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Summary

Aerobic anoxygenic photosynthetic bacteria (AAnP)
were recently proposed to be significant contributors
to global oceanic carbon and energy cycles. However,
AANnP abundance, spatial distribution, diversity ‘and
potential ecological importance remain poorly
understood. Here we present metagenomic data from
the Global Ocean Sampling expedition indicating that
AAnP diversity and abundance vary in different
oceanic regions. Furthermore, we show for the first
time that the composition of AAnP_assemblages
change between different oceanic regions.with spe-
cific bacterial assemblages adapted to open ocean or
coastal areas respectively. Our results support the
notion that marine AAnP populations are complex
and dynamic and compose an important fraction of
bacterioplankton assemblages in ‘certain oceanic
areas.

Introduction

Since their rediscovery:in the'marine environment (Kolber
et al., 2000; 2001), aerobic. anoxygenic photosynthetic
bacteria (AAnP) were. reported to exist in a variety of
coastal and oceanic environments. These photoheterotro-
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phs were detected.using=various techniques ranging
from infrared fast-repetition-rate analysis of variable
bacteriochlorophyll-a (BChla) fluorescence (Kolber et al.,
2000; 2001; Koblizek ‘et al., 2005; 2006), cultivation (All-
gaier et al., 2003), PCR targeting of photosynthetic reac-
tion centre genes (Béja et al., 2002; Oz et al., 2005; Yutin
et al., 2005), real-time PCR (Schwalbach and Fuhrman,
2005; Du. etal., 2006), environmental genomics (Béja
et al., 2002; Oz et al., 2005; Waidner and Kirchman, 2005;
Yutin_et al., 2005) and direct counts using infrared fluo-
rescence microscopy (Schwalbach and Fuhrman, 2005;
Cottrell etal., 2006).

Despite these efforts, the abundance and importance of
AANnPs to the flow of energy and carbon in the ocean
remain poorly understood (Goericke, 2002; Schwalbach
and Fuhrman, 2005; Schwalbach et al., 2005). Using epi-
fluorescence microscopy and real-time PCR, AAnPs were
reported to consist of a smaller portion (up to 5%) of the
total prokaryotic cells in the Pacific Ocean (Cottrell et al.,
2006) than originally (‘at least 11%’) reported (Kolber
etal., 2001) and to range from 2% to 16% in the Atlantic
Ocean (Cottrell etal, 2006; Sieracki etal., 2006).
Furthermore, a study by Goericke (2002) using BChla
measurements suggested that the contribution of BChla-
driven anoxygenic bacterial photosynthesis in the ocean
to the conversion of light-energy is substantially lower
than the previously suggested global average of 5-10%
(Kolber et al., 2000; 2001). These contradictory findings
have at least two explanations: (i) each technique brings
a certain estimation error due to inherent features, i.e.
real-time PCR studies are biased due to varying binding
efficiencies of the chosen primers (Yutin et al., 2005), and
epifluorescence microscopy is hampered by the low
levels of BChla in cells as well as non-specific detection of
picocyanobacteria; (i) AAnP communities are dynamic
and may vary between regions and seasons.

Until now, the diversity of marine AAnP has been mainly
estimated by directly amplifying pufM genes, encoding the
M subunit of the anoxygenic photosynthetic reaction
centre from environmental samples (Béja et al., 2002; Oz
et al., 2005; Schwalbach and Fuhrman, 2005; Yutin et al.,
2005; Du etal., 2006), or by screening pufM genes in
bacterial artificial chromosome (BAC) libraries (Béja et al.,
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Fig. 1. The GOS transect map. The sites are numbered according to Table S1 (GOS sampling site descriptions). Different colours are used to

indicate different types of environments.

2002; Oz et al., 2005; Yutin et al., 2005). These studies
led to the discovery of novel AAnPs belonging to different
groups of Alpha- and Gammaproteobacteria-(Béja et al.,
2002; Oz et al., 2005; Yutin et al., 2005). However, due to
PCR- and cloning biases (Yutin et al;-2005),.it is difficult
to estimate the proportions of different lineages within the
AANP population using these methods. In order to over-
come some of the PCR-based-limitations, we have used
metagenomic shotgun data from the recent Global Ocean
Sampling (GOS) expedition (Rusch et al., 2007; Yooseph
et al., 2007) to characterize the distribution, composition
and abundance of marine’AAnPs.

Results and discussion

The GOS project produced a total of 7.6 million random
sequence reads, yielding approximately six Gbp of
assembled environmental DNA sequence from the North
Atlantic Ocean, the Panama Canal, and East and central
Pacific Ocean gyre (Fig. 1; see also Table S1 for sampling

site locations and characteristics). In order to increase the
coverage of particular genomes, sequence data from all
sampling sites were combined for assembly (Rusch et al.,
2007; Yooseph et al., 2007).

Using the PufM protein as a probe for anoxygenic pho-
tosynthetic bacteria (see Experimental procedures), 99
singletons and scaffolds (hereafter ‘scaffolds’) containing
pufM fragments were extracted from the GOS assembled
data (Table S2). The length of these scaffolds ranged from
452 to 21 305 bp and 575 sequence reads (hereafter
‘reads’) were assembled in these scaffolds.

Aerobic anoxygenic photosynthetic bacteria diversity

In order to investigate the AAnP community composition,
a phylogenetic tree was reconstructed from the pufM
sequences found on the scaffolds. The results of the pufM
phylogenetic analysis were combined with an analysis of
the puf-operon structure that allowed discrimination of
almost all pufM-containing scaffolds into 12 phylogroups

© 2007 The Authors
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(Figs 2 and 3), and also corroborated by oligonucleotide
frequency analysis (see below). The distribution of the
shotgun sequence data between these phylogroups is
shown in Table 1. Although all reads were pooled during
the assembly, no scaffolds composed of reads from both
anoxic and oxic samples were obtained. Apart from scaf-
folds of the single anoxic station (discussed separately
below), 85 scaffolds were assembled from the remaining
356 reads (Table 1). In oxic environments, only two and
four reads were found belonging to phylogroups J and L
respectively, and no reads were found related to phylo-
groups F, H. Thus, phylogroups F, H, J and L were con-
sidered as minor groups in these oxic samples.

The four most abundant phylogroups, A, B, C and D,
have no cultured representatives. Moreover, these groups
were almost completely missed by previous PCR-based
surveys that used earlier versions of pufM primers
(Nagashima et al., 1997; Achenbach et al., 2001; Béja
et al., 2002; Karr et al., 2003; Oz et al., 2005), as several
base pair mismatches exist to genes in these groups.
However, more recent pufM primers (Schwalbach and
Fuhrman, 2005; Yutin et al.,, 2005) do recognize these
groups. Several unusual features have been revealed
from an analysis of the puf-operons of these phylogroups
(Fig. 3); (i) the absence of pufA and pufB genes (encoding
proteins for light-harvesting complex 1 that usually
surround the photosynthetic reaction centre) in groups A
and B. This operon organization has, so far, not been
observed in any cultured organism. It is important to note
here that the real AAnP capacity could not be proven
based on genomics alone and more research is needed to
find if these operons are indeed active; (i) the presence of
the pufX gene in the puf-operons of bacteria from group A.
Although until recently, the presence of the pufX gene
had only been reported for the anaerobic’' Rhodobacter
lineage, evidences of pufX have been reported.for other
uncultured bacteria from oxic estuarine (Waidner and
Kirchman, 2005) and marine (Yutin®and Béja, 2005)
environments. Based on our data set; we propose that
PufX-containing reaction centres’ are common among
marine AANnP bacteria, as it was present in 35 of the 85
AANnP scaffolds described; (iii)~group D bacteria have a
unique order of genes encoding the reaction centre core
proteins because all three subunits of the reaction centre
are colocated within the same.operon (pufLMH).

Based on reads proportions within a given station
(Fig. 4), phylogroups A; B, C.and D were estimated to be
prevalent in the majority of pelagic AAnP communities
(Sargasso Sea samples and almost all Pacific samples,
including those off the Galapagos Islands; Fig. 4). As
these groups were probably missed by most PCR-based
AANP diversity studies, the significance of AAnP bacteria
in open ocean microbial communities might have been
underestimated so far.

© 2007 The Authors

Diversity and biogeography of AAnPs 3

Phylogroup E contains the pufX gene and was mainly
found in several stations at the North-western Atlantic
coast. There is, however, a BAC clone (EBAC60D04) with
99% DNA identity to one of the phylogroup E scaffolds
that has been obtained from the Pacific Ocean (Béja
et al., 2002).

Phylogroup G represents’ Roseobacter-like bacteria.
One of the scaffolds from/this/group is identical to the
Red Sea (Oz etal., 2005) environmental BAC clone
eBACred25D05, and another one is identical to the Medi-
terranean Sea BAC clone BACmed 31B01 (unpublished
data). Members of the Roseobacter lineage are well
known to be represented across a variety of marine habi-
tats (Buchan et al., 2005) and our observations support
this notion as group Grbacteria were mainly observed at
coastal and open, water stations in the Pacific as well as
the Atlantic Ocean.

The closest cultured relatives of group | bacteria are
Betaproteobacteria HTCC528 from a freshwater lake
(Page et al., 2004), Rhodoferax antarcticus from an Ant-
arctic_microbial mat (Madigan et al., 2000), and Rhodof-
erax fermentans isolated from a sewage ditch (Hiraishi
etal, 1991). Based on this high similarity, phylo-
group Ilikely represents Betaproteobacteria scaffolds.
Rhodoferax-related bacteria are found widely distributed
in.freshwater environments (Glockner et al., 2000; Page
et al., 2004) and accordingly, GOS sequences belonging
to, this group were only detected in estuarine or fresh-
water samples (Fig. 4). One estuarine fosmid clone
[DelRiverFos06HO03 (Waidner and Kirchman, 2005)] is
also affiliated with these sequences.

Phylogroup K contains Gammaproteobacteria represen-
tatives [Congregibacter litoralis KT71 (Eilers et al., 2001)
and BAC clones EBAC65D09 and EBAC29C02 (Béja
et al., 2002)], all related to the OM60 clade (Rappé et al.,
1997). Despite their close relationships based on pufM
phylogeny, AAnPs in this group possess two different types
of puf-operon structures: some have pufC downstream of
pufM while others have pufA and pufB (Fig. 3) indicating
that this group might in fact be polyphyletic. Members of
group Kwere found at the North-western Atlantic coast and
at some stations off the Galapagos Islands.

Anaerobic photosynthetic scaffolds assembled from
an anoxic sample

The single anoxic sample in this set of the GOS expedi-
tion (hypersaline lagoon, Galapagos; dissolved oxygen,
0.06 mg I'"), contributed 219 reads to our data set
(Table 1). Half or these reads were assembled in a
21 255-bp-long scaffold (#1096627135419) belonging to
group H (Fig. 2). This group represented the most abun-
dant anoxygenic phototrophs at this station, and currently
contains no known cultured relatives. The puf-operon

Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology
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Fig. 2. pufM phylogenetic tree. The tree is
based on a Bayesian tree to which short
sequences were added by ARB_PARSIMONY.
Reference sequences retrieved from the
GenBank are marked in bold. IBEA_CTG
clones belong to the Sargasso Sea project
(Venter et al., 2004) whose sequence data
were included in GOS assembly. Branches
found on the initial Bayesian tree are shown
in bold lines. The numbers on nodes
represent branch confidence values. Asterisks
indicate scaffolds assembled by reads from
the anoxic sample. Coloured boxes mark the
12 phylogroups defined in this study.
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Fig. 3. Diversity of photosynthetic operonal organization revealed
in the GOS data set. puf-operons are shown in red. Z,
chlorophyllide reductase Z subunit, is marked in green. 641,
deoxyxylulose-5-phosphate synthase (orf 641). Other genes are
labelled in white.

structure of this scaffold is pufBALMC (Fig. 3). Scaffold
number 1096627139036 represents the second /most
abundant bacterium at this station and is.-somewhat
related to the Rhodobacter clade with a puf-operon
structure identical to that of Rhodobacter species:
pufQBALMX. Currently no cultured strains closely related

Diversity and biogeography of AAnPs 5

to this phylotype exist. Other abundant pufM-containing
scaffolds found at station 38 were related to Loktanella
vestfoldensis (phylogroup F), Rhodovulum sulfidophilum
(phylogroup G), Antarctic clones LFc1 and LFc15 (Karr
et al., 2003) (phylogroup J; the sequences from these
clones were short and are not shown in Fig. 2), and Lam-
procystis purpurea (scaffold’1096627358409). Not sur-
prisingly, anoxygenic phototrophs at this station were
quite unique as no anoxygenic phototrophs found at this
anoxic sample were observedin any of the oxic samples.

The assembly efficiency at this sample was remarkably
higher than in the oxic. samples. Four nearly completed
genomes and the highest ratio of unassembled/
assembled in >10 000-bp-long scaffolds reads were
found here (Rusch et ali; 2007) and no singletons coming
from station 38 were observed in the represented data set
(Table S1). This:success of assembly may be attributed to
lower species richness at this station and/or to the large
sequencing /effort performed at this station (694 642
reads).

Oligonucleotide frequency analysis of pufM-containing
scaffolds from the GOS data set

The validity of the phylogroups defined on pufM phyloge-
netic reconstruction and operon organization was further
evaluated by genomic signature analysis. As comparative
genomics has revealed in recent years, the frequencies of
short oligonucleotides in genomes act like a species-
specific fingerprint and furthermore carry a weak phylo-
genetic signal (Pride et al., 2003). While the analysis of
such genomic signatures cannot compete with gene-
based phylogenetic reconstruction, regarding the sophis-
tication of the underlying mathematics and thus
resolution, it has the advantage of not being limited to
genes. Instead, the entire DNA sequence can be analy-
sed which is particularly interesting in metagenomics,

Table 1. Summary of pufM-associated data-extracted.from the GOS data set.

Total Oxic Anoxic
Phylogroup Reads Scaffolds Reads Scaffolds Reads Scaffolds
A 78 30 78 30 0 0
B 47 9 47 9 0 0
C 36 12 36 12 0 0
D 29 4 29 4 0 0
E 61 3 61 3 0 0
F 9 2 0 0 9 2
G 63 14 53 10 10 4
H 107 2 0 0 107 2
| 14 5 14 5 0 0
J 18 4 2 1 16 3
K 26 6 26 6 0 0
L 4 2 4 2 0 0
Others 83 6 6 3 77 3
Sum 575 99 356 85 219 14

© 2007 The Authors
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Fig. 4. AAnP population compositions along the GOS transect. Colours used to represent different types of environments are the same as in
Fig. 1, and colours representing the eight major phylogroups are according to those used in Fig. 2. pufM-associated reads are reads included
in pufM-containing scaffolds. Note that samples 5, 6 and 7 are different size fractions from the same station: sample 5, 20-3 um; sample 6,

3-0.8 um; sample 7, 0.8-0.1 um.

where frequently only short fragments or only partial
genes are obtained. Due to the shortness of many of the
scaffolds in this study, only di- and trinucleotide frequen-
cies could be used because statistics on longer oligo-
nucleotides require longer sequences. While this did not
allow computing well-separated coherent de novo clus-
ters, a cluster analysis of the data revealed striking con-
gruities with the pufM phylogenetic reconstruction (Fig. 5).
Sixty-one per cent of the scaffolds formed clusters
uniquely represented by sequences from distinct phylo-
groups assigned by phylogenetic and operon analysis:

Aerobic anoxygenic photosynthetic bacteria
biogeography

Although the occurrence of specific gene-anchored reads
and scaffolds in shotgun sequence data is a likelihood
event (especially for a rare gene as pufM), our analysis of
AANnP community composition at different stations reveal
some interesting trends (Fig. 4). The Roseobacter-related
phylogroup (G) appears to be the most ubiquitous across
different environments. In addition, phylogroup G consti-
tutes a significant part of the 'AAnP communities at
mesotrophic stations (stations®24-28 surrounding the
Panama Canal; coral reef atoll at station 44; some coastal
stations and some stations off the Galapagos Islands) and
a minor part of oligotrophic ' AAnP communities (Pacific
Ocean Gyre and Sargasso-Sea stations). Phylogroups A
and B, not previously:described, are the main AAnPs in
oligotrophic regions. Phylogroups E and K subsume
coastal species, whereas phylogroups C and D represent
mostly offshore species. Group | bacteria, attributed to a
freshwater Betaproteobacteria clade, also composed a
significant part of AAnPs in all estuarine samples, indicat-
ing that they might thrive in saline environments (the
salinity at the station 14 was 26.5 p.p.t.).

Aerobic anoxygenic photosynthetic bacteria abundance
estimation

While the GOS expedition was originally intended to the
discovery of new genes and organisms, and evaluation of
microbial genetic diversity (Rusch et al., 2007), our study
was aimed to survey AAnP community compositions and
to gain'insights on specific AAnP abundances along the
GOS transect. An important question in the study of
AAnNPs is what per cent of total bacteria (or total microbes)
in. the community AAnPs comprise. We inferred AAnP
relative abundances by the relative abundances of anoxy-
genic photosynthetic genes in these samples using differ-
ent metrics. In all anoxygenic phototrophs genomes
reported to date, the pufM gene was found as a single-
copy gene and was therefore used to estimate AAnP
numbers in our samples. Besides the marker for AAnP
bacteria, we used the recA gene coding a critical DNA
repair enzyme and considered to be a single-copy gene
present in all bacterial genomes; thus, it is a suitable
estimator of total bacterial genomes in the sample (Venter
et al., 2004; Howard et al., 2006). As the length of pufM
and recA genes is, on average, similar, initially we
assumed that the ratio between the number of pufM and
recA reads reflected the ratio between AAnP and total
bacteria in our samples (data not shown).

These pufM and recA reads are meant as sequence
reads strictly containing at least a part of the pufM or the
recA genes. However, in addition, our data set was com-
posed of scaffolds assembled from different reads from
the entire data set, some containing fragments of other
genes situated in certain proximity to the pufM or the recA
genes. This information was used as a second metric of
relative abundance, as common genomes should result in
longer scaffolds. All reads (and not just those containing
pufM) assembled in pufM-containing scaffolds were
counted as ‘pufM-associated’ reads in Fig. 4. While in

© 2007 The Authors
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Fig. 5. Hierarchical cluster analysis of the
sequences’ di- and trinucleotide frequencies.
Different phylogroups are indicated by distinct
colours. Clusters consistent with the
phylogenetic analysis are grouped by red
rectangles. See Experimental procedures for
further details.
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Fig. 6. Estimated AAnP abundances along the GOS transect.

poorly assembled scaffolds (composed of one to two
reads, and comprising 69% of pufM-containing scaffolds)
the number of pufM reads and pufM-associated reads are
nearly equal, this is not the case in large scaffolds. For
instance, the high number of pufM-associated reads at
station 14 (Fig. 4) is the result of the assembly of a
17 830-bp-long scaffold, containing 36 (out of 57) reads
belonging to this station (Table S2). Again, as abundant
genomes should result in longer scaffolds, it was not
surprising that 55% of recA-associated reads in the entire
data set were assembled in only 16 of 5104 scaffolds,
ranging from 1 to 10 723 reads.

A third metric was also developed as measure for
approximating the total number of pufM (or recA) reads
per station based on the assembled data. This measure,
termed ‘read equivalents’ (see Experimental procedures
for details), is not depended (at least, not directly) on the
scaffold size, and, thus, is an estimate of total pufM reads
in each of the individual stations. The read equivalent
measure was developed to approximate the number of
reads targeting certain genes from scaffold assembly
data. It is based on the number of reads participating in a
given scaffold (scaffold size), and on the ratio.of scaffold
length/gene length. Read equivalents are’more suitable
for longer scaffolds, where statistic. approaches and
averaging-like coverage concept/are applicable. In our
case, ‘the end effects’ are considerable (only a part of a
pufM gene appears on the scaffold). Based on the calcu-
lations, short pufM end-sequences in long scaffolds
underestimate read equivalents, while longer pufM end-
sequences in short scaffolds overestimates the measure.
Assuming the proportion-of-these type of sequences are
similar for different genes (i.e. recA), the normalization
step should compensate for these errors.

Whereas 5104 scaffolds containing recA genes were
found in the entire data set, only 99 scaffolds were found
containing pufM. Because of this low number of scaffolds,
we increased the reliability of our estimations by adding to
the analysis two additional AAnP unique markers, namely
the pufL gene coding for the L subunit of the anoxygenic

L&
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2524 232221201916 15 8 9 131110 7
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photosynthetic-reaction’centre and the bchX gene coding
for the X subunit of chlorophyllide reductase in the bacte-
riochlorophyll “biosynthetic pathway. Both genes have
roughly the same length as pufM and recA and, as can be
seen inFig. §1, there was a very high correlation between
these three AAnP markers in most stations measured by
the number of gene-associated reads, as well as read
equivalents. For each sampling station, pufM, pufL and
behX read equivalents were calculated, normalized by
recA read equivalents and averaged to produce the AAnP
abundance evaluation shown in Fig. 6. Aerobic anoxy-
genic photosynthetic bacteria abundance varied between
different marine stations. The highest AAnP percentages
were observed at a coastal (10%; station 9, Browns Bank,
Gulf of Maine) and an estuarine (5%; station 14, Newport
Harbor) station. In several Pacific Ocean samples, the
AANP abundance was near 4% (see open ocean station
43 and Galapagos stations 32-35). These estimates
therefore imply that AAnPs are found in relatively similar
proportions in both oligotrophic and eutrophic environ-
ments and are important component of the total upper
ocean microbial community.

Potential biases of sampling and metagenomics data
set processing

The results reported here are for samples in the
0.1-0.8 um size range. Aerobic anoxygenic photosyn-
thetic bacteria have been reported to be larger than the
average bacterioplankton (Sieracki et al., 2006) and in
addition, some AAnPs might be associated with larger
particles (as symbionts of eukaryotic cells, or attached to
marine snow) and might produce chains as reported for
Erythrobacter (Yurkov and Beatty, 1998); see differences
in population composition in samples 5, 6 and 7 in Fig. 4,
which are different size fractions of the same station).
Thus there is a possibility that our estimates of AAnP
diversity and relative abundance are underestimates. On
the other hand, high cell densities in some water samples
may have clogged 0.8 um filters producing a bias towards

© 2007 The Authors
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smaller cells. Finally, besides biases introduced by sam-
pling methods, many known biases might result from dif-
ferential DNA extraction, cloning using E. coli as a host,
and other common problems associated with metage-
nomic assembly like chimera formation and, intraspecies
sequence variability.

In addition, pooling the raw sequencing results prior to
assembly, applied for the first time in this data treatment,
raised a new challenging statistical problem. In single-
station metagenomic assembly, scaffold length and
coverage are functions of the amount of sequencing per-
formed at the station, of the species richness, and the
length and the abundance of particular genomes contri-
buting to the scaffolds. When scaffolds are assembled
from reads coming from different sampling sites, lengths
and coverages depend on the same parameters, but from
all sampling sites combined and thus high abundance of a
genome at one of the sampling sites increased the
chance of its assembly at all sampling sites. In our case,
this meant an increased probability to find the same
AANnPs across sampling sites. Fortunately, this did not
appear to be case in our study as 72 from the 99 pufM-
containing scaffolds were assembled from reads from
single stations. However, this issue remains to be
resolved for larger future metagenomic data sets.

Aerobic anoxygenic photosynthetic bacteria relative
abundance values calculated in this study are based on
approximate relative abundances of pufM-puflL-bchX-
containing bacteria, with the assumption that these
genes, as well as the recA gene, are single-copy in their
genomes. In most anoxygenic phototrophs genomes
reported to date, including the genome of the AAnP
Roseobacter denitrificans Och 114 (Swingley: ‘et al.,
2007), the pufM gene was found as a single-copy gene
and was therefore used to estimate AAnP numbers in"our
samples. However, in two reported cases, Roseobacter
litoralis and Staleya guttiformis, the pufM gene was also
found on an extrachromosomal linear‘plasmids (Pradella
et al., 2004). The number of copy of these linear plasmids
per cell was not determined and currently it is not known
how general this phenomenon is.

The recA gene was used to normalize AAnP abundance
estimates because these genes are the most often
employed single-copy gene normalizers (Venter et al.,
2004; Howard et al., 2006). However, other genes than
the recA gene may besused-for the normalization. We
checked how our estimates:were influenced when alter-
nate ‘single-copy protein’'genes like rpoB (RNA poly-
merase B) and gyrA.(DNA gyrase subunit A) previously
used to estimate the number of genomes represented in
metagenomic libraries (Venter etal.,, 2004). Aerobic
anoxygenic photosynthetic bacteria abundances normal-
ized by rpoB and gyrA genes were calculated and com-
pared with those obtained with the recA gene (Fig. S2).

© 2007 The Authors
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The calculations were the same as for recA, with an
additional gene length normalization step, because rpoB
and gyrA genes both are significantly longer than the c.
1000 bp of recA (c. 3600 and 2700 bp respectively). For
most stations, values obtained were similar (within the
standard deviations calculated from pufM-pufL-bchX
averages using recA as normalizer).

As the algorithm for searching recA-containing contigs
does not discriminate bacterial RecAs from eukaryotic and
archaeal homologues (RAD family proteins), the abun-
dances obtained represent per cents of total cells in the
community rather than.percents of total bacteria. However,
due to the size fractionation we very likely excluded the
vast majority of Eukarya from the samples, and thus these
numbers are comparable to the percentages of AAnPs
measured relative tototal (DAPI) bacterial counts. The
rpoB (Walsh “etal., 2004; Case etal., 2007) and gyrA
(Guipaud et al., 1997; Wall et al., 2004) genes may also
have close analogues in archaea and plastid DNA.

Although metagenomics has been so far mostly used
for culture- and PCR-independent gene discovery, recent
studies have used metagenomic assembly for prediction
of viral community diversity and species richness (Angly
et al., 2006). We believe that our preliminary calculation
raises the importance of refined models combining bac-
terial/population structure and diversity parameters using
metagenomic data.

Concluding remarks

Combining the GOS abundance results with the results
accumulated using BChla-based biophysical measure-
ments (Kolber et al., 2000; 2001), real-time PCR and
infrared fluorescence microscopy (Schwalbach and
Fuhrman, 2005; Cottrell et al., 2006; Du et al., 2006), we
suggest that AAnP loads vary significantly between differ-
ent regions and represent a dynamic component of
marine bacterioplankton. Furthermore, our results show
that not only abundance but also AAnP composition varies
between different oceanic regions. This is, to our knowl-
edge, the first time that the AAnP population composition
is estimated in a global biogeographical context.

Experimental procedures

Global Ocean Sampling sample collection, shotgun
cloning, primary assembly and extraction of
AAnP-related data

Water samples were collected from February 2003 to May
2004 along a North-South transect between 45°N in the
Atlantic Ocean and 15°S in the Pacific Ocean. Samples were
collected from a wide range of habitat types, including
oceanic and coastal seawater, freshwater and hypersaline
lakes, estuaries, and areas surrounding oceanic islands. The
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coordinates and different characteristics of sampling stations
are presented in Table S1. Sampling procedures, library con-
struction, shotgun sequencing and assembly are described in
Rusch and colleagues (2007). Shotgun data used in this
study were obtained mainly from 0.8 to 0.1 um sized plank-
tonic fractions (see Table S1 for sample fraction sizes). The
assembly was performed on entire pool of GOS sequence
reads, with an overlap cut-off of 98% identity, whereas
minimal length of an overlap was 40 bp.

Scaffolds related to anoxygenic bacteria were extracted by
a sequence recently reported similarity clustering approach
(Yooseph et al., 2007). Briefly, protein sequences produced
from the assembled scaffolds were clustered with a non-
redundant set of publicly available sequences within the
NCBI-nr, NCBI Prokaryotic Genomes, TIGR Gene Indices
and Ensemble data sets based on pair-wise sequence
similarity. Clustering was based on full-length sequences,
rather than domains, and incorporated length-based thresh-
olds to address fragmentary sequences thereby minimizing
the clustering of unrelated proteins. In this way, 99 pufM-
containing scaffolds were revealed. Contributions of each
sampling station to every scaffold are given in Table S2.
Using the methodology, 109 pufL, 109 bchX, 5104 recA, 8392
gyrA and 10482 rpoB gene-containing scaffolds were
detected in this data set.

Phylogenetic tree reconstruction

pufM phylogenetic analysis was initially performed using 36
reference sequences from cultured species and environmen-
tal genomic clones retrieved from GenBank and 46 GOS
scaffolds containing significant sequence overlap (c. 750'bp)
with the reference sequences [positions homologous to posi-
tions 7-736 of the Rhodobacter sphaeroides sequence
(AJ010302)]. Using ARB (Ludwig et al., 2004), the GOS scaf-
fold nucleotide sequences were imported into a_ previously
described pufM database (Yutin et al., 2005), translated into
amino acids and aligned. Thereafter, the alignment was
manually corrected. The resulting protein alignment was used
to realign (back-translate) nucleotide sequences:in ARB, and
this nucleotide alignment was used in all subsequent phylo-
genetic analyses. Aligned nucleotide’ sequences were
exported using a filter that excluded positions where gaps
outnumbered characters, and kept the nucleotides in frame
(720 total nucleotide positions). From this filtered alignment a
phylogenetic tree was reconstructed by Bayesian inference
using the MrBayes 3.0 program (Ronquist'and Huelsenbeck,
2003) with the General Time/Reversible model and rates
varying according to codon positions. Four parallel chains of
1 million generations were run; treeswere sampled every 100
generations, and 600 ‘burnin’ trees were excluded from the
consensus tree. This consensus tree was imported into ARB
and 53 shorter nucleotide sequences were aligned as above
and added to the Bayesian tree using the ADD_BY_PARSI-
MONY algorithm and.the same filter.

Calculating AAnP abundances along the GOS transect

pufM read equivalents at all sampling sites were calculated
as described below.

For each (ith) scaffold, its coverage is expressed as:
a=N;-L/S (1)

where N; is the total number of reads in the ith scaffold, L is
the mean read length (842 bp) in the entire data set, and S;is
the tth scaffold length.

The total number of bp associated with the pufM sequence
at the th scaffold was defined as:

B=g-a 2)*

where g;is the length of the pufMfragment on the ith scaffold.
The contribution of fh station reads to the ith scaffold:

m; = ny /N, ®)

where nj; is the number of reads from the jth station partici-
pating in the ithrseaffold; N, = zfn,j.

For each (jth) station, the number of bp associated with a
given (tth) pufM.fragment is calculated as:

b= B;-mj 4)
pufM read equivalents (r) were defined as:
= by/L (5)

The read equivalents approximate the number of reads
containing th pufM fragment at the jth station. From Eqs 1-5,
rj= nij-g,/S;.

The' total number of pufM read equivalents at the jth
station:

Ri=30

An example of pufM read equivalent calculation for one of
the sampling sites is shown in Supplementary materials.

Total numbers of read equivalents for recA and all other
normalizer genes were calculated. The pufM-based AAnP
abundance at each station was estimated as:

pufM

APM = L 100%

/ Rl(ecA

Additionally, scaffolds containing fragments of pufL and
bchX genes were extracted from the GOS data set. pufL and
bchX read equivalents were calculated; pufL and bchX-based

AANnP abundances at each station were estimated as:
pufl. bchX

APt = L 100%; AP = H’,ecA -100%.
R R

Genome signature analysis

The DNA sequences of the 99 scaffolds and the 36 reference
sequences used in this study were imported into TETRA
(Teeling et al., 2004) where four length-independent param-
eters were computed: relative dinucleotide and trinucleotide
frequencies, dinucleotide relative abundances and Markov
model-based trinucleotide z-scores. These data were
exported and imported into Aabel (Gigawiz), where an
unweighted hierarchical cluster analysis with the Euclidian
distance as distance measure was computed for all 160 data
columns.

© 2007 The Authors
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Supplementary material

The following supplementary material is available for this
article online:

Fig. S1. Comparisons between pufM, pufL and bchX GOS
data.

A. The reads associated with pufM (orange), pufL (blue) and
bchX (green) genes.

B..pufM (orange), pufL (blue) and bchX (green) read
equivalents. X-axes represent sampling site numbers in the
same order as at Figs 4 and 6.

Fig. S2. The use of gyrA and rpoB genes as alternative
bacteria identifiers. Aerobic anoxygenic photosynthetic bac-
teria abundances normalized by recA (orange), gyrA (blue)
and rpoB (green). X-axis represents sampling site numbers in
the same order as at Figs 4 and 6.

Table S1. GOS sampling site descriptions.

Table S2. Contributions of each GOS station to pufM-
containing scaffolds revealed in this study.

Doc S1. An example of read equivalent calculation in station
8 (for the pufM gene).

This material is available as part of the online article from
http://www.blackwell-synergy.com
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g2 Au: Throughout the article, Figure 6 has been.changed to Figure 5, while
Figure 5 has been changed to Figure 6, so that they appear in sequence.

a3 Au: Please clarify what the asterisk means here.

q4 Au: (Case et al. 2007) Please update the.volume number and the page range.

a5 Au: (Koblizek et al. 2006) Please update the volume number and the page
range.

a6 Au: (Ludwig et al. 2004) Please confirm the author group is correct.

q7 Au: (Rusch et al. 2007) ‘submitted’has been changed to 2007. The ‘submitted’
paper should not be include in the list unless it has been accepted for
publication. Please provide more details if it has been accepted for publication;
otherwise, please remove it from the list and cite it in the text only.

q8 Au: (Swingley et al. 2007) Please provide the volume number and the page
range if available.

q9 Au: (Yooseph et al::2007) Please provide the volume number and the page
range if available:




MARKED PROOF

Please correct and return this set

Please use the proof correction marks shown below for all alterations and corrections. If you
wish to return your proof by fax you should ensure that all amendments are written clearly

in dark ink and are made well within the page margins.

Instruction to printer Textual mark Marginal mark
Leave unchanged - under matter to remain
Insert in text the matter i New matter followed by

indicated in the margin
Delete

Substitute character or
substitute part of one or
more word(s)

Change to italics

Change to capitals

Change to small capitals
Change to bold type

Change to bold italic
Change to lower case
Change italic to upright type

Change bold to non-bold type

Insert ‘superior’ character

Insert ‘inferior’ character

Insert full stop
Insert comma

Insert single quotation marks

Insert double quotation marks

Insert hyphen

Start new paragraph
No new paragraph
Transpose

Close up

Insert or substitute space
between characters or words

Reduce space between
characters or words

[ through single character, rule or underline
or
- through all characters to be deleted

[ through letter or
——— through characters

— under matter to be changed
under matter to be changed
under matter to be changed
under matter to be changed

N

under matter to be changed
Encircle matter to be changed
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(As above)
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