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Summary

  Genomes of several purple bacteria have recently been sequenced and many of these genomes have been fully 
annotated and are now available on either NCBI or/and other publicly accessible databases. This chapter gives 
a comparative analysis of three representative genomes, Rhodobacter (Rba.) sphaeroides 2.4.1,Rhodospirillum 
(Rsp.) rubrum ATCC 11170, and Rhodopseudomonas (Rps.) palustris CGA009. The results reveal that these 
three genomes possess some remarkable similarities, although these species differ in their genome architectures 
and the numbers and sizes of plasmids. The genomes of these three species encode two or multiple homologs 
(orthologs or paralogs) of many protein-coding genes representing a wide variety of metabolic pathways, which 
substantiate the enormous amount of metabolic versatilities shown by organisms belonging to the α-Proteo-
bacteria. Paralogs are genes related by duplication within a genome, and therefore evolve new functions, even 
if these are related to the original one. In addition to abundant gene paralogs revealed by their genomes, the 
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above strains of these species displayed different numbers of sigma factors, transcriptional regulators (activa-
tors or repressors) and corresponding DNA binding motifs in their respective genomes. The diversity in these 
regulatory components indicates the use of different regulatory strategies for the genome-wide transcriptional 
regulation in these organisms. The different numbers of insertion sequences and transposases found among 
strains of these three species suggests that transposon-induced genomic variants may play a major role in strain 
differentiation within species.

Abbreviations: ALA – 5-aminolevulinic acid; ALAS – 5 -ami-
nolevulinic acid synthase; CDS – Coding sequence; CI – Large 
chromosome of Rba. sphaeroides; CII – Small chromosome of 
Rba. sphaeroides; IS – Insertion sequence; LH – Light harvesting 
complex; P. – Pseudomonas; PGC – Photosynthesis gene cluster; 
Rba. – Rhodobacter; RC – Reaction center ; Rps. – Rhodopseu-
domonas; Rsp. – Rhodospirillum

I. Introduction

   Several studies involving morphology, physiology, 
and genetics of purple bacteria have been conducted 
over many decades, and these studies have led to the 
demonstration that the primary metabolism of these 
organisms is a photosynthetic process requiring 
light and a low availability of oxygen. However the 
biochemical reaction of CO2 reduction is carried out 
with reductant derived not from water as in green 
plants but from a variety of organic substances, 
as well as H2 or hydrogen sulfi de (van Niel 1944; 
also see Chapter 1, Madigan and Jung; Chapter 28, 
Romangnoli and Tabita; Chapter 39, Vignais). Also, 
members of this group can fi x atmospheric nitrogen 
(Chapter 37, Masepohl and Kranz), and they can 
grow fermentatively.

Three representative species of purple photosyn-
thetic bacteria, Rba. sphaeroides 2.4.1,  Rsp. rubrum 
ATCC 11170, and  Rps. palustris CGA009, which 
belong to the α-subgroup of Proteobacteria (Woese 
et al., 1984), are chosen for genome comparison as 
their genomes have been sequenced and the genomic 
sequence data are publicly available. The sequence 
of the complete genome of Rps. palustris CGA009 
is available under GenBank/EMBL/DDBI accession 
numbers BX571963 (chromosome) and BX571964 
(plasmid). The sequence of the Rba. sphaeroides 2.4.1 
genome is available under NCBI accession numbers 
NC_007488 to NC_07494. The complete genome 
sequence of Rsp. rubrum ATCC11170 is under NCBI 
accession numbers NC_007643 (chromosome) and 
NC_007641 (plasmid).

These representative species along with other mem-
bers of the α-Proteobacteria are widely distributed in 
nature and considered the most metabolically versatile 

group of organisms (Gest 1972). Recent biochemi-
cal and genetic studies of these bacteria have shown 
induced levels of expression of genes encoding the 
photosynthetic apparatus, and enzymes involved 
in photosynthesis or anaerobic respiration, under a 
reduced oxygen tension (Zeiltra-Ryalls et al., 1998; 
Grammel et al., 2003; Roh et al., 2004; Braatsch et 
al., 2006; Mackenzie et al., 2007; Chapter 35, Bauer 
et al.). Although multiple strains of Rba. sphaeroides 
(Choudhary et al., 2007) and Rps. palustris (http://
img.jgi.doe.gov) have been recently sequenced, unless 
otherwise stated our genome comparison of these 
three species is based on a single representative strain 
selected from each of the three species (http://img.
jgi.doe.gov): Rba. sphaeroides 2.4.1; Rsp. rubrum
ATCC 11170; and Rps. palustris CGA009.

II. Genome Architecture and 
Characteristics

 The  genome characteristics of Rba. sphaeroides, Rsp. 
rubrum, and Rps. palustris are described in Table 1, 
and the original data of these three species are avail-
able on the publicly available website (http://img.
jgi.doe.gov).

A. Genome Comparisons 

The  genome sizes of Rba. sphaeroides, Rsp. rubrum,
and Rps. palustris are ~4.60, 4.40, and 5.46 Mb, 
respectively. The genomes of Rba. sphaeroides and 
Rsp. rubrum are of similar sizes, but the genome of 
Rps. palustris is 1.2 Mb larger than the genomes of the 
other two species. Besides the different genome sizes, 
the genome architecture of the three species also ap-
pears to be different. The genome of Rba. sphaeroides
is comprised of two  circular chromosomes, CI (large 
chromosome) and CII (small chromosome), and fi ve 
plasmids (Suwanto and Kaplan, 1989b). The sizes of 
CI and CII of Rba. sphaeroides are 3,188,631 and 
943,022 bp, respectively. In contrast the genomes of 
Rsp. rubrum and Rps. palustris consist of only one 
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chromosome and a plasmid. Several strains of Rsp.
rubrum possess a very similar size ~55 kb plasmid 
with very little sequence divergence, but these are 
not identical and the plasmid is required for photo-
synthesis (Kuhl et al., 1983). Thus, similar plasmids 
seem to be disseminated throughout strains of Rsp.
rubrum. Similarly, the genome of Rps. palustris con-
tains one chromosome and a single plasmid of ~8.4 
kb (Larimer et al., 2004). Besides the size variation 
of plasmids (8–15 kb) among strains of Rps. palus-
tris, the plasmid replicates in closely related species 
of Bradyrhizobium, but not in Rba. sphaeroides and
Rhizobium species. Thus, the origin of this plasmid 
has been thought to be from one of the strains of 
Bradyrhizobium (Giraud et al., 2000). Despite its 
large genome size, the genome of Rps. palustris
contains a single chromosome, which also suggests 
that genome size is not the sole factor for genome 
complexity, including the existence of multiple chro-
mosomes in bacteria.

Genomes of these three species exhibit remark-
able similarities in gross genome structure. The total 
number of predicted genes in Rba. sphaeroides, Rsp.
rubrum, and Rps. palustris are 4367, 3917, and 4897, 
respectively, which refl ects their relative genome 
sizes. Of the total annotated genes, ~98% represent 

open reading frames, which potentially encode protein 
functions in all three species. Of these protein coding 
genes, ~70% can be assigned predicted functions, and 
>90% of these genes are classifi ed in ortholog clusters 
in each of the three species.  Orthologs are genes that 
evolve from a common ancestral gene by speciation. 
Since orthologs conserve the same function through 
evolution, identifi cation of orthologs is valuable 
for prediction of gene function in newly sequenced 
genomes. Also, the coding capability of each of the 
three genomes is approximately 88%.

The genomes of different bacterial species in 
varied habitats reveal a narrow variation of their 
G+C compositions, which indicates that primarily, 
global environmental factors as opposed to different 
lifestyles of the microorganisms infl uence the G+C 
composition of a microbial community (Foerstner 
et al., 2005). The variation in G+C composition of 
different species is either maintained by selective 
pressure or caused by mutational bias. The observed 
G+C differences have a direct impact on the amino 
acid composition of proteins in the organisms living 
in their respective environments (Bharanidharan et al., 
2004). The G+C composition of the genomes of Rsp.
rubrum and Rps. palustris is ~65%, which is ~3% 
lower than the ~68% G+C content of the genome of 

Table 1. Comparison of Genome Characteristics

Genome characteristics Rba. sphaeroides
 2.4.1

Rsp. rubrum
 ATCC 11170

Rps. palustris
 CGA009

Total number of nucleotides 4,603,060 4,406,557 5,467,640

% DNA coding 88.28 88.93 87.90

% GC content 68.79 65.38 65.03

DNA scaffolds 7 (2 chromosomes)
CI: 3,188,631 bp and CII: 
943,022 bp)

2 (1 chromosome) 2 (1 chromosome)

Number of genes 4367 3917 4895

Protein coding genes 4304 (98.56%) 3850 (98.29%) 4838 (98.84%)

RNA genes 63 67 57

rRNA genes 9 12 8

5S rRNA 3 4 2

16S rRNA 3 4 2

23S rRNA 3 4 2

tRNA 54 55 49

Genes with function prediction 3038 (69.57%) 2861 (73.04%) 3406 (69.58%)

Genes in ortholog clusters 4115 (94.23%) 3627 (92.60%) 4723 (96.49%)

Genes in paralog clusters 2136 (50.33%) 1972 (50.34%) 2712 (55.40%)
Source of data: http://img.jgi.doe.gov, Rba. sphaeroides (version 1.6), and Rps. palustris and Rsp. rubrum (version 2.1).
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Rba. sphaeroides. The differences in G+C content 
exist across species, however there is a tendency of 
large genomes to be G+C-rich and small genomes to 
be A+T-rich (Glass et al., 2000; Moran, 2002; Rocha 
and Danchin, 2002). Bacteria with large genomes are 
found in more complex and diverse environments, and 
therefore G+C content may possibly be refl ective of 
their niche complexity (Rocha and Danchin, 2002; 
Moran, 2002). Since the nucleotide composition of 
the three genomes discussed in this chapter is G+C-
rich, it may correlate with a similar distribution of 
these species in diverse environments.A higher G+C 
composition of Rba. sphaeroides is possibly related 
to its genome architecture, as the genome of Rba.
sphaeroides possesses two chromosomes, but this 
issue remains unsettled.

B. Evolutionary Relationships and the Origin 
of Mitochondria 

Despite the gene level similarities, genome data also 
suggest signifi cant evolutionary differences among 
these three bacteria. Based on 16S rDNA sequences, 
Rba. sphaeroides is part of a distinct clade within the 
α-3 sub-group of Proteobacteria. The group of α-Pro-
teobacteria also contains organisms that associate with 
eukaryotes, like  Rhizobacteria (essential for N2 fi xa-
tion in legumes),  Agrobacteria (plant pathogens), and 
 Rickettsia (intracellular animal pathogens) (Woese, 
1987). The ability of α-Proteobacteria to associate 
with eukaryotes and their diverse metabolic activities 
led to the proposal that they are evolutionary ancestors 
of mitochondria (Woese, 1987). The current thought 
is that the species belonging to the order Rickettsiales 
of α-Proteobacteria are the closest relatives of mito-
chondria (Andersson et al., 1998; Gray et al., 1999; 
Emelyanov, 2001). More than 150 nucleus-encoded 
mitochondrial proteins of Saccharomyces cerevisiae 
share signifi cant sequence homology with  Rickettsia 
prowazekii proteins, and also several gene clusters in 
the mitochondrial genome are reminiscent of those 
found in Rickettsia, including a similar repertoire of 
proteins involved in ATP production, and transport 
(Andersson et al., 1998). However, the relationship 
of mitochondria to the Ricketsiales is limited to some 
conserved indels (signature protein sequences), and 
the closest relationship of mitochondria was seen for 
Rsp. rubrum rather than Ricketsiales (Esser et al., 
2004). Thus, additional data are required to resolve 
the above confl icting observations.

C. Continual Evolution of Purple Bacteria 

Several hypotheses have been proposed to explain the 
complex patterns of sequence relationships observed 
in microbial genomes. The continual ‘ horizontal 
transfer’ hypothesis suggests that gene acquisitions 
are ongoing processes in microorganisms (Jain et al., 
2002), whereas the early ‘ massive transfer’ hypothesis 
proposes that massive exchanges occurred early in 
prokaryotic evolution, long before the diversifi cation 
of modern bacterial species (Woese, 1998). Indeed, 
the presence of photosynthetic and non-photosyn-
thetic species among α-Proteobacteria has been used 
to propose a continual evolution of traits acquiring 
by horizontal gene transfer in this group (Woese, 
1987). Although the Proteobacteria are considered 
as the earliest lineage among the photosynthetic 
prokaryotes (Xiong et al., 2000), the evidence sug-
gests that the Cyanobacteria constitute one of the 
earliest prokaryotic photosynthetic lineages that 
existed ~2.5 billion years ago. Thus, photosynthetic 
purple bacteria could have independently evolved 
or acquired photosynthesis gene clusters from one 
of the members of  Cyanobacteria. Therefore, it is 
possible that non-photosynthetic purple bacteria 
may have evolved by losing the photosynthesis gene 
clusters from their ancestor lineages. Indeed, the 
notion of continual evolution among α-Proteobac-
teria is reinforced by genome-wide comparisons of 
Rba. sphaeroides, Rsp. rubrum and Rps. palustris. 
Although more than 40 bacterial species, which 
belong to diverse groups of bacteria, are known to 
have  multiple chromosome-like replicons, most of 
the species containing multiple chromosomes have 
been found within the α-subgroup of Proteobacteria 
(Mackenzie et al., 2004). Among 25 isolates exam-
ined, the presence of two chromosomes is found in 
all these strains of Rba. sphaeroides (Nereng and 
Kaplan, 1999). The presence of two chromosomes 
in Rba. sphaeroides was originally proposed from 
 pulse-fi eld gel electrophoresis, but it has been con-
fi rmed by either  optical mapping or genome sequence 
analysis of several isolates of this species (Choudhary 
et al., 2007; T. Donohue unpublished). In addition, 
by comparing genome sequence-derived restriction 
maps or optical maps of Rba. sphaeroides (Zhou et 
al., 2003), Rsp. rubrum (Reslewic et al., 2005) and 
Rps. palustris, no large regions of genome similarity 
except the photosynthesis gene cluster (PGC) are 
found between these three α-Proteobacteria. The total 
length of conserved regions among Rba. sphaeroi-
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des, Rsp. rubrum, and Rps. palustris is ~330 kb of 
DNA that span over 107 common collinear blocks 
(Choudhary and Kaplan, unpublished). The majority 
of common DNA blocks consist of an average ~3 kb 
of DNA length. Also, the overall nucleotide similar-
ity over all common collinear blocks was only ~25% 
among these three species. This is unlike the fi nding 
of signifi cant regions of conservation among many 
Rba. sphaeroides isolates (Choudhary et al., 2007), 
and it is probably not surprising given the various 
activities and habitats described for these and other 
photosynthetic α-Proteobacteria (Woese 1987; also 
see Chapters 1, Madigan and Jung; Chapter 3, Yurkov 
and Csotonyi).

A comparison of the coding sequences (CDSs) of 
the Rsp. rubrum and Rps. palustris genomes when 
used to query an Rba. sphaeroides protein database 
indicates that each has a similar number of genes that 
are orthologous to Rba. sphaeroides genes (Fig. 1). 
Each has approximately twice the percentage of 

polypeptides with high quality matches (low P-val-
ues) to Rba. sphaeroides as compared to the E. coli
outlier. The genomes of both Rsp. rubrum and Rps.
palustris also encode relatively few polypeptides 
with high P-values (poor quality matches) whereas 
a larger proportion of the E. coli CDSs fall into this 
class. This is perhaps not surprising, since the three 
phototrophic bacteria are α-proteobacteria and E. coli
is a γ-Proteobacterium. Interestingly, the Rsp. rubrum
and Rps. palustris genomes have only approximately 
half of the high quality CDS matches (~2% of the 
genome having P-values <10–200), as does Rba. 
sphaeroides to members of the marine Roseobacter
clade (Moran et al., 2004) or Paracoccus denitrifi cans
(http://genome.ornl.gov) (~5% of the genome having 
P-values <10–200). This suggests that although Rsp.
rubrum, Rps. palustris, and Rba. sphaeroides are 
similar because of their photosynthetic properties, 
they are in fact quite distantly related when the marine 
Roseobacters or the non-photosynthetic Paracoccus 

Fig. 1. The CDSs from the genomes of Rps. palustris CGA009 and Rsp. rubrum ATCC 11170 and E. coli (for comparison) were run in a 
WU-BLAST 2.0 (W. Gish, personal communication) search using BLASTP mode against an Rba. sphaeroides 2.4.1 CDS database. The 
output of each BLASTP search was extracted to give the top hit found in the Rba. sphaeroides genome. The top hits were then combined 
into a list, then sorted on the basis of their P-value. The percentage of genes in each genome falling within the following P-value ranges; 
<10–200, 10–200–150, 10–150–100, 10–100–75, 10–75–50, 10–50–35, 10–35–20, 10–20–10, 1010–4, 10–4–0.05, 0.05–0.03 and >0.3 was then determined (x-axis). 
To give an indication of the conversion of P-value to amino acid identity/similarity, consider the following two examples; a polypeptide 
of 275 amino acid (aa) residues having a good match, 73% identity (85% similar) to a polypeptide in the Rba. sphaeroides database had 
a P-value of 5.7e 110, whereas a borderline match was a polypeptide of 219 aa residues with 29% identity (44% similar) having a P-value 
of 5.4e–18. An imaginary cutoff for relevant matches lies approximately in the 10–20–10 range.
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denitrifi cans are added into the analysis (Mackenzie 
et al., 2007).

III. Gene Homologs and Metabolic 
Versatility

A   gene related to another gene within or between 
genomes evolves by descent from a common an-
cestral DNA sequence and is defi ned as a homolog. 
 Homologs are classifi ed into two families,  orthologs 
and  paralogs (Fitch, 2000). Orthologs represent ho-
mologous genes in different species that evolved from 
a common ancestral gene by the speciation event, 
which leads to the evolution of two different lineages. 
Most orthologs retain the same physiological function 
across species in the course of evolution. In contrast, 
gene paralogs are related by a  gene duplication event 
followed by sequence divergence of these duplicated 
genes within a genome, and therefore paralogs evolve 
new functions.

Gene paralogs are abundantly found in bacterial 
genomes, and thought to descend from sequence 
duplications (Gevers et al., 2004). Genome analysis 
of Rba. sphaeroides, Rps. palustris and Rsp. rubrum
reveals ~50% of the genes in paralog clusters as shown 
in Table 1. Although the numbers of rRNA and tRNA 
genes in all three genomes are similar, the genomes 
of Rba. sphaeroides and Rsp. rubrum contain a 
higher number of these genes than Rps. palustris as
shown in Table 1. The genomes of Rps. palustris,
Rba. sphaeroides, and Rsp. rubrum encode 2, 3, and 
4 copies of 16S and 23S rRNA genes, respectively. 
Rba. sphaeroides and Rsp. rubrum contain 54 and 
55 tRNA genes, respectively, which are higher than 
the 49 tRNA genes identifi ed in the Rps. palustris 
genome.

Genome analyses of Rba. sphaeroides revealed 
numerous homologous genes representing many 
metabolic pathways, such as fl agellum biosynthesis, 
photosynthesis, carbon metabolism, and chemosen-
sory pathways (Mackenzie et al., 2001; Choudhary et 
al., 2004). The majority of gene homologs found in 
the Rba. sphaeroides genome displayed less similarity 
with each other than to orthologs from species closely 
related to Rba. sphaeroides. Thus, the majority of the 
gene homologs in Rba. sphaeroides, for example rdxA
and rdxB, and hemA and hemT, are thought to be very 
old and possibly occurred prior to the evolution of the 
Rba. sphaeroides lineage (Choudhary et al., 2004), 
and therefore these gene homologs are orthologs, 

which descend from speciation events. Of the sample 
of genes listed in Table 2, many homologs exist as 
paralogs in the genomes of all three species, Rba.
sphaeroides, Rsp. rubrum, and Rps. palustris.

A. Flagellum Biosynthesis 

In Rba. sphaeroides, there are two sets of fl agellar 
biosynthesis genes on CI, albeit the second set is 
incomplete. The fi rst set of complete fl agellar genes 
(RSP0032-RSP0084) is responsible for the synthesis 
and rotation of the subequatorial fl agellum while the 
functions of the second set of incomplete fl agellar 
genes (RSP1302-RSP1330) are not known. In con-
trast, the genome of Rsp. rubrum encodes a single 
operon containing genes for fl agellum formation 
on its chromosome. However, the genome of Rps.
palustris encodes a single copy of the genes required 
for fl agellum formation, except fl gC, fl gE, and fl gG,
which are encoded in gene paralogs. 

The Rba. sphaeroides fl agellar genes in the fi rst 
operon are expressed in all growth conditions exam-
ined, such as aerobic, semiaerobic, and photosynthetic 
(J. Roh, unpublished results). Although  microarray 
expression of the second set of Rba. sphaeroides
genes was undetected in any of the growth condi-
tions tested (J. Roh, unpublished), and therefore the 
functions of these genes are unknown, the fi nding of 
two copies of most of the structural genes for fl agel-
lum formation is very signifi cant. The cluster of the 
second set of genes in Rba. sphaeroides appears to 
be horizontally acquired, and these genes were shown 
to coexist with the endogenous (fi rst) set of fl agellar 
genes (Poggio et al., 2007). It was speculated that the 
second set of genes for fl agellum biosynthesis in Rba.
sphaeroides could be required for surface transloca-
tion using lateral fl agella during  biofi lm production or 
another hypothetical type of alternative life style of 
this organism, as has been shown in other organisms 
(Capdevila et al., 2004; Kanbe et al., 2007). Bacterial 
cell motility in other organisms is very important in 
colonization since non-motile mutants of Pseudo-
monas (P.) fl uorescens are severely impaired in root 
colonization (Capdevila et al., 2004). It has been 
noticed that the predominance of fl agella variants 
with enhanced surface motility reach the distal part 
of the rhizosphere, which is not easily traveled by the 
wild type strains of P. fl uorescens (Sanchez-Contreras 
et al., 2002). It remains to be seen if the second set 
of fl agellar genes of Rba. sphaeroides has strong 
homology with the fl agellar genes of organisms such 
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Table 2. List of gene homologs and number of genes in functional classes

Metabolic pathways/Genes Number of genes encoded in genomes of
Rba. sphaeroides Rsp. rubrum Rps. palustris

Flagellum biosynthesis
motA 2 1 1
fl gA 2 1 1
fl gC 1 1 2
fl gE 2 1 2
fl gG 1 1 2
fl gH 2 1 1
fl gI 2 1 1
fl gL 2 1 1
fl iE 2 1 1
fl iF 2 1 1
fl iG 2 1 1
fl iH 2 1 1
fl iM 2 1 1
fl iQ 2 1 1
fl iR 2 1 1
fl hB 2 1 1

Chemotaxis
cheA 3 3 3
cheB 2 3 2
cheY 10 21 3
cheW 4 4 4
cheR 3 4 4

Photosynthesis
pucA 2 2 6
pucB 2 2 8
pucC 1 2 1

CO2 fi xation
cbbA 2 1 1
cbbF 2 1 1
cbbP 2 1 1
cbbL 2 1 2
cbbG 3 1 1
cbbT 2 2 2 
dxs 2 2 1

Energy production
 (Extra ATPase subunit) 
nuoA 2 1 1
nuoB 2 2 2
nuoC 2 2 2
nuoD 2 2 2
nuoE 2 1 2
nuoF 2 1 2
nuoG 2 1 2
nuoH 2 2 2
nuoI 1 1 2
nuoJ 2 1 2
nuoK 1 2 2
nuoL 1 1 2
nuoM 2 2 2
nuoN 1 2 2
atp (b subunit) 2 2 2
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Metabolic pathways/Genes Number of genes encoded in genomes of
Rba. sphaeroides Rsp. rubrum Rps. palustris

DNA Replication and 
partitioning
parA 4 1 3
repA 3 3 1
parB 7 1 3
repB 2 1 1
dnaE 2 1 2
dnaN 1 3 2

Amino acid biosynthesis
trpB 2 2 2
glnA 5 2 4

Lipid metabolism
Ech (Enoyl-CoA hydratase) 6 6 23

Heat shock proteins
groES 1 2 2
groEL 3 2 2

Tetrapyrrole biosynthesis
hemA/hemT 2 2 2
hemN 2 1 1

Sigma factors
rpoN 4 1 1
rpoH 2 1 1

Transcription regulators
DoeR family 4 6 1
LysR family 23 26 27
LuxR family 13 6 11
MarR family 5 10 20
ArsR family 6 6 9
AsnC family 10 10 5
Crp family 8 5 13
GntR family 27 12 13
MerR family 6 5 3
TetR family 9 18 39
IclR Family 2 2 6
AraC Family 10 18 23
Helix-turn-helix, Fis type 1 16 8
Helix-turn-helix, CopG family 2 10 2
Histidine kinases 29 54 64
Response regulators 51 47 70
Sigma factors 17 17 19

Others
Transposases 34 26 16
Dehydrogenases 195 111 194

Source of data: (http://img.jgi.doe.gov; Choudhary et al., 2004; Larimer et al., 2004).

Table 2. Continued

as P. fl uorescens, where the functions of these genes 
have been implicated for root colonization. Flagellar 
motility and behavioral responses are discussed in 
this book elsewhere (Chapter 32, Armitage).

All three of Rba. sphaeroides, Rsp. rubrum and 

Rps. palustris possess a number of gene paralogs 
in chemosensory pathways. There are 21 copies of
cheY ( chemotaxis-specifi c response regulator) in Rsp. 
rubrum, which is twice the number of cheY paralogs 
(10 copies) present in the Rba. sphaeroides genome. 
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However, the genome of Rps. palustris encodes only 3 
copies of cheY. Thus, Rsp. rubrum and Rba. sphaeroi-
des display a high level of cheY diversity compared to
Rps. palustris, which may allow the former two spe-
cies to exploit more diverse environments. However, 
the number of methyl accepting chemotaxis genes, 
such as cheA, cheB, and cheR moderately vary (2 to 
4 copies) in the three species, as shown in Table 2. 
Thus, methyl accepting chemotaxis genes, being the 
best indicators of the ability of a bacterium to exploit 
diverse environments, do not indicate great difference 
in these three species.

B. CO2 Utilization and Photosynthesis 

The purple photosynthetic bacteria serve as model 
organisms for the study of autotrophy and its rela-
tionship to photosynthesis. This group of organisms 
can grow in different growth conditions that use the 
Calvin cycle for CO2 assimilation. CO2 fi xation and 
carbon metabolism are described elsewhere in this 
book (Chapter 28, Romangnoli and Tabita). Genes 
encoding enzymes and regulatory proteins of the 
Calvin cycle have been identifi ed from a variety of 
bacteria, but the organization and the regulation of 
these genes are known in detail in only some organ-
isms, including Rba. sphaeroides. Gene  paralogs in 
the pathway of Calvin cycle are more abundant in Rba. 
sphaeroides than in Rsp. rubrum and Rps. palustris.
For example, there are two homologs of cbbA, cbbF,
cbbP, cbbL, cbbT, and dxs; and three homologs of 
cbbG in Rba. sphaeroides as shown in Table 1. How-
ever, Rsp. rubrum possesses two homologs of cbbT
and dxs, while the genome of Rps. palustris contains 
paralogs of cbbT and cbbL, but on the other hand Rsp.
rubrum does not have paralog of cbbL.

Photosynthesis is the essential characteristic of 
this group of organisms. Most of the genes involved 
in photosynthesis are located in a  photosynthesis 
gene cluster (PGC) that contains  reaction center 
(RC), light-harvesting complexes, and  bacterio-
chlorophyll and  carotenoid biosynthesis genes. The 
pucBA structural genes encode the apoproteins of 
the  light-harvesting complex, LH2 (B800-850) β-
and α-polypeptides. Paralogs of pucBA are located 
about 1.36 Mb apart on CI of Rba. sphaeroides. The 
puc2B-encoded polypeptide is almost identical to the 
puc1B-encoded polypeptide. However, the N-terminal 
48 amino acid residues of puc2A and puc1A exhibit 
a lower level of sequence conservation, and it is sus-
pected that the puc2A gene is a pseudogene or/and 

may be in the process of acquiring a new function 
(Zeng et al., 2003). The expressions of these two 
puc operons in Rba. sphaeroides are both oxygen 
and light dependent. In contrast, the genome of Rsp.
rubrum lacks pucBA (Bérard et al., 1986; Hessner 
et al., 1991), while the genome of Rps. palustris
encodes four complete sets and one incomplete set 
of LH2 genes (Larimer et al., 2004). Two of the four 
complete sets of pucBA genes are located adjacent 
to the bacteriophytochrome genes that may regulate 
LH2 complex gene expression. However, only one 
pucBA operon is located in the PGC of Rba. sphaer-
oides. The high number of LH2 (pucBA) genes ap-
pear to encode different types of LH2 complexes in 
Rps. palustris, which help to adapt Rps. palustris in 
harvesting different wavelengths of light (Hartigan 
et al., 2002; Tharia et al., 1999; Chapter 40, Evans et 
al.). Thus, Rps. palustris appears to be more versatile 
for photosynthetic growth. The pufBA genes, which 
encode LH1 polypeptides, are highly conserved in 
Rba. sphaeroides, Rps. palustris and Rsp. rubrum.
In addition, the genes encoding the RC L, M, and H 
polypeptides of Rps. palustris are highly conserved 
and are 45 to 60% similar at the amino acid sequence 
level to the homologs of Rba. sphaeroides, but these 
genes are more closely related to  Bradyrhizobium
ORS278 (Giraud et al., 2000), and therefore these 
three genes (pufL, pufM, and pufH) may have been 
acquired by horizontal transfer from Bradyrhizobium,
or vice versa.

C. Energy Production 

The NADH: ubiquinone oxidoreductase (complex I), 
an enzyme of the photosynthetic as well as aerobic and 
anaerobic respiratory chains (Hirst, 2005), consists 
of 13 subunits, NuoA through NuoN. The genomes 
of Rba. sphaeroides, Rsp. rubrum, and Rps. palus-
tris encode two nuo operons, one of which contains 
an incomplete set of nuo genes. Many of these nuo
genes were identifi ed as paralogs in these species as 
shown in Table 2, however their functions are not yet 
known. Expression of the nuo genes in P. fl uorescens
is increased under low oxygen tension, and their levels 
of expression vary during different growth phases 
(Camacho Carvajal et al., 2002). Mutation in the nuo
gene(s) in P. fl uorescens has been shown to impair the 
root-colonization ability in tomato rhizosphere, due 
to the low oxygen availability (Camacho Carvajal et 
al., 2002). A better understanding of the regulation 
of the paralogs of nuo genes could possibly indicate 
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whether Rba. sphaeroides, Rsp. rubrum or Rps. palus-
tris is involved in a symbiotic association involving 
the gene products of the nuo genes.

Enzymes in the F0F1 family of proton-translocat-
ing ATPases and ATP synthases are essential in all 
bacterial growth conditions. The general structure of 
ATP synthase is highly conserved (Borghese et al., 
1998a,b), and it was found that there are ten genes 
contained in two operons, atpHAGDC and atpFXEBI,
in Rba. capsulatus and Rba. sphaeroides. This type 
of gene organization seems to be unique to other 
members of Rhodospirillaceae. All three representa-
tives of the purple photosynthetic bacteria examined 
in this chapter possess a total of these 10 genes, of 
which eight genes encode essential subunits of the 
ATP synthase. In addition to these essential subunits, 
atpX and atpI encode for b́  and I subunits, respec-
tively. While the function of the atpI gene remains 
unknown, a duplicated and divergent copy of the b 
subunit gene (b´ subunit) was identifi ed in all three 
species and its function was linked to proton transport. 
In Cyanobacteria, it has been shown that when an 
additional b subunit gene is present, a b2 heterodimer
(bb´) is formed (Dunn et al., 2001), that could lead 
to different rates of proton transport (Turina et al., 
2006). Since the duplication of a divergent b subunit 
gene was found only in the photosynthetic prokaryotes 
and the plant chloroplast (Borghese et al., 1998b), 
the role of gene duplication has been implicated in 
an alternative life style or photosynthesis, which may 
possibly require different levels of protons per ATP 
hydrolyzed in order to adapt to a specifi c growth 
condition (Cross and Taiz, 1990).

Rba. sphaeroides possesses gene homologs, rdxB
and rdxA (Neidle and Kaplan, 1992), encoding 
membrane bound ferredoxin-like proteins that are 
homologs of the  Rhizobium meliloti fi xG. RdxB is 
involved in photosynthesis gene expression under 
aerobic growth,  carotenoid biosynthesis, and the 
expression of the  cbb3 cytochrome oxidase. These 
fi ndings suggest that rdxB along with other genes in 
this cluster (rdxBHIS) on CI are part of the same signal 
transduction pathway, and might control directly or 
indirectly the redox state of the cell. In contrast, the 
other copy (rdxA) on CII is expressed in a number 
of growth conditions (Pappas et al., 2004), but no 
specifi c function has been determined. A homolog 
of rdxBHIS of Rba. sphaeroides is also present in 
the genome of Rps. palustris, but no such homolog 
is found in Rsp. rubrum. Therefore, rdxBHIS genes 
are not essential effectors of photosynthesis, but they 

may possibly modulate photosynthesis gene expres-
sion differentially in the environments where both 
Rba. sphaeroides and Rps. palustris are naturally 
established.

D. Tetrapyrrole Biosynthesis 

The enzyme 5-aminolevulinic acid synthase (ALAS) 
catalyzes the fi rst and rate-limiting step in a branched 
pathway for  tetrapyrrole biosynthesis, which is dis-
cussed thoroughly elsewhere in this book (Chapter 
39, Zeilstra-Ryalls). There are two ALAS genes, 
hemA and hemT in the Rba. sphaeroides genome, 
localized on CI and CII, respectively (Neidle and 
Kaplan, 1993a; 1993b). Both Rsp. rubrum and Rps.
palustris encode homologs of the gene for ALAS on 
their chromosomes. It has been demonstrated that 
both hemA and hemT contribute to the overall cel-
lular levels of ALA in Rba. sphaeroides, however the 
mRNA from hemT was not detected (Zeilstra-Ryalls 
and Kaplan, 1995). In addition to the difference in 
gene regulation and possibly the biochemical proper-
ties of the two isozymes, their cellular localizations 
are thought to be different; one is localized in the 
cytoplasm and other appears to be in the membrane 
bound fraction (Fanica-Gaignier and Clement-Metral 
1973; Bolt et al., 1999). It remains to be examined 
whether paralog copies of ALAS genes also follow 
the same pattern of expression in Rsp. rubrum and 
Rps. palustris.

E. Sigma Factors 

Prokaryotic transcription initiation requires different 
types of  sigma (σ) factors, which are activated in 
response to different environmental conditions. The 
genomes of Rsp. rubrum and Rps. palustris contain 
a single σ54 homolog encoded by the rpoN gene. 
However, the Rba. sphaeroides genome contains four 
σ54 homologs encoded by rpoNI, rpoNIII and rpoNIV,
located on CI, and rpoNII located on CII. rpoNI is
located within the nif gene cluster containing genes 
for nitrogen fi xation (Suwanto and Kaplan, 1989a). 
Deletion of rpoNI resulted in reduced  diazotrophic 
growth of Rba. sphaeroides (Meijer and Tabita, 
1992). In contrast, rpoNII, is not involved in either 
diazotrophic growth or in the synthesis of nitrogenase 
activity (Smith and Kaplan, unpublished). The rpoNIII

gene lies ~100 bp downstream of fl iC and might be 
involved in fl agellar biosynthesis and/or cell motility 
(Mackenzie et al., 2001). The physical proximity of 
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rpoNIII and fl iC suggests their involvement in fl agel-
lum formation as in other bacterial species. The nega-
tive control of fl agellum formation in Pseudomonas
species was seen to be mediated by either structural 
proteins of the fl agella or regulatory proteins such 
as RpoN, RpoF (FliA), or/and FleQ (Kieboom et al., 
1998). In Pseudomonas aeruginosa, both copies of 
the rpoN gene, which encode the alternative sigma 
factor, σ54, as well as fl iC, encoding the fl agellar 
subunit protein fl agellin, were found to be essential 
for fl agellum formation and motility (Garrett et al., 
1999). There is no obvious operon near the Rba.
sphaeroides rpoNII or rpoNIV that could provide a 
clue as to their possible function(s).

Similarly, two rpoH genes encoding σ32 homologs 
are present in the Rba. sphaeroides genome, but 
found only in single copy in both Rsp. rubrum and 
Rps. palustris. Each of these two alternative sigma 
factors (RpoHI and RpoHII) may contribute to the 
 heat-shock response since cells lacking only one of 
these proteins are able to grow at elevated tempera-
tures (Karls et al., 1998; Green and Donohue, 2006). 
However, RpoHII expression appears to be dependent 
on the extracytoplasmic function of  sigma factor, σE

(Anthony et al., 2005), and it was suggested that the 
role of RpoHII is tightly linked to the singlet oxygen 
stress response. In contrast, cells lacking RpoHI are
more sensitive than wild type cells to oxyanions 
(Karls et al., 1998), suggesting a role for this protein 
in another potential stress pathway.

F. Molecular Chaperones 

Molecular  chaperones are commonly called heat-
shock proteins, which help protein folding. Chap-
erones exist in many different families and they 
are expressed under conditions of high stress. The 
GroEL/GroES complex (HSP60), well-characterized 
in E. coli, is a large (~1 MDa) chaperone in bacteria. 
The genome of Rba. sphaeroides contains two groESL
operons, one of which encodes groES and the other 
groEL genes. Transcription of the groESL1 genes was 
observed to be low under photoautotrophic growth 
conditions. However, no transcript was detected for 
the groESL2 operon under growth conditions exam-
ined so far (Smith and Kaplan, unpublished). Seem-
ingly, Rsp. rubrum and Rps. palustris also possess 
one each of groES and groEL, but their functions are 
not yet determined.

IV. Variation in Transcriptional Regulation 
and Adaptation to Changing Environments

 Transcriptional regulation serves the primary mecha-
nisms of adaptation in prokaryotes. Bacterial cells 
sense environmental signals using sensor kinases, and 
typically transmit these signals by phosphorylation 
of response regulators, which may activate or repress 
transcription of specifi c genes. Rba. sphaeroides,
Rsp. rubrum, and Rps. palustris possess 80, 101, and 
134 signal transduction genes (encoding histidine 
kinases and response regulators), respectively. The 
greater number of signal transduction genes in Rps.
palustris may possibly provide this species the abil-
ity to control many different physiological processes 
involving transcriptional regulators. The networks 
of transcriptional controls are discussed elsewhere 
in this book (Chapter 35, Bauer et al., Chapter 36, 
Klug and Masuda), therefore only a brief overview 
of diverse families of regulatory proteins found in 
these species is provided here.

The families of transcription regulatory proteins 
(Martinez-Bueno et al., 2004), such as AsnC, AraC, 
Crp, GntR, LysR, LuxR, TetR and the number of 
paralogs encoded in the Rba. sphaeroides, Rsp. ru-
brum, and Rps. palustris genomes are listed in Table 2. 
Many of these proteins are predicted to contain  mul-
tiple domain motifs (Pareja et al., 2006). Since LysR 
regulatory proteins act as either activator or repressor, 
which are commonly found in bacteria and archaeae, 
it is not surprising that all three species possess a 
comparable number of LysR in their genomes. LysR 
regulatory proteins induce gene expression involved 
in multiple pathways, including  pathogenicity, and 
 biofi lm production in other species (Kovacikova et 
al., 2005). However, their specifi c functions have not 
been yet determined in these three species.

The Rba. sphaeroides genome encodes 27 GntR-
like regulatory repressors, which are also found in 
diverse groups of bacterial species. In contrast, Rps.
palustris and Rsp. rubrum encode only half the num-
ber of GntR proteins as compared Rba. sphaeroides.
GntR regulatory proteins have been shown to sense 
cellular signals, and stimulate antibiotic production 
and carbon utilization (Hillerich and Westpheling, 
2006). Thus, the possession of a variety of GntR 
regulators in these species may possibly play an 
important regulatory role in secondary metabolite 
production and carbon metabolism.

In comparison to Rba. sphaeroides and Rsp. ru-
brum, the genome of Rps. palustris encodes more 
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copies of MarR regulatory proteins. This class of 
regulator often negatively regulates the expression 
of antibiotic resistance genes. In Rps. palustris,
the BadR protein, a member of the MarR family, 
positively regulates expression of genes for anaerobic 
 benzoate degradation (Egland and Harwood, 1999). 
In addition, the genome of Rps. palustris possesses 
a much higher number of TetR and AraC regulatory 
proteins. TetR regulators are involved in transcrip-
tional control of  multidrug effl ux pumps, antibiotic 
production, pathogenicity, and responses to  osmotic 
stress (Ramos et al., 2005). Activators belonging to 
AraC family are involved in  quorum sensing, signal-
ing, and the production of virulence factors (Ramos, 
2002). In addition to the high copies of LysR type 
transcriptional regulators, Rsp. rubrum also possesses 
moderately high copies of TetR, AraC, MarR, and 
AsnC families of transcriptional regulators.

Although the comparative analysis of gene se-
quences has been helpful in the prediction of the 
structure-function of proteins, the regulation of 
these genes depends on their upstream regions with 
different regulatory motifs. For example, DNA 
sequences predicted to bind helix-turn-helix motifs 
are more abundantly found in Rsp. rubrum than the 
same sequences found in the genomes of the other 
two species (M. Choudhary, unpublished). Therefore, 
the number of regulatory proteins found within each 
of these organisms and the corresponding variation 
in number of DNA binding motifs located in the 
respective genome, may possibly play an important 
role in different strategies for global transcriptional 
regulation in each of the three species. 

V. Transposons and Genomic 
Rearrangements

 Insertion sequences (IS) consist of a large group of 
bacterial mobile elements, and are known to comprise 
up to 2 to 5% of genomic DNA in most bacterial 
genomes (Mahillion et al., 1999; Chandler and Mahil-
lion, 2002). IS elements encode transposases required 
for transposition that helps the bacterial genome to 
acquire accessory functions and antibiotic resistance 
genes. Rba. sphaeroides and Rsp. rubrum contain 34 
and 26 transposase genes, respectively. However, Rps. 
palustris contains only seven transposase genes indi-
cating a minor role of transposon-induced genomic 
variation in this species. In contrast to strain Rps.
palustris CGA009, other strains of Rps. palustris

(http://img.jgi.doe.gov) possess equivalent number 
of transposases as found in either Rba. sphaeroides
2.4.1 or Rsp. rubrum ATCC 11170. On the contrary 
to Rba. sphaeroides 2.4.1, another strain of Rba.
sphaeroides (ATCC 17029) contains a reduced 
number of transposases in its genome (http://img.
jgi.doe.gov). Members of the IS66 family are found 
in all three of the genomes considered here, and are 
widely distributed in Gram-negative bacteria, such 
as in Agrobacterium, Rhizobium, Escherichia, Pseu-
domonas, and Vibrio (Han et al., 2001).

Although Rba. sphaeroides, Rsp. rubrum, and Rps.
palustris harbor similar families of transposons in 
their genomes, the numbers vary in different strains 
within species, and therefore transposon-generated 
functions possibly play an important role in strain dif-
ferentiation or intra-species variation. This hypothesis 
has recently been supported by a comparative genome 
analysis of the three strains of Rba. sphaeroides,
2.4.1, ATCC 17029, and ACC 17025, which revealed 
a rapid nucleotide divergence between orthologs 
of CII-specifi c DNA sequences (Choudhary et al., 
2007). The DNA divergence could be the result of 
rearranged DNA sequences mediated by insertion 
sequences, gene duplications or/and newly acquired 
genetic elements on CII. The rapid evolution of CII 
suggests that accumulation of genetic variants in 
CII may play a major role in strain differentiation in 
Rba. sphaeroides.

VI. Circadian Clock and Gas Vesicle 
Proteins

 The existence of  circadian clock genes, kaiB and 
kaiC, has been reported among the purple bacte-
ria (Mackenzie et al., 2001; Larimer et al., 2004). 
In Rba. sphaeroides, both genes are located on a 
plasmid while in Rsp. rubrum and Rps. palustris,
these two circadian clock genes are located on the 
chromosome. Although circadian clock genes have 
previously been identifi ed in many cyanobacterial 
species (Johnson and Golden, 1999), the function of 
these genes in the anoxygenic photosynthetic bacteria 
has yet to be determined. These species generate 
enough energy by  photophosphorylation during 
daylight hours, but an inadequate amount of sunlight 
is available at night. Therefore, these organisms may 
use other organic compounds as an energy source 
when sunlight is absent or limiting. Thus, circadian 
regulation of redox reactions such as nitrogen fi xa-
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tion or other physiological processes could require 
these time-keeping genes. For example, gas vesicle 
proteins are encoded on CII of Rba. sphaeroides.
Surprisingly, gas vesicle proteins are not encoded in 
the genome of either Rsp. rubrum or Rps. palustris.
We speculate that gas vesicles may possibly play an 
important role in the fl otation of Rba. sphaeroides
at low light intensities or sinking of the cells under 
intense light, in conjunction with day-night cycles. 
It remains to be seen whether the expression of gas 
vesicle genes and circadian clock genes are linked 
in Rba. sphaeroides. If so, Rba. sphaeroides and 
Rps. palustris may use different strategies to adjust 
to different light intensities. 

VII. Inorganic Compounds as Reducing 
Power

In addition to carbon dioxide and nitrogen assimila-
tion, many inorganic compounds such as thiosulfate, 
hydrogen gas, as well as organic compounds such as 
formate, serve as reductants for autotrophic growth. 
The genomes of Rps. palustris, Rba. sphaeroides,
and Rsp. rubrum encode a cluster of 20 genes for the 
synthesis of a nickel-containing uptake hydrogenase 
(Larimer et al., 2004), which may provide reducing 
power for autotrophic growth.

Genes homologous to the sox genes encode cy-
tochrome c oxidoreductases and are found in many 
sulfur-oxidizing organisms (Friedrich et al., 2001). 
Genomes of Rba. sphaeroides, Rps. palustris, and 
Rsp. rubrum encode sox genes, which may allow 
autotrophic growth by oxidation of reduced sul-
fur-compounds. In addition, the genomes of Rba.
sphaeroides, Rps. palustris, and Rsp. rubrum encode 
carbon monoxide dehydrogenases and a formate 
dehydrogenase. This is not a surprising observation 
since these three species exist in diverse ecological 
niches where carbon monoxide and formate may be 
produced by either usual metabolism or/and photo-
oxidation of atmospheric hydrocarbons (Conrad, 
1988). Thus, it is possible that all three of these 
organisms may be able to oxidize CO and reduced 
sulfur compounds. 

VIII. Genomic Insights into the 
Photosynthetic Lifestyle

These genome sequences have also provided new per-

spectives on the photosynthetic lifestyle of bacteria. 
As discussed in section III.B on CO2 utilization and 
photosynthesis, Rba. sphaeroides and several other 
purple photosynthetic bacteria contain a ~65 kb region 
of the genome, which is known as the photosynthesis 
gene cluster (PGC) that houses many of the genes 
required for photosynthetic growth. Genes within 
this PGC encode enzymes for  bacteriochlorophyll 
and  carotenoid biosynthesis, the structural genes for 
pigment-binding proteins of the  light-harvesting and 
 RC complexes, electron carriers like   cytochrome c2,
and conserved proteins of unknown function (Choud-
hary and Kaplan, 2000). This is a striking example 
of a large region with high conservation among the 
genomes of Rba. sphaeroides, Rsp. rubrum and Rps.
palustris. Given what is known about the control of 
Rba. sphaeroides photosynthetic membrane assembly, 
it is not surprising that expression of the genes in this 
region respond to signals that regulate the synthesis 
of the photosynthetic apparatus (Roh et al., 2004). 
Genome-wide expression studies have also provided 
insight into new gene products or metabolic pathways, 
which are required for photosynthetic growth in Rba.
sphaeroides (Tavano et al., 2005) and possibly other 
bacteria. Given the differences in gene expression 
that have been noted among other photosynthetic 
bacteria, it will be interesting to see if these patterns 
are conserved across genus and species lines.

Another genome-based approach to identify what 
is needed for bacterial photosynthesis has been based 
on obtaining protein blueprints of whole cells or 
subcellular fractions that contain the photosynthetic 
apparatus. For example, by determining the protein 
abundance and composition of either whole cells 
or purifi ed cell fractions (cytoplasm, cytoplasmic 
membrane, periplasm, outer membrane), including 
the purifi ed photosynthetic membrane ( chromato-
phores) ~2000 proteins have been identifi ed (Fejes 
et al., 2003; Callister et al., 2006a,b; VerBerkmoes et 
al., 2006). When analyzing the protein composition 
of Rba. sphaeroides chromatophores of known purity, 
~100 proteins have been identifi ed that were present or 
enriched in this fraction, including the light-harvest-
ing, reaction center and  bioenergetic enzymes (cyto-
chrome bc1 complex, F1F0 ATPase) that were known to 
be present in these photosynthetic membranes (Zeng 
et al., 2007). However, many chromatophore proteins 
are either of unknown function or are homologs of 
proteins that were not found in the photosynthetic 
apparatus. In contrast, many of the PGC proteins that 
are required for pigment biosynthesis were not found 
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in the purifi ed chromatophores, suggesting that these 
pigments are synthesized elsewhere and subsequently 
inserted into intact pigment-protein complexes before 
or during insertion into the specialized domain of the 
inner membrane. Indeed, most of the chromatophore 
proteins are encoded by genes that lie outside the PGC 
(Fejes et al., 2003; Zeng et al., 2007). This illustrates 
the types of new information that can be derived from 
genome-enabled analysis of solar energy utilization 
in these and other bacteria.
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