J Mol Evol (1997) 45:131-136

OLECULAR
EVOLUTION

© Springer-Verlag New York Inc. 1997

JOURNAL OF

Horizontal Transfer of Genes Coding for the Photosynthetic Reaction

Centers of Purple Bacteria

Kenji V.P. Nagashima,! Akira Hiraishi,” Keizo Shimada,' Katsumi Matsuura’

'Department of Biology, Faculty of Science, Tokyo Metropolitan University, Minamiohsawa 1-1, Hachioji, Tokyo 192-03, Japan
Department of Ecological Engineering, Toyohashi University of Technology, Tenpaku-cho, Toyohashi 441, Japan

Received: 8 July 1996 / Accepted: 12 March 1997

Abstract. Phylogenetic trees were drawn and ana-
lyzed based on the nucleotide sequences of the 1.5-kb
gene fragment coding for the L and M subunits of the
photochemical reaction center of various purple photo-
synthetic bacteria. These trees are mostly consistent with
phylogenetic trees based on 16S rRNA and soluble cy-
tochrome ¢, but differ in some significant details. This
inconsistency implies horizontal transfer of the genes
that code for the photosynthetic apparatus in purple bac-
teria. Possibilities of similar transfers of photosynthesis
genes during the evolution of photosynthesis are dis-
cussed especially for the establishment of oxygenic pho-
tosynthesis.
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Introduction

Photosynthetic apparatuses arose early in the evolution
of bacteria (Woese 1987) and have adapted to environ-
mental changes on the Earth. Much of the research on the
nature and mechanisms of changes in photosynthesis
genes have been aimed at understanding the course of the
evolution of photosynthesis. Such studies promise to elu-
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cidate the relationship between the photosynthetic ma-
chinery and changes in the terrestrial environment.

Phylogenetic trees based on the nucleotide sequence
of 16S rRNA have been generally accepted. In the late
1970s—still the age of classical bacterial taxonomy
based on morphological and physiological characteris-
tics—a number of amino acid sequences of c-type cyto-
chromes were determined. This information allowed the
prediction of phylogenetic relationships among members
of the purple photosynthetic bacteria and their nonpho-
tosynthetic relatives (Ambler et al. 1979a,b; Dickerson
1980). These and further studies demonstrated that a
phylogenetic tree based on soluble cytochrome c is in
good agreement with that based on 16S rRNA, leading to
general acceptance of phylogenies deduced from 16S
rRNA sequences as an indicator of the evolutionary re-
lationships between organisms (Dickerson 1980; Woese
et al. 1980). It is known that phylogenies based on the
amino acid sequences of many kinds of proteins in bac-
teria support those based on 16S rRNA.

Phylogenetic trees based on 16S rRNA imply that the
Cyanobacteria have a close relationship with purple bac-
teria (Woese 1987), despite the fact that the former carry
out oxygenic photosynthesis similar to that in plants.
Cyanobacteria have two distinct types of photosystems.
One shows considerable similarity to that of purple bac-
teria; the other resembles that of green sulfur bacteria
(Williams et al. 1984; Michel et al. 1986; Biittner et al.
1992; Liebl et al. 1993). The first lineage to branch from
the tree of photosynthetic prokaryotes is that of the green
filamentous bacteria, which have a reaction center re-
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Fig. 1. Gene arrangement of puf operon.
Boxes B, A, L, and M show the genes
coding for the § and o subunits of the
light-harvesting complex and the L and M
subunits of the photochemical reaction center
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complex, respectively. The two primers for
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PCR were designed for the oligo nucleotide
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sequences of 5’ region of pufL and 3’ region

sembling that of purple bacteria. The origin and the evo-
lution of photosynthetic apparatus are not simply ex-
plained by the phylogeny based on the 16S rRNA
sequence. Molecular evolutionary analysis of the photo-
synthetic proteins is one of the most useful ways to
clarify the course of evolution of the photosynthetic ap-
paratus.

The photochemical reaction center complex is a mem-
brane protein that converts light energy into electro-
chemical energy through electron transfer and proton-
pumping processes. The three-dimensional structures of
the reaction center complexes have been clarified in two
rather distantly related species of the purple bacteria,
Rhodopseudomonas viridis (Deisenhofer et al. 1985,
1989) and Rhodobacter sphaeroides (Allen et al. 1987).
The two complexes show considerable structural simi-
larity, despite the fact that the identity between their
amino acid sequences is only 50-58%; their subunit
compositions also differ.

The reaction center complex of the purple bacteria is
composed of at least three subunits: L, M, and H. In R.
viridis, a cytochrome subunit is present in addition to
these three subunits. Along with the genes for the light-
harvesting complex, the genes encoding the L and M
subunits form an operon called puf, as shown in Figure 1.
In the present study, pufL and M of various purple pho-
tosynthetic bacteria were amplified via polymerase chain
reaction (PCR), with primers based on consensus se-
quences from these genes. The amplified genes were
then cloned and sequenced. The present study shows that
phylogenetic trees based on nucleotide sequences of
genes coding for subunits of the photochemical reaction
center complex of purple photosynthetic bacteria provide
important clues to the evolution of photosynthesis, sug-
gesting the horizontal transfer of photosynthetic genes.

Materials and Methods

Cultivation of Bacteria

Rhodospirillum molischianum and Rhodospirillum photometricum
were grown in a medium described previously (Nagashima et al.
1993a). Rhodocyclus tenuis was grown in SAY medium (0.3% succi-
nate, 0.1% ammonium sulfate, 0.1% yeast extract (Difco, USA), 0.1%
vitamin solution (1 g nicotinic acid, 1 g thiamine, 50 mg biotin, 0.5 g

MGAOCGGGAGCTGgTAGOG—S'

of pufM. The amplified 1.5-kbp DNA
fragment covered more than 90% of pufL
and more than 85% of pufM.

PABA, 10 mg vitamin B,,, 0.5 g calcium pantothenic acid, 0.5 g
pyridoxine-HCI, 2.0 g EDTA, and 0.5 g folic acid per 11) and 1% basal
salt solution (10 mM EDTA, 4 mM ferric sulfate, 100 mM magnesium
sulfate, 5 mM calcium chloride, 500 mM sodium chioride, and 1%
trace element solution, pH 7.0). The trace element solution contained
25 mM manganese sulfate, 5 mM zinc sulfate, 5 mM cobalt nitrate, 5
mM copper sulfate, 5 mM molybdic acid, 10 mM boric acid, and 50
mM EDTA. Rhodomicrobium vannielii, Rhodobacter blasticus, and
Chromatium vinosum were grown in PYS medium [0.5% polypeptone
(Wako, Japan), 0.1% yeast extract, 0.5% sodium succinate and 1%
basal salt solution, pH 7.0]. Rhodoferax fermentans was grown in a
medium containing 0.3% sodium malate, 0.1% ammonium sulfate, 15
mM phosphate, 0.1% vitamin solution, and 1% basal salt solution, pH
7.0. Erythrobacter longus was grown in a medium composed of 2%
sodium chloride, 0.2% potassium phosphate, 0.4% magnesium sulfate
(7TH,0), 0.03% calcium chloride (2H,0), 0.001% ferric citrate, 0.2%
yeast extract, 0.1% casamino acid (Difco, USA), 0.1% polypeptone,
0.1% glycerol, 0.03% trace element solution, and 0.1% vitamin solu-
tion (pH 7.7). All bacteria were grown photosynthetically at 30°C
except Erb. longus, which was grown aerobically at 26°C in the dark.

Amplification of DNA Fragments Containing pufL and
M by PCR

The genes coding for the L. and M subunits of the reaction center were
cloned using PCR as described previously (Hiraishi and Ueda 1994a;
Hiraishi 1994). One of the primers has the sequence 5'-CT(G/
T)TTCGACTTCTGGGT(G/C)GG-3’, a motif that is well conserved in
the 5 region of pufL in all species so far examined. The other primer
has the sequence 5'-CCCAT(G/C)GTCCAGCGCCAGAA-3', conserved
at the 3’ region of pufM. The reaction was performed using the Gene-
Amp PCR Kit (Perkin-Elmer) in Zymoreacter (ATTO), following the
protocol supplied by the manufacturers. Upon electrophoresis of the
products of this reaction, we observed a band showing a mobility of 1.5
kbp, which corresponds to the region expected of pufL and M between
the two primers. This band was recovered from the gel and cloned in
the plasmids pT7Blue(R) or pUC18. Cloned and fractionated puf frag-
ments were sequenced using a Taq Dye Primer Cycle Sequencing Kit
and a 373A DNA Sequencer (Applied Biosystems), or an AutoCycle
Sequencing kit and an A. L. F. DNA Sequencer (Pharmacia). The data
obtained were processed using the DNASIS program (Hitachi).

Sequence Data of 16S rRNA and Soluble Cytochrome c

The sequence data for 16S tRNA for Rhodobacter capsulatus, Rba.
blasticus, Rba. sphaeroides, Rps. viridis, Rcy. tenuis, Rfx. fermentans,
and Rubrivivax gelatinosus were obtained from the previous works
(Hiraishi and Ueda 1994a,b; Hiraishi 1994). The 16S rRNA sequence of
Rsp. photometricum is from unpublished data generated by Hiraishi and
Ueda, and that of Thiocystis gelatinosa was determined in the present
study using the methods outlined in the previous works (Hiraishi 1992,
1994). All other data were obtained from the EMBL and GenBank
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Rsp. molischianum (55.8/ 60.5-64.8) 1
A Rsp. photometricum (57.0/ 64.8-65.8) J a—1
Rsp. rubrum (55.9/ 63.8-65.8)
Rps. viridis (57.7/ 66.3-71.4)
Rmi vamniclii (55.0/61.8-638) 4% ~ 2
Rsb. denitrificans  (53.9/56.0-60.0) 1
Rba b’"‘m.c“‘f (56.2/65.3) a—3 Fig. 2. Phylogenetic trees based on
ﬁ:: Zﬁ;::;::::s g:z::::zz; ] differences in nucleotide sequences of 16S
Erb, longus (52.6/ 57'4 60.7) la—4 rRNA (A) and amino acid sequences of
i ) . Bikas soluble cytochrome ¢ (B). The G+C content of
Rcy. tenuis (55.6/64.8) the 16S rRNA gene of each species is shown
Rﬁf'f e'mf’"‘a"s (54.8/59.8-60.3) | B in parenthesis; that of the total DNA follows
Rvi ge'lamlosus (56.3/70.5-72.4) * the slash. The accession numbers of the
8 100 Chr. vinosum (57.5/61.3-66.3) ] sequences used for the construction of the 16S
Tes. gelatinosa (57.7/61.3) j L4 1RNA tree are follows: Rsp. molischianum,
Ect. halophila (58.1/ 64.3-69.7) M59067; Rsp. photometricum, D30777; Rsp.
Cfl. aurantiacus (62.9/53.9-55.9) rubrum, M32020; Rps. viridis, D25314; Rmi.
o0z vannielii, M34127; Rsb. denitrificans, M59063;
Rba. blasticus, D16429; Rba. sphaeroides,
o D16425; Rba. capsulatus, D16428; Erb.
B S0 Rps. viridis ] a—2 longus, M59062; Rcy. tenuis, D16210; Rfx.
Rmi. vannielii fermentans, D16212; Rvi. gelatinosus, D16214;
% Rsp. molischianum Chr. vinosum, M26629; Ect. halophila,
97[ Rsp. photometricum ] a—1 M26630; Cfl. aurantiacus, M34116. The
Iﬁl Rsp. rubrum accession numbers of the amino acid
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Recy. tenuis

Ect. halophila
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databases. The sequence data for soluble cytochrome ¢ were all ob-
tained from the EMBL, GenBank, SWISS-PROT and NBRF & PIR
databases.

Tree Construction

The phylogenetic trees were drawn using the Clustal V (Higgins et al.
1992) and MEGA (Kumar et al. 1993) programs. The length of se-
quence alignment of 1.5-kb DNA fragments containing L and M sub-
unit genes was 1604 nucleotides long. The number of gaps ranged from
32 to 77 in each sequence. All gaps in the sequence alignment were
omitted pairwise in the calculation. Construction of the trees was per-
formed by the neighbor-joining method, applying the Kimura 2-param-
eter distance for 16S rRNA, the p-distance for soluble cytochrome c,
and the Tamura and Nei distance for photosynthetic gene fragment
coding for L and M subunits of the reaction centers as distance esti-
mators. In the tree of photosynthetic gene fragment, only transversional
replacements were taken into account. A green filamentous bacterium,
Chloroflexus aurantiacus, was chosen as an outgroup in the phyloge-
netic trees of 16S rRNA and photosynthetic genes.

Nucleotide Sequence Accession Numbers

The pufL and M DNA sequences determined in this study have been
deposited in the DDBJ, EMBL, and GenBank nucleotide sequence data
bases under accession numbers as follows: Chr. vinosum, D50647; Erb.
longus, D50648; Rba. blasticus, D50649; Rfx. fermentans, D50650;
Rcy. tenuis, D50651; Rmi. vannielii, DS0652; Tes. gelatinosa, D50653;

Rba. sphaeroides
Rsb. denitrificans
Rba. capsulatus

— Rvi. gelatinosus

sequences used for the construction of the
phylogenetic tree of the soluble cytochrome ¢
are follows: Rps. viridis, AO0O7S; Rmi.
vannielii, AO0074; Rsp. molischianum,

Jo-

] B A00079; Rsp. photometricum, A0008S; Rsp.
rubrum, A00084; Rba. sphaeroides, AG0087T;
1y Rsb. denitrificans, JTO008; Rba. capsulatus,

A00086; Rcy. tenuis, AO0090; Rvi. gelatinosus,
AQ0089; Ect. halophila, A00115.

Rsp. photometricum, D50681. The accession number for the nucleotide
sequence of the 165 rRNA gene of Tcs. gelatinosa is D50655.

Results

Figure 2A shows a phylogenetic tree based on the
nucleotide sequences of 16S rRNAs of purple photosyn-
thetic bacteria. These bacteria are divided into three ma-
jor groups, called the a, B, and vy subclasses, respectively
(Woese 1987). These subclasses are all grouped under
the class Proteobacteria. The « subclass is further di-
vided into four groups—a-1, a-2, a-3, and a-4 (Woese
1987)—as shown in Figure 2A. This classification is also
supported by the phylogenetic tree based on the amino
acid sequence of soluble cytochrome c, as shown in Fig-
ure 2B.

Table 1 summarizes identities among the deduced
amino acid sequences of the L and M subunits. The table
shows a clear tendency that species belonging to the «-1
and -2 groups show higher homology with those of the 3
and vy subclasses than with those of the other groups in
the a subclass. This tendency is observed in both the L
and M subunits. For example, the L subunit of Rhodospi-
rillum molischianum exhibits 74-80% identity to those
of five species in the B and vy subclasses, but 59-76%
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Table 1. Identities in amino acid sequences of the L and M subunits
Sequence identity (%)

2
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Rhodospirillum rubrum 69 67 56 67 67 67 67 66 57 70 69 70 69 70 47
Rhodospirillum molischianum 66 76 66 73 63 67 68 73 59 80 74 78 76 77 45
Rhodospirillum photometricum 65 59 63 71 60 62 65 68 56 73 70 73 72 73 47
Rhodopseudomonas viridis 60 59 54 62 56 56 59 60 52 64 63 65 63 62 46
Rhodomicrobium vannielii 68 64 63 62 66 64 64 72 6l 73 72 71 68 70 48
Rhodobacter capsulatus 59 57 51 52 58 77 78 64 57 65 63 63 60 61 45
Rhodobacter sphaeroides 63 57 54 53 63 74 80 69 58 68 64 64 66 66 44
Rhodobacter blasticus 59 56 54 52 59 73 78 67 58 68 64 69 67 66 45
Roseobacter denitrificans 59 60 53 54 62 59 61 59 62 75 73 69 68 71 47
Erythrobacter longus 61 60 57 54 61 62 62 63 58 61 57 57 56 58 44
Rubrivivax gelatinosus 69 67 61 62 73 63 64 63 62 63 82 78 76 78 48
Rhodoferax fermentans 66 66 62 60 71 61 62 58 63 57 77 74 71 71 47
Rhodocyclus tenuis 70 66 62 59 75 57 61 57 60 63 73 70 77 77 45
Chromatium vinosum 71 68 62 61 72 54 58 57 61 60 73 67 71 89 46
Thiocystis gelatinosa 73 69 64 61 73 58 63 59 61 62 72 68 76 88 47

Chloroflexus aurantiacus 44 46 42 42 47 41 46 44 46 45 49 47 47 45 46

The values on the upper right of the table body are for the L subunit and those on the lower left are for the M subunit

with those of the o subclass. Such a close relationship to
the B and vy subclasses is not observed in species belong-
ing to groups a-3 or -4, The L and M subunits of the
green filamentous bacterium, Chloroflexus aurantiacus,
exhibit low identity to those of the purple bacteria.

Figure 3 shows phylogenetic trees based on the
nucleotide sequences of the 1.5-kb DNA fragments cod-
ing for the L. and M subunits of the reaction centers of the
species belonging to the a subclass only (Fig. 3A) and
the a, B, and +y subclasses (Fig. 3B) of purple photosyn-
thetic bacteria. In these phylogenetic trees, tree topology
in each subclass is, in principle, consistent with that in
the phylogenetic tree of 16S rRNA except that Rsb. de-
nitrificans was positioned outside the cluster of the o-3
group in the tree of the o subclass (Fig. 3A). As shown
in Fig. 3B, the species belonging to the  subclass (Ru-
brivivax gelatinosus, Rhodoferax fermentans, and Rho-
docyclus tenuis) and to the +y subclass (Chromatium vino-
sum and Thiocystis gelatinosa) are positioned among
members of the a-purple bacteria, in contrast to their
positions in phylogenetic trees based on 16S rRNA (Fig.
2A) and soluble cytochrome c¢ (Fig. 2B).

Discussion

The positions of species in the B and <y subclasses are
clearly different in the phylogenetic trees based on the
photosynthetic proteins from those of the 16S rRNA and

cytochrome c. The major differences between phyloge-
netic trees derived from the different macromolecules
found in the present study appear unlikely to be ex-
plained by methodological errors or convergent evolu-
tion, because the tree based on the photosynthetic pro-
teins placed all the tested species in the B and vy
subclasses among species in the a subclass as clusters
conserving the tree topology. As suggested in our previ-
ous work for Rvi. gelatinosus (Nagashima et al. 1992,
1993b, 1994), these data are difficult to explain without
invoking the idea of a horizontal transfer of photosyn-
thetic genes between an ancestral species in the o sub-
class and in the B and <y subclasses.

As alternative explanations for these kinds of differ-
ences in phylogenetic trees, it has been suggested that
substitutional biases in nucleotide sequences can cause
the incorrect estimation of phylogenetic relationships,
particularly between organisms that diverged long ago
(Lockhart et al. 1992; Lockhart and Penny 1992). Dif-
ferences in G+C content are thought to contribute sig-
nificantly to such bias. Although the DNAs of the species
used in this study have a high variation in G+C content
(56-72.4 mol%), the values for the nucleotide sequences
of the 16S rRNA are relatively low and constant (52.6—
58.1%). The variation in G+C content is relatively high
in the nucleotide sequences of genes coding for the L. and
M subunits (52.8-65.9%) compared to those of the 16S
rRNAs. Such differences in G+C content could contrib-
ute to minor inconsistencies of branching topology in
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Rsp. photometricum (60.6) | «— 1
Rsp. rubrum (60.2)
Rps. viridis (60.4)
Rmd. vannielii (59.3)
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Rba. blasticus (62.0)
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Fig. 3. Phylogenetic trees based on
the nucleotide sequence of the 1.5-kb
DNA fragment coding for the L and
M subunits of the photochemical
reaction center of purple bacteria. (A)
Species belonging to the o subclass
were chosen. (B) All species used in

546) ] a—4

Rop. molleckiancan (632 this study were included. The G+C
Rep. photometricum (60.6) | @ —1 . ient of the 1.5-kb DNA fragment
Rsp. rubrum (60.2) of each species is shown in
Chr. vinosum (59.8) v parenthesis. Bootstrap values are
Tes. gelatinosa (56.2) presented at the corresponding nodes.
Rfx. fermentans  (S3.7) 1 The accession numbers of the .
Rvi. gelatinosus 642) 8 sequences used for the construction of
Rey. temuis 621 | the phylogenetic trees are as follows:
Rovi, vanmielii (593) . Rp;.. vilrf'dis, X(ggégé fs}p; .
a- molischianum, s Rvi.
Rps. viridis ©0.4) gelatinosus, D16822; Rsb.
5 Rsh. denitrificans  (53.3) denitrificans, X57597; Rba.
Rba capsulatus  (62.2) -3 sphaeroides, M10206 and K00827;
00 Rba. blasticus (62.0) @ Rba. capsulatus, Z11165; Rsp.
a7 :'E____ Rba. sphaeroides  (63.8) rubrum, J03731; Cfl. aurantiacus,
Erb. longus 546 ] a-a X07847 and X14979. The accession
o ; (545 pumpers of the sequencc?s detern?med
in this study are shown in Materials
0.05 and Methods.

some subgroups. However, there are no special similari-
ties in G+C content of the L and M subunits among «-1,
-2, B, and +y subclasses. Another possible factor that
could affect tree topology is a bias resulting from func-
tional evolutionary pressures in specific species. Roseo-
bacter denitrificans and Erythrobacter longus produce
photosynthetic apparatuses only under aerobic condi-
tions, while the other species listed in this study are able
to grow photosynthetically under anaerobic conditions.
This means that photosynthetic apparatuses of these two
species are not essential for any modes of their growth.
Rsb. denitrificans is distantly positioned in the phyloge-
netic trees of photosynthetic genes, compared to its posi-
tions in the trees of 16S rRNA and soluble cytochrome c.

Thus, the functional evolutionary pressures and/or the
differences in G+C content can hardly explain the major
differences between the phylogenetic trees based on the
photosynthetic genes and those on the 16S rRNA and
soluble cytochrome ¢. The minor inconsistencies of
branching topology can be explained with these factors
and some other adaptive changes without introducing the
idea of horizontal gene transfer. Thus, the present results
imply that horizontal gene transfer probably once (or
twice) occurred between an ancestral species of the «
subclass, probably a-1 or -2, and an ancestor of the 3 and
v subclasses.

There are two possibilities for the direction of hori-
zontal transfer of the photosynthetic genes. One is that
the genes were transferred from an ancient species of the
a subclass—possibly a relative of a Rhodospirillum or
Rhodomicrobium species—to an ancestor of the § and y
subclasses. The other possibility is that the opposite
transfer occurred. Since the branches of species belong-
ing to the B and vy subclasses show lengths similar to
those of the species of the a-subclass, the former appears
likely to have occurred. Nevertheless, a definitive deter-
mination of the direction of horizontal gene transfer must
await nucleotide sequence information on more species.

Horizontal gene transfer between bacterial species has
been reported, for example, for the genes encoding en-
doglucanase (Guiseppi et al. 1991), nonspecific acid
phosphatase (Groisman et al. 1992), and O antigen
(Reeves 1993). These studies have been based on the
discontinuity of G+C content and/or unexpected high
homology between genes from distantly related species.
In the present study, we present evidence for the hori-
zontal transfer of photosynthetic genes in purple bacteria,
based on clustered shifts of distantly related species in
the phylogenetic trees of photosynthetic proteins in com-
parison to trees based on 165 rRNA and soluble cyto-
chrome c¢. Blankenship (1992) have suggested that hori-
zontal transfer of photosynthetic genes occurred between
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purple photosynthetic bacteria and the green filamentous
bacterium, Cfl. aurantiacus. Our data suggest, however,
the Cfl. aurantiacus should be positioned outside the
purple bacteria when the genes coding for the L and M
subunits are used to construct the evolutionary tree. It is
likely that no horizontal transfer of reaction center genes
has been occurred between purple bacteria and Chloro-
Jlexus.

There are five classes that include photosynthetic spe-
cies within Bacteria (formerly Eubacteria) (Woese
1987). Two of the five classes, green sulfur bacteria and
Gram-positive bacteria, contain photosynthetic species
having reaction center complexes that resemble that of
the photosystem 1 of chloroplasts. In two of the remain-
ing classes, purple bacteria and green filamentous bac-
teria, photosynthetic species have reaction centers that
resemble the photosystem 2 reaction center except for an
ability to generate oxygen. The two types of reaction
centers show very low levels of identity in their primary
structures, suggesting that they may have diverged very
early in the evolutionary course or evolved indepen-
dently. On the other hand, a phylogenetic tree derived
from 16S rRNA sequences does not clearly divide these
two groups. Cyanobacteria have both types of reaction
center and evolved the ability to generate oxygen. The
appearance of two types of reaction centers in one or-
ganism in the evolution of the photosynthesis can be
explained by horizontal gene transfer. Horizontal gene
transfer may be a rare phenomenon, but evidently must
have occurred in this case.
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