraspecific
recombination among strains of Escherichia coli and among strains of its sister
species, Salmonella enterica, occurred much more often within, rather than
between, these lineages. Dykhuizen and Green (1991) suggested that a species
could be recognized as a group of bacteria whose individual gene trees would be
incongruent because of allele scrambling during recombination. The subsequent
realization that gene transfer can, and occasionally does, occur across vast genetic
distances, necessitated an alternative definition of the concept of a "common gene
pool" for bacteria. Lawrence (2001) suggested that the BSC could be revised to
describe a species as a group of organisms that mutually exchange genes
substantially more often with each other than with other organisms. The BSC also
has been criticized because rates of intraspecific recombination for certain bacteria
may be very different than for others (Maynard Smith ef a/., 2000). Maynard Smith
et al. (2000) also questioned the practicality of the BSC because recombinational
frequencies decrease as the lineages diverge, leaving no obvious discontinuities by
which to circumscribe the groups. Such considerations have led to the suggestion
that additional criteria are needed to define bacterial species, particularly in a
population’s context (Lawrence, 2001).



212 VAN BERKUM AND EARDLY

The ESC defines a species as a group of organisms that exploit the same
ecological niche (van Valen, 1973). The assumption behind this concept is that if
two sets of organisms are attempting to occupy the same ecological niche, at the
same place and at the same time, then stochastic processes will inevitably result in
one of the groups displacing the other. The fine-scale dynamics that mediate the
development and/or demise of such incipient ecological species have been described
by Cohan (2001). He refers to them as ecotypes and describes them as being
populations that can be represented genetically as discrete DNA sequence clusters.
Theoretically, the longevity of a particular sequence cluster will be limited because,
over time, a given cluster will likely be out-competed by an adaptive mutant from
within the population. This type of periodic selection is sometimes referred to as a
"selective sweep" (Guttman and Dykhuizen, 1994). The net effect of these selective
sweeps would be to purge the population of nearly all its genetic diversity,
conferring an appearance of genetic cohesion among the survivors. Cohan (2001)
pointed-out that the resulting ecotypes that are successful in occupying a particular
niche, share many properties with eukaryotic species. He also indicated that the
role of genetic exchange among bacterial species is markedly different than its role
among eukaryotic species, in that bacterial genetic exchange does not significantly
hinder adaptive divergence. Consequently, he suggested that there is no
justification for classifying bacteria solely on the basis of patterns of recombination.

11. A PROPOSED UNIFIED SPECIES CONCEPT
FOR BACTERIA

Lawrence (2001) has proposed a Unified Species Concept (USC) for bacteria that is
based principally on the BSC (as outlined above), but which modifies that concept
by invoking the ESC as the primary arbiter of natural selection. According to the
USC, a bacterial species is defined as: “a group of organisms that occupy a common
niche and, as a result, exhibit effective rates of recombination that are greater
among members within the group than with other organisms outside the group”, i.e.,
although interspecific recombination may occur, the resulting recombinants are, on
average, less successful because the hybrids do not exploit the parental environment
as effectively. Over time, the divergence of nucleotide sequences among members
of the populations will reduce the likelihood of homologous DNA exchange
between lineages, effectively imposing premating genetic isolation. Although the
USC appears to address many of the criticisms directed toward the two earlier
species concepts as applied to bacteria, it remains to be seen whether species limits
in highly diverse natural populations (e.g., in the soil) can be resolved using this
approach.

12. RELEVANT INSIGHTS FROM RECENT GENOMIC COMPARISONS

Because the field of genomics is young and because the number of available
genomic sequences for nitrogen-fixing species is small, the amount of taxonomic
information that can be derived is somewhat limited. Nevertheless, from the
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genomic sequences that are currently available, it is evident that there are some
interesting differences (and similarities) among the genomic architectures of
symbiotic nitrogen-fixing bacteria and their pathogenic relatives. For instance, the
symbiotic genes of some of these species have been acquired through a variety of
evolutionary routes. Wood et al. (2001) concluded that, because the nod genes of
Sinorhizobium meliloti and the vir genes of Agrobacterium tumefaciens contain
G+C contents and codon usage patterns that are distinctly different from that of the
genomes in which they reside, they probably were acquired relatively recently in
evolutionary time. This observation affirms previous conclusions that genes
involved in specialized symbiotic associations cannot be expected to provide an
evolutionarily coherent basis for taxonomic classification (Pifiero ef al., 1988,
Eardly et al., 1990).

Because the vast majority of genes that encode essential cellular functions are
located on the bacterial chromosome (Capela et al., 2002), it is reasonable to
suggest that comparative analyses of these replicons might form a sound basis for a
phylogenetically coherent taxonomic classification system. This suggestion is
supported by an analysis of 2,573 chromosomally encoded orthologs in M. loti and
Sinorhizobium meliloti (Morton, 2002), which indicated that the genes that appear
to have been inherited vertically from the common ancestor of these species are
those that are required for a free-living lifestyle. In a comparison between the
chromosomes of S. meliloti, M. loti, and A. tumefaciens, Wood et al., (2001)
observed more substantive nucleotide co-linearity and gene-order conservation
between the circular chromosomes of A. tumefaciens and S. meliloti than between
the chromosomes of S. meliloti and M. loti. This observation is supported by
proteomic and multi-locus DNA sequence comparisons, from which it may be
inferred that 4. tumefaciens shares a more recent common ancestor with S. meliloti
than with M. loti. Galibert (2001) speculated that the S. meliloti chromosome was
probably present in a progenitor of both S. meliloti and M. loti and that progeny of
this ancestral lineage later acquired the genomic elements that have since evolved
into the symbiotic megaplasmids, pSymA and pSymB. Building on this scenario,
Wood et al. (2001) suggested that, because both the linear chromosome and the
smaller plasmids of A. tumefaciens contain orthologs that are distributed across the
three replicons of S. meliloti, A. tumefaciens probably diverged from its common
ancestor with S. meliloti after S. meliloti had acquired its pSymA and pSymB
megaplasmids.

13. IMPLICATIONS AND FUTURE STRATEGIES.

Advances in genomic characterization methods, such as genomic sequencing and
multi-locus sequence typing, have made it possible to envisage a global DNA
sequence-based framework upon which to base future taxonomic decisions (Palys e?
al., 1997). In the implementation of this type of approach, however, important
issues will need to be addressed, e.g., which genomes should be sequenced and
which species concept would be most relevant? Cot curve analyses, which have
been used to examine the diversity of bacterial species in soils (Torsvik et al.,
1990), have led to estimates that more than one billion bacterial species may inhabit
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the biosphere (Dykhuizen, 1998). Even if this figure is a gross overestimate and the
efficiency of DNA sequencing continues to improve, it is still likely that, within the
foreseeable future, it will only be possible to sequence a tiny fraction of the
genomes present on the planet. Consequently, if the breadth of bacterial species
diversity is to be catalogued, it will require a much more efficient means of
estimating genomic diversity. The problem of how to best define a bacterial species
also will probably persist into the foreseeable future. Although it is encouraging
that both population geneticists and taxonomists agree that phylogenetic relatedness
should be a central guiding principle, the present lack of a method for reconstructing
complex networks of relationships among recombining bacterial lineages presents a
significant and perhaps even intractable problem for all except for the most clonal
of species (Spratt, 1999). For this reason, existing methods for estimating
phylogenetic relationships, such as those based on comparative 16S rRNA gene
sequence analyses, will probably continue to enjoy popularity among taxonomists,
in spite of the inherent risks of inferring the evolutionary history of an entire
genome from the analysis of a single, perhaps unrepresentative, gene.
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CHAPTER 14

THE PHYLOGENY AND EVOLUTION OF
NITROGENASES

J.P. W. YOUNG
Dept. of Biology, University of York, York, YO105YW, UK

1. INTRODUCTION

The ability to fix N, has a very wide taxonomic distribution, but a patchy one. It is
found in most major groups of bacteria and in the methanogenic archaea, but only in
a minority of species. In a comprehensive survey published over a decade ago,
reports of nitrogen fixation were found for almost a hundred genera (Young, 1992).
The number has increased since then through the discovery of nitrogen fixation in
new organisms, but also because advances in microbial taxonomy have led to the
recognition of more genera. Strikingly though, nitrogen fixation has never been
reported in eukaryotes.

The nitrogenase enzymes of all these nitrogen-fixing organisms are so similar
(with one exception) that they are clearly derived from a common ancestor. We
can, therefore, rule out multiple independent inventions of the process as a possible
explanation for its patchy distribution. The remaining possibilities are either
horizontal gene transfer or independent loss in many linecages. We can hope to
distinguish between these by examining the phylogeny of the nitrogenases
themselves in relation to that of the organisms that carry them. If the trees match,
this would be persuasive evidence that horizontal gene transfer had not played a
significant role. In fact, the trees are not the same, but they do reveal another
complication, namely that many organisms have more than one nitrogenase system
and these can be highly divergent. Once the possibility of gene duplication is
included, discordance between phylogenies could be explained by the inclusion of
genes that were not orthologs (derived from the same copy in the common ancestor)
but paralogs (derived from different members of a gene family).

These issues have been discussed repeatedly in the literature. Postgate (1974,
1982) challenged the earlier view that nitrogen fixation was present in the common
ancestor of life and had frequently been lost since. Instead, he suggested that
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diazotrophy arose relatively recently, less than 1,500 million years ago, and was
transferred laterally to achieve its present distribution. Molecular sequences, as they
became available, were interpreted by some to support a phylogeny for nitrogenase
that matched that of the ribosomal genes and so were consistent with an ancestral
origin (Hennecke et al., 1985, Postgate and Eady 1988), whereas others saw
evidence for lateral transfer (Normand and Bousquet 1989). Once the existence of
deep paralogous branches was taken into account, the data could be seen as
consistent with multiple losses, with multiple transfers, or with some combination
of both processes (Young, 1992). As DNA sequencing proceeds apace and the
complete genomes of many diazotrophs have now been determined, new groups of
nitrogenase homologs are discovered and the web of relationships grows more
tangled. Although horizontal gene transfer has probably played a role, there are few
clear-cut examples and our understanding of the evolutionary history of
nitrogenases is far from complete.

Within the nitrogenases, there are a number of distinct clades, but the overall
subunit organisation is almost invariant, and there are enough conserved features to
guide an alignment of the sequences of each of the polypeptide subunits. The only
known exception is a pathway in Streptomyces thermoautotrophicus in which N,
reduction is coupled to the oxidation of carbon monoxide by enzymes that are
unrelated to other nitrogenases (Ribbe er al., 1997). It appears to be a true
"independent invention" but, as it has not so far been reported in other organisms, it
will not be considered further here.

2. THE GENETIC ORGANISATION OF NITROGENASE GENES

The widespread molybdenum-containing forms of the nitrogenase enzyme are
composed of two alpha and two beta subunits (together forming component I,
dinitrogenase, MoFe protein), encoded by the nifD and nifK genes, respectively, in
association with a dimer encoded by nifH (component 11, dinitrogenase reductase,
Fe protein). It is the relationships of these catalytic proteins that I will discuss in
this chapter, together with the products of the nifE and nifN genes, which are
homologs of nifD and nifK. In addition, I will include the nitrogenases that either
have vanadium rather than molybdenum or that have only iron and which have
similar subunit components plus additional delta subunits encoded by either vifG or
anfG. There are many other gene products necessary to support the nitrogen-
fixation process, but the work needed to piece together the history of this whole
network lies in the future.

Surprisingly, there is a "standard arrangement" of the nitrogenase genes that
can be discerned despite the large evolutionary distances that separate them. An
operon arranged as either nifHDKEN or vafHDGKEN or anfHDGKEN could be
seen as the archetypal form. However, this arrangement is clearly not critical for
function because many variants are found. For example, either nifH or nifEN may
be separated from nifDK and individual genes may be duplicated (especially nifH or
nifK). Some examples of variant arrangements are illustrated by Dean and Jacobson
(1992) and Kaminski ez al. (1998) and others are listed in Table 1.
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Table 1. The arrangement of nitrogenase gene clusters in diazotroph genomes
Organism B-type C-type A-type Vnf  A-type Anf D-type
PROTEOBACTERIA
Bradyrhizobium japonicum H, DKEN'
N768409, 383-6”
Mesorhizobium loti HDKEN
N106489-93
Sinorhizobium meliloti HDKE, N
N435696-8, 724
Rhodopseudomonas palustris  HDKEN NE--H-DGK HDGK HEN
Z09392-88 Z10950-58 Z11017-14 Z12151-3
HEN
Z12171-3
H----EN
Z11901-895
Rhodospirillum rubrum HDK HDGK HEN
Z14415-3 715420-18 714613-5
EN EN
715686-7 714636-7
Rhodobacter sphaeroides HDKEN
707624-28
Burkholderia fungorum HDK--EN
734963-57
Azotobacter vinelandii HDK----EN EN------H-DGK HDGK
790773-65 789155-63 792169-72
Magnetococcus sp. MC-1 HDK-----EN
Z44347-56
CYANOBACTERIA
Nostoc sp. PCC7120 H, DKEN
N485497, 84-80
Nostoc punctiforme HD, KEN
Z112319-41
HEN
Z111243-45
Trichodesmium erythraeum HDK[EN]
Z773548-45
CLOSTRIDIA
Desulfitobacterium hafniense  HDKEN HNE
799588-92 798133-5
Clostridium acetobutylicum H—DKEN
N346894-900
CHLOROBI
Chlorobium tepidum H—DKEN
N662417-23
ARCHAEA
Methanosarcina acetivorans H—DKEN H--DGKEN DGK--H ENH
N618766-72  N616152-9 N616149-4 N616561-3
NH
N618503-2
[HEIN
N616955-6
Methanosarcina barkeri H—DKEN  H--DGK-EN DGK NH
Z778739-33 Z278063-71 Z777947-8 Z778936-7
[HE|N?
Z276604-5
Methanosarcina mazei H—DKEN NH
N632743-49 N632538-9
Methanothermobacter H—DKEN
thermautotrophicus N276673-79

'_ intervening gene, <30 intervening genes, | | fused genes, _ reverse orientation.
’database accession numbers, NP_abbreviated to N, ZP_000 to Z.
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As gene sequences became available, it was realised that »ifE is a homolog of
nifD and nifN is a homolog of nifK (Brigle et al., 1987; Aguilar et al., 1987).
Hence, it seems certain that nifDK and nifEN are the products of ancient gene
duplication. Furthermore, at a deeper level, nifD and nifK are also homologous
(Holland et al., 1987), so we can explain the nifDKEN genes, and their order, as a
result of two successive duplications. The arguments for this have been discussed
in detail by Fani ef al. (2000).

3. NITROGENASE GENES FROM GENOME SEQUENCING PROJECTS

There are now hundreds of published nitrogenase gene sequences from many
different species, especially for nifH, because this gene has been widely used for
diversity studies. In most cases, these were obtained by cloning or amplifying
sequences from organisms in which nitrogen fixation had been demonstrated
experimentally. One advantage of the current availability of complete genome
sequences is that one can make a complete list of the relevant genes in an organism,
including those that might be cryptic because they are either seldom expressed or
defective. This approach might reveal unsuspected abilities in some organisms, but
it also allows us, for the first time, to state categorically that some organisms lack
nitrogenase genes and are, therefore, incapable of nitrogen fixation under any
circumstances (unless by a radically novel process that we know nothing about).

To provide a consistent set of sequences, the phylogenies presented here are
based primarily on the genomes that can be searched in the database available at
NCBI (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi). A comprehensive
search of the complete genomes was made using PSI-Blast (Altschul ez al., 1997) to
find all homologs of NifH, NifDKEN, and NifG. The predicted peptide sequences
were aligned using ClustalX (Thompson et al., 1997) and phylogenies constructed
using Mega 2.1 (Kumar et al., 2001). All trees shown were based on the neighbor-
joining method with rate variation corrected by a gamma distribution with a
parameter value of 2 (approximating Dayhoff distances).

At the time of writing, the complement of proteins had been predicted for 143
bacterial and 18 archaeal genomes. Of these, 16 bacterial and 4 archaeal genomes
had identifiable sets of nif genes (including at least H, D, and K). However,
Magnetospirillum magnetotacticum was not analysed further because the assembly
was too fragmentary to give full-length genes and Rhodospirillum rubrum could
only be included after careful scrutiny. These genomes are listed in Table 1 and
form the main basis for this review. Nine are fully annotated and published
(Deppenmeier et al., 2002; Eisen et al., 2002; Galagan et al., 2002; Galibert et al.,
2001; Kaneko et al., 2000; 2001; 2002; Nolling et al., 2001; Smith et al., 1997).
Incomplete DNA sequences of an additional 87 genomes were available, but
without gene predictions. Six of these had close matches to nifH, D, and K genes;
they were from Methylococcus capsulatus, Acidithiobacillus ferrooxidans,
Rhizobium leguminosarum, Erwinia chrysanthemi, E. carotovora, and Geobacter
sulfurreducens, all of which are proteobacteria.

Although this survey does not cover a completely representative sample of
prokaryotes, it does emphasise that the potential for nitrogen fixation is confined to
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a minority of species. The only sequenced organism that has nif genes but was not
previously known to be capable of fixing N, (or closely related to a fixer) is
Desulfitobacterium hafniense. A preliminary report, prompted by the discovery of
nif genes in the genome, has now demonstrated that this organism can use N, gas as
sole nitrogen source (Tiedje and Davis, 2002). There is no evidence for cryptic
nitrogenase systems in organisms that are not known to fix N,. It is clear that there
is a patchy distribution of the genes, not just of the phenotype.

4. ORGANISATION OF THE NITROGENASE GENES

Genes encoding the different subunits of nitrogenase are clustered together in the
genome, usually in a characteristic order (see Table 1). There are three types of
nitrogenase, A, B, and C, that will be described in detail in the next section. In the
case of the common B type of enzyme, the nifHDKEN genes are typically adjacent,
without intervening genes, as in Mesorhizobium loti, for example. However, this
arrangement is clearly not essential for function because this group can be
fragmented in many different ways. In fact, of the thirteen complete examples in
Table 1, only five are unbroken, and all possible breaks between the genes are found
in the remaining examples. The intervening genes are sometimes directly relevant
to nitrogenase, e.g., nifT and nifY following nifK in Azotobacter vinelandii, but in
other cases, the gap may be longer and include seemingly unrelated genes.

In contrast, the C-type systems have a very consistent organisation, even
though they are found in both bacteria and archaea. Between the nifH and nifD
genes lie two small genes (either nifl or g/nB) that encode Pj proteins, which are
implicated in regulation of nitrogenase by ammonia in Methanococcus maripaludis
(Kessler and Leigh 1999). In all six examples, the order is nifHIIDKEN.

In the Vnf systems, there is much more diversity of gene arrangement, although
there is always a vnfG gene between vnfD and vnfK. Similarly, the Anf systems
have an anfG gene, although this was not always detected by the automated gene-
finding software that is used to deduce the protein complement from the genome
sequence, for example, in Rhodospirillum rubrum. Methanosarcina barkeri has
anfDGK genes, but there is no nifH either preceding or immediately following them.
However, the genome is incompletely assembled and these genes are at the end of a
contig, so it is possible that a nifH will eventually be located a few genes beyond
anfK as seen in Methanosarcina acetivorans. The Nif and Vnf systems of M.
barkeri have been described and studied in some detail (Chien et al., 2000), but
there is as yet no experimental evidence for a functional Anf system.

5. EVOLUTIONARY RELATIONSHIPS OF THE NITROGENASE GENES

5.1. Phylogeny of NifH

Figure 1 shows a phylogeny based on NifH proteins in the completely sequenced
nitrogen-fixers and their recognisable homologs in the same species. The first thing
to note is that the true NifH sequences form a clearly defined clade, but there are
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Figure 1. Phylogeny of NifH and homologous proteins from diazotroph genome sequences.
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also a large number of more distant relatives. Some of these are well-known
proteins involved in the synthesis of photosynthetic pigments, namely
protochlorophyllide reductase (either BchL or ChlL) and chlorin reductase (BchX).
The similarity between these proteins and NifH was analysed and discussed by
Burke et al. (1993), who argued that nitrogen fixation probably originated before
photosynthesis, so the photosynthesis enzymes would have been derived from NifH
rather than the other way round. Nevertheless, modern NifH sequences are more
tightly conserved, suggesting that this protein is subject to more rigorous structural
constraints.

The true NifH proteins can be divided into three types (Young, 1990; 2000).
Type B ("bacterial") is the best represented and includes enzymes from the
proteobacteria, cyanobacteria, and firmicutes (the subclusters 1-4 within B are
discussed later). Type C ("clostridial") is found in the firmicute bacterium
Clostridium, the green sulfur bacterium Chlorobium, and also in the archacon
Methanosarcina.

Type A is associated with the "alternative" nitrogenases, which do not contain
molybdenum, and is found in both archaea and proteobacteria. There is a group that
is phylogenetically related to A-type, but is associated with Mo-containing enzymes
in some archaea. It is represented among the sequenced genomes only by
Methanothermobacter thermautotrophicus, but is also found in some other
methanogens, including Methanococcus maripaludis, in which the Mo-dependence
of the enzyme has been demonstrated (Kessler ez al., 1997). The organisation of the
genes in these systems is similar to that in the C-type found in other methanogens
(Methanosarcina) and clostridia, even though they are phylogenetically remote, so
this class is identified here as C'-type.

A more distant and diverse group was designated type D (Young 1990), but it is
now clear that these proteins are not part of nitrogenase enzymes as their genes are
not associated with nifD or nifK, although some are adjacent to rather distant
homologs of the nifDKEN family.

5.2. Phylogeny of the NifDKEN family

The overall relationships among the NifD, K, E, and N proteins are shown in Figure
2. As with NifH, there are homologs involved in photosynthetic-pigment synthesis.
These are not related to any particular Nif protein, but all the bch and ch/ genes
cluster together. This suggests that the photosynthesis and nitrogen-fixation
systems separated very early on, and that the two rounds of duplication that gave
rise to the NifK, D, E, and N proteins was mirrored by a similar, but separate,
succession of duplications to create the photosynthetic-pigment synthesis system.
The NifD, NifK, NifE, and NifN proteins each form clearly distinct groups, as
expected (Fig. 2). However, there are some exceptions, such as the putative nifN in
the C-type systems, which is discussed in detail later. The archaeal VnfE and VnfN
proteins are so diverged that they do not cluster with anything else on the tree.
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Figure 2. Overall phylogeny of NifD, K, E, N and homologous proteins
from diazotroph genome sequences.

The diazotroph genomes contain a number of other homologs of the NifDKEN
family. In both the photosynthetic proteobacteria and in Desulfitobacterium, there
are adjacent pairs of genes that encode vaguely NifE-like and NifN-like proteins,
mostly accompanied by a D-type NifH homolog. Their function is at present
completely unknown and may have nothing to do with nitrogen fixation. Related
genes are found in Clostridium thermocellum, which does not have nitrogenase.
The archaeal genomes also have genes encoding NifN-like proteins adjacent to D-
type NifH homologs, which in two cases are fused to NifE homologs. Again, these
may not be relevant to nitrogen fixation. The non-fixers, Methanopyrus kandleri
and Methanococcus jannaschii,also have them.

These very distant homologs are omitted from the phylogenies of the individual
NifD, K, E and N proteins (Figures 3-6). Each of these phylogenies can be
partitioned into types corresponding to those identified for NifH.
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Figure 3. Phylogeny of NifD and homologous proteins from diazotroph genome sequences.
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In most cases, a consistent phylogenetic clustering is seen for all the linked
genes encoding a system, but there are exceptions. The VnfD and VnfK proteins of
Rhodopseudomonas and Azotobacter are A-type, related to their archaeal
counterparts, but their VnfH, VnfE, and VnfN are B-type. On the other hand, their
Anf systems are consistently A-type. The C-type systems have a gene following
nifE, where one would expect to find »ifV, which encodes a protein that is quite
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Figure 4. Phylogeny of NifK and homologous proteins from diazotroph genome sequences.

unrelated to other NifN proteins but is much closer to NifK. In fact, it is closer than
both the VnfK and AnfK proteins. These putative NifN genes are shown on the
NifK phylogeny (Figure 4). A somewhat related NifN is found in the C'-type
system of Methanothermococcus, even though its other genes are quite unrelated to
those of C-type systems.
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Figure 5. Phylogeny of NifE and homologous proteins from diazotroph genome
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Figure 6. Phylogeny of NifN and homologous proteins from diazotroph genome
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The Mo-independent nitrogenases have an extra delta subunit. This small
protein is encoded by either vufG or anfG and is located between the D and K genes.
The VnfG proteins of the vanadium enzymes and the AnfG proteins of the iron-only
enzymes form two separate groups (Figure 7). They are related to each other but
show no significant homology to any other proteins.
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Figure 7. Phylogeny of VnfG and AnfG proteins from diazotroph genome sequences.

6. NITROGENASE PHYLOGENY VERSUS ORGANISM PHYLOGENY

Phylogenetic relationships among distantly related organisms are most often
described using sequences of their small-subunit ribosomal RNA (SSU rRNA)
genes. Such a phylogeny is shown in Figure 8 for the 19 diazotrophs whose
nitrogenase proteins we have just discussed. Despite being based on very few taxa,
this tree is largely consistent with more comprehensive SSU trees (Cole et al.,
2003), although a specific relationship is seen between cyanobacteria and Gram-
positive bacteria, such as clostridia, when more species are included and
Rhodobacter moves deeper in the alpha-proteobacteria branch than it appears in
Figure 8. There has been considerable discussion as to whether phylogenies based
on rRNA really reflect the relationships of the genomes as a whole, but a recent
analysis indicates that there is a large core of hundreds of genes, including rRNA,
that does show a consistent phylogeny in most comparisons of bacteria (Daubin et
al., 2003). It is, therefore, reasonable to compare the phylogenies of nitrogenase
sequences with that of SSU rRNA and to interpret discrepancies as resulting from
events in the evolution of nitrogenase. Each of the major types of nitrogenase will
be discussed first, before considering the relationship between the types.
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Figure 8. Phylogeny of small subunit ribosomal RNA from diazotroph genome sequences.

6.1. The history of B-type nitrogenases

B-type enzymes are widely distributed in bacteria but have not been found in
archaca. Among those included in this survey, the enzyme from Desulfitobacterium
hafniense, a firmicute or low-GC Gram-positive bacterium related to clostridia, is
consistently the most divergent in every subunit (Figures 1, 3-6). The genome of
Frankia, an actinobacterium or high-GC Gram-positive bacterium, has not been
sequenced yet, but its Nif proteins are also outliers within the B-type clade (Figures
3 and 4). This situation makes some phylogenetic sense because the remainder of
the B-type enzymes are from two other bacterial phyla, the proteobacteria and the
cyanobacteria.

For each protein, the cyanobacterial sequences form a single clade, labelled "4"
in the figures. The anomaly is that the cyanobacterial sequences are close to, and in
some cases embedded within, the groups of proteobacterial sequences. This
location is certainly inconsistent with the phylogenetic position of cyanobacteria
which, based on SSU and other criteria, are closer to the firmicutes and certainly not
particularly close to the proteobacteria. When this anomaly for NifH, D, and K was
last discussed (Young, 2000), it was commented that either gene duplication or gene
transfer were both plausible explanations. For example, the unexpectedly distant
position of the -proteobacteria might reflect paralogy: an ancient duplication
created two families of nif genes, one of which was retained in the y-proteobacteria
and the other in the remaining proteobacteria and in the cyanobacteria. This
explanation is less plausible now that we have complete genome sequences. None
of the relevant genomes have traces of an ancient duplication of the B-type
nitrogenase system. It now seems more likely that there has been a transfer of
nitrogenase genes between cyanobacteria and proteobacteria, although the direction
is not immediately obvious. The cyanobacteria have a special control system
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involving an excision element in nifD (Golden ef al., 1985), but this is presumably a
fairly recent acquisition since the transfer (in whichever direction).

The groups labelled "1", "2" and "3" correspond approximately to the o, — and
Y proteobacteria, respectively, and are fairly consistently maintained across the
different proteins. However, Bradyrhizobium japonicum and Rhodopseudomonas
palustris, two closely related a-proteobacteria, have nitrogenases that group with
those of [_-proteobacteria (group 2). On the whole, the different Nif proteins tell the
same story, with varying degrees of certainty, but B. japonicum and R. palustris,
closest neighbours for all other Nif sequences and for SSU, have NifH proteins that
cluster with different proteobacterial groups (Figure 1). It is tempting to connect
this situation with the fact that the nifH gene of B. japonicum is distant from the rest
of the operon (Table 1), suggesting that it might have been acquired by horizontal
gene transfer. It has to be said, though, that it is the R. palustris sequence, which is
further from its expected place. Hurek et al. (1997) postulated lateral gene transfer
when they found that some Azoarcus species had NifH sequences in group 2 and
others in group 3. Interestingly, when Moulin et al. (2001) described the first
example of a [ -proteobacterium that nodulated legumes, the partial NifH sequence
they determined was extremely similar to that of Burkholderia fungorum and,
therefore, close to that of Bradyrhizobium. It seems that, while there is an overall
phylogenetic pattern in the nitrogenases of proteobacteria, some horizontal transfers
within and between the o, [ and y orders have occurred. A detailed reconstruction
is beyond our scope here, but mismatches between nifH and SSU phylogenies have
been described previously, particularly among the rhizobia (Haukka ez al., 1998).

6.2. The history of C-type nitrogenases

The second major type of Mo-dependent nitrogenase has a quite distinct
distribution. There is, so far, no report of an organism with both B-type and C-type
nitrogenase. The type-C nitrogenases are found in archaea and in the bacteria,
Clostridium and Chlorobium. The sequences are, in general, more divergent than
those of B-type systems and it could be argued that they were consistent with direct
inheritance from the common ancestor of bacteria and archaea. This suggestion
would require that the C-type genes were completely lost from other bacteria; there
is certainly no sign of them now. The alternative idea, that genes have been
transferred between archaea and bacteria, is much more acceptable now than it
would have been a few years ago. The Methanosarcina genomes are the largest yet
determined for any archaea and Deppenmeier ez al. (2002) point out that 30% of the
genes in M. mazei are closer to bacterial than to archaeal homologs (in fact, half of
these have no significant match in any other archaeon). They ascribe this situation
to massive horizontal gene transfer from the Bacteria to the Archaea, even
emphasising this transfer in the title of their article.

This theme of extensive gene transfer between distant organisms (or, at least,
organisms with distant TRNA sequences) has been taken up by many authors
recently, including notably Ford Doolittle (e.g., Doolittle et al., 2002), who argue
that there may in fact be almost no "core" genome that is immune to horizontal
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transfer. An example of the kind of analysis that can lead to such a conclusion is
provided by Raymond er al. (2002), who found that different sets of genes
supported different topologies for photosynthetic bacteria. In an interesting parallel
with our discussion of nitrogen fixation, they concluded that photosynthesis genes
had been subject to repeated horizontal transfer during the evolution of prokaryotes.
The extreme view that there is no substantial core of genes with a consistent
phylogeny is countered by studies such as that of Daubin et al. (2003) but, even if
half of the genome were "core", that would leave plenty of scope for transfer. As
far as nitrogenase genes are concerned, they do not appear to be part of the core
within the proteobacteria because there is evidence for transfer (see previous
section), so wider-scale transfers are also plausible.

Although Deppenmeier et al. (2002) characterise the M. mazei genome as the
recipient of massive transfer from bacteria, it is by no means certain that the
nitrogenase genes moved in this direction. In fact, Eisen ef al. (2002) point out that
12% of Chlorobium tepidum genes are closer to archaeal than to bacterial
homologs, and argue that, in certain cases, the transfer has been from archaea
because their phylogenetic origin is within archaea. Eisen ef al. specifically suggest
that the nitrogenase genes were transferred between kingdoms, but without defining
the direction. Nolling ef al. (2001) make similar comments about the nitrogenase
genes in Clostridium acetobutylicum.

The direction of transfer is not obvious because C-type nitrogenases have a
restricted taxonomic distribution in both Bacteria and Archaea. In Bacteria, they are
known from the Firmicutes (several species of Clostridium) and the unrelated
Chlorobi or green sulfur bacteria (Chlorobium tepidum). In Archaea, they are
restricted to two groups of methanogens, Methanosarcina and Methano-
thermobacter. The bacterial proteins are related to those in Methanosarcina, but the
Methanothermobacter genes are much more divergent (the C'-type) and might be
thought unrelated except that they share both the gene organisation (two Py proteins
encoded after nifH) and the NifK-like "NifN". Did these systems originate early in
the Archaeca as C and C'-types, with C-type later spreading to bacteria (perhaps
separately to clostridia and chlorobi because their genes are not closely related)? Or
is C'-type the true archaeal version, with Methanosarcina having recently adopted a
bacterial C-type version?

6.3. The history of Vnf nitrogenases

The vanadium-dependent nitrogenases are also found in both the Archaea and the
Bacteria and, in this case, there is much clearer evidence for horizontal gene transfer
as well as for reassortment of the genes within the operon(s). The two archaeal
examples, from Methanosarcina acetivorans and M. barkeri, are closely similar in
all respects, which is not surprising because these bacteria are close relatives. Their
genes are consistently A-type, related to Anf genes. The two bacterial examples
from sequenced genomes are both proteobacteria, but a Vnf system is also described
in the cyanobacterium, Anabaena variabilis (Thiel, 1993; 1996) and this has been
included in the phylogenies (Figures 3-6). Each bacterial system shows
peculiarities that suggest a mixed origin.



236 YOUNG

In Azotobacter vinelandii, the VnifD, G, and K sequences (Joerger ef al., 1990)
are A-type, related to the corresponding archacal Vnf genes. However, VnfH is of
B-type and very similar to the NifH in the same organism. It has clearly been
recruited by a recent duplication of the NifH. The vnfE and vnfN genes (Wolfinger
and Bishop, 1991) are not after vufK, instead they are few genes upstream of vafH
and, like it, they are B-type and related to their nif equivalents in the same species.
Vnf (and sometimes also Anf) was found in several other y-proteobacteria by
Loveless et al. (1999). They used primers in viufD and vufK to amplify vufG, thus,
verifying the gene order vanfDGK, but did not investigate the other vif genes.

The gene organisation in R. palustris is even more disrupted, with vnfH
inverted relative to vafDGK. Again, VnfD, G, and K are A-type, VnfN and E are B-
type and specifically related to the A. vinelandii equivalents, i.e., they are in the y-
proteobacterial cluster 3 rather than cluster 2 with the Nif proteins of R. palustris.
This situation suggests that the o-proteobacterium, R. palustris, has acquired the
Vnf system from a y-proteobacterium. The R. palustris VnfH, on the other hand, is
extremely similar to NifH in the same organism and has clearly been recruited
locally in a similar fashion to the VnfH of 4. vinelandii, but independently.

There is as yet no genome sequence for Anabaena variabilis ATCC 29413 as
distinct from Anabaena sp. PCC1720, which is called Nostoc at NCBI and herein.
However, the Vnf system of A. variabilis is sufficiently distinctive to be worth
mentioning here. The arrangement of the genes is vuff/DGJKEN, where D and G are
fused (Thiel, 1993; 1996). No vnfH has been found. The VnfD part of the VnfDG
fused protein is A-type and roughly equidistant between the homologous bacterial
(A. vinelandii and R. palustris) and archaeal (Methanosarcina) sequences (Figure 3)
and the same is true of the VnfG-like part of this protein (not shown). The
Anabaena VnfK is unambiguously related to the archaeal rather than the other
bacterial sequences (Figure 4). Even more surprisingly, the VnfE and VnfN are
very close to the Methanosarcina sequences (Figures 5 and 6) and, therefore,
completely unlike the B-type proteins found in the other bacterial systems. In other
words, all the known components of the A. variabilis Vnf system are similar to
those in archaea and, especially in the case of VnfE and N, much too similar to be
explained by descent from the common ancestor of bacteria and archaea.

There has clearly been horizontal transfer of the vif genes between archaea and
bacteria, but can we be sure of the direction? Vnf systems have been found in
several taxonomic groups of bacteria, and their organisation is diverse and rather
loose, whereas we only know of Vnf in two closely related archaea, which have a
compact, self-contained operon that might have been delivered as a package from
some bacterium. On the other hand, the bacterial examples of Vnf look like
bricolage, rather amateur attempts to piece together a working system around a
chance acquisition of the core vinfDGK genes. Further support for the idea that Vnf
comes from archaea is provided by the organisation of the Methanosarcina
acetivorans vnf operon, which is back-to-back with its anf operon in a manner that
suggests the possibility of joint control. The arrangement of the genes is

anfH--KGD 21l vnfHII 12D GKEN
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where underlining indicates that the genes are in reverse orientation. The /7 and /72
genes encode GInB-like Py proteins, the vuf and anf equivalents are related but
distinct. On the other hand, the gene labelled anfH is 97% identical to the vnfH
gene and encodes an identical polypeptide; however, there is no evidence about its
activity in either the Anf or Vnf systems. The two ORFs that separate it from the
anf operon have no obvious connection with nitrogen fixation.

6.4. The history of Anf nitrogenases

The distribution of Anf systems among our sequenced genomes is correlated with
that of Vnf. Rhodopseudomonas palustris, Azotobacter vinelandii and Methano-
sarcina acetivorans have both and the incomplete M. barkeri genome certainly has
part of an Anf system (anfDGK, but as yet no anfl1I2 or H). In addition,
Rhodospirillum rubrum has Anf, although it does not have Vnf. Anf has also been
found in Rhodobacter capsulatus (Masepohl and Klipp 1996) and in Clostridium
pasteurianum (Zinoni et al., 1993), but the sequenced C. acetobutylicum does not
have it. Loveless and Bishop (1999) reported an anfD-like sequence in
Heliobacterium gestii, another firmicute.

Phylogenetically, the Anf systems are much more coherent than Vnf. In all
cases, the components are A-type and most closely related to other Anf systems.
Only anfD and anfG have been sequenced from C. pasteurianum, but both fall
towards the edge of the Anf clade as might be expected (for anfG see Figure 7; anfD
not shown). For each gene, the variation among the proteobacteria is roughly
comparable with that seen for the equivalent B-type gene, while the distance to the
archaeal sequences is not much greater than this. Unless there are extraordinary
functional constraints preventing further divergence of the Anf genes, the
conclusion must be that the Anf genes in Methanosarcina shared a common
ancestor with the bacterial examples early in the history of the proteobacteria, and
certainly long after the common ancestor of archaea and bacteria. Until more
systems are characterised, it is hard to say whether this represents an old transfer in
either direction or a much more recent transfer to Methanosarcina from a bacterium
that has not yet been examined.

0.5. The origin of nitrogenases

It is clear that there are three major types of nitrogenase, each with phylogenetically
distinct set of H, D, K, E and N proteins. The A-type systems are Mo-independent
(either Vnf or Anf) and are widespread among bacteria and known from the
archaeon, Methanosarcina. B-type is common among the proteobacteria and
cyanobacteria and is found in Desulfitobacterium, a relative of Clostridium, but not
so far in Clostridium itself, nor in any archacon. C-type is found in various archaea
(Methanosarcina and Methanothermobacter) and in Clostridium and Chlorobium,
which represent two related bacterial groups. All these systems share related
components and even a conserved gene order, implying that they must have a
common ancestry. They are, however, very divergent, which is consistent with the
widely held view that nitrogenase is a very ancient system that was already present
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in the last universal common ancestor of all modern life. Given that there is
evidence for interdomain transfer of both A-type and C-type, it not easy to
determine whether the early development of these systems occurred in bacteria or in
archaea.

7. NITROGENASE GENES IN THEIR GENOMIC CONTEXT

In addition to the sequence and gene organisation information that has already been
discussed, complete genome sequences provide other potential clues about the
origin of the nitrogenase genes in them. The location of the genes may indicate
whether they are either long-term residents or recent intruders, as may their base
composition relative to the surrounding genome.

In the rhizobia, the nif genes are on either plasmids or genomic islands, which
are, in both cases, generally lower in G+C content than the basic chromosomal
genome (Galibert er al., 2001; Kaneko ef al., 2000; 2002). These parts of the
genome are prone to transfer, at least between related bacteria, and include many
genes that are specific to particular isolates or species. It can be said, therefore, that
in these bacteria the nif genes form part of the accessory genome. Although their
context is a relatively low G+C part of the genome, the nifH, D, K, and E genes
have extremely high G+C (Young, unpublished analysis). The reason is unknown
and it is not true in general of other nif-related genes in these organisms.

In the other sequenced organisms, the nitrogenase genes are chromosomally
located, even when, as in Nostoc sp. PCC 7120, the genome also includes large
plasmids. However, these genomes have not been systematically examined for
genomic islands, so it is not clear whether the context of the nitrogenase genes is
truly in the basic chromosome or in the accessory genome. It is possible that a
careful analysis would reveal that each of the nitrogenase types was truly "at home"
in certain organisms. On the other hand, we know of no major group of organisms
in which nitrogen fixation is universal, so perhaps nitrogenase lives a perpetually
nomadic existence as a life-long member of the horizontal gene pool.

8. CONCLUSIONS AND PROSPECTS

It is too soon for conclusions. Our access to genome information is still very
limited, but some things are already becoming clearer. Now that there are hundreds
of microbial genome sequences, we can see that nitrogenase genes are only present
in a minority of them (and, incidentally, absent from eukaryotes). These data
confirm the observation that most organisms do not fix N, and remove the nagging
doubt that we just had not found the right conditions. The availability of more
complete sets of nitrogenase sequences has reinforced the distinctness of the A, B
and C types; the distinction is recognisable in each of the components.
Phylogenetic evidence makes it virtually certain that nitrogenase genes have been
transferred horizontally, even between bacteria and archaea, but it is difficult to be
certain of the direction.

Analysis of the genomic context of the genes is still in its infancy, but promises
to provide new insights into the distribution of nitrogenase genes and their
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integration into the metabolism of their host organisms. Of course, genome-gazing
is no substitute for experimental evidence, but it can tie together a mass of
observations and can also suggest interesting questions for the future.

REFERENCES

Aguilar, O. M., Reilander, H., Arnold, W., and Piihler, A. (1987). Rhizobium meliloti nifN (fixF) gene is
part of an operon regulated by a NifA-dependent promoter and codes for a polypeptide homologous
to the nifK gene product. J. Bacteriol., 169, 5393-5400.

Altschul, S. F., Madden, T. L., Schaffer, A. A., Zhang, J. H., Zhang, Z., Miller, W., et al. (1997). Gapped
BLAST and PSI-BLAST: A new generation of protein database search programs. Nucleic Acids
Res., 25,3389-3402.

Brigle, K. E., Weiss, M. C., Newton, W. E., and Dean, D. R. (1987). Products of the iron-molybdenum
cofactor-specific biosynthetic genes, nifE and nifN, are structurally homologous to the products of
the nitrogenase molybdenum-iron protein genes, nifD and nifK. J. Bacteriol., 169, 1547-1553.

Burke, D. H., Hearst, J. E., and Sidow, A. (1993). Early evolution of photosynthesis - clues from
nitrogenase and chlorophyll iron proteins. Proc. Natl. Acad. Sci. USA, 90, 7134-7138.

Chien, Y. T., Auerbuch, V., Brabban, A. D., and Zinder, S. H. (2000). Analysis of genes encoding an
alternative nitrogenase in the archaecon Methanosarcina barkeri 227. J. Bacteriol., 182, 3247-3253.

Cole, J. R., Chai, B., Marsh, T. L., Farris, R. J., Wang, Q., Kulam, S. A., et al. (2003). The Ribosomal
Database Project (RDP-II): Previewing a new autoaligner that allows regular updates and the new
prokaryotic taxonomy. Nucleic Acids Res., 31, 442-443.

Daubin, V., Moran, N. A., and Ochman, H. (2003). Phylogenetics and the cohesion of bacterial genomes.
Science, 301, 829-832.

Dean, D. R., and Brigle, K. E. (1985). Azotobacter vinelandii nifD-encoded and nifE-encoded
polypeptides share structural homology. Proc. Natl. Acad. Sci. USA, 82, 5720-5723.

Dean, D. R., and Jacobson, M. R. (1992). Biochemical genetics of nitrogenase. In G. Stacey and R. H.
Burris and H. J. Evans (Eds.), Biological nitrogen fixation. (pp. 763-834). New York, NY: Chapman
and Hall.

Deppenmeier, U., Johann, A., Hartsch, T., Merkl, R., Schmitz, R. A., Martinez-Arias, R., et al. (2002).
The genome of Methanosarcina mazei: Evidence for lateral gene transfer between bacteria and
archaea. J. Mol. Microbiol. Biotechnol., 4,453-461.

Doolittle, W. F., Boucher, Y., Nesbg, C. L., Douady, C. J., Andersson, J. O., and Roger, A. J. (2003).
How big is the iceberg of which organellar genes in nuclear genomes are but the tip? Phil. Trans.
Royal Soc. Series B, 358, 39-57.

Eisen, J. A., Nelson, K. E., Paulsen, I. T., Heidelberg, J. F., Wu, M., Dodson, R. J., ef al. (2002). The
complete genome sequence of Chlorobium tepidum TLS, a photosynthetic, anaerobic, green-sulfur
bacterium. Proc. Natl. Acad. Sci. USA, 99, 9509-9514.

Fani, R., Gallo, R., and Lio, P. (2000). Molecular evolution of nitrogen fixation: The evolutionary history
of the nifD, nifK, nifE, and nifN genes. J. Mol. Evol., 51, 1-11.

Galagan, J. E., Nusbaum, C., Roy, A., Endrizzi, M. G., Macdonald, P., FitzHugh, W., et al. (2002). The
genome of M. acetivorans reveals extensive metabolic and physiological diversity. Genome Res., 12,
532-542.

Galibert, F., Finan, T. M., Long, S. R., Piihler, A., Abola, P., Ampe, F., et al. (2001). The composite
genome of the legume symbiont Sinorhizobium meliloti. Science, 293, 668-672.

Golden, J. W., Robinson, S. J., and Haselkorn, R. (1985). Rearrangement of nitrogen fixation genes
during heterocyst differentiation in the cyanobacterium Anabaena. Nature, 314, 419-423.

Haukka, K., Lindstrom, K., and Young, J. P. W. (1998). Three phylogenetic groups of nodA and nifH
genes in Sinorhizobium and Mesorhizobium isolates from leguminous trees growing in Africa and
Latin America. Appl. Environ. Microbiol., 64, 419-426.

Hennecke, H., Kaluza, K., Thony, B., Fuhrmann, M., Ludwig, W., and Stackebrandt, E. (1985).
Concurrent evolution of nitrogenase genes and 16S ribosomal RNA in Rhizobium species and other
nitrogen-fixing bacteria. Arch. Microbiol., 142, 342-348.

Holland, D., Zilberstein, A., Zamir, A., and Sussman, J. L. (1987). A quantitative approach to sequence
comparisons of nitrogenase MoFe protein alpha subunits and beta subunits including the newly
sequenced nifK gene from Klebsiella pneumoniae. Biochem. J., 247, 2777-285.



240 YOUNG

Hurek, T., Egener, T., and Reinhold-Hurek, B. (1997). Divergence in nitrogenases of Azoarcus spp.,
Proteobacteria of the beta subclass. J. Bacteriol., 179, 4172-4178.

Joerger, R. D., Loveless, T. M., Pau, R. N., Mitchenall, L. A., Simon, B. H., and Bishop, P. E. (1990).
Nucleotide sequences and mutational analysis of the structural genes for nitrogenase 2 of
Azotobacter vinelandii. J. Bacteriol., 172, 3400-3408.

Kaminski, P. A., Batut, J., and Boistard, P. (1998). A survey of symbiotic nitrogen fixation by rhizobia.
In H. P. Spaink, A. Kondorosi and P. J. J. Hooykaas (Eds.), The Rhizobiaceae (pp. 431-460).
Dordrecht, The Netherlands: Kluwer Academic Publishers.

Kaneko, T., Nakamura, Y., Sato, S., Asamizu, E., Kato, T., Sasamoto, S., et al. (2000). Complete
genome structure of the nitrogen-fixing symbiotic bacterium Mesorhizobium loti. DNA Res., 7, 331-
338.

Kaneko, T., Nakamura, Y., Sato, S., Minamisawa, K., Uchiumi, T., Sasamoto, S., et al. (2002). Complete
genomic sequence of nitrogen-fixing symbiotic bacterium Bradyrhizobium japonicum USDA110.
DNA Res., 9, 189-197.

Kaneko, T., Nakamura, Y., Wolk, C. P., Kuritz, T., Sasamoto, S., Watanabe, A., et al. (2001). Complete
genomic sequence of the filamentous nitrogen-fixing cyanobacterium Anabaena sp. strain PCC
7120. DNA Res., 8,205-213.

Kessler, P. S., and Leigh, J. A. (1999). Genetics of nitrogen regulation in Methanococcus maripaludis.
Genetics, 152, 1343-1351.

Kessler, P. S., McLarnan, J., and Leigh, J. A. (1997). Nitrogenase phylogeny and the molybdenum
dependence of nitrogen fixation in Methanococcus maripaludis. J. Bacteriol., 179, 541-543.

Kumar, S., Tamura, K., Jakobsen, I. B., and Nei, M. (2001). MEGA2: Molecular evolutionary genetics
analysis software. Bioinformatics, 17, 1244-1245.

Loveless, T. M., and Bishop, P. E. (1999). Identification of genes unique to Mo-independent nitrogenase
systems in diverse diazotrophs. Can. J. Microbiol., 45,312-317.

Loveless, T. M., Saah, J. R., and Bishop, P. E. (1999). Isolation of nitrogen-fixing bacteria containing
molybdenum-independent nitrogenases from natural environments. Appl. Environ. Microbiol., 65,
4223-4226.

Masepohl, B., and Klipp, W. (1996). Organization and regulation of genes encoding the molybdenum
nitrogenase and the alternative nitrogenase in Rhodobacter capsulatus. Arch. Microbiol., 165, 80-90.

Moulin, L., Munive, A., Dreyfus, B., and Boivin-Masson, C. (2001). Nodulation of legumes by members
of the beta-subclass of Proteobacteria. Nature, 411, 948-950.

Nolling, J., Breton, G., Omelchenko, M. V., Makarova, K. S., Zeng, Q. D., Gibson, R., ef al. (2001).
Genome sequence and comparative analysis of the solvent-producing bacterium Clostridium
acetobutylicum. J. Bacteriol., 183, 4823-4838.

Normand, P., and Bousquet, J. (1989). Phylogeny of nitrogenase sequences in Frankia and other
nitrogen-fixing microorganisms. J. Mol. Evol., 29, 436-447.

Postgate, J. R. (1974). Evolution within nitrogen-fixing systems. In M. J. Carlile and J. J. Skehel (Eds.),
SGM Symposium 24.: Evolution in the microbial world (pp. 263-292). Cambridge, UK: Cambridge
University Press.

Postgate, J. R. (1982). The fundamentals of nitrogen fixation. Cambridge, UK: Cambridge University
Press.

Postgate, J. R., and Eady, R. R. (1988). The evolution of biological nitrogen fixation. In H. Bothe, F. J.
De Bruijn and W. E. Newton (Eds.), Nitrogen fixation: Hundred years after (pp. 31-40). Stuttgart,
Germany: Gustav Fischer.

Raymond, J., Zhaxybayeva, O., Gogarten, J. P., Gerdes, S. Y., and Blankenship, R. E. (2002). Whole-
genome analysis of photosynthetic prokaryotes. Science, 298, 1616-1620.

Ribbe, M., Gadkari, D., and Meyer, O. (1997). N, fixation by Streptomyces thermoautotrophicus
involves a molybdenum dinitrogenase and a manganese superoxide oxidoreductase that couple N,
reduction to the oxidation of superoxide produced from O, by a molybdenum-CO dehydrogenase. J.
Biol. Chem., 272,26627-26633.

Smith, D. R., Doucette-Stamm, L. A., Deloughery, C., Lee, H. M., Dubois, J., Aldredge, T., et al. (1997).
Complete genome sequence of Methanobacterium thermoautotrophicum Delta H: Functional
analysis and comparative genomics. J. Bacteriol., 179, 7135-7155.

Thiel, T. (1993). Characterization of genes for an alternative nitrogenase in the cyanobacterium
Anabaena variabilis. J. Bacteriol., 175, 6276-6286.



PHYLOGENY AND EVOLUTION OF NITROGENAES 241

Thiel, T. (1996). Isolation and characterization of the vnfEN genes of the cyanobacterium Anabaena
variabilis. J. Bacteriol., 178, 4493-4499.

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., and Higgins, D. G. (1997). The
CLUSTAL_ X windows interface: Flexible strategies for multiple sequence alignment aided by
quality analysis tools. Nucleic Acids Res., 25, 4876-4882.

Tiedje, J. M., and Davis, J. K. (2002). Co-occurrence of dehalogenation and nitrogen fixation in
reductively dechlorinating bacteria. Paper presented at the US-Japan Joint Workshop on Systems
Biology of Useful Microorganisms, Keio University, Japan.

Wolfinger, E. D., and Bishop, P. E. (1991). Nucleotide sequence and mutational analysis of the vinfENX
Region of Azotobacter vinelandii. J. Bacteriol., 173, 7565-7572.

Young, J. P. W. (1990). The phylogeny of nifH: Gene duplication or lateral transfer? In P. M. Gresshoff,
L. E. Roth, G. Stacey and W. E. Newton (Eds.), Nitrogen fixation: Achievements and objectives (pp.
840). New York, NY: Chapman and Hall.

Young, J. P. W. (1992). Phylogenetic classification of nitrogen-fixing organisms. In G. Stacey, R. H.
Burris and H. J. Evans (Eds.), Biological nitrogen fixation. (pp. 43-86). New York, NY: Chapman
and Hall.

Young, J. P. W. (2000). Molecular evolution in diazotrophs: Do the genes agree? In F. O. Pedrosa, M.
Hungria, M. G. Yates and W. E. Newton (Eds.), Nitrogen fixation: From molecules to crop
productivity (pp. 161-164). Dordrecht, The Netheralnds: Kluwer.

Zinoni, F., Robson, R. M., and Robson, R. L. (1993). Organization of potential alternative nitrogenase
genes from Clostridium pasteurianum. Biochim. Biophys. Acta, 1174, 83-86.



SUBJECT INDEX

activating enzyme, see draG/draT

adenylylation/deadenylylation 24,

ADP-ribosylation, see covalent
modification

Agrobacterium 86-87,92, 102, 114,
116-117, 213-,

alanine dehydrogenase 9,

Allorhizobium 83,

alternative nitrogenases, see also
anfand vnf, 9, 61, 72-73, 78,

amino-acid transport 61,

ammonium assimilation 61-63,

ammonium transport, see amt

amt 11, 61-62,

Anabaena 2, 4, 39-40,

anf4 73-74, 76-78,

anfDK 8-9, 23,78,

anfG 8-9, 23, 78, 233,

anf genes 8-9, 23, 73-78,

anfH 8-9, 23, 73-74, 78, 226-227,

anfl 8-9,

Anf nitrogenases (history) 236-237,

angiosperm associations 32,

Anthroceros 32,

Archaea 7-11,

A. vinelandlii, see Azotobacter
vinelandii

Azorhizobium 83, 92,

Azospirillum 75,

Azotobacter vinelandii 5, 23, 73, 78,
223, 225,

bioinformatics 160-162,

Blasia 32,

Bradyrhizobium 2-3, 83, 85-86, 92, 99-

108, 116, 153-154, 186, 191-192, 223,
fix genes 103-105,
G+C 100,
IS/MS 101,
nif genes 223,
nod genes 102-104,
proteomics 153-154,
respiratory chains 106-107,
symbiotic island 102-103, 186,
transporters 105-106,

bryophyte associations 32,

Burkholderia 83, 223,

cellulose synthase 41,

Chlorobium 2, 4, 223,

Chloroflexus 80,

circadian rhythm 41,

clostridia, see Clostridium

Clostridium 2, 4, 13-24, 223,
genome 15-16,

covalent modification 22, 73-75,

cox/Cox 55,57, 104, 106-107, 122,

cyanoglobin (g/bN) 57-58,

cycad associations 32,

cytochrome oxidase, see cox/Cox

Desulfitobacteriuim 223,

dev/Dev 54-55,

dinitrogenase, see MoFe protein

dinitrogenase reductase, see Fe
protein

DNA arrays 145-150, 170-178,

DNA supercoiling 74,

drat/DraT/drag/DraG 74-75,

dynamics 183-198,

E. coli, see Escherichia coli

electron transfer flavoprotein 121,

electrophoresis 151,

Escherichia coli 10-11, 20,

evolution 9, 201-214, 221-238,

FeMoco 9, 18,

Fe protein 8,

fdx/ferredoxin 18, 20-21, 59-60, 121,
fix genes 86-87, 103-105, 120-122,

formate dehydrogenase 122,

functional genomics 144-163, 169-179,

G+C content 23,

gene amplification 188-191,

gene expression 144-150,

genome architecture 183-187, 191-194,

genome amplification 183-184, 96,

genome co-integration 183-184, 193-
198,

genome deletions 183-184,

genome dynamics 183-198,

genome instability 186-188,



244

genome islands 209-210,

genome rearrangements 183-184, 193-
198,

Geosiphon 32,

ginB/K 10-11, 19, 22,49, 73-75, 79,

glucose-6-phosphate dehydrogenase 55-
56,

glutamate dehydrogenase 9, 23,

glutamate synthase 9, 23,

glutamine synthetase 9, 23, 55-56,

Gunnera 32,

glycolipid synthesis 54,

han/Han 48-50,

Haemophilus 1,

hep/Hep 54,

het/Het 36, 48-52, 54,

heterocyst differentiation 4, 29-30, 46-
52,

heterocyst maturation 53-57,

hgl/Hgl 54,

histidine kinases 42, 74,

homocitrate 9,

horizontal gene transfer 205-209,

host specificity 84-86,

hox/Hox 103,

hup/Hup 55, 57, 60, 103, 106,

hvr/Hvr 73-74, 79-80,

hydrogenase, see fup/Hup

insertion sequences (IS/MS) 86-88,
101, 117-119, 183-186,

iron-molybdenum cofactor, see
FeMoco

iron protein, see nifH/NifH

isocitrate dehydrogenase 55, 57,

invertase 56,

Klebsiella pneumoniae 2, 5, 73,75,
146, 148,

K. pneumoniae, see Klebsiella
pneumoniae

Lablab 84,

liverwort associations 32,

Lotus 149,

Macrozamia 32,

Magnetococcus 223,

mass spectrometry 151-152,

Medicago 84, 113, 147, 149, 157, 176,

178,

Melilotus 84, 113, 155,

Mesorhizobium 2-3, 83, 86,92, 102,
116, 191-192,209-210, 213, 223,
225,

Methanobacterium 7, 11,

Methanococcus 7-8, 10-11, 225,

Methanopyrus 7,

Methanosarcina 2, 4-5, 7-11, 223, 225,

Methanospirillum 7-11,

Methanothermobacter 2-5, 8-9, 223,

Methanothermococcus 2-5, 7,

Methylobacterium 83,

mod/Mod 8, 18, 20-21, 75-76,

MoFe protein 5, 8-9,

molybdenum transport 9, 18,

molybdenum-iron cofactor, see
FeMoco

molybdenum-iron protein, see MoFe
protein

mop/Mop 73-74,

mycorrhizal associations 32,

nap/Nap 62, 104,

nar/Nar 62,

nifA/NifA 22, 72-77, 79,

nifB 9, 58-60, 76, 79,

nifDK 14, 17-21, 24, 58-60, 74-76,

NifDK, see MoFe protein

nifEN /NifEN 8, 17-21, 58-60, 79,

nif gene cluster/organization 8-9, 17-21,
75-80, 86, 99, 120-121, 222-225,

nifH/NifH 8-9, 14, 17-21, 24, 58-60,
73-76, 225-227,

nifl/Nifl 8, 11, 17-22, 24,

nifL/NifL 22,75,

nifN-B 17-21,

nifS 9,58-59, 79,

nifU9, 58-59, 74, 79,

nifV/NifV 59-60, 79,

nifVo/nifVe 17-21,

nifW' 19,

nifX/NifX 8, 58-60, 79,

nir/Nir 18, 20, 62, 105,

nitrate assimilation/transport 61-63,

nitrate reductase 62, 104, 122,

nitric oxide reductase 105, 122,



nitrite reductase 62, 105, 122,

nitrogen (fixed) regulation, see
regulation by fixed nitrogen

nitrous oxide reductase 122,

Nod (nod) factors 84-87, 99, 102-103,
119-120, 147,

nodulation 83-85,

Nostoc 4-5, 27-64, 223,
chemotaxis 33,
fixed nitrogen assimilation 61-63,
free-living state 29-31, 36,
genome 37-46,
heterocysts 29-30, 36-37, 40, 46-
57,
hormogonia 32-34, 40,
infectivity 31-34,
nif genes 57-61, 223,
photosynthesis 29, 34-35,
rhizobia comparison 32, 37,
symbiotic state 31-32, 34-37,

nrt/Nrt 62,

ntc/Nte 33, 36, 48-50, 52,

ntr/Ntr 22, 24, 49, 73-74, 77-78,

oxygen (O,) control 22,74, 121,

oxygen (O,) protection/tolerance 4,
14, 32,

Py proteins 8, 10-11, 19, 22, 49, 74-75,
79,

Paenibacillus 13,

Parasponia 84,

pat/Pat 48-52,

6-phosphogluconate dehydrogenase 55-
56,

photosynthesis 4, 162-163,

phylogeny (organism) 202-205,

phylogeny (nitrogenases) 221-238,
organism-phylogeny comparison
231-238,
nifDKEN 227-232,
nifH 225-227,

phytochrome 41,

Prochlorococcus 40,

proteomics 150-160,
bacterial 152-156,
in symbiosis 155-157,
peribacteroid membrane 156-157,

245

protein-protein interactions 160,
Ralstonia 83,
rearrangements (genomic) 183-198,
reg/Reg 73-74, 79,
regulation by ammonia, see
regulation by fixed nitrogen
regulation by fixed nitrogen 21-22, 73-
74,
reiterated sequences 183-186,
response regulator proteins 43,
Rhizobium 2-3, 5, 83-93, 99, 146-147,
NGR234 83-93, 116, 147, 173,
185, 191-194,
chromosome 87-88,
genome structure 85, 191-192,
IS/MS 86-88, 185,
megaplasmid 87-88,
replicon plasticity 88-90,
symbiotic plasmid 85-87,
transcriptomics 91-92, 173,
R. etli 133-140, 153-154, 185-198,
evolution 138-140,
genome plasticity 136-138, 185-
198,
genome structure 134-136,
IS/MS 185-186,
proteomics 153-154, 158-160,
taxonomy 138-140,
R. leguminosarum 152-156,
proteomics 152-156,
Rhodobacter 5, 71-80,
Rhodopseudomonas 71-80, 107-108,
148, 223,
Rhodospirillum 5,75, 223, 225,
rnf genes 79,
serine/threonine protein kinases 45,
Sesbania 84,
sigma™ (>*)/rpoN/RpoN 49, 56, 73-74,
77-78, 86, 104-105,
Sinorhizobium 2-3, 83-87, 92, 102, 113-
128, 146-148, 169-179, 186, 191-
192, 213, 223,
pSymA 114-128,
carbon metabolism 121-123,
chemotaxis 123,
genome structure 114-115,



246

IS/MS 117-119,
nif/iNif 120-121, 223,
nitrogen metabolism 121-123,
nod/Nod 119-120,
plasmid biology 117,
proteomics 153-155,
regulation 124-125,
stress responses 125-126,
sulfur metabo,ism 126,
transporters 123-124,
pSymB 114-115,
transcriptomics 169-179,
symbiotic island 3, 85, 102-103, 209-
210,
symbiotic plasmid 3, 85-90, 114-116,
symbiosome 156-157,
Synechococcus 41,
Synechocystis 4, 37-39,
taxonomy 201-214,
transcriptomics 144-150, 157-160, 169-
179,
bacterial 144-150,
nodulation 148-150,
transport of fixed nitrogen, see
amt/ammonium transport
Trichodesmium 62, 223,
Trigonella 84, 113,
urease 61,
vnfDK 8-9,
vnfEN 8-9, 227-232,
vnfG 8-9, 233,
vnf genes 8-9, 23,
vnfH 8-9, 226-227,
vnfl 8-9,
Vnf nitrogenases (history) 235-236,
xis 59-60,



