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Abstract. A 37-kb photosynthesis gene cluster was se-
quenced in a photosynthetic bacterium belonging to the
b subclass of purple bacteria (Proteobacteria), Rubri-
vivax gelatinosus.The cluster contained 12 bacteriochlo-
rophyll biosynthesis genes (bch), 7 carotenoid biosyn-
thesis genes (crt), structural genes for photosynthetic
apparatuses (puf andpuh), and some other related genes.
The gene arrangement was markedly different from
those of other purple photosynthetic bacteria, while two
superoperonal structures,crtEF–bchCXYZ–pufand
bchFNBHLM–lhaA–puhA,were conserved. Molecular
phylogenetic analyses of these photosynthesis genes
showed that the photosynthesis gene cluster ofRvi. ge-
latinosuswas originated from those of the species be-
longing to thea subclass of purple bacteria. It was con-
cluded that a horizontal transfer of the photosynthesis
gene cluster from an ancestral species belonging to thea
subclass to that of theb subclass of purple bacteria had
occurred and was followed by rearrangements of the op-
erons in this cluster.

Key words: Horizontal gene transfer — Photosynthe-
sis gene cluster — Purple bacteria —Rubrivivax gelati-
nosus— Superoperon — Phylogenetic tree

Introduction

It has been well established that a large cluster of genes
required for photosynthesis exists in purple bacteria

(Proteobacteria), although the significance of this cluster
has not been fully clarified. In the purple bacterium,
Rhodobacter capsulatus,the photosynthesis gene cluster
consists of several overlaps of transcriptional units (Be-
atty 1995) and shares more than 1% of the total genome.
Photosynthesis gene clustering has not been reported in
any other classes of eubacteria with the exception of
heliobacteria (Xiong et al. 1998).

The photosynthetic apparatus of purple bacteria con-
sists of a reaction-center complex and light-harvesting
complexes. These complexes contain bacteriochloro-
phylls and carotenoids to absorb light energy and convert
it to electrochemical energy. The genes coding for the
two core proteins of the reaction-center complex of
purple bacteria, the L and M subunits, form an operon
calledpuf with the genes for the two small hydrophobic
proteins of the core light-harvesting (LH1) complex, the
a and b subunits. The H subunit of the reaction-center
complex is coded by thepuhA gene and is included in
another operon,puh (Bauer et al. 1991). We have pre-
viously described the horizontal transfer of thepuf op-
eron in purple bacteria. The phylogenetic tree based on
the genes coding for the L and M subunits was incon-
sistent with those based on the sequences of 16S rRNA
and soluble cytochromec (Nagashima et al. 1993, 1994,
1997). It was suggested that thepuf genes ofRvi. gelati-
nosusand the related species were obtained from other
purple bacteria distantly related to these species by hori-
zontal gene transfer (Nagashima et al. 1997).

Genes required for the syntheses of bacteriochloro-
phyll a and carotenoids have been mapped on the DNAs
of some purple nonsulfur bacteria using the techniques of
gene disruption and complementation (Taylor et al.
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1983; Coomber et al. 1990; Yildiz et al. 1992). In two
closely related purple bacteria,Rba. capsulatusandRho-
dobacter sphaeroides,most of the genes required for the
biosyntheses of bacteriochlorophylls and carotenoids are
flanked by puh and puf operons (Youvan et al. 1984;
Naylor et al. 1999). Pigment biosynthesis genes also
form operons, which are further organized into transcrip-
tional units called “superoperons” (Young et al. 1989;
Wellington et al. 1991; Bauer et al. 1991). The total size
of this photosynthesis gene cluster is approximately 46
kb in Rba. capsulatus(Youvan et al. 1984).Rhodocista
centenariaalso seems to have a similar arrangement of
photosynthesis genes (Yildiz et al. 1992). In addition,
several photosynthesis genes that have been cloned and
sequenced in two other purple bacteria,Rhodospirillum
rubrumandAcidiphilium rubrum,showed arrangements
consistent with those in theRhodobacterspecies (Berard
and Gingras 1991; Masuda et al. 1999). A genome-
sequencing project forRhodopseudomonas palustrisis
now in progress, and most of the photosynthesis genes
appear to be clustered in this species (http://spider.
jgi-psf.org/JGI_microbial/html/). These species all be-
long to thea subclass of purple bacteria, which is one of
three subclasses,a, b, andg, containing photosynthetic
species (Woese 1987).

In Rvi. gelatinosus,a carotenoid biosynthesis gene,
crtD, was recently shown to be located downstream of
the puf operon (Nagashima et al. 1995), indicating that
the gene arrangement in the photosynthesis gene cluster
of Rvi. gelatinosusdiffers from those of other purple
bacteria (Ouchane et al. 1997a). In this study, the whole
nucleotide sequence of the 37-kb photosynthesis gene
cluster ofRvi. gelatinosusIL144 was determined. The
photosynthesis genes inRvi. gelatinosusshowed signifi-
cantly high sequence identities to those in the species of
the a subclass, although the gene arrangement inRvi.
gelatinosuswas markedly different from those in previ-
ously characterized photosynthesis gene clusters. A por-
tion of these results has already been published in the
form of a preliminary report (Igarashi et al. 1998).

Materials and Methods

Cloning and Sequencing.The Rvi. gelatinosusstrain IL144 was
grown anaerobically in light at 30°C in a PYS medium (Nagashima et
al. 1996). The genomic DNA was purified, partially digested with
Sau3AI, and ligated to a uniqueBamHI site of the SuperCos1 cosmid
vector (Stratagene, La Jolla, CA). The cosmid library was screened by
colony hybridization using a32P-labeled 0.9-kb DNA fragment con-
taining the 58 region of thecrtD gene ofRvi. gelatinosuscloned pre-
viously (Nagashima et al. 1996). Three positive colonies were picked
up and named pgc#6, pgc#11, and pgc#12. The nucleotide sequences of
two of these clones, pgc#6 and pgc#12, have been determined. The
cosmids were partially and randomly digested with DNaseI orHaeIII
and subcloned into pUC118 or pHSG396 plasmids. More than 400
subclones were sequenced using a Dye Terminator Cycle Sequencing
Kit and PRISM 377 or PRISM 310 DNA sequencer (PE Applied Bio-
systems, Foster City, CA). A part of the sequencing was performed

using synthetic oligonucleotides as primers. The nucleotide sequence
reported in this study was determined completely on both strands. The
nucleotide sequence data were analyzed using a DNASIS software
package (Hitachi Soft, Yokohama, Japan) and a FASTA online DNA
homology search system provided by the DNA Data Bank of Japan
(DDBJ).

Phylogenetic Tree Construction.Phylogenetic trees were drawn
using the programs ClustalX (Thompson et al. 1997) and MEGA (Ku-
mar et al. 1993). All gaps in the sequence alignment were omitted in a
pairwise manner. Construction of the trees was performed by the neigh-
bor-joining method, applying the Tamura and Nei distance as a distance
estimator. Only transversional replacement were taken into account.
However, the distance estimator for the construction of the phyloge-
netic tree of 16S rRNA was the Kimura two-parameter distance, in
which both transitional and transversional replacements were taken into
account. The sequence data obtained in this study have been submitted
to the DDBJ/EMBL/GenBank databases under accession number
AB034704. The accession numbers of the sequences used for sequence
comparison and construction of phylogenetic trees are as follows:Rba.
capsulatus,Z11165; Rba. sphaeroides,AJ010302; Rsp. rubrum,
AF018954;A. rubrum, AB017351 and AB005218; andH. mobilis,
AF080002. Other gene sequences used for the tree construction were
also obtained from the DDBJ/EMBL/GenBank databases. Preliminary
sequence data forRps. palustriswere obtained from the DOE Joint
Genome Institute (JGI) at http://spider.jgi-psf.org/JGI_microbial/html/.
DNA sequences of the presumedppx andcarA genes ofRba. sphaer-
oideswere obtained from theRhodobacter sphaeroidesgenome project
site at http://www-mmg.med.uth.tmc.edu/sphaeroides/.

Results

Genes Contained in the Photosynthesis Gene Cluster.
The insert DNA fragments of the two cosmid clones
containing photosynthesis genes ofRvi. gelatinosus,
pgc#6 and pgc#12, were sequenced. We found 55 open
reading frames (ORFs) on this sequence. Based on com-
parisons between the predicted amino acid sequences
and the known sequences of other purple bacteria (Table
1), 12 and 7 of these ORFs were respectively identified
as genes coding for biosynthesis enzymes for bacterio-
chlorophyll a and carotenoids.

The fivepufgenes coding for apoproteins of the light-
harvesting and the reaction-center complexes and the pu-
tativepuhAgene coding for the H subunit of the reaction
center were also detected among these genes. Figure 1
shows the predicted gene arrangement on the approxi-
mately 59-kb nucleotide sequence determined in this
study. The 17- to 21-kb region from the left side con-
tained thepuf operon, which has five genes coding for
the subunits of the reaction center and the light-
harvesting complexes, in addition to two ORFs with un-
known functions. The nucleotide sequence of thepuf
operon obtained in this study was consistent with the
sequence published previously (Nagashima et al. 1994)
except for three errors (a one-base insertion in the
ORF48 and two mismatches in thepufC gene, respec-
tively).

In the downstream region of thepuf operon, the ca-
rotenoid biosynthesis genes,crtD, crtC, andcrtB, were
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detected, a finding which was consistent with the results
for another strain ofRvi. gelatinosus,strain S1 (Ouchane
et al. 1997b). The amino acid sequences of the products
of these three genes were highly conserved (90, 95, and
89% identical, respectively) between the two strains. Ex-
treme overlapping ofcrtD and crtC locations (373 bp)
was also common to these two strains. However, an ORF
that has not been reported in the strain S1 was found here
betweenpufCandcrtD. This ORF was identified ascrtA
coding for a spheroidene monooxygenase, since a mutant
lacking this gene did not produce spheroidenone but
spheroidene (unpublished data).

The upstream region of theRvi. gelatinosus pufop-
eron contained possible carotenoid biosynthesis genes,
crtE andcrtF, and possible bacteriochlorophyll biosyn-
thesis genes,bchC, bchX, bchY,andbchZ,as in theRho-
dobacterspecies. Unlike what was observed in theRho-
dobacterspecies, however, the region farther upstream,
which was about 10 kb or more from thecrtE, contained
no homologues of photosynthesis genes.

The putativepuhAgene coding for the H subunit of

the reaction center inRvi. gelatinosuswas located about
8 kb downstream frompufC on the complementary
strand to thepuf genes and was followed by four ORFs.
Three of these, ORF276, ORF154, and ORF227, showed
considerably high sequence identities to the ORF274,
ORF162b, and ORF214 ofRba. capsulatus,respectively,
at the corresponding positions. However, the genes ho-
mologous to the ORF274 and ORF55 found inRba. cap-
sulatuswere not detected inRvi. gelatinosusat the cor-
responding positions. Instead, ORF358, whose product
showed 42.7% amino acid sequence identity to PNZIP, a
Leu zipper protein of a higher plant (Pharbitis nil) chlo-
roplast (Zheng et al. 1998), was located inRvi. gelati-
nosus.The region upstream of the putativepuhA con-
tained six possible bacteriochlorophyll biosynthesis
genes,bchF, bchN, bchB, bchH, bchL,andbchM,whose
products showed more than 53% amino acid sequence
identity to the products ofRba. capsulatus.Between
puhAandbchMwas located an ORF that was similar to
lhaA of Rba. capsulatusand that has been suggested
previously to function in the assembly process of LH1
(Young and Beatty 1998).

A possible repressor gene homologous tocrtJ of Rba.
capsulatusandppsRof Rba. sphaeroideswas found in
Rvi. gelatinosusin the region upstream of the presumed
bchFand was tentatively designatedppsR.This possible
repressor was not labeledcrtJ to avoid confusion with
carotenoid biosynthesis genes. In theRhodobacterspe-
cies,crtJ and ppsRhave been shown to code for tran-
scriptional repressors of pigment biosynthesis gene ex-
pression (Ponnampalam et al. 1995; Penfold and
Pemberton 1994; Gomelsky and Kaplan 1995). The pos-
sible ppsRgene inRvi. gelatinosuswas preceded by an
ORF coding for 238 amino acid residues showing sig-
nificant sequence similarities to the products of ORF192
of Rba. capsulatusandppa of Rba. sphaeroideslocated
at the corresponding position. A gene located in proxim-
ity to the possibleppsRof Rvi. gelatinosuswas identified
as a carotenoid biosynthesis gene,crtI. Mutant cells of
Rvi. gelatinosuslacking this gene accumulated phytoene
molecules, confirming that the product of this gene is
phytoene desaturase (unpublished data). In the region
upstream of thecrtI, genes presumed to be the bacterio-
chlorophyll biosynthesis genesbchG and bchP were
found. An ORF located between these genes and coding
440 amino acids showed considerably high sequence
identity to the ORF located between the corresponding
bch genes inRhodobacterspecies. No other possible
photosynthesis genes were found in the 11-kb region
downstream from the presumedbchPin Rvi. gelatinosus.

Genes Located Outside the Photosynthesis Gene
Cluster. Twenty ORFs were found outside the 37-kb
photosynthesis gene cluster in the 59-kb DNA fragment.
The proteins showing the highest sequence identities
to these ORF products are summarized in Table 2.
Four ORFs in the region upstream ofcrtE (Fig. 1, left)

Table 1 Amino acid sequence identities (%) of the gene products
predicted fromRvi. gelatinosusphotosynthesis gene cluster to the pho-
tosynthesis proteins known in other purple bacteria

Gene
product

Rba.
capsulatus

Rba.
sphaeroides

Rsp.
rubrum A. rubrum

Rps.
palustris

CrtE 50 53 (64)a 57 (52)
CrtF 37 40 (54) 49 (41)
BchC 59 57 (73) 64 (59)
BchX 74 78 (80) 76 (72) 82 (74)
BchY 69 70 (79) 71 (70) 65 (63) 75 (70)
BchZ 70 70 (82) 75 (68) 69 (63) 76 (69)
PufB 47 45 (80) 47 (44) 59 (36) 60 (40)
PufA 52 52 (76) 49 (48) 43 (55) 56 (52)
PufL 66 69 (78) 72 (70) 76 (65) 75 (67)
PufM 64 66 (77) 72 (61) 72 (61) 73 (59)
CrtA 31 31 (47)
CrtD 41 45 (55) 52 (42)
CrtC 39 40 (59) 48 (44)
CrtB 47 47 (65) 49 (49)
ORF276 38 44 (37)
ORF154 25 31 (27) 36 (27)
ORF227 41 47 (36) 39 (36)
PuhA 44 41 (66) 45 (38) 50 (41)
LhaA 51 57 (67) 63 (57) 59 (52)
BchM 53 54 (66) 67 (47)
BchL 68 70 (80) 75 (70)
BchH 58 58 (75) 60 (53) 70 (56)
BchB 65 69 (72) 70 (62) 75 (63)
BchN 65 68 (74) 69 (62) 69 (63)
BchF 69 65 (81) 61 (62) 64 (63)
Ppa 28 26 (43) 48 (26)
PpsR 31 33 (53) 52 (32)
CrtI 49 51 (69) 58 (48)
BchG 56 59 (71) 67 (54)
ORF440 53 53 (67) 59 (53)
BchP 61 60 (74) 66 (59)

a Values in parentheses are amino acid sequence identities (%) to the
corresponding gene products ofRba. capsulatus.
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were suggested to be genes coding for exopolyphospha-
tase (ppx), the menaquinone biosynthesis enzyme
(menA), the ubiquinone/menaquinone biosynthesis en-
zyme (ubiE), and coproporphyrinogen III oxidase
(hemN), respectively. The region directly upstream of
crtE contained a gene coding for a soluble cytochromec,
designatedcyc8L. This cytochrome is preferably pro-
duced under anaerobic conditions (Menin et al. 1999)
and functions as an electron donor to the reaction center

(Osyczka et al. 1997). The region downstream of the
presumedhemN contained three ORFs, ORF247,
ORF321, and ORF408, predicted to code for a soluble
cytochromec, an FeS-binding protein, and a membrane
protein, respectively. The deduced amino acid sequence
of the ORF247 product contained four binding motifs to
c-type hemes, –C–X–X–C–H. No proteins homologous
to this cytochrome were found in the databases.

The region downstream ofbchP contained nine

Fig. 1. Arrangement of genes predicted from the nucleotide sequence
of the 59-kb DNA fragment ofRvi. gelatinosuscloned in this study.
The genes are presented as arrows pointing in the direction of their
transcriptions. Genes coding for the light-harvesting and the reaction—
center apoproteins are indicated bysolid arrows.Genes assigned to

bacteriochlorophyll and carotenoid biosynthesis genes are shown by
grayandhatched arrows,respectively. The presumed operon structures
(transcription units) are given bythin arrows,based on the locations of
the possible promoter sequences shown in Fig. 2.

Table 2 Proteins showing the highest amino acid sequence identities to the deduced products ofRvi. gelatinosusgenes located outside the
photosynthesis gene cluster

Gene/ORF Best-matched protein found in databases % Identity

ppx Pseudomonas aeruginosaexopolyphosphatase protein 40.1
ORF291 Methylobacterium extorquenshypothetical protein 46.7
ORF164 Pseudomonas aeruginosahypothetical protein 35.0
menA Mycobacterium tuberculosisMenA protein (hypothetical) 30.2
ubiE Escherichia coliubiquinone/menaquinone methyltransferase 44.0
hemN Pseudomonas aeruginosaoxygen-independent coproporphyrinogen III 31.7
ORF247 None
ORF321 Archaeoglobus fulgidusmolybdopterin oxidoreductase 40.9
ORF408 Escherichia coliNrfD protein 23.1
cyc8L Rubrivivax gelatinosusATCC17011 small cytochromec 94.2
ORF1001 None
qor Mycobacterium tuberculosisfadB4 protein (hypothetical Qor) 38.6
surE Legionella pneumophilasurvival protein homologue 49.2
pcm Escherichia coliL-isoaspartyl protein carboxyl methyltransferase 41.8
nlpD Ralstonia solanacearumnovel lipoprotein NlpD 56.6
rpoS Ralstonia solanacearumalternative RNAs factor RpoS 52.6
ORF473 Vibrio sp. hypothetical protein 40.7
ORF231 Escherichia coliygcA protein (hypothetical) 35.5
carA Pseudomonas aeruginsacarbamoylphosphate synthetase small subunit 66.2
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ORFs. The region directly downstream ofbchP was
shared by an unknown gene coding for 1001 amino acids
and a possibleqor gene coding for quinone oxidoreduc-
tase. The region farther downstream contained four
ORFs suggested to besurE, pcm, nlpD,and rpoS (also
known askatF). In E. coli, the surE andpcmgenes are
cotranscribed and have been known to be expressed un-
der conditions adverse to survival (Visick et al. 1998; Li
et al. 1997). InE. coli, the product ofrpoS (or katF) is
known to be as factor,ss (or s38), which controls gene
expression in response to starvation and when the cell
growth reaches a stationary phase (Tanaka et al. 1993).
The downstream region of the presumedrpoScontained
two ORFs and a presumed gene coding for the carbam-
oylphosphate synthetase small subunit.

Possible Promoter Sequences.In Rba. capsulatusand
Rba. sphaeroides,it has been shown that the expression
of photosynthesis genes is highly regulated by environ-
mental factors, i.e., oxygen tension and light intensity
(Bauer 1995; Zeilstra-Ryalls et al. 1998). In these spe-
cies, the regions directly upstream of the bacteriochloro-
phyll and carotenoid biosynthesis genes have a consen-
sus promoter with a palindromic sequence recognized by
a repressor protein,ppsRor crtJ, working mainly under
aerobic conditions (Young et al. 1989; Ma et al. 1993;
Gomelsky and Kaplan 1995).Rvi. gelatinosusalso has a
homologue of these genes, suggesting that the photosyn-
thesis gene expression inRvi. gelatinosusis controlled
by mechanisms similar to those shown in the twoRho-
dobacterspecies. As shown in Fig. 2, 15 possibleppsR
recognition motifs with a −35s70 recognition motif,
TGT–N9–TTGACA, which was well matched with the
consensus sequence shown in theRhodobacterspecies,
were detected within the 59-kb nucleotide sequence of
Rvi. gelatinosus.The −10s70 recognition sequence was
not apparent inRvi. gelatinosus.Eight of the possible

recognition sequences located within a 100-bp region
upstream ofcrtE, bchC, bchF, crtI,and bchG of Rvi.
gelatinosus,respectively, were consistent with the loca-
tions reported in theRhodobacterspecies, with the ex-
ception of that ofbchG.A possible consensus promoter
sequence for thepuf operon reported in other purple
bacteria, however, was not detected in theRvi. gelatino-
susphotosynthesis gene cluster, although the accumula-
tion of a large amount of thepuf mRNA was apparent
(Nagashima et al. 1994).

Discussion

Conservation of Photosynthesis Superoperons.As
shown in Fig. 3, the gene arrangement in theRvi. gelati-
nosusphotosynthesis gene cluster was markedly differ-
ent from those of theRhodobacterspecies. Thepuf and
puh structural genes for the reaction center ofRvi. ge-
latinosusare located among pigment biosynthesis genes.
On the other hand, the local arrangements of some pho-
tosynthesis genes are conserved. Thepuf operon ofRba
capsulatusis cotranscribed with the upstreamcrtEF and
bchCXYZgenes, although a large amount ofpuf mRNA
is transcribed by its own promoter (Young et al. 1989;
Wellington et al. 1991).Rvi. gelatinosusalso has an ar-
rangement ofcrtEF–bchCXYZ–pufthat can be tran-
scribed under the same control mechanism as that re-
ported in Rba. capsulatus.The detection of the
consensus promoter-like sequences for the pigment bio-
synthesis genes at the regions directly upstream ofcrtE
andbchCin Rvi. gelatinosussuggests that superoperonal
structures containing thepufoperon are conserved. How-
ever, theRvi. gelatinosus puf-containing superoperon
may include thecrtA, crtD, andcrtC genes, since carot-
enoid biosynthesis was abolished when the transcrip-
tional terminator was inserted into thepuf operon

Fig. 2. Comparison of possible
promoter sequences found in this
study and those reported in other
purple bacterial photosynthesis
genes. All 15 sequences found in
the Rvi. gelatinosus59-kb DNA
fragment and showing a high
similarity (allowing up to two
mismatches) to the −35 region of
the consensus promoter sequences
for the photosynthesis genes
reported in theRhodobacterspecies,
TGT–N9–TTGACA, are shown. The
number in parentheses indicates the
number of nucleotides between the
start codon, ATG, and the right end
of the sequence.
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(Ouchane et al. 1997a). The absence of any possible
promoter sequences in the upstream regions of thesecrt
genes supports this idea.

The superoperonal gene arrangement,bchFNBHLM–
lhaA–puhA,reported inRba. capsulatus(Bauer et al.
1991; Burke et al. 1993a) was also found inRvi. gelati-
nosus.The consensus promoter-like sequence for the
pigment biosynthesis genes was also found in the region
directly upstream ofbchF in Rvi. gelatinosus,as inRba.
capsulatus(Alberti et al. 1995) andRba. sphaeroides
(Gomelsky and Kaplan 1995). In addition to this su-
peroperonal structure, three of the four ORFs located
directly downstream ofpuhA in Rvi. gelatinosuswere
highly homologous to the ORFs at the corresponding
positions inRba. capsulatus.These ORFs may be tran-
scribed as a part of thepuhsuperoperon and are likely to
work in the process of assembly of the photosynthetic
apparatus, as suggested inRba. capsulatus(Wong et al.
1996). A subcluster containingpuhA, bchP–ORF440–
bchG–ppsR–ppa–bchFNBHLM–lhaA–puhA–ORFs, was
also conserved inRvi. gelatinosus,although the locations
corresponding to thebchEandbchJgenes inRhodobac-
ter species were shared by thecrtI gene inRvi. gelati-
nosus(Fig. 3).

One explanation for the conservation of these two
superoperonal structures containingpuf and puh genes,
respectively, is the presence of strong selection pres-
sures. It has been suggested that one of the advantages
gained by the clustering of photosynthesis genes is im-
proved control of the synthesis of the photosynthetic ap-
paratus in response to changes in environmental condi-
tions, especially changes in light-intensity and redox
conditions (Yildiz et al. 1992; Wellington et al. 1992). At
the very least, this hypothesis seems to explain thepuf-
and puh-containing superoperonal structures, sinceRvi.
gelatinosusquickly and radically alters the expression
levels of the photosynthetic apparatus in response to en-
vironmental changes as well.

Horizontal Transfer of the Photosynthesis Gene Clus-
ter. Rvi. gelatinosusis a member of theb subclass of
purple bacteria and is phylogenetically distinct from the
species belonging to thea subclass (Woese 1987). How-
ever, most of the photosynthesis gene products ofRvi.
gelatinosusshowed very high sequence identities to the
gene products ofRps. palustris,a species belonging to
the a2 subgroup of purple bacteria, and these values
were considerably higher than the corresponding identi-
ties among thea-purple bacteria (Table 1). This phylo-
genetical inconsistency, as well as the strong conserva-
tion of the photosynthesis superoperonal structures,
suggests a horizontal transfer of the whole photosynthe-
sis gene cluster, as expected from our previous studies
showing the horizontal transfer of thepuf operon be-
tween a-purple bacteria andb- and g-purple bacteria
(Nagashima et al. 1993, 1997).

Figures 4B and C show the phylogenetic trees of the
bacteriochlorophyll biosynthesis genes shown in Table 1,
bchNBH (approx. 6.6 kb) andbchYZ(approx. 3.0 kb),
based on the available nucleotide sequence data. It has
been known that the products ofbchNandbchBform an
enzyme complex catalyzing tetrapyrrole reduction,
which converts a protochlorophyllide into a chlorophyl-
lide a. This reaction is followed by a second reduction to
produce a bacteriochlorophyllidea, which is catalyzed
by an enzyme complex of the products ofbchYandbchZ
in Rba. capsulatus(Burke et al. 1993a). In addition, the
amino acid sequences of the products ofbchNB show
significant similarity to those ofbchYZ,suggesting that
these gene sets have a common origin (Burke et al.
1993b). The sequence data ofbchYZhave not been re-
ported in species other than purple bacteria; therefore,
the bchNBsequence ofRba. capsulatuswas used as an
outgroup in the phylogenetic tree ofbchYZ.The phylo-
genetic trees of bothbchNBH and bchYZconsistently
showed thatRvi. gelatinosusis located within thea sub-
class of purple bacteria, which was consistent with the

Fig. 3. Comparison of photosynthesis gene arrangements betweenRvi. gelatinosusand theRhodobacterspecies.Arrowsshow the directions and
extents of the transcripts reported inRba. capsulatus.The symbols showing the photosynthetic apparatus apoprotein genes and bacteriochlorophyll
and carotenoid biosynthesis genes are as described in the legend to Fig. 1.
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phylogenetic relationships based on the nucleotide se-
quences ofpuf genes. Phylogenetic trees based on the
deduced amino acid sequences of most bacteriochloro-
phyll and carotenoid biosynthesis enzymes and other re-
lated photosynthesis gene products listed in Table 1 con-
sistently support this tree topology (data not shown).
However, phylogenetic trees based on the nucleotide se-
quences of genes outside the photosynthesis gene cluster,
ppx and carA, showed thatRvi. gelatinosusis distinct
from thea-purple bacteria and is closely related to other
b- and g-purple bacteria, which is consistent with the
relationships shown in the phylogenetic tree of 16S
rRNA (Figs. 4A, D, and E). These data indicate that
horizontal transfer of the photosynthesis gene cluster oc-
curred between ancestral species ofRps. palustrisand
Rvi. gelatinosus.

As shown in Fig. 3, the remarkable difference be-
tween the structures of the photosynthesis gene clusters
of Rvi. gelatinosusand those of other species belonging
to the a subclass can be attributed mainly to the loca-

tions of two subclusters, one containing thepuf genes
and the other containing thepuhgene. It is possible that
a donor species of the horizontal gene transfer already
had the two proximal superoperonal structures,crtEF–
bchCXYZ–pufandbchFNBHLM–lhaA–puhA,as well as
some of the regulatory and structural genes, i.e.,ppa,
ppsR,and some otherbch genes. One possible explana-
tion for the evolutionary development of the photosyn-
thesis gene cluster is that the donor species had theRho-
dobacter-like gene cluster and that the horizontal gene
transfer from this donor, possibly an ancestral species of
the a2 subgroup, to the ancestral species of theb sub-
class was followed by rearrangement of the two su-
peroperonal structures, i.e., by two inversions and/or by
translocations inRvi. gelatinosus,as shown in Fig. 3. If
this is true, the other remarkable difference—i.e., that the
four essential bacteriochlorophyll biosynthesis genes,
bchE, bchJ, bchI,and bchD, were absent in the photo-
synthesis gene cluster ofRvi. gelatinosus—might have
been due to translocations of these genes away from the

Fig. 4. Phylogenetic trees based on the nucleotide sequences of 16S
rRNA (A), bchNBH(B), bchYZ(C), carA (D), andppx (E). A gram-
positive bacterium,Heliobacillus mobilis,was used as an outgroup in
the phylogenetic tree ofbchNBH.In thebchYZtree, thebchNandbchB
sequences ofRba. capsulatuswere used as an outgroup, since these
genes have slight sequence similarity to thebchY and bchZ genes,
respectively. In other trees a nonphotosynthetic species,Aquifex aeo-
licus,was used as an outgroup. Other nonphotosynthetic species,Esch-

erichia coli, Vibrio cholerae,and Nitrosomonas europaea,were also
used in the trees of 16S rRNA,carA, andppx.The obtained bootstrap
values are presented at the corresponding nodes. The trees were con-
structed based on the neighbor-joining method applying the Kimura
two-parameter distance for 16S rRNA and the Tamura and Nei distance
for the others as distance estimators. Other necessary information for
the tree construction is given under Materials and Methods.
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cluster inRvi. gelatinosusafter the horizontal transfer of
the whole photosynthesis gene cluster.

The Hypothetical Gene Cluster for Photosynthetic
Electron Transfer.Recently, it was shown that a photo-
synthetic bacterium of gram-positive lineage,Helioba-
cillus mobilis,also has a photosynthesis gene cluster, and
that genes coding for the subunits of the cytochromebc
complex, thepet genes, are placed in proximity to this
cluster (Xiong et al. 1998). This gene arrangement seems
to be reasonable since the photosynthetic reaction center
and the cytochromebc complex form a close linkage of
electron transfer.Rvi. gelatinosusalso has ORFs for
some presumed electron transfer proteins, such as
ORF247, ORF321, and ORF408, and for possible bio-
synthesis enzymes for hemes and quinones at the flank-
ing region of the photosynthesis gene cluster. The pres-
ence of a consensus promoter-like sequence for pigment
biosynthesis gene expression in the region directly up-
stream of these genes (Fig. 2) suggests that the hypo-
thetical electron transfer proteins ofRvi. gelatinosusare
synthesized with photosynthetic apparatuses under an-
aerobic conditions and are involved in the light-driven
electron transfer pathways. This may be supported by the
facts that the consensus promoter-like sequence for ex-
pression of the pigment biosynthesis gene is located in
the region directly upstream ofcyc8Land that the syn-
thesis of the product, a soluble cytochromec8 with a low
midpoint potential, has been shown to be enhanced under
photosynthetic conditions (Menin et al. 1999).

In summary, we have provided evidence here of the
horizontal transfer of a large gene cluster for photosyn-
thesis. Sequence analyses of the whole genome ofE. coli
suggested that 755 of 4288 ORFs inE. coli have been
obtained through at least 234 horizontal gene transfer
events after the divergence from theSalmonellalineage
(Lawrence and Ochman 1998). Some of these gene trans-
fer events may have contributed new phenotypes to the
host species. In the present study, it was shown that even
a phenotype as advanced as that of photosynthesis can be
transferred between distantly related species.
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