J Mol Evol (2001) 52:333-341

DOI: 10.1007/5002390010163 ournaLof IOLECULAR
EVOLUTION

© Springer-Verlag New York Inc. 2001

Horizontal Transfer of the Photosynthesis Gene Cluster and Operon
Rearrangement in Purple Bacteria

Naoki Igarashi, Jiro Harada, Sakiko Nagashima, Katsumi Matsuura, Keizo Shimada, Kenji V.P. Nagashima

Department of Biology, Tokyo Metropolitan University, Minamiohsawa 1-1, Hachioji, Tokyo 192-0397, Japan

Received: 23 August 2000 / Accepted: 13 December 2000

Abstract. A 37-kb photosynthesis gene cluster was se<Proteobacterig, although the significance of this cluster
quenced in a photosynthetic bacterium belonging to thénas not been fully clarified. In the purple bacterium,
B subclass of purple bacterig@roteobacteriy, Rubri-  Rhodobacter capsulatuthe photosynthesis gene cluster
vivax gelatinosusThe cluster contained 12 bacteriochlo- consists of several overlaps of transcriptional units (Be-
rophyll biosynthesis gened¢h), 7 carotenoid biosyn- atty 1995) and shares more than 1% of the total genome.
thesis genesc(t), structural genes for photosynthetic Photosynthesis gene clustering has not been reported in
apparatusesp@fandpuh), and some other related genes. any other classes of eubacteria with the exception of
The gene arrangement was markedly different fromheliobacteria (Xiong et al. 1998).

those of other purple photosynthetic bacteria, while two  The photosynthetic apparatus of purple bacteria con-
superoperonal structuresrtEF-bchCXYZ—pufand  sjsts of a reaction-center complex and light-harvesting
bchFNBHLM-IhaA—-puhAwere conserved. Molecular complexes. These complexes contain bacteriochloro-
phylogenetic analyses of these photosynthesis gengshyiis and carotenoids to absorb light energy and convert
showed that the photosynthesis gene clusteRwf ge- it to electrochemical energy. The genes coding for the
latinosuswas originated from those of the species be-yyo core proteins of the reaction-center complex of
longing to thea subclass of purple bacteria. It was con- by rple bacteria, the L and M subunits, form an operon
cluded that a horizontal transfer of the photosynthesig.gjjeq pufwith the genes for the two small hydrophobic

gene cluster from an ancestral species belonging tathe proteins of the core light-harvesting (LH1) complex, the
subclass to that of the subclass of purple bacteria had , 504 g subunits. The H subunit of the reaction-center

occurred and was followed by rearrangements of the Opéomplex is coded by thpuhAgene and is included in

erons in this cluster. another operonpuh (Bauer et al. 1991). We have pre-
viously described the horizontal transfer of thef 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 cytochrome (Nagashima et al. 1993, 1994,
Introduction 1997). It was suggested that thef genes oRvi. gelati-

nosusand the related species were obtained from other
It has been well established that a large cluster of genegurple bacteria distantly related to these species by hori-
required for photosynthesis exists in purple bacteriazontal gene transfer (Nagashima et al. 1997).

Genes required for the syntheses of bacteriochloro-
phyll a and carotenoids have been mapped on the DNAs
Correspondence toKenji V.P. Nagashimae-mail: nagashima-  Of some purple nonsulfur bacteria using the techniques of
kenji@c.metro-u.ac.jp gene disruption and complementation (Taylor et al.
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1983; Coomber et al. 1990; Yildiz et al. 1992)_ In two using synthetic oligonucleotides as primers. The nucleotide sequence
closely related purple bacteri@pa. capsulatuandRho- repcl)rte_ddin this study v;as determinedlcon:jpletgly on both strandsﬁ. The
dobacter sphaeroidesyost of the genes required for the NUlectide sequence data were analyzed using @ DNASIS software
. . . package (Hitachi Soft, Yokohama, Japan) and a FASTA online DNA
biosyntheses of bacteriochlorophylls and carotenoids argymology search system provided by the DNA Data Bank of Japan
flanked by puh and puf operons (Youvan et al. 1984; (ppBJ).
Naylor et al. 1999). Pigment biosynthesis genes also
form operons, which are further organized into transcrip-  phyiogenetic Tree Constructio®hylogenetic trees were drawn
tional units called “superoperons” (Young et al. 1989; using the programs ClustalX (Thompson et al. 1997) and MEGA (Ku-
Wellington et al. 1991; Bauer et al. 1991). The total sizemar et al. 1993). All gaps in the sequence alignment were omitted in a
of this photosynthesis gene cluster is approximately 46)airyvi_sg manner. Constru_ction of the trees was p_er_formed by the‘neigh—
kb in Rba capsulatu$Youvan et al 1984)Rhod0cista bor-joining method, applying the Tamura and Nei distance as a distance
o T estimator. Only transversional replacement were taken into account.
centenariaalso seems to have a similar arrangement ofjowever, the distance estimator for the construction of the phyloge-
photosynthesis genes (Yildiz et al. 1992). In addition,netic tree of 16S rRNA was the Kimura two-parameter distance, in
several photosynthesis genes that have been cloned apdich both transitional and transversional replacements were taken into
sequenced in two other purple bacteﬂmodospirillum account. The sequence data obtained in this study have been submitted
b dAcidiphilium rubrum showed arranaements to the DDBJ/EMBL/GenBank databases under accession number
ru rl‘!m Gl . p . ! . g AB034704. The accession numbers of the sequences used for sequence
consistent with those in tHehodobactespecies (Berard  comparison and construction of phylogenetic trees are as folRia:
and Gingras 1991; Masuda et al. 1999). A genome-<apsulatus,Z11165; Rba. sphaeroidesAJ010302;Rsp. rubrum,
sequencing project foRhodopseudomonas palustiis ~ AF018954;A. rubrum, AB017351 and AB005218; an#i. mobilis,
now in progress, and most of the photosynthesis gene%FOSOOOZ. Other gene sequences used for the tree construction were

also obtained from the DDBJ/EMBL/GenBank databases. Preliminary

appear to be clustered in this Species (http://SplderSequence data fdrRps. palustriswere obtained from the DOE Joint

jgi-psf.org/JGI_microbial/html/). Thes_e Spe_Cie§ all be- Genome Institute (JGI) at http://spider.jgi-psf.org/JGI_microbial/html/.
long to thea subclass of purple bacteria, which is one of DNA sequences of the presumppxandcarA genes ofRba. sphaer-

three subclasses, 3, andvy, containing photosynthetic oideswere obtained from thRhodobacter sphaeroidggnome project
species (Woese 1987). site at http://www-mmg.med.uth.tmc.edu/sphaeroides/.
In Rvi. gelatinosusa carotenoid biosynthesis gene,

crtD, was recently shown to be located downstream of

the puf operon (Nagashima et al. 1995), indicating thatResults

the gene arrangement in the photosynthesis gene cluster

of Rvi. gelatinosudliffers from those of other purple Genes Contained in the Photosynthesis Gene Cluster.

bacteria (Ouchane et al. 1997a). In this study, the whol@he insert DNA fragments of the two cosmid clones

nucleotide sequence of the 37-kb photosynthesis geneontaining photosynthesis genes R¥i. gelatinosus,

cluster of Rvi. gelatinosudlL144 was determined. The pgc#6 and pgc#l2, were sequenced. We found 55 open

photosynthesis genes Rvi. gelatinosushowed signifi-  reading frames (ORFs) on this sequence. Based on com-

cantly high sequence identities to those in the species gfarisons between the predicted amino acid sequences

the a subclass, although the gene arrangemeriR¥n  and the known sequences of other purple bacteria (Table

gelatinosusvas markedly different from those in previ- 1), 12 and 7 of these ORFs were respectively identified

ously characterized photosynthesis gene clusters. A poas genes coding for biosynthesis enzymes for bacterio-

tion of these results has already been published in thehlorophylla and carotenoids.

form of a preliminary report (Igarashi et al. 1998). The fivepufgenes coding for apoproteins of the light-
harvesting and the reaction-center complexes and the pu-
tative puhAgene coding for the H subunit of the reaction

Materials and Methods center were also detected among these genes. Figure 1
shows the predicted gene arrangement on the approxi-

Cloning and Sequencing’he Rvi. gelatinosusstrain IL144 was mately 59-kb nucleotide Sequence determmetd in this

grown anaerobically in light at 30°C in a PYS medium (Nagashima etStudy. The 17- to 21-kb region from the left side con-

al. 1996). The genomic DNA was purified, partially digested with tained thepuf operon, which has five genes coding for

SauBAl, and ligated to a uniquBanHil site of the SuperCosl1 cosmid the subunits of the reaction center and the light-

vector (Stratagene, La Jolla, CA). The cosmid library was screened bﬁarvesting complexes, in addition to two ORFs with un-

colony hybridization using &2P-labeled 0.9-kb DNA fragment con- . .
taining the 3 region of thecrtD gene ofRvi. gelatinosusloned pre- known functions. The nucleotide sequence of M

viously (Nagashima et al. 1996). Three positive colonies were picked®P€ron obtained in this study was consistent with the
up and named pgc#6, pgc#11, and pgc#12. The nucleotide sequencess@quence published previously (Nagashima et al. 1994)
two of these clones, pgc#6 and pgc#12, have been determined. Thexcept for three errors (a one-base insertion in the

cosmids were partially and randomly digested with DNaseHaelll ORF48 and two mismatches in thlIBlfC gene, respec-
and subcloned into pUC118 or pHSG396 plasmids. More than 400 ’

subclones were sequenced using a Dye Terminator Cycle Sequencirﬂ;vely)' .
Kit and PRISM 377 or PRISM 310 DNA sequencer (PE Applied Bio-  IN the downstream region of theuf operon, the ca-
systems, Foster City, CA). A part of the sequencing was performedotenoid biosynthesis genestD, crtC, andcrtB, were



335

Table 1 Amino acid sequence identities (%) of the gene productsthe reaction center iRvi. gelatinosusvas located about
predicted fromRvi. gelatinosuphotosynthesis gene_cluster to the pho- 8 kb downstream fI’Oprqu on the complementary
tosynthesis proteins known in other purple bacteria strand to thepuf genes and was followed by four ORFs.
Gene  Rba. Rba. Rsp. Rps. Three of these, ORF276, ORF154, and ORF227, showed
product capsulatus sphaeroides rubrum A. rubrum palustris  considerably high sequence identities to the ORF274,
ORF162b, and ORF214 &ba. capsulatusgespectively,

CrE 50 53 (64) 57 (52) ) o

CrtE 37 40 (54) 49 (41) at the corresponding positions. However, the genes ho-
BchC 59 57 (73) 64 (59)  Mologous to the ORF274 and ORF55 foundRiba. cap-
BchX 74 78 (80) 76 (72) 82(74)  sulatuswere not detected iRvi. gelatinosust the cor-
Bchy 69 70 (79) 71(70) 65(63)  75(70)  responding positions. Instead, ORF358, whose product
EE?BZ 1(7’ 4712 Egg; Z? Eifg gg Egg; gg gig; showed 42.7% amino acid sequence identity to PNZIP, a
PUTA 52 52 (76) 49 (48) 43 (55) 56 (52) Leu zipper protein of a higher plar®larbitis I’.lll) chlol-

PufL 66 69 (78) 72 (70) 76 (65) 75(67) roplast (Zheng et al. 1998), was locatedRwi. gelati-
PufM 64 66 (77) 72 (61) 72 (61) 73(59) nosus.The region upstream of the putatipeihA con-

CrtA 31 31(47) tained six possible bacteriochlorophyll biosynthesis
gg g; ig Egg)) ig Eﬁ; geneshchF, bchN, behB, behH, behandbehM, whose

CriB 47 47 (65) 49 (49) products showed more than 53% amino acid sequence
ORF276 38 44 (37) identity to the products oRba. capsulatusBetween
ORF154 25 31(27) 36 (27) puhAandbchMwas located an ORF that was similar to
ORF227 41 47 (36) 39(36)  |haA of Rba. capsulatusand that has been suggested
E;‘Q: ;‘f ;‘71((2;5)) gg’ ((53;3)) gg((ézl)) previously to function in the assembly process of LH1
BchM 53 54 (66) 67 (47) (Young aljd Beatty 1998).

BehlL 68 70 (80) 75 (70) A possible repressor gene homologousttd of Rba.
BchH 58 58 (75) 60 (53) 70(56)  capsulatusand ppsRof Rba. sphaeroidewas found in
BchB 65 69 (72) 70(62)  75(63)  Ruvi. gelatinosusn the region upstream of the presumed
EEEE gg 22 gﬁ)) gi ((22)) 23 ((22; bchFand was tentatively designatppsR.This possible

Ppa o8 26 (43) 48 (26) 'epressor was not labelamit) to avoid confusion with
PpsR 31 33 (53) 52(32) carotenoid biosynthesis genes. In fReodobacteispe-

crl 49 51 (69) 58 (48)  cies,crtJ and ppsRhave been shown to code for tran-
BchG 56 59 (71) 67(54)  scriptional repressors of pigment biosynthesis gene ex-
SS]FPMO gf gg((%) 5255593)) pression (Ponnampalam et al. 1995; Penfold and

Pemberton 1994; Gomelsky and Kaplan 1995). The pos-
avalues in parentheses are amino acid sequence identities (%) to thgible ppsRgene inRvi. gelatinosusvas preceded by an
corresponding gene products Rba. capsulatus. ORF coding for 238 amino acid residues showing sig-
nificant sequence similarities to the products of ORF192
of Rba. capsulatuandppaof Rba. sphaeroide®cated
detected, a finding which was consistent with the resultst the corresponding position. A gene located in proxim-
for another strain oRvi. gelatinosusstrain S1 (Ouchane ity to the possiblgopsRof Rvi. gelatinosusvas identified
et al. 1997b). The amino acid sequences of the productas a carotenoid biosynthesis geng). Mutant cells of
of these three genes were highly conserved (90, 95, anRlvi. gelatinosusgacking this gene accumulated phytoene
89% identical, respectively) between the two strains. Eximolecules, confirming that the product of this gene is
treme overlapping otrtD and crtC locations (373 bp) phytoene desaturase (unpublished data). In the region
was also common to these two strains. However, an ORkpstream of thertl, genes presumed to be the bacterio-
that has not been reported in the strain S1 was found herehlorophyll biosynthesis gendschG and bchP were
betweerpufCandcrtD. This ORF was identified asrtA  found. An ORF located between these genes and coding
coding for a spheroidene monooxygenase, since a mutadd0 amino acids showed considerably high sequence
lacking this gene did not produce spheroidenone buidentity to the ORF located between the corresponding
spheroidene (unpublished data). bch genes inRhodobacterspecies. No other possible
The upstream region of thRvi. gelatinosus pubp-  photosynthesis genes were found in the 11-kb region
eron contained possible carotenoid biosynthesis genespwnstream from the presumbdhPin Rvi. gelatinosus.
crtE andcrtF, and possible bacteriochlorophyll biosyn-
thesis genedychC, bchX, bchYandbchZ,as in theRho- Genes Located Outside the Photosynthesis Gene
dobacterspecies. Unlike what was observed in fRieo-  Cluster. Twenty ORFs were found outside the 37-kb
dobacterspecies, however, the region farther upstreamphotosynthesis gene cluster in the 59-kb DNA fragment.
which was about 10 kb or more from telE, contained  The proteins showing the highest sequence identities
no homologues of photosynthesis genes. to these ORF products are summarized in Table 2.
The putativepuhAgene coding for the H subunit of Four ORFs in the region upstream atE (Fig. 1, left)
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Fig. 1. Arrangement of genes predicted from the nucleotide sequencdacteriochlorophyll and carotenoid biosynthesis genes are shown by
of the 59-kb DNA fragment oRvi. gelatinosugloned in this study.  grayandhatched arrowstespectively. The presumed operon structures
The genes are presented as arrows pointing in the direction of theitranscription units) are given kihin arrows,based on the locations of
transcriptions. Genes coding for the light-harvesting and the reaction—the possible promoter sequences shown in Fig. 2.

center apoproteins are indicated bglid arrows.Genes assigned to

Table 2 Proteins showing the highest amino acid sequence identities to the deduced prodRets gelatinosuggenes located outside the
photosynthesis gene cluster

Gene/ORF Best-matched protein found in databases % |dentity
ppx Pseudomonas aeruginoszopolyphosphatase protein 40.1
ORF291 Methylobacterium extorqueris/pothetical protein 46.7
ORF164 Pseudomonas aerugino$gpothetical protein 35.0
menA Mycobacterium tuberculodidenA protein (hypothetical) 30.2
ubiE Escherichia colubiquinone/menaquinone methyltransferase 44.0
hemN Pseudomonas aeruginasa/gen-independent coproporphyrinogen Ill 31.7
ORF247 None

ORF321 Archaeoglobus fulgidumolybdopterin oxidoreductase 40.9
ORF408 Escherichia coliNrfD protein 23.1
cyc8L Rubrivivax gelatinosusTCC17011 small cytochrome 94.2
ORF1001 None

qor Mycobacterium tuberculosfadB4 protein (hypothetical Qor) 38.6
Surg Legionella pneumophilsurvival protein homologue 49.2
pcm Escherichia coli-isoaspartyl protein carboxyl methyltransferase 41.8
nlpD Ralstonia solanacearumovel lipoprotein NlpD 56.6
rpoS Ralstonia solanacearuaiternative RNAo factor RpoS 52.6
ORF473 Vibrio sp. hypothetical protein 40.7
ORF231 Escherichia coliygcA protein (hypothetical) 35.5
carA Pseudomonas aeruginsarbamoylphosphate synthetase small subunit 66.2

were suggested to be genes coding for exopolyphosphg©Osyczka et al. 1997). The region downstream of the
tase ppX), the menaquinone biosynthesis enzymepresumedhemN contained three ORFs, ORF247,
(menA, the ubiquinone/menaquinone biosynthesis en-ORF321, and ORF408, predicted to code for a soluble
zyme (UbIiE), and coproporphyrinogen Il oxidase cytochromec, an FeS-binding protein, and a membrane
(hemN, respectively. The region directly upstream of protein, respectively. The deduced amino acid sequence
crtE contained a gene coding for a soluble cytochramne of the ORF247 product contained four binding motifs to
designatedcyc8L. This cytochrome is preferably pro- c-type hemes, —-C—X—X—C—-H. No proteins homologous
duced under anaerobic conditions (Menin et al. 1999}o this cytochrome were found in the databases.

and functions as an electron donor to the reaction center The region downstream olbchP contained nine
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E coli  (c") TTGACA N15-19 TATAAT

Rba. capsulatus  bchC ~ aaaaaglTGTctaatcaaalTGACAgtcgggcgtegtaagttc—AATGaTAcacacage (45)

Rba. sphpaeroides bchC ~ tggcacTGTccaataaagTTGACActtcacgatgtcccgtt-AATGTTAcacctgaa (235)

Rba. capsulatus  bchF  cctgagTGTaagttttcaTTGACActttetcgtgacaagaccAgTtTTAcggcagag (30)

Rba. capsulatus  crtl gacagtTGTaaatcggaaTTGACgacctatcatccccec——AATGeaAcctgaaac (13)

Rba. capsulatus ~ criE cttgggTGTaagtttcagTTtACAcaggtaggtgcgaatgccAATGTgcgtcgtgac (18) Fig. 2. Comparison of possible

Consensus aaaTTGAgA T%BA promoter sequences found in this
-3 study and those reported in other

Rvi. gelatinosus  menA  ttaaagTGTcgagtcagccTGACActctectegacgaacgcctecceagacegatga (831) purple bacterial photosynthesis _
hemN  ggagagTGTcaggctgacTcGACActttaactggctegccgaaagegegtegeatge (99) genes. All 15 sequences found in
cye8L,  ccaaagTGTcaactgattTTGACAcgcgacagacctcetgtcaagaaagcggaactga (45) the Rvi. gelatinosu$9-kb DNA
crtE gtcgegTGTcaaaatcagTTGACAct ttggggtgacatgacgaccttacageggtege (32) fragment and showing a high
crtkE cgcatcaGTtccgetttcTTGACAgagetctgtegegtatcaaaatcagttgacact (63) similarity (allowing up to two
bchC  aaggcaTGTccagccaccTTGACAcactgaactgtcagettaagatgacgtegtgat (81) ) g up ’
bchF  gcatgacGTcaacccctgTTGACAtcaggggtgteccegtetagattetgtgecatg (-3) mismatches) to the -35 region of
ppa ccctgaTGTcaacageggTTGACgtcatecgaacctgacactacecttgagtegtge (270)  the consensus promoter sequences
ppa ggttgacGTeatgcgaaccTGACActacccttgagtegteceggtacegttegeceg (254)  for the photosynthesis genes
ppsR gggagng%tctgcgaacﬂgﬁgﬁgccgatc?tafitcccgtgcggcgggtgc?c 8;49) reported in theRhodobactespecies,
crtl acagagcGTcaattgteg caatccctgecttaggacaagctcgacggatge N
crtl tgggecTGaatcttgecgcTTGACAaaacagagegtcaattgtegttgacacaatcce (28) TGT N9,TTGACA’ are ghqwn. The
bchG  geatteTGTcaacgacaalTGACEctotettttgtcaagegcaagattcagececat (-2) — Number in parentheses indicates the
bchG  gacaatTGacgctctgttTTGtCAagegcaagattcagecccatggcaaggccegeg (-15)  number of nucleotides between the
card ccgggtTGngctcgcggTTGACAtggcgctgcggcacttcatcgccgcattggcgt (162)  start codon, ATG, and the right end

Consensus TGTcaa TTGACA of the sequence.

ORFs. The region directly downstream b&hP was  recognition sequences located within a 100-bp region
shared by an unknown gene coding for 1001 amino acidsipstream ofcrtE, bchC, bchF, crtl,and bchG of Ruvi.

and a possiblgor gene coding for quinone oxidoreduc- gelatinosusyespectively, were consistent with the loca-
tase. The region farther downstream contained foutions reported in thé&khodobacterspecies, with the ex-
ORFs suggested to srE, pcm, nlpDandrpoS(also  ception of that obchG.A possible consensus promoter
known askatF). In E. coli, the surEandpcmgenes are sequence for theuf operon reported in other purple
cotranscribed and have been known to be expressed ubacteria, however, was not detected in Bha. gelatino-
der conditions adverse to survival (Visick et al. 1998; Li susphotosynthesis gene cluster, although the accumula-
et al. 1997). InE. coli, the product ofrpoS (or katF) is  tion of a large amount of thpuf MRNA was apparent
known to be as factor,o® (or 0*%), which controls gene (Nagashima et al. 1994).

expression in response to starvation and when the cell

growth reaches a stationary phase (Tanaka et al. 1993).

The downstream region of the presunrpdScontained  Discussion

two ORFs and a presumed gene coding for the carbam-

oylphosphate synthetase small subunit. Conservation of Photosynthesis Superoperohs.
shown in Fig. 3, the gene arrangement in Eha. gelati-
Possible Promoter SequencésRba. capsulatuand  nosusphotosynthesis gene cluster was markedly differ-
Rba. sphaeroidest has been shown that the expressionent from those of th&hodobactespecies. Theuf and
of photosynthesis genes is highly regulated by environpuh structural genes for the reaction centerRfi. ge-
mental factors, i.e., oxygen tension and light intensitylatinosusare located among pigment biosynthesis genes.
(Bauer 1995; Zeilstra-Ryalls et al. 1998). In these spe-On the other hand, the local arrangements of some pho-
cies, the regions directly upstream of the bacteriochlorotosynthesis genes are conserved. phéoperon ofRba
phyll and carotenoid biosynthesis genes have a consemapsulatudgs cotranscribed with the upstreasrtEF and
sus promoter with a palindromic sequence recognized bischCXYZgenes, although a large amountpff MRNA
a repressor proteimppsRor crtJ, working mainly under is transcribed by its own promoter (Young et al. 1989;
aerobic conditions (Young et al. 1989; Ma et al. 1993;Wellington et al. 1991)Rvi. gelatinosuslso has an ar-
Gomelsky and Kaplan 1995Rvi. gelatinosuglso has a rangement ofcrtEF—bchCXYZ—puthat can be tran-
homologue of these genes, suggesting that the photosyseribed under the same control mechanism as that re-
thesis gene expression Rvi. gelatinosuss controlled ported in Rba. capsulatusThe detection of the
by mechanisms similar to those shown in the fRloo-  consensus promoter-like sequences for the pigment bio-
dobacterspecies. As shown in Fig. 2, 15 possilplpsR  synthesis genes at the regions directly upstrearcrtaf
recognition motifs with a —35'° recognition motif, ~andbchCin Rvi. gelatinosusuggests that superoperonal
TGT-N—TTGACA, which was well matched with the structures containing theufoperon are conserved. How-
consensus sequence shown in Rleodobacterspecies, ever, theRvi. gelatinosus pufontaining superoperon
were detected within the 59-kb nucleotide sequence ofay include thecrtA, crtD, andcrtC genes, since carot-
Rvi. gelatinosusThe —100"° recognition sequence was enoid biosynthesis was abolished when the transcrip-
not apparent irRvi. gelatinosusEight of the possible tional terminator was inserted into thguf operon
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Fig. 3. Comparison of photosynthesis gene arrangements betRxegelatinosusnd theRhodobactespeciesArrows show the directions and
extents of the transcripts reportedRiba. capsulatusThe symbols showing the photosynthetic apparatus apoprotein genes and bacteriochlorophyll
and carotenoid biosynthesis genes are as described in the legend to Fig. 1.

(Ouchane et al. 1997a). The absence of any possible Horizontal Transfer of the Photosynthesis Gene Clus-
promoter sequences in the upstream regions of tbegse ter. Rvi. gelatinosuss a member of thgd subclass of
genes supports this idea. purple bacteria and is phylogenetically distinct from the
The superoperonal gene arrangeméohFNBHLM—  species belonging to thesubclass (Woese 1987). How-
IhaA—puhA, reported inRba. capsulatugBauer et al. ever, most of the photosynthesis gene productRwf
1991; Burke et al. 1993a) was also foundRui. gelati-  gelatinosusshowed very high sequence identities to the
nosus.The consensus promoter-like sequence for thegene products oRps. palustrisa species belonging to
pigment biosynthesis genes was also found in the regiothe «2 subgroup of purple bacteria, and these values
directly upstream obchFin Rvi. gelatinosusas inRba.  were considerably higher than the corresponding identi-
capsulatus(Alberti et al. 1995) andRba. sphaeroides ties among thex-purple bacteria (Table 1). This phylo-
(Gomelsky and Kaplan 1995). In addition to this su- genetical inconsistency, as well as the strong conserva-
peroperonal structure, three of the four ORFs locatedion of the photosynthesis superoperonal structures,
directly downstream opuhAin Rvi. gelatinosusvere  suggests a horizontal transfer of the whole photosynthe-
highly homologous to the ORFs at the correspondingsis gene cluster, as expected from our previous studies
positions inRba. capsulatusThese ORFs may be tran- showing the horizontal transfer of theuf operon be-
scribed as a part of theuhsuperoperon and are likely to tween a-purple bacteria an@- and y-purple bacteria
work in the process of assembly of the photosynthetigNagashima et al. 1993, 1997).
apparatus, as suggestedRba. capsulatugWong et al. Figures 4B and C show the phylogenetic trees of the
1996). A subcluster containinguhA, bchRORF440— bacteriochlorophyll biosynthesis genes shown in Table 1,
bchG—ppsR—ppa—bchFNBHLM-lhaA—put@RFs, was bchNBH (approx. 6.6 kb) andchYZ(approx. 3.0 kb),
also conserved iRvi. gelatinosusalthough the locations based on the available nucleotide sequence data. It has
corresponding to thechEandbchJgenes irRhodobac-  been known that the products leéhNandbchBform an
ter species were shared by thel gene inRvi. gelati- enzyme complex catalyzing tetrapyrrole reduction,
nosus(Fig. 3). which converts a protochlorophyllide into a chlorophyl-
One explanation for the conservation of these twolide a. This reaction is followed by a second reduction to
superoperonal structures containipgf and puh genes, produce a bacteriochlorophyllidg which is catalyzed
respectively, is the presence of strong selection presby an enzyme complex of the productshahYandbchZ
sures. It has been suggested that one of the advantagesRba. capsulatugBurke et al. 1993a). In addition, the
gained by the clustering of photosynthesis genes is imamino acid sequences of the productsbohNB show
proved control of the synthesis of the photosynthetic apsignificant similarity to those obchYZ,suggesting that
paratus in response to changes in environmental condthese gene sets have a common origin (Burke et al.
tions, especially changes in light-intensity and redox1993b). The sequence datalmfhYZhave not been re-
conditions (Yildiz et al. 1992; Wellington et al. 1992). At ported in species other than purple bacteria; therefore,
the very least, this hypothesis seems to explainpilie ~ the bchNBsequence oRba. capsulatusvas used as an
and puhrcontaining superoperonal structures, sifbg.  outgroup in the phylogenetic tree bEhYZ.The phylo-
gelatinosusquickly and radically alters the expression genetic trees of botithchNBH and bchYZ consistently
levels of the photosynthetic apparatus in response to ershowed thaRvi. gelatinosuss located within thex sub-
vironmental changes as well. class of purple bacteria, which was consistent with the
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Fig. 4. Phylogenetic trees based on the nucleotide sequences of 16&ichia coli, Vibrio choleraeand Nitrosomonas europaeayere also

rRNA (A), bchNBH(B), bchYZ(C), carA (D), andppx (E). A gram-

used in the trees of 16S rRNA&arA, andppx. The obtained bootstrap

positive bacteriumHeliobacillus mobiliswas used as an outgroup in values are presented at the corresponding nodes. The trees were con-

the phylogenetic tree dfchNBH.In thebchYZtree, thebchNandbchB

structed based on the neighbor-joining method applying the Kimura

sequences oRba. capsulatusvere used as an outgroup, since these two-parameter distance for 16S rRNA and the Tamura and Nei distance

genes have slight sequence similarity to tiehY and bchZ genes,
respectively. In other trees a nonphotosynthetic spegigsifex aeo-
licus,was used as an outgroup. Other nonphotosynthetic spé&sels;

for the others as distance estimators. Other necessary information for
the tree construction is given under Materials and Methods.

phylogenetic relationships based on the nucleotide setions of two subclusters, one containing thef genes
quences ofpuf genes. Phylogenetic trees based on theand the other containing thmihgene. It is possible that
deduced amino acid sequences of most bacteriochlora donor species of the horizontal gene transfer already
phyll and carotenoid biosynthesis enzymes and other rehad the two proximal superoperonal structurasEF—
lated photosynthesis gene products listed in Table 1 conbchCXYZ—puand bchFNBHLM—-IhaA—puhAas well as
sistently support this tree topology (data not shown).some of the regulatory and structural genes, ppa,
However, phylogenetic trees based on the nucleotide sgpsR,and some othelbbch genes. One possible explana-
quences of genes outside the photosynthesis gene clustéign for the evolutionary development of the photosyn-

ppx and carA, showed thatRvi. gelatinosuds distinct

thesis gene cluster is that the donor species ha&kioe

from thea-purple bacteria and is closely related to otherdobactetlike gene cluster and that the horizontal gene
B- and y-purple bacteria, which is consistent with the transfer from this donor, possibly an ancestral species of
relationships shown in the phylogenetic tree of 16Sthe a2 subgroup, to the ancestral species of gheub-
rRNA (Figs. 4A, D, and E). These data indicate thatclass was followed by rearrangement of the two su-
horizontal transfer of the photosynthesis gene cluster ocperoperonal structures, i.e., by two inversions and/or by

curred between ancestral speciesRys. palustrisand
Rvi. gelatinosus.

translocations irRvi. gelatinosusas shown in Fig. 3. If
this is true, the other remarkable difference—i.e., that the

As shown in Fig. 3, the remarkable difference be-four essential bacteriochlorophyll biosynthesis genes,
tween the structures of the photosynthesis gene clustetschE, bchJ, bchland bchD, were absent in the photo-
of Rvi. gelatinosusnd those of other species belonging synthesis gene cluster &vi. gelatinosus-might have
to the o subclass can be attributed mainly to the loca-been due to translocations of these genes away from the
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cluster inRvi. gelatinosugfter the horizontal transfer of tosynthetic bacteria. Kluwer Academic, Dordrecht, The Nether-

the whole photosynthesis gene cluster. lands, pp 1221-1234
Bauer CE, Buggy JJ, Yang Z, Marrs BL (1991) The superoperonal

organization of genes for pigment biosynthesis and reaction center
The Hypothetical Gene Cluster for Photosynthetic  proteins is a conserved featureRhodobacter capsulatugnalysis

Electron TransferRecently, it was shown that a photo- ZggvﬂzppingbchB and puhA transcripts. Mol Gen Genet 228:
s_ynthetlc .b.aCtenum of gram-posmve. lineagéelioba- geatty JT (1995) Organization of photosynthesis gene transcripts. In:
cillus mobilis,also has a photosynthesis gene cluster, an Blankenship RE, Madigan MT, Bauer CE (eds) Anoxygenic pho-
that genes coding for the subunits of the cytochrdioe tosynthetic bacteria. Kluwer Academic, Dordrecht, The Nether-
complex, thepet genes, are placed in proximity to this  lands, pp 1209-1219
cluster (Xiong et al. 1998). This gene arrangement seem@erard J. Gingras G (1991) Theih structural gene coding for the H

: : . subunit of theRhodospirillum rubrunphotoreaction center. Bio-
to be reasonable since the photosynthetic reaction center chem Coll Biol 69:122-131

and the cytochromec complex form a close linkage of g e DH, Alberti M, Hearst JE (19938EhFNBHbacteriochlorophyll
electron transferRvi. gelatinosusalso has ORFs for synthesis genes &hodobacter capsulated identification of the
some presumed electron transfer proteins, such as third subunit of light-independent protochlorophyllide reductase in
ORF247, ORF321, and ORF408, and for possible bio- bacteria and plants. J Bacteriol 175:2414-2422
synthesis enzymes for hemes and quinones at the flanie""ke PH. Hearst JE, Sidow A (1993b) Early evolution of photosyn-
. . . thesis: Clues from nitrogenase and chlorophyll iron proteins. Proc
ing region of the photosynthesis gene cluster. The pres- Nat Acad Sci USA 90:7134-7138
ence of a consensus promoter-like sequence for pigmemioomber SA, Chaudhri M, Connor A, Britton G, Hunter CN (1990)
biosynthesis gene expression in the region directly up- Localized transposon Tn5 mutagenesis of the photosynthetic gene
stream of these genes (Fig. 2) suggests that the hypo- cluster ofRhodobacter sphaeroidellol Microbiol 4:977-989
thetical electron transfer teins B |ati Gomelsky M, Kaplan S (1995) Genetic evidence that PpsR fRivo-
proteins . gelatinosusre . .

. . . dobacter sphaeroideg.4.1 functions as a repressor péic and
synthesized with photosynthetic apparatuses under an- e expression. J Bacteriol 177:1634-1637
aerobic conditions and are involved in the light-driven igarashi N, Shimada K, Matsuura K, Nagashima KVP (1998) Photo-
electron transfer pathways. This may be supported by the synthetic gene cluster in purple bacteriuRybrivivax gelatinosus.
facts that the consensus promoter_“ke Sequence for ex- In: Garab G (ed) Photosynthesis: Mechanisms and effects, Vol IV.
pression of the pigment biosynthesis gene is located in Kluwer Academic, Dordrecht, The Netherlands, pp 2889-2892

. . Kumar S, Tamura K, Nei M (1993) MEGA: Molecular evolutionary
the region dlreCtIy upstream WCBLand that the Syn- genetics analysis, version 1.0. The Pennsylvania State University,

thesis of the product, a soluble cytochroogavith a low University Park 16802
midpoint potential, has been shown to be enhanced undeawrence JG, Ochman H (1998) Molecular archaeology ofteh-
photosynthetic conditions (Menin et al. 1999). erichia coli genome. Proc Natl Acad Sci USA 95:9413-9417

In summary, we have provided evidence here of thé‘i C, Wu P-Y, Hsieh M (1997) Growth-phase-dependent transcrip-
tional regulation of thggcmandsurE genes required for stationary-

horizontal transfer of a large gene cluster for photosyn- - ¢\ival oEscherichia coliMicrobiology 143:3513-3520
thesis. Sequence analyses of the whole genorBe ©bli  \a b, cook DN, O'Brien CA, Hearst JE (1993) Analysis of the pro-

suggested that 755 of 4288 ORFsHn coli have been moter and regulatory sequences of an oxygen-regulatedperon
obtained through at least 234 horizontal gene transfer inRhodobacter capsulatisy site-directed mutagenesis. J Bacteriol
events after the divergence from tBalmonellaineage 175:2037-2045

Masuda T, Inoue K, Masuda M, Nagayama M, Tamaki A, Ohta H,
(Lawrence and Ochman 1998). Some of these gene trans Shimada H, Takamiya K (1999) Magnesium insertion by magne-

fer events_ may have contributed new phenotypes to the gjym cheletase in the biosynthesis of zinc bacteriochloroghiyl
host species. In the present study, it was shown that even an aerobic acidophilic bacteriurcidiphilium rubrum.J Biol
a phenotype as advanced as that of photosynthesis can be Chem 274:33594-33600

transferred between distantly related species. Menin L, Yoshida M, Jaquinod M, Nagashima KVP, Matsuura K, Parot
P, Vermalio A (1999) Dark aerobic growth conditions induce the
synthesis of a high potential cytochrorngin the photosynthetic
bacteriumRubrivivax gelatinosusBiochemistry 38:15238-15244
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