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Summary
Photosynthesis genes and operons of aerobic anoxygenic photosynthetic (AAP) bacteria have been
examined in a variety of marine habitats, but genomic
information about freshwater AAP bacteria is lacking.
The goal of this study was to examine photosynthesis
genes of AAP bacteria in the Delaware River. In a
fosmid library, we found two clones bearing photosynthesis gene clusters with unique gene content and
organization. Both clones contained 37 open reading
frames, with most of those genes encoding known
AAP bacterial proteins. The genes in one fosmid were
most closely related to those of AAP bacteria in the
Rhodobacter genus. The genes of the other clone
were related to those of freshwater beta-proteobacteria. Both clones contained the acsF gene, which is
required for aerobic bacteriochlorophyll synthesis,
suggesting that these bacteria are not anaerobes. The
beta-proteobacterial fosmid has the puf operon B-AL-M-C and is the first example of an uncultured bacterium with this operon structure. The alpha-3-proteobacterial fosmid has a rare gene order (Q-B-A-L-M-X),
previously observed only in the Rhodobacter genus.
Phylogenetic analyses of photosynthesis genes
revealed a possible freshwater cluster of AAP betaproteobacteria. The data from both Delaware River
clones suggest there are groups of freshwater or
estuarine AAP bacteria distinct from those found in
marine environments.
Introduction
Aerobic anoxygenic photosynthetic (AAP) bacteria appear
to be common in oxic aquatic ecosystems (Kolber et al.,
2000; Beja et al., 2002; Schwalbach and Fuhrman, 2005)
and may alter current models of the carbon cycle and
other biogeochemical processes (Karl, 2002). Cultured
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AAP bacteria photosynthesize with the use of bacteriochlorophyll a (bchl a), but do not evolve oxygen (Yurkov
and Beatty, 1998). A more thorough understanding of
AAP bacteria is needed to elucidate their role in aquatic
environments.
The diversity of marine AAP bacteria is often explored
with the gene encoding the alpha subunit of the photosynthetic reaction centre, puf M (Beja et al., 2002; Oz et al.,
2005; Schwalbach and Fuhrman, 2005). On the basis of
puf M, AAP bacteria have been classified into two clusters
of proteobacteria (Nagashima et al., 1997). One consists
of a mixture of alpha-1 and alpha-2, beta- and gammaproteobacteria, referred to here as the ‘mixed cluster’
(Nagashima et al., 1997). The other cluster contains the
alpha-3-proteobacterial group (Roseobacter- and Rhodobacter-like) and alpha-4 (Erythrobacter-like) (Beja et al.,
2002; Koblizek et al., 2003; Oz et al., 2005). Few studies
have examined the diversity of freshwater AAP bacteria.
Karr et al. (2003) sequenced the puf M of aerobic and
anaerobic AAP bacteria in a frozen lake in Antarctica.
Bacteria isolated from Crater Lake, an ultraoligotrophic
freshwater system, were also examined for the presence
of puf M genes (Page et al., 2004).
In addition to puf M, AAP bacteria require approximately
40 genes to construct functional photosynthetic complexes (Yurkov and Beatty, 1998). The bchl a and carotenoid genes (bch, crt) and those encoding proteins of
light harvesting (puf B-A) and reaction centres (puf L-M
and puhA) are organized in two major superoperons
together in a 45- to 50-kb gene cluster (Bauer et al.,
1991). The gene order within each of the superoperons
and the relative orientation of the operons vary among
genera of proteobacteria (Young et al., 1989). Furthermore, some genes in the anoxygenic photosynthesis gene
clusters are specific to aerobic environments. For
instance, the acsF gene encodes an enzyme required for
aerobic bchl a synthesis (Pinta et al., 2003). This gene is
also present in four BAC clones from uncultured AAP
bacteria in Monterey Bay (Beja et al., 2002). Another
example is the ppaA gene. It encodes a protein that activates expression of photosynthesis proteins in aerobic
conditions (Gomelsky et al., 2003). These genes and others may reveal information about the function and taxonomy of uncultured AAP bacteria.
Two studies have used a metagenomic approach (Rondon et al., 2000) to examine the photosynthetic gene clus-
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ters of uncultured AAP bacteria from marine waters (Beja
et al., 2002; Oz et al., 2005). To date, however, an environmental genomic approach has not been used to examine freshwater AAP bacteria. The puf operon of only one
freshwater AAP bacterium, Roseateles (Rts.) depolymerans, has been sequenced (Suyama et al., 2002).
The goal of this study was to examine freshwater AAP
bacteria in the Delaware River and to compare them to
their marine counterparts. Sequences of photosynthesis
and other genes allow us to explore issues about the
potential for anoxygenic photosynthesis in freshwater and
the phylogeny of freshwater AAP bacteria. In addition, the
metagenomic approach can be used to examine whether
freshwater anoxygenic photosynthetic bacteria are aerobic or anaerobic. Both types are possible in freshwaters
like the Delaware River, in which anaerobic bacteria from
sediments are potentially introduced into an aerobic water
column. We found AAP photosynthesis operons with gene
content and organization previously uncharacterized
among marine AAP bacteria.

Results and discussion
We isolated two clones containing the puf L-M gene cluster from a metagenomic fosmid library constructed with
bacterial DNA from the Delaware River, the freshwater
end of an estuary (Cottrell et al., 2005). One abundant
group of 16S rDNA genes in this library was from betaproteobacteria, which comprised 17% of clones bearing
16S rRNA genes. Microscopic enumeration by fluorescence in situ hybridization revealed that beta-proteobacteria were 27% of prokaryotes in the river sample (Cottrell
et al., 2005). To determine what types of bacteria comprise the freshwater AAP bacterial community and to
explore other questions about freshwater AAP bacteria,
we completely sequenced the puf L-M fosmid clones.

Beta-proteobacterial fosmid clone
One clone, DelRiverFos06H03, contains an insert of
32 765 bp of genomic DNA (Fig. 1). The superoperon,
crtEF-bchCXYZ-puf BALM (Young et al., 1989; Igarashi
et al., 2001), was found in this fosmid (Fig. 1). This clone
also contains a portion of the conserved bchFNBHLMlhaA-puhA operon (Bauer et al., 1991; Igarashi et al.,
2001). The relative positions and transcriptional directions
of the superoperons are similar to that of the beta-proteobacterium Rubrivivax (Rvi.) gelatinosus (Fig. 1). The gene
order in these superoperons, along with the presence of
all these genes, suggests that the photosynthetic complex
from this uncultured organism is functional (Lawrence and
Roth, 1996; Dandekar et al., 1998; Overbeek et al., 1999).
Most of the genes of this clone are most closely related
to those of beta-proteobacteria. Of the 37 predicted protein coding regions, 23 encode anoxygenic photosynthesis proteins (Table 1). Of these, 22 are 40–79% identical
to proteins of beta-proteobacteria. Seven of the nonphotosynthesis genes encode proteins 53–86% similar to
proteins of beta-proteobacteria (Table 1). Genes of the
hem operon (Fig. 1), which encode enzymes involved in
biosynthesis of cytochrome haems (Panek and O’Brian,
2002), provide further evidence that this fosmid was from
a beta-proteobacterium. Of the four hem genes, three are
closely related (64–72% identical amino acids) to those of
Polaromonas sp. JS666, a beta-proteobacterium in the
freshwater Comamonadaceae subgroup (Table S1). The
phylogeny of the hemF gene follows that of the 16S rRNA
gene in proteobacteria, and the hemF gene of this clone
clades with other Comamonadaceae beta-proteobacteria
(Fig. 2). This clone was designated the beta-proteobacterial fosmid.
This clone was likely from an aerobic bacterium capable of anoxygenic photosynthesis. Just downstream of
the puh operon is the acsF gene (Fig. 1), which encodes

Table 1. Analysis of open reading frames (ORFs) of beta-proteobacterial clone DelRiverFos06H03.

Phylogenetic groupa

Amino acid
identities (%)b

Amino acid
similarities (%)b

Photosynthesis genes (23 total)
20
Rubrivivax gelatinosus
2
Roseateles depolymerans
1
Rhodobacter sulfidophilus

Beta-proteobacteria
Beta-proteobacteria
Alpha-3-proteobacteria

40–79
65–67
57

51–89
76
77

Non-photosynthesis genes (9 total)
4
Polaromonas sp. JS666
3
Rubrivivax gelatinosus
1
Mesorhizobium loti
1
Archaeoglobus fulgidus

Beta-proteobacteria
Beta-proteobacteria
Alpha-2-proteobacteria
Euryarchaeota

63–80
42–46
38
34

74–86
53–60
57
54

Unknown
5

Unknown

–

–

Number of ORFs

Most similar organism

None

a. Phylogenetic affiliations are based on 16S rRNA.
b. Ranges of per cent amino acid identities and similarities of fosmid clone ORFs to homologues.
Open reading frames were analysed by BLAST-X, and the organism bearing the most similar gene was noted. For complete annotation, see
Supplementary material Table S1.
© 2005 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 7, 1896–1908
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Fig. 1. Uncultured Delaware River beta-proteobacterium DelRiverFos06H03 and full photosynthesis gene cluster of Rvi. gelatinosus (accession
number AB034704). ‘FW’ above open reading frame indicates it was in a separate freshwater cluster in phylogenetic analyses, while ‘m’ indicates
it clustered with the mixed cluster of AAP bacteria. Gene symbols: crt, carotenoid; bch, bacteriochlorophyll; puf and puh, reaction centre; puc,
light harvesting II; lha, light harvesting I; hem, coenzyme metabolism; mms, lipid metabolism. Open reading frame numbers 227, 154 and 276
for Rvi. gelatinosus hypothetical proteins correspond to accession numbers BAA94052, BAA94051 and BAA94049 respectively.

a protein required for aerobic cyclization of magnesiumprotoporphyrins in bchl a synthesis (Ouchane et al.,
2004). The reaction catalysed by this enzyme is oxygendependent, and this gene is not present in the strictly
anaerobic anoxygenic green sulfur bacterium Chlorobium tepidum (Ouchane et al., 2004). The anaerobic
anoxygenic phototroph, Rhodobacter (Rba.) sphaeroides, also contains the acsF gene (Zsebo and Hearst,
1984; Choudhary and Kaplan, 2000; Pinta et al., 2002),
but this organism can form functional reaction centres in
aerobic cultures (Koblizek et al., 2005). The oxygenindependent counterpart of acsF (bchE) was not found
in this fosmid clone (Fig. 1). In addition, this clone contains the oxygen-dependent oxidase hemF, but not the
oxygen-independent dehydrogenase counterpart hemN
(Layer et al., 2002; Panek and O’Brian, 2002). The presence of hemF and acsF, along with the absence of their
anaerobic counterparts, suggest that the organism was
an AAP bacterium and not an anaerobe from anoxic
sediments.

Alpha-3-proteobacterial fosmid clone
The other clone, DelRiverFos13D03, appears to be
related to alpha-3-proteobacteria. This clone contains a
genomic fragment of 34 908 bp, with 37 predicted open
reading frames (ORFs) (Fig. 3). Most (35) of the 37 genes

in the clone are similar to those of alpha-3 proteobacteria
in the Rhodobacter genus (Table 2). Both conserved
superoperons, crtEF-bchCXYZ-puf BALM and bchFNBHLM-lhaA-puhA, were found in this clone, suggesting
that the DNA originated from a photosynthetically competent organism. The photosynthesis gene cluster is similar
to that of Rba. sphaeroides (Fig. 3). Of the 37 predicted
ORFs, 26 encode proteins that are 41% to 85% identical
to known anoxygenic photosynthesis proteins (Table 2).
There are 10 ORFs encoding non-photosynthesis
proteins, some of which can be used as phylogenetic
markers. These include rpmE, rplS, riml and trmD, which
encode large subunit ribosomal proteins (Fig. 3). The phylogeny of the rpmE gene follows 16S rRNA phylogeny
among proteobacteria (Makarova et al., 2001; Lecompte
et al., 2002). The rpmE gene of this fosmid is most closely
related to Rba. sphaeroides in the alpha-3-proteobacterial
clade, but is distinct from Silicibacter (Roseobacter-like)
(Fig. 4). In addition, phylogenetic analyses of the trmD
and rplS proteins place this fosmid clone in the Rhodobacter clade of alpha-3-proteobacteria (data not shown).
This clone was therefore referred to as the alpha-3proteobacterial fosmid.
This fosmid, like the beta-proteobacterial clone, contains the acsF gene (Fig. 3). The alpha-3-proteobacterial
fosmid also contains the ppaA gene, which activates photopigment production and puc operon expression under
aerobic conditions in Rba. sphaeroides (Gomelsky et al.,
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0.1
Fig. 2. Phylogenetic analysis of the hemF gene. The neighbour-joining tree was constructed on the basis of 780 nucleotide positions. Alpha-,
beta- and gamma-proteobacterial clusters are designated on the basis of the 16S rRNA gene.

2003). The presence of these genes indicates that this
photosynthesis operon was from an AAP bacterium.
The puf M gene from our clone clustered with those of
alpha-3-proteobacteria and is most closely related to
Rhodobacter puf M genes (Fig. 5). Similarly, the puf L
gene of this fosmid fell in a cluster with Rba. capsulatus
and Rba. sphaeroides, as well as the alpha-3-proteobacterium HTCC515 isolated from Crater Lake (Page et al.,
2004) (Fig. S1D). Additionally, phylogenetic analyses of
proteins encoded by crtE, crtF, bchC, bchX, crtD and acsF
of the alpha-3-proteobacterial fosmid indicate they were

most similar to proteins in Rhodobacter isolates (Figs S1
and S2).
These phylogenetic analyses, as well as of the puf
operon organization (see below), suggest that this clone
was from a Rhodobacter-like bacterium. This was surprising, given that this type of bacteria was not abundant in
the fosmid library (based on 16S rDNA data) or in the river
(Cottrell et al., 2005). However, Rhodobacter are typical
freshwater or estuarine bacteria (Hansen and Imhoff,
1985; Mullins et al., 1995; Suzuki et al., 1997; Crump
et al., 1999, 2004), while Roseobacter, another group
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Table 2. Analysis of open reading frames (ORFs) of alpha-3-proteobacterial clone DelRiverFos13D03.

Phylogenetic groupa

Amino acid
identities (%)b

Amino acid
similarities (%)b

Photosynthesis genes (26 total)
17
Rhodobacter sphaeroides
3
Rhodobacter capsulatus
5
Monterey Bay BAC 60D04
1
Rhodobacter blasticus

Alpha-3-proteobacteria
Alpha-3-proteobacteria
Alpha-3-proteobacteria
Alpha-3-proteobacteria

41–85
56–77
52–77
44

62–92
65–92
66–83
55

Non-photosynthesis genes (10 total)
7
Rhodobacter sphaeroides
1
Rhodobacter capsulatus
1
Monterey Bay BAC 60D04
1
Aspergillus nidulans

Alpha-3-proteobacteria
Alpha-3-proteobacteria
Alpha-3-proteobacteria
Ascomycota, Fungi

49–83
48
68
35

65–84
61
80
49

Unknown
1

Unknown

–

–

Number of ORFs

Homologue organism

None

Open reading frames were analysed by BLAST-X, and the organism bearing the most similar gene was noted. For complete annotation, see
Supplementary material Table S2.
a. Phylogenetic affiliations are based on 16S rRNA for cultured and on puf M for Monterey Bay BAC 60D04.
b. Ranges of per cent amino acid identities and similarities of fosmid clone ORFs to homologues.

AAP beta-proteobacteria, to date uncharacterized. The
pufM gene of this fosmid is in this freshwater cluster with
several other freshwater representatives (Fig. 6). The
puf L clustered with those of the freshwater betaproteobacteria Rhodoferax (Rfx.) fermentans and Rts.
depolymerans (Fig. S1D). Other genes, such as hemF
(Fig. 2) hemC, hemB, ABC-ATPase (data not shown) and
puf B (Fig. S1E), are also in this freshwater clade of betaproteobacteria, containing cultured members of the

of alpha-3-proteobacteria, dominate marine habitats
(Gonzalez and Moran, 1997). The alpha-3-proteobacterium represented by this clone may be related to estuarine
bacteria capable of success in a wide range of salinities.
Freshwater cluster of AAP beta-proteobacteria
Analyses of individual photosynthesis genes of the betaproteobacterial clone revealed a freshwater cluster of

pucCAB

ureDAB

ureCEFG

ABC

bchEJG

N

B
bch

H

pO

tA

ts

crtCD EF

crt IB

bchODI

ppaA

cycA

ppaA F

cr

bchFNBHLM

pu
c
bc C
hP
id
i

227
154
acsF
276

pp
sR

10 kb

pu
hA
lh
aA

Rba. sphaeroides

L M lhaA puhA

acsF

lhaA puhA

227
154
RSPH1156
acsF
276

hemA

cycA

dxs X

M

L A B Q

puf

Z

Y

bch

X

C

F

E

D

bchCXYZ pufQKBALMX
dxs

C

E S

fnrL
L D fnrL

ribosomal
proteins

crt

10 kb

Uncultured alpha-3proteobacterium
DelRiverFos 13D09
Fig. 3. Uncultured Delaware River alpha-3-proteobacterium DelRiverFos13D03 and photosynthesis gene cluster of Rba. sphaeroides (Accession
number AF195122). Gene symbols: crt, carotenoid; bch, bacteriochlorophyll; puf and puh, reaction centre; lha, light harvesting I; ppa, photosynthesis regulation. Rba. sphaeroides Rsph03001156 Accession number ZP_00005240, was abbreviated RSPH 1156.
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Fig. 4. Phylogenetic analysis of the rpmE gene. The neighbour-joining tree of the proteobacterial (C-) form of rpmE was constructed on the basis
of 146 nucleotide positions. Alpha-, beta- and gamma-proteobacterial clusters are designated on the basis of the 16S rRNA gene. a-1, a-2, a3 and a-4 designations refer to the subclasses of the alpha-proteobacteria.

Comamonadaceae group. The crtE, crtF and bchC
genes of the beta-proteobacterial fosmid also provide
support for this freshwater cluster, but more sequences
of these genes from freshwater are needed (Fig. S1A–
C). These results are summarized schematically in
Fig. 1, with ‘FW’ marking the genes that are in a separate
freshwater cluster.
In contrast, the acsF gene of the beta-proteobacterial
clone is in the mixed cluster of cultured and uncultured
AAP bacteria (Fig. S2D). Proteins encoded by bchX, puf C
and crtD (Fig. S1A–C) and bchY, bchZ, crtA, crtC, crtI,
crtB and puhA (data not shown) of the beta-proteobacterial fosmid are in the mixed cluster. These data are sum-

marized in Fig. 1, where genes marked ‘m’ are from the
mixed cluster.
The pattern of genes in this fosmid (Fig. 1) suggests
a lateral gene exchange between freshwater betaproteobacteria and mixed cluster AAP proteobacteria,
with one of the recombination sites being between the
puf M and puf C genes. The freshwater AAP genes are
present in the crtEF and puf BALM portions of the crt-bchpuf superoperon. In addition to large horizontal transfer
events (Nagashima et al., 1997; Igarashi et al., 2001;
Raymond et al., 2002), portions of photosynthesis operons appear to have been rearranged or subjected to multiple horizontal transfer rearrangements (Beja et al.,
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Fig. 5. Phylogenetic analysis of puf M in the alpha-3-proteobacterial cluster. Sargasso Sea clones are abbreviated ‘Sar’ followed by the nucleotide
accession number. Lake Fryxell sequences are from Karr et al. (2003). The scale bar represents five nucleotide substitutions per 100 positions.

2002). Reaction centre genes do not form the same clusters as pigment biosynthesis genes in phylogenetic analyses (Xiong et al., 2000). The data summarized in Fig. 1
provide further evidence of these rearrangements.
A complication in this analysis is the lack of genomic
data for AAP beta-proteobacteria from freshwater environments. The sequences of most of these genes from freshwater or estuarine AAP bacteria are not available. Other
than puf M, no photosynthesis genes of uncultured freshwater AAP representatives have been sequenced to date.
Overall, the genes in the beta-proteobacterial fosmid
are most similar to bacteria of the beta-I-proteobacterial
cluster (Glöckner et al., 2000). This cluster is also known
as the strictly freshwater Rhodoferax cluster, in the Comamonadaceae clade of beta-proteobacteria (Zwart et al.,
2002). Of the beta-proteobacterial 16S rRNA sequences

in the Delaware River fosmid library, most belonged to the
Comamonadaceae clade (Cottrell et al., 2005). Representative AAP Comamonadaceae bacteria include Rts.
depolymerans, Rvi. gelatinosus, Rfx. fermentans and the
Crater Lake beta-proteobacterium HTCC528. This fosmid
provides clues to a strictly freshwater cluster of AAP betaproteobacteria. Analyses of a puf M polymerase chain
reaction (PCR) library place 88% of uncultured AAP bacteria in the Delaware River in this cluster (L. A. Waidner
and D. L. Kirchman, in preparation).
Gene order of the puf operon
We analysed gene order (synteny) to gain further insights
into the AAP genes of the fosmid clones. The puf operon
of the beta-proteobacterial fosmid consists of puf B-A-L-

© 2005 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 7, 1896–1908
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Fig. 6. Phylogenetic relationships of puf M genes. Clone numbers of Lake Fryxell uncultured bacteria puf M are indicated ‘Lake Fryxell c’. The
scale bar represents 10 nucleotide substitutions per 100 positions. The alpha-3-proteobacterial cluster containing 41 taxa is expanded in Fig. 5.
Chloroflexus aurantiacus was the outgroup.

M-C (Table 3). The six representatives of cultured AAP
bacteria with this operon are in the mixed proteobacterial
cluster based on 16S rRNA phylogeny (Table 3). While BA-L-M-C is common in cultured AAP bacteria (Tuschak,
2003), the Delaware River beta-proteobacterial fosmid is
the only known uncultured representative to have this
operon organization. Like the beta-proteobacterial clone,
the alpha-3-proteobacterial fosmid contains a puf gene
order also unique among uncultured AAP bacteria
(Table 3). This clone contains puf Q-B-A-L-M-X, an organization seen so far only in Rba. capsulatus and Rba.
sphaeroides (Tuschak, 2003).
To further investigate the relationships among AAP bacterial puf operons, we examined gene order using a clustering analysis (Fig. 7). The same approach has been
applied to ribosomal protein operons (Coenye and Vandamme, 2005). In this analysis, there are two major
groups of AAP bacteria. The puf operon of the betaproteobacterial fosmid (B-A-L-M-C) clusters with those of
mixed proteobacterial AAP bacteria, containing alpha-1,
alpha-2, beta- and gamma-proteobacteria.
The second major cluster of puf operons contains
alpha-3 and alpha-4-proteobacteria and uncultured proteobacteria with puf M genes most closely related to
those of alpha-3 proteobacteria (Fig. 7). The organiza-

tion of the puf genes in a Red Sea BAC clone is the
same as that of a Roseobacter-like isolate, Rhodovulum
sulfidophilum, which is the only cultured representative
with that gene order (Tsukatani et al., 2004; Oz et al.,
2005). The operon of our alpha-3-proteobacterial fosmid,
however, is distinct from those in marine Roseobacterlike bacteria. Its gene order is unique to the Rhodobacter
genus.
A third minor cluster is composed of the puf operons in
which the B-A (light-harvesting I) genes are downstream
of puf L-M (Fig. 7). This type of puf operon has been
observed to date only in cultured gamma-proteobacteria
and in two Pacific coastal water BAC clones (Beja et al.,
2002).
This analysis places the beta-proteobacterial fosmid in
the mixed cluster of AAP bacteria, which is supported by
phylogenetic analyses of some genes (Fig. 1). In contrast,
analyses of other genes, such as crtE-F and puf L-M,
suggest that this clone is in a separate freshwater cluster,
distinct from the mixed cluster of AAP bacteria (Fig. 6 and
Fig. S1). Furthermore, this operon sequence (B-A-L-M-C)
is conserved among the AAP representatives in the
Comamonadaceae group of beta-proteobacteria. Two
other beta-proteobacteria, Rts. depolymerans and Rvi.
gelatinosus, also have the B-A-L-M-C gene order (Fig. 7).
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Table 3. Gene orders in puf operons of cultured and uncultured proteobacteria.
Operon

Cultured representative

Accession

Uncultured representative

Accession

Phylogenya

B-A-L-M-C-B-A-B-A

Allochromatium vinosum
Lamprocystis purpurea

AB050620/AB011811
AY177752

–
–

–
–

Gamma
Gamma

L-M-C-B-A

–
–

–
–

MB BAC29C02
MB BAC65D09

AE008920
AE008919

Beta
Beta

B-A-L-M

Rhodospirillum rubrum
Bradyrhizobium sp. ORS278
Rhodopseudomonas palustris

JGI drafts contig 129b
AF182374
NC_005296

–
–
–

–
–
–

Alpha-1
Alpha-2
Alpha-2

B-A-L-M-C

–
Rvi. gelatinosus
Rts. depolymerans
Rhodospirillum molischianum
Acidiphilium angustum
Roseospirillum parvum
Ectothiorhodospira shaposhnikovii

–
AB034704
AB028938
D50654
AB005219
AY242845
AF018955

DelawareRiver 06H03
–
–
–
–
–
–

AY912082
–
–
–
–
–
–

Beta
Beta
Beta
Alpha-1
Alpha-1
Alpha-2
Gamma

Q-K-B-A-L-M-X

Rba. sphaeroides

AJ010302

Q-B-A-L-M-X

–
Rba. capsulatus

–
Z11165

DelawareRiver 13D03
–

AY912081
–

Alpha-3
Alpha-3

Q-B-A-L-M

–
Erb. longus

–
AB035570

MB BAC60D04c
–

AE008921
–

Alpha-3
Alpha-4

Q-B-A-L-M-C

–
Rhodovulum sulfidophilum

–
AB020784

eBACred25D05c
–

AY671989
–

Alpha-3
Alpha-3

c
c

Alpha-3

a. Phylogenetic affiliations are based on 16S rRNA for cultured and on puf M for uncultured organisms. Alpha-1, alpha-2, alpha-3, alpha-4, beta
and gamma designations refer to the subclasses of proteobacteria.
b. Rhodospirillum rubrum genome is available at http://genome.jgi-psf.org/microbial/index.html
c. MB BAC represents Monterey Bay BAC clones (Beja et al., 2002), and eBACred is from the Red Sea uncultured proteobacterium (Oz et al.,
2005).

Allochromatium vinosum
Lamprocystis purpurea
MB BAC 29C02
MB BAC 65D09
Bradyrhizobium sp. ORS278
Rhodospirillum rubrum
Rhodopseudomonas palustris

----BALMCBABA b/g Pacific,
g is olates
--------LMCBA-------BALM----------

DelRiverFos 06H03

Comamon.

Roseateles depolymerans
Rubrivivax gelatinosus
Roseospirillum parvum
----BALMC-------Acidiphilium angustum
Rhodospirillum molischianum
Ectothiorhodospira shaposhnikovii
Rhodobacter sphaeroides
QKBALMX--------

DelRiverFos 13D03

Rhodobacter capsulatus
EBAC60D04
Erythrobacter longus
eBACred25D05
Rhodovulum sulfidophilum

50

60

70
80
Similarity

90

Mixed
a–1, a–2
b, g

Q--BALMX-------Q--BALM----------

a–3, a–4

Q--BALMC--------

100

Fig. 7. Similarity dendrogram of gene orders and content of puf operons. Gene orders of the puf operon are indicated to the right of each group.
Phylogenetic assignments were based on 16S rRNA for cultured organisms and on the pufM gene for uncultured proteobacteria. Comamon.,
Comamonadaceae group of the beta-proteobacteria.
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There are several explanations for the apparent discrepancies in these results. First, genomic data from
freshwater AAP bacteria are lacking. The only freshwater
AAP bacterium whose puf operon has been sequenced
is Rts. depolymerans, which was isolated from a river
(Suyama et al., 2002). In addition, the phylogenetic resolution of the synteny analysis is not as great as those of
individual gene or protein analyses. For example, the
puf M tree is based on 633 nucleotide positions, with four
possibilities per position (G/A/T/C). The relationships
among these puf operons are based on 12 positions, with
only two possibilities (1/0) at each position. Finally, these
data could be explained by horizontal gene transfers of
the photosynthesis operons between AAP bacteria in the
freshwater and mixed clusters as discussed above.

DNA for the pufM gene by PCR amplification using primers
pufMR and puf LF (Achenbach et al., 2001). The pooled DNA
(100 ng) was used in 25 ml PCR reactions, with 0.5 U Taq
DNA polymerase and 1X buffer (Promega, Madison, WI),
0.2 mM dNTPs, 2.5 mM MgCl2, 0.2 mg ml-1 bovine serum
albumin (Sigma A-7030, Sigma-Aldrich, St. Louis, MO) and
0.2 mM each primer. The reactions were subjected to 30
rounds of amplification (94∞C 1 min, 58∞C 0.5 min, 72∞C
2 min).
Two pools resulted in positive 1.5-kb PCR products, the
predicted size of the puf L-M gene amplicon. To confirm the
presence of the puf M genes, the two 1.5-kb PCR products
were subcloned into vector pCR2.1 (Invitrogen, Carlsbad CA)
as per the manufacturer’s instructions and partially
sequenced using vector primers M13F and M13R.

Sequencing and sequence analyses
Conclusions
These Delaware River clones may be representative of
AAP bacteria in oxic freshwaters. The metagenomic data
indicate that these AAP bacteria are aerobic, and that one
type is a Rhodobacter-like bacterium, while the other is a
beta-proteobacterium in the Rhodoferax clade. Both
clones likely are from photosynthetically competent bacteria because they contained most of the photosynthesis
genes needed for AAP metabolism. The puf M of the betaproteobacterial clone and of other freshwater AAP bacteria form a freshwater cluster. The genomic information
from the beta-proteobacterial clone provides hints of lateral transfers of photosynthesis genes between AAP bacteria in the freshwater and mixed clusters. Overall, the
data from these gene clusters suggest the existence of
groups of AAP bacteria different from what have been
observed so far in marine habitats.

Experimental procedures
Screening the fosmid library for photosynthesis operons
The construction of the library was outlined in detail previously (Cottrell et al., 2005). In brief, we constructed a fosmid
library in the pCC1-Fos vector (Epicentre, Madison, WI) from
a December 2001 sample of picoplankton (< 0.8 mm) DNA
from surface water in the Delaware River near Trenton, NJ
(40∞7.69¢N, 74∞49.05¢W), 198 km from the mouth of the
estuary.
Pools of 96 clones from each microtitre plate were used as
templates for PCR after induction with arabinose. Clones
were grown individually in microtitre plates in 100 ml of Luria–
Bertani (LB) with 12.5 mg ml-1 chloramphenicol at 37∞C for
16 h. The cultures were then pooled and diluted in LB with
chloramphenicol and induction solution (Epicentre) and
grown further for 5 h at 37∞C. The DNA of the pooled clones
was isolated manually by alkaline lysis, precipitated with ethanol, and resuspended in 50 ml of purified water. Yields
ranged from 100 to 1000 ng ml-1. We screened the pooled

The inserts of the two puf M-bearing clones (33 and 35 kb)
were fully sequenced by the Joint Genome Institute of the
Department of Energy by shotgun cloning and sequencing.
The insert sequences were automatically annotated using
GLIMMER (Delcher et al., 1999). The annotations were also
manually edited.
To determine the protein most closely related to each ORF
in the fosmid insert sequences, the nucleotide sequences
were compared with sequences in the protein database using
BLAST-X version 2.2.9 (Altschul et al., 1997). To confirm the
start codons of each ORF computed by GLIMMER’s automated
annotation, we downloaded all related protein sequences of
each gene and manually aligned with the fosmid protein
sequences using CLUSTAL-W (Thompson et al., 1994).
Phylogenetic and molecular evolutionary analyses of protein sequences were conducted using MEGA version 3.0
(Kumar et al., 2004). Phylogenetic trees were formed using
the consensus of 1050 replications of Minimum Evolution
calculations, using the p-distance model.
For nucleotide analyses of puf M, puf L and other genes,
sequences were converted to protein sequences and aligned
with CLUSTAL-W using MegAlign version 5.08 (DNAStar, Madison, WI). The alignment of puf M was based on 633 nucleotide positions of 74 publicly available sequences and the two
Delaware River fosmids. Twelve short sequences (227 bp of
C-terminal sequence) from the Lake Fryxell study (Karr et al.,
2003) were added to the alignment. The puf L alignment was
based on 486 nucleotide sites of 58 taxa, including the two
fosmid puf L genes. Alignments were converted nucleotide
sequences, converted to MEGA format, keeping predefined
alignment gaps, and imported into the MEGA package (Kumar
et al., 2004). Evolutionary distances and phylogenetic trees
were constructed in MEGA, using the Kimura 2-parameter
nucleotide model, with pairwise deletion of gaps. Bootstrap
values were based on 1050 replications.

Gene order analysis of puf operon
The puf gene orders among 21 cultured and uncultured anoxygenic photosynthetic bacteria were compared using a
method described by Coenye and Vandamme, 2005). In brief,
genes were considered as either present or absent (1 or 0),
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arrayed into three separate gene orders, and then subjected
to cluster analysis by using the Ward clustering parameters
(Ward, 1963) using the PAST program (Hammer et al., 2001).
This method applies equal weight to each gene (binary character), regardless of repeat number, and regardless of the
character at any position. The accession numbers for the
operons in this analysis are provided in Table 3. The presence/absence matrices were produced for each taxon, with
a ‘1’ for gene presence and ‘0’ for absence using three gene
orders: puf Q-K-B-A-L-M-C-X-B-A-B-A, puf A-B-A-B-C-X-ML-A-B-K-Q, or puf Q-K-B-A-L-M-X-C-B-A-B-A. The three
resulting dendrograms results were identical. Phylogenetic
designations of Monterey Bay BAC clones 60D04, 65D09,
29C02 and eBACred25D05 were based on puf M phylogenetic analyses (Beja et al., 2002; Oz et al., 2005).

Accession numbers
The nucleotide sequences of the fosmid inserts were deposited in GenBank with Accession numbers AY912081 and
AY912082. Accession numbers of protein and nucleotide
sequences used in phylogenetic analyses are provided in
Supplementary material Table S3.
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