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Summary
Gemmatimonadetes represents a poorly understood
bacterial phylum with only a handful of cultured
species. Recently, one of its few representatives,
Gemmatimonas phototrophica, was found to contain
purple bacterial photosynthetic reaction centres.
However, almost nothing is known about the environmental distribution of phototrophic Gemmatimonadetes bacteria. To fill this gap, we took advantage of
fast-growing public metagenomic databases and performed an extensive survey of metagenomes deposited into the NCBI’s WGS database, the JGI’s
IMG webserver and the MG-RAST webserver. By
employing Mg protoporphyrin IX monomethyl ester
oxidative cyclase (AcsF) as a marker gene, we
identified 291 AcsF fragments (24–361 amino acids
long) that are closely related to G. phototrophica
from 161 metagenomes originating from various
habitats, including air, river waters/sediment, estuarine waters, lake waters, biofilms, plant surfaces,
intertidal sediment, soils, springs and wastewater
treatment plants, but none from marine waters or sediment. Based on AcsF hit counts, phototrophic
Gemmatimonadetes bacteria make up 0.4–11.9% of
whole phototrophic microbial communities in these
habitats. Unexpectedly, an almost complete 37.9 kb
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long photosynthesis gene cluster with identical
gene composition and arrangement to those in
G. phototrophica was reconstructed from the Odense
wastewater metagenome, only differing in a 7.2 kb
long non-photosynthesis-gene insert. These data
suggest that phototrophic Gemmatimonadetes bacteria are much more widely distributed in the environment and exhibit a higher genetic diversity than
previously thought.
Introduction
Photosynthesis represents one of the most fundamental
biological processes on our planet. It has been argued that
anoxygenic photosynthesis first evolved approximately 3.5
Gyr ago from a common bacterial ancestor (Blankenship,
2010). The long evolutionary history of photosynthesis led
to a colourful world of species capable of transforming light
into metabolic energy. There are seven bacterial phyla that
have been described to contain phototrophic members,
i.e. Cyanobacteria, Proteobacteria, Chlorobi, Chloroflexi
(Pierson and Castenholz, 1974), Firmicutes (Gest and
Favinger, 1983), Acidobacteria (Bryant et al., 2007), and a
recently identified phylum Gemmatimonadetes (Zeng
et al., 2014). These organisms employ various types of
chlorophyll- or bacteriochlorophyll-containing reaction
centres (Overmann and Garcia-Pichel, 2013), while
phototrophic Gemmatimonadetes bacteria (PGB) appear
to have inherited pheophytin-quinone type photosynthetic
reaction centres from phototrophic Proteobacteria (Zeng
et al., 2014).
Among the seven known phototrophic phyla, Gemmatimonadetes represents the least studied one. Only one
phototrophic strain, Gemmatimonas phototrophica AP64,
has been described so far from this phylum (Zeng et al.,
2014; 2015). This strain was isolated from a freshwater
desert lake in northern China (Zeng et al., 2014). The most
distinctive feature in the genome of G. phototrophica compared with its non-phototrophic relative, G. aurantiaca
(Zhang et al., 2003), is the presence of a photosynthesis
gene cluster (PGC) of proteobacterial origin (Zeng et al.,
2014; 2015). Members of the Gemmatimonadetes phylum
have been identified from various soil environments
(Hanada and Sekiguchi, 2014), making up approximately
2% of total soil bacteria (DeBruyn et al., 2011). Due to their
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low numbers in the environment and poor cultivability,
extensive efforts are often required to isolate them (Joseph
et al., 2003; Zhang et al., 2003; DeBruyn et al., 2013;
Zeng et al., 2014). The distribution and environmental
significance of PGB remain unknown, largely due to the
methodological limitations since the phototrophic and nonphototrophic Gemmatimonadetes bacteria are very closely
related to each other based on the sequence of 16S rRNA
gene or other housekeeping genes (Zeng et al., 2014;
2015). A simple way to distinguish PGB at the DNA level is
to detect the presence of their photosynthesis genes.
However, caution should be taken when dealing with environmental sequences because most photosynthesis
genes found inside the PGC of G. phototrophica were
closely related to and phylogenetically mixed with those
from Proteobacteria. For instance, the commonly used
phylogenetic markers – light independent protochlorophyllide reductase genes (BchLNB/ChlLNB) and genes
encoding photosynthetic reaction centre subunits (pufLM)
– placed G. phototrophica deep into the Proteobacteria
branch (Zeng et al., 2014).
In comparison, the acsF gene encoding the aerobic
form of Mg protoporphyrin IX monomethyl ester oxidative
cyclase, which is involved in the bacteriochlorophyll
biosynthesis pathway, appears to be a robust marker
gene for distinguishing different phototrophic organisms
(Boldareva-Nuianzina et al., 2013; Zeng et al., 2014). The
phylogenetic tree based on AcsF genes clearly separated
all known phototrophic phyla except anaerobic phototrophic Firmicutes and Chlorobi into independent clusters,
which matched well with the tree based on 16S rRNA
genes (Zeng et al., 2014). A previous search for AcsF
homologues in public environmental metagenomes
deposited in the NCBI’s WGS and JGI’s IMG databases
identified six homologous Gemmatimonadetes-AcsF fragments in the metagenomes from a Danish wastewater
treatment bioreactor (OdenseWW) and the oligotrophic
Yellowstone Lake (YSLake) (Zeng et al., 2014; see
summary in Table 1), suggesting two possible niches of
PGB other than the Chinese desert lake where
strain AP64 was originally isolated (Zeng et al., 2014).
In this study, we re-surveyed the fast-growing public
metagenome databases, focusing especially on the
MG-RAST metagenome webserver (Meyer et al., 2008),
that have included over 30 000 public metagenomes.
Moreover, we further explored the deeply sequenced
Danish wastewater metagenome datasets OdenseWW
and AalborgWW (Table 1) and attempted to manually
assemble PGCs of Gemmatimonadetes origin with an aim
to provide further genomic evidence for the presence of
PGB in these two wastewater samples. The overall objective of this work is to describe the environmental distribution and diversity of this poorly understood phototrophic
bacterial group.

Results and discussion
PGB present in diverse environments
We searched for Gemmatimonadetes-AcsF like fragments in publicly available metagenome databases,
including the NCBI’s WGS, the JGI’s IMG and the
MG-RAST (as of 30 May 2015). We did not find any new
Gemmatimonadetes-AcsF like fragments from the WGS
and IMG databases other than the two metagenomes that
we reported before (Zeng et al., 2014): one from a Danish
wastewater treatment bioreactor (OdenseWW) and the
other from the Yellowstone lake (YSLake). In the
MG-RAST server, there were 1706 metagenomes
reported to contain members of Gemmatimonadetes, with
a percentage ranging from 0.00003% to 2.54% in terms of
the number of Gemmatimonadetes-affiliated reads relative to total reads (Table S1). Based on the source environments’ features of metagenomic samples, these
Gemmatimonadetes member-harbouring metagenomes
could be classified into 20 types of habitats, with the top
three most sampled ones being soil (536 metagenomes),
seawater (231 metagenomes) and wastewater treatmentassociated habitats (174 metagenomes) (Fig. 1). The
Gemmatimonadetes-related sequences were most abundant in soil, wastewater treatment-related samples,
biofilms and plant-associated habitats, with the largest
proportion (2.54%) found in an Arctic tundra permafrost
metagenome (MG-RAST ID 4468734.3), while only occasionally found in lakes, rivers and marine ecosystems
(Fig. 2, Table S1).
One hundred sixty one metagenomes were identified to
contain Gemmatimonadetes-AcsF like sequences, with
the length of hits ranging from 24 to 361 amino acids (see
Table 1 for the 11 metagenomes with > 100 amino acids
long AcsF fragments identified and Table S1 for a full list).
They came from various types of environments, including
air, river waters and sediment, lake waters, estuarine
waters, biofilm, plant-associated habitats, intertidal sediment, soil, spring, and wastewater treatment-associated
samples (see Fig. 2 for summary and Table S1 for details).
The highest number of Gemmatimonadetes-AcsF hits was
found in a biofilm sample from Dutch costal intertidal
sediment (27 hits, MG-RAST ID 4572198.3; Table S1).
Based on per cent abundance of GemmatimonadetesAcsF hits out of total AcsF hits (Fig. 2), PGB appear to
favour soil and wastewater treatment-associated habitats.
The reason could be that PGB prefers a low oxygen
level in ambient environments as demonstrated in
G. phototrophica culturing experiments where the normal
atmospheric oxygen level greatly inhibited its growth (Zeng
et al., 2015); and in soils and wastewater treatment
samples, oxygen level gradients are more easily created
and thus increase the survival chance of PGB. By contrast,
there were no Gemmatimonadetes-AcsF like hits found in
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AalborgWW-1

Aalborg West
wastewater 1
Aalborg West
wastewater 2
Yellowstone lake
water SA
Yellowstone lake
water MB
US soil crust
Korean soil
Sulfur spring biofilm
Taihu lake bloom

GatunLake
ShanghaiWW

SoilCrust
KoreanSoil
SulfurSpring
TaihuBloom

YSLake-MB

YSLake-SA

Bioreactor from a wastewater treatment plant in
Odense, Denmark
Activated sludge from a wastewater treatment
plant in Aalborg, Denmark
Activated sludge from a wastewater treatment
plant in Aalborg, Denmark
Southeast Arm (SA) water samples in
Yellowstone Lake, USA
Mary Bay (MB) mixing water samples in
Yellowstone Lake, USA
Soil sample in Nevada, USA
Arable soil sample in South Korea
Biofilm sample of the Stinky Spring in Utah, USA
Microcystis bloom surface scum samples in the
Lake Taihu, China
Lake Gatun water at depth 4.2 m, Panama
Activated sludge from a wastewater treatment
plant in Shanghai, China

Sample description

4450752.3
4569532.3
4528143.3
4467058.3

MG-RAST 4441590.3
MG-RAST 4539352.3

MG-RAST
MG-RAST
MG-RAST
MG-RAST

DDBJ SRA026871

DDBJ SRA026894

MG-RAST 4611649.3

MG-RAST 4487554.3

NCBI WGS APMI00000000

Data source

1063 bp
902 bp

329 bp
474 bp
352 bp
376 bp

353 bp

386 bp

n.a.

n.a.

150 bp

315 M
355 M

76 M
2.5 G
622 M
240 M

645 M

588 M

n.a.

n.a.

117.5 G

Total reads’
length
(bases)

n.a.
n.a.

n.a.
n.a.
n.a.
n.a.

n.a.

n.a.

285 799

576 408

172 804

Sum

n.a.
n.a.

n.a.
n.a.
n.a.
n.a.

n.a.

n.a.

1.2 G

1.1 G

421 M

Total
bases

1
1

1
6
3
1

1

4

1

2

1

Sum

75
76

87
78–84
82–89
90

88

88–94

81

81–83

88

Identity
(%)

Gemmatimonadetes-AcsF
like hits

Refer to supporting Table S2 for the details of the other 150 metagenomes where short Gemmatimonadetes-AcsF like sequences (24–86 amino acids long) were identified.

Gatun lake water
Shanghai
wastewater

OdenseWW

Odense wastewater

AalborgWW-2

Abbr.

Metagenome project

Read
average
length

Assembled contigs

Table 1. Information of the 11 publicly accessible metagenome projects where Gemmatimonadetes-AcsF like sequences with a length of > 100 amino acids were identified.
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Fig. 1. Classification of the 1706
metagenomes from MG-RAST surveyed in
this study in terms of the features of samples’
source environment. Upper panel, number of
the metagenomes containing
Gemmatimonadetes members (blue) and the
metagenomes containing
Gemmatimonadetes-AcsF like sequences
(brown) in each category; Lower panel, total
length of metagenomic reads (blue) and
Gemmatimonadetes-AcsF like sequences
(brown) in each category. Only the
metagenomes that were reported to contain
Gemmatimonadetes members are included.
The environmental features were retrieved
from the metadata files downloaded from the
MG-RAST webserver. The metagenomes that
do not have clearly defined environmental
features in their metadata files and those
where such data are not available were
classified into the category ‘Others’.

the 231 metagenomes from the waters of seas and open
oceans (Fig. 2) where the water columns are generally
mixed well and fully oxygenated in the photic zones (Ulloa
et al., 2012). Although the data on light availability and
oxygen level were lacking in the metadata of the
metagenomes surveyed, based on above observations
and the physiological data of G. phototrophica (Zeng et al.,
2015), we speculate that light availability and oxygen level
are the two most important factors for shaping the environmental distribution of PGB.
Diverse PGB in the environment remain unexplored
We paid a close look at the 11 positive metagenomes that
contain long (> 100 amino acids) GemmatimonadetesAcsF like fragments (Table 1) and performed a
phylogenetic analysis of eight partial and three full-length
AcsF sequences retrieved directly from the metagenomic
reads or contigs (Fig. 3), aiming to explore the diversity of

PGB in the environment. These metagenomes came from
distinct environments located on three continents, including a bioreactor from a wastewater treatment plant in
Odense, Denmark (OdenseWW) (Albertsen et al., 2013),
activated sludges from wastewater treatment plants in
Aalborg, Denmark (AalborgWW-1 and 2) (Dueholm et al.,
2015) and in Shanghai, China (ShanghaiWW) (Wang
et al., 2014), waters from the Yellowstone Lake, USA
(YSLake-SA and MB) (Clingenpeel et al., 2011; Zhou et al.,
2015) and from the Lake Gatun in Panama (GatunLake)
(Rusch et al., 2007), soil crust in Nevada, USA (SoilCrust)
(Steven et al., 2012), arable soil in South Korea
(KoreanSoil) (Jung et al., 2014), biofilm from the Stinky
Spring in Utah, USA (SulfurSpring), and surface scum in
the Lake Taihu in China collected during a cyanobacterial
bloom (TaihuBloom) (Steffen et al., 2012). The translated
protein sequences of these 22 AcsF fragments were
75–94% identical to that of G. phototrophica (Table 1). We
found that the five acsF fragments from YSLake, the six
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Fig. 2. Box plot of the abundance of
Gemmatimonadetes-affiliated reads relative to
total reads (upper panel) and the abundance
of Gemmatimonadetes-AcsF hits relative to
total AcsF hits (lower panel) in the MG-RAST
metagenomes surveyed. Metagenomes were
classified into 20 categories according to the
type of source environments. Refer to Table
S1 for details. In parentheses are the
numbers of metagenome samples. The
metagenomes where less than 15 AcsF hits
were found were excluded from the
calculation of Gemmatimonadetes-AcsF hits’
percentage.

from KoreanSoil and the three from SulfurSpring could be
assembled into single long fragments, respectively, based
on the overlapping ends that shared 96.6–99.8%
sequence identities over a length from 118 to 477 bases
(Table S3), indicating that those fragments from the same
sample came from the same organism. Phylogenetic
analysis of these 11 long AcsF fragments (135–361
amino acids long, see original sequences in Dataset S1)
showed that they formed an independent cluster with
G. phototrophica, clearly separated from phototrophic
Proteobacteria and other phototrophic phyla (Fig. 3),
which suggests that these metagenomic gene fragments
were very likely of Gemmatimonadetes origin.

The phylogenetic diversity of PGB appeared to be comparable with that of phototrophic Proteobacteria as
reflected by the branches’ length on the AcsF tree (Fig. 3).
This suggests that PGB in the environment remains largely
unexplored and awaits further discoveries. We calculated
the relative abundance of PGB in total aerobic phototrophic
communities by classifying each AcsF hit into a
phototrophic (sub)phylum based on its BLASTP results
against NCBI nr database and pooling hits from the same
type of environment prior to calculation. Among the 11
types of environment where Gemmatimonadetes-AcsF
like hits were found (Fig. 4), alphaproteobacterial AcsF
dominated the types air (60.6%), lake water (55.7%),
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Fig. 3. Phylogenetic analysis of
Gemmatimonadetes-AcsF like sequences.
Eight partial and three full-length AcsF
sequences were retrieved from public
metagenomes and were accessible from
Dataset S1. In the title of each sequence are
shown the abbreviated metagenomes’ name
(see Table 1 for abbreviations), the location of
acsF gene in a contig or the status of
metagenomic fragments, and the length of
translated acsF protein sequences.
‘Assembled’ means that the original reads
were > 96% identical in the overlapping ends,
and thus were manually assembled into a
continuous longer contig. Both
neighbour-joining and maximum likelihood
trees were inferred. A bootstrapping analysis
of 1000 re-samplings was performed to
assess the confidence on the tree topology.
Values above 50% are shown. Scale bar
represents a 10% amino acid substitution
rate.

Fig. 4. Putative taxonomic distribution of all
AcsF hits in the 158 MG-RAST metagenomes
where Gemmatimonadetes-AcsF like hits
were found. The AcsF hits were pooled
according to the environmental categories of
their source metagenomes which were
retrieved from the metadata files deposited
into the MG-RAST server. Eleven categories
were applied, i.e. air (2/417, total
Gemmatimonadetes-AcsF hits/total AcsF hits),
river water (30/6104), river sediment (12/
1000), estuarine water (85/4711), lake water
(3/158), biofilm (47/2034), plant-associated
(3/102), intertidal sediment (2/60), soil (42/
556), spring (3/34) and wastewater
treatment-associated (59/494). The taxonomy
of each hit was determined based on its top
BLASTP hits against the NCBI nr database. A
strict e-value rule was set for determining a
Gemmatimonadetes-AcsF like sequence (see
Experimental procedures for details). In
parentheses are the numbers of metagenome
samples.
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Fig. 5. Comparison of the two photosynthesis gene clusters (PGCs) reconstructed from the Odense wastewater metagenome (OdenseWW)
and the Aalborg wastewater metagenome 2 (AalborgWW-2) with the PGC of G. phototrophica. Highly similar genomic regions were connected
with light-coloured parallelograms (grey, photosynthesis non-related genes; light green, photosynthesis-related genes). For each category of
gene, bch (green), bacteriochlorophyll biosynthesis genes; puh (pink), genes encoding reaction centre assembly proteins; puf (red), genes
encoding reaction centre proteins; crt (brownish yellow), carotenoid biosynthesis genes; grey, photosynthesis non-related genes or
hypothetical ORFs. Original contig IDs are shown above the assembled PGCs with arrows indicating the position of gaps in the assembly. All
contigs are illustrated according to their original length. Scale bar, 2 kb in length.

biofilm (48.1%), plant-associated (68.6%), intertidal sediment (38.3%), soil (67.8%) and wastewater treatmentassociated (51.8%), while betaproteobacterial AcsF
dominated river water (74.4%), river sediment (61.9%) and
estuarine water (62.5%). The spring type, which contained
only one metagenome, was dominated by cyanobacterial
AcsF (58.8%), followed by alphaproteobacteria (29.4%)
and Gemmatimonadetes (8.8%). The highest proportion of
PGB was found in wastewater treatment-associated
samples (11.9%), while air metagenomes contained the
lowest number of Gemmatimonadetes-AcsF like hits
(0.4%).
Our analysis of metagenomic data deposited into the
MG-RAST webserver represents the first systematic
survey of the distribution and diversity of PGB. These
organisms turn out to be much more widely distributed in
the environment and exhibited a higher genetic diversity
than previous data indicated (Zeng et al., 2014). Our data
suggested that PGB makes up 0–11.9% of total microbial
phototrophs. In certain environments like soils, plantassociated habitats and springs, PGB fraction was comparable with that of widespread and well-studied
betaproteobacterial phototrophs (Imhoff, 2006), indicating
the importance of this recently found phototrophic group in
these habitats.
Conserved gene composition and arrangement in the
PGCs of Gemmatimonadetes origin
Our current knowledge on PGB comes from the so far only
culture G. phototrophica (Zeng et al., 2014; 2015). To gain
more genomic and evolutionary insights about this bacterial group, we performed a reference genome-guided

recovery of bacterial genomes from deeply sequenced
metagenomes. The complete genome sequence of
G. phototrophica was used as a reference to search for
genomic fragments of its relatives in the three deeply
sequenced metagenomes OdenseWW, AalborgWW-1 and
AalborgWW-2 (Table 1) for which data of assembled
contigs are publicly available. We obtained > 1000 positive
metagenomic contigs from the metagenomes of
OdenseWW and AalborgWW-1 and 2 that were predicted
to originate from Gemmatimonadetes-related species,
among which we further searched homologues of all genes
in the PGC of G. phototrophica as well as genes neighbouring the PGC using blastx search.
From the OdenseWW metagenome, 10 PGC-related
contigs were obtained (for original contig IDs, see Fig. 5).
Read coverage of these 10 contigs fell in a very narrow
range from 32.27 to 41.658 (reads per contig) compared
with the large range (2.633–26088.286) for all the contigs
in OdenseWW (Table S4, Fig. S1), strongly supporting
that these contigs came from the same PGB. Moreover,
these 10 PGC-related contigs could be manually joined
into a 37.9 kb long PGC based on their 100% identical
overlapping ends (34–62 bases long), but three small
gaps remained present inside the bchN and bchD genes
and at the 3′ end of the pufM gene (Fig. 5). A similar PGC
was assembled from nine metagenomic contigs of
AalborgWW-2, with six gaps present inside PGC (Fig. 5).
No PGC fragments were able to be assembled from
AalborgWW-1 due to its much shorter average length of
Gemmatimonadetes-originated contigs (0.9 kb) than
those from OdenseWW (3.1 kb) and AalborgWW-2
(4.8 kb). The sequence data of these two PGCs can be
accessed in Datasets S2 and S3.
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Although there are gaps present in both assembled
PGCs (OdenseWW-PGC and AalborgWW-2-PGC), no
gap appears at the same position of the two PGCs, which
indicates that the orientation of each joined contig in
OdenseWW-PGC is very likely to be true. In AalborgWW2-PGC, the orientation of pufBALMC and crtF-bchCXYZ
could not be confidentially resolved due to the large gaps
present at both ends of the two operons. The composition
and arrangement of genes in OdenseWW-PGC and
AalborgWW-2-PGC are highly conserved compared with
those in G. phototrophica (Fig. 3). The amino acid
sequence identities between the photosynthesis-related
open reading frames (ORFs) in OdenseWW-PGC and
those in G. phototrophica’s PGC range from 69% to 95%
(Table S5). Similarly, the genes flanking the PGC also show
high identities (64–90%) to the counterparts in
G. phototrophica (Table S5). All the top BLASTP hits of
genes within and adjacent to OdenseWW-PGC came from
the cultured Gemmatimonadetes species (Table S5),
further confirming their Gemmatimonadetes origin. The
only difference between OdenseWW-PGC and AP64’s
PGC is the presence of a 7.2 kb long insert between
puhABC and pufBALMC in AP64’s PGC, which may reflect
the different evolutionary histories of PGCs between the
Gemmatimonadetes bacteria dwelling on the freshwater
Swan Lake in China and those residing in Danish wastewater treatment plants.
These data provided strong genomic evidence for the
presence of PGB in these two Danish wastewater
samples. The PGC composition and organization seem to
be highly conserved among PGB, in contrast to the high
diversity in the PGC patterns observed in phototrophic
Proteobacteria (Nagashima and Nagashima, 2013;
Zheng et al., 2013). It should be noted that despite the
source environments of the OdenseWW metagenome
and the pure culture G. phototrophica being located on
two different continents, they are phylogenetically closely
related as seen from the AcsF tree (Fig. 3), and thus may
represent only a single type of PGC pattern in the
Gemmatimonadetes phylum. Conservation of PGC gene
content and context could be much lower among the PGB
from the GatunLake, SoilCrust, KoreanSoil, and
SulfurSpring environments that are more distantly related
to G. phototrophica. More PGC data from other
Gemmatimonadetes bacteria are needed to address if
there are variations in Gemmatimonadetes’ PGCs.
Concluding remarks
Due to the lack of information from cultured species, PGB
remains largely unexplored. To circumvent this obstacle,
we performed an extensive search in public metagenome
databases to gain more insights into the distribution and
diversity of this bacterial group. Genes of PGB were iden-

tified in a number of terrestrial and freshwater aquatic
environments, which documents that these organisms are
not limited to the only few environments indicated in our
previous study (Zeng et al., 2014). Taking into account the
large variability of sequencing depth among the surveyed
metagenomes, we speculate that PGB may be present in
even more environments, which were so far not covered
with sufficient sequencing depth. There is also another
possibility that can cause such underestimation, which is
that some PGB may contain unknown types of AcsF gene
equivalents, and thus were not identified by the methods
that we used in this study.
The database searching for marker genes provided
strong evidence for the widespread presence of
phototrophic Gemmatimonadetes in the environment. An
even more convincing proof came from the assembly of
two almost complete PGCs of Gemmatimonadetes origin
from two Danish wastewater metagenomes. All three
Gemmatimonadetes-PGCs identified so far, i.e. PGC of
G. phototrophica, OdenseWW-PGC and AalborgWW-2PGC, are highly conserved in gene composition and
arrangement, which may represent one common
Gemmatimonadetes-PGC type. Whether those species
residing in GatunLake, SoilCrust, KoreanSoil and
SulfurSpring that were distantly related to G. phototrophica
(see Fig. 3) contain an intermediate type of PGC between
the known Gemmatimonadetes-PGC and ProteobacteriaPGC is an interesting topic for future studies. Based on our
observations, it appears that the microaerophilic characteristic of G. phototrophica (Zeng et al., 2015) is a common
feature of PGB. These findings may facilitate isolation of
novel PGB from the environment, which will allow further
physiological and genomic studies with this interesting
group of phototrophic bacteria.

Experimental procedures
Metagenome database searching for
Gemmatimonadetes-AcsF like sequences
We applied a threshold of > 100 aligned amino acid positions
(∼ 27% coverage of G. phototrophica’s acsF gene) with > 75%
sequence identity in the database blast searching (as of 30
May 2015). For the NCBI’s WGS database, the tool ‘blastn
suite-WGS’ was used with the acsF gene of G. phototrophica
as a query. For the JGI’s IMG database, tblastn searching for
homologues of the acsF gene of G. phototrophica was performed online against each metagenome dataset. For the
metagenomes deposited into the MG-RAST server (Meyer
et al., 2008), a different searching strategy was applied.
First, the taxonomic distribution results for all deposited
metagenomes were downloaded using the MG-RAST
API (Wilke et al., 2015) and the keyword ‘Gemmatimonadetes’
was searched in each file. We retrieved a list of
1706 metagenomes that were reported to contain
Gemmatimonadetes members (for the full list, see Table S1).
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It should be noted that G. phototrophica has not yet been
included in the M5nr database (Wilke et al., 2012) on which the
MG-RAST webserver relies to annotate metagenomic
sequences, and thus the numbers on the list might be underestimated. Second, for each positive metagenome, the file at
the gene calling stage that passed the preprocessing,
de-replication and screening stages of the MG-RAST’s automatic analysis pipeline were downloaded from the MG-RAST
server using its API service (Wilke et al., 2015). A total of 783.6
billion amino acids long sequence data were downloaded from
1706 metagenomes.
Third, a hidden Markov model of the acsF gene (acsF-HMM)
was built using the programme HMMER v3.1b2 (Mistry
et al., 2013) based on the multiple alignment of 34 fulllength AcsF protein sequences from Cyanobacteria (8),
Chloroflexi (4), Acidobacteria (1), Alphaproteobacteria (13),
Betaproteobacteria (5), Gammaproteobacteria (2) and
Gemmatimonadetes (1) (the same set of sequences was used
in the AcsF tree’s inference, see Fig. 2 for the species names).
Then, the acsF-HMM was used in searching for AcsF
homologues in the downloaded MG-RAST metagenomic
sequences. Each returned AcsF-like fragment from the acsFHMM searching was subject to taxonomic determination
based on the taxonomic information of the top scored BLASTP
hits in NCBI nr protein database. The AcsF fragments whose
top scored BLASTP hits had an e-value higher than e−5 were
discarded. A partial AcsF fragment was classified into the
Gemmatimonadetes phylum only when its top BLASTP hit
comes from G. phototrophica’s AcsF and the e-value of the top
hit is lower than the e-values of any other hits by at least two
orders of magnitude. The sequence downloading, data preprocessing, the acsF-HMM model searching and the BLASTP
analysis were conducted on a high-performance Amazon EC2
instance equipped with 40 CPUs and 160 GB memory.

was closed by designing primers at both ends of each contig.
Contigs were oriented using the complete chromosome
sequence of G. aurantiaca (Zhang et al., 2003) as a reference.
Gapped regions between AP64’s contigs were amplified with a
Takara LA Taq DNA polymerase (Takara, Dalian, China),
followed by Sanger sequencing and chromosome walking
carried out in Meiji Biotech (Shanghai, China). A total of
8774 bp long gaps were filled, with the largest one being
5294 bp long. The complete chromosome sequence of
G. phototrophica was submitted to GenBank under the accession number CP011454. Then, each metagenomic contig
of the metagenomes OdenseWW, AalborgWW-1 and
AalborgWW-2 was searched for all possible protein coding
regions from all six reading frames. The predicted ORFs were
translated and aligned to the genome of G. phototrophica
using the MUMMER programme (ver. 3.0). An ORF was identified to be of Gemmatimonadetes origin if its aligned
sequence covered > 70% length and the sequence identity
was > 70%. A metagenomic contig that contained multiple
ORFs was considered to be of Gemmatimonadetes
origin when > 70% of its ORFs were assigned as
Gemmatimonadetes-originated ORFs. We further searched
for homologues of all photosynthetic genes in these
Gemmatimonadetes-related metagenomic contigs and manually reconstructed PGCs by joining end-overlapped contigs.
The read coverage data produced from the de novo assembly
of the OdenseWW metagenome were used to assess the
likelihood of the putative PGC contigs originating from the
same organism (data shown in Table S5, provided by Mads
Albertsen of Aalborg University, Denmark). The reads and
coverage data of the two AalborgWW metagenomes were not
available for public use at the time of this study.
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Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:
Fig. S1. Box plot of read coverage for all the contigs (left) and
the 10 PGC-related contigs of the metagenome OdenseWW
(see Table S4 for original data) supporting that these
PGC-related contigs came from the same phototrophic
Gemmatimonadetes species.
Table S1. Information of the 1706 metagenomic datasets
publicly available in the MG-RAST webserver where
members of the Gemmatimonadetes phylum were identified
by automatic sequence analysis pipelines (as of 30 May
2015). All original metadata and statistic data were downloaded from MG-RAST using its API service.

Table S2. List of 286 Gemmatimonadetes-AcsF hits from
MG-RAST metagenomes and their closest BLASTP hits
against the NCBI nr protein database.
Table S3. Information on the manual assembly of the
Gemmatimonadetes-AcsF like reads from the metagenomes
YSLake, KoreanSoil and SulfurSpring.
Table S4. Read coverage data for the contigs of the Odense
wastewater metagenome (OdenseWW).
Table S5. Similarity analysis of the genes in the photosynthesis gene cluster (PGC) reconstructed from the Odense
wastewater metagenome and the genes flanking this PGC
through BLASTP search against the NCBI nr protein database.
Genes located outside PGC are marked in grey.
Dataset S1. Translated protein sequences of the acsF gene
fragments (> 100 amino acids long) retrieved from the 11
publicly accessible metagenomes listed in Table 1 in FASTA
format.
Dataset S2. Nucleotide sequences of the photosynthesis
gene cluster reconstructed from the Odense wastewater
metagenome (OdenseWW-PGC) in FASTA format. Contigs
were retrieved from the NCBI WGS database (Accession No.
APMI00000000).
Dataset S3. Nucleotide sequences of the photosynthesis
gene cluster reconstructed from the Aalborg wastewater
metagenome 2 (AalborgWW-2-PGC) in FASTA format.
Contigs were retrieved from the MG-RAST server (Project
No. 4611649.3).
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