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Photosynthetic bacteria emerged on Earth more than 3 Gyr ago.
To date, despite a long evolutionary history, species containing
(bacterio)chlorophyll-based reaction centers have been reported in
only 6 out of more than 30 formally described bacterial phyla: Cya-
nobacteria, Proteobacteria, Chlorobi, Chloroflexi, Firmicutes, and
Acidobacteria. Here we describe a bacteriochlorophyll a-producing
isolate AP64 that belongs to the poorly characterized phylum Gem-
matimonadetes. This red-pigmented semiaerobic strain was iso-
lated from a freshwater lake in the western Gobi Desert. It
contains fully functional type 2 (pheophytin-quinone) photosyn-
thetic reaction centers but does not assimilate inorganic carbon,
suggesting that it performs a photoheterotrophic lifestyle. Full ge-
nome sequencing revealed the presence of a 42.3-kb-long photo-
synthesis gene cluster (PGC) in its genome. The organization and
phylogeny of its photosynthesis genes suggests an ancient acqui-
sition of PGC via horizontal transfer from purple phototrophic bac-
teria. The data presented here document that Gemmatimonadetes
is the seventh bacterial phylum containing (bacterio)chlorophyll-
based phototrophic species. To our knowledge, these data provide
the first evidence that (bacterio)chlorophyll-based phototrophy can
be transferred between distant bacterial phyla, providing new
insights into the evolution of bacterial photosynthesis.

anoxygenic photosynthesis | horizontal gene transfer | bacterial
pigments | aerobic photoheterotroph | fluorescence imaging system

hotosynthesis is one of the most ancient and fundamental

biological processes (1, 2). Phototrophic organisms transform
solar radiation into metabolic energy, which fuels most of the
Earth’s ecosystems (3). It is generally assumed that the earliest
phototrophs were anaerobic (i.e., living in the absence of free
oxygen) anoxygenic (i.e., not producing oxygen) prokaryotes (2).
After the rise of oxygenic Cyanobacteria ~2.7 Gyr ago, the
Earth’s atmosphere started to become gradually oxygenated,
reaching the present oxygen concentration roughly 0.6 Gyr ago
(4, 5). Thus, early anaerobic phototrophs were forced either to
adapt to the new oxic conditions or to retreat to anoxic habitats,
leading to present phylogenetically and physiologically diverse
phototrophic lineages.

To date, species using (bacterio)chlorophyll-based photosynthetic
reaction centers (chlorophototrophs) have been reported in six bac-
terial phyla: Cyanobacteria, Proteobacteria, Chlorobi, Chloroflexi,
Firmicutes, and Acidobacteria (6). Each of these lineages contains
a unique apparatus for solar energy conversion differing in light-
harvesting complex architecture, pigment composition, and function
of reaction centers (7). In general, photosynthetic reaction centers
can be divided into two main groups. FeS-based (type 1) reaction
centers are used by green sulfur bacteria (classified into Chlorobi),
heliobacteria (phototrophic Firmicutes), and phototrophic Acid-
obacteria. Pheophytin-quinone (type 2) reaction centers are pres-
ent in green nonsulfur bacteria (Chloroflexi) and purple bacteria
(phototrophic Proteobacteria). Oxygenic Cyanobacteria contain
both type 1 and type 2 reaction centers.

www.pnas.org/cgi/doi/10.1073/pnas.1400295111

Although Cyanobacteria, green sulfur bacteria, and purple
bacteria were discovered more than 100 y ago (8), green nonsulfur
bacteria and heliobacteria were not described until the second half
of the 20th century (9, 10). The most recently identified organism
representing a novel phylum containing chlorophototrophs is
Candidatus Chloracidobacterium thermophilum, described in
2007 (11). These six phyla account for only a small portion of
described phyla within the domain Bacteria (12, 13). Given that
(bacterio)chlorophyll-based phototrophy represents an ancient
process, we hypothesized that there remain chlorophototrophic
lineages awaiting discovery, and, based on this notion, conducted
a large isolate-screening project in various freshwater lakes with the
aim of discovering novel phototrophic lineages.

Results and Discussion

Strain Isolation and Characterization. To facilitate the screening
process, we assembled an infrared fluorescence imaging system for
detection of bacteriochlorophyll (BChl)-containing organisms.
Principle and system components are listed in ST Appendix, Fig. S1.
We screened more than 5,000 bacterial colonies obtained from
various aquatic systems. Along with the more than 100 various
phototrophic proteobacterial strains detected, we isolated an in-
frared fluorescence-positive colony originating from freshwater
Swan Lake in the western Gobi Desert (S Appendix, Fig. S2). This
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Photosynthesis is one of the most fundamental biological pro-
cesses on Earth. To date, species capable of performing (bac-
terio)chlorophyll-based phototrophy have been reported in six
bacterial phyla. Here we report a phototrophic bacterium be-
longing to the rare and understudied phylum Gemmatimona-
detes. This strain, isolated from a freshwater lake in the Gobi
Desert, contains fully functional photosynthetic reaction cen-
ters. Its photosynthesis genes appear to originate from an
ancient horizontal gene transfer from a purple phototrophic
bacterium. Our findings not only demonstrate that Gemmati-
monadetes represents a new phototrophic bacterial phylum,
but also present, to our knowledge, the first evidence that
genes for (bacterio)chlorophyll-based phototrophy can be
transferred between distant bacterial phyla.
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Fig. 1. Microscopy images of the phototrophic Gemmatimonadetes strain
AP64 and 16S rRNA gene phylogeny showing the position of the Gemmatimo-
nadetes phylum among the Bacteria domain. (4, Left) Infrared epifluorescence
microscopy image (false colors). (Center) Scanning electron microscopy image.
(Right) Transmission electron microscopy image of an AP64 cell. (B) phylogenetic
tree of 165 rRNA genes based on the data from the All Species Living Tree project
(www.arb-silva.de/). Orange wedges indicate the bacterial phyla that contain
chlorophototrophic species. Scale bar represents changes per position.

red-pigmented colony was transferred several times onto R,A agar
plates, and the obtained isolate was named AP64. The AP64 strain
exhibited the best growth rate (2-3 wk) on agar media under
semiaerobic conditions (SI Appendix, Table S1).

In the AP64 cells, which appear as 1~6-pm-long rods, the
presence of BChl was confirmed by infrared epifluorescence mi-
croscopy (Fig. 14). Unexpectedly, AP64’s 16S rRNA sequence
was found to be 96% identical to that of Gemmatimonas aurantiaca
T-27%, the sole type strain of the recently described phylum Gem-
matimonadetes (14). In addition, phylogenetic analysis of 16S rRNA
genes clearly placed AP64 within Gemmatimonadetes (Fig. 1B).
Gemmatimonadetes is a sister phylum to Fibrobacteres, but is not
closely related to any phyla known to contain chlorophototrophs
(Fig. 1B). To date, none of the cultured strains of this phylum (15,
16) demonstrated phototrophic capability.
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Genome Sequencing and Identification of the Photosynthesis Gene Cluster.
To gain further insight into the phylogeny and metabolism of AP64,
we sequenced its genome by combining Illumina and 454 pyrose-
quencing techniques. The genomic sequence thus obtained consisted
of seven contigs with a total of 4,706,869 bases, with a GC content of
64.4% (SI Appendix, Table S2). It contained a complete rRNA
operon consisting of 16S, 23S, and 5S rRNA genes located at
a single 347,817-bp-long contig (Contig_6). All three rRNA genes
showed the closest matches with rRNA genes of G. aurantiaca T-27,
with sequence identities of 96% for 16S, 96% for 23S, and 97% for
5S (SI Appendix, Table S3). Similarly, an additional analysis of 40
housekeeping genes in AP64 showed that 39 of these genes had the
highest sequence identities to their counterparts in G. aurantiaca
T-27 (SI Appendix, Table S3), further supporting the assignment of
AP64 as a member of Gemmatimonadetes.

A 42.3-kb-long photosynthesis gene cluster (PGC) was iden-
tified on the 620,776-bp-long Contig_5 (Fig. 2 and SI Appendi,
Fig. S3). The clustering of photosynthesis genes into a PGC was
first described in Rhodobacter capsulatus (previously Rhodop-
seudomonas capsulata) (17-19). The PGCs are a typical feature
in most purple phototrophic bacteria (20-22) and heliobacteria
(23), but are not present in other chlorophototrophic lineages.

Interestingly, the AP64 PGC arrangement closely resembles
that of Proteobacteria (Fig. 2). The PGC in AP64 contains the
same conserved gene order, crtF-bchCXYZ followed by the
pufBALM operon, as was previously identified in Proteobacteria
(21, 22). Similarly, the gene arrangement bchFNBHLM-acsF-
lhaA-puhABC resembles the gene organization found in Rubri-
vivax gelatinosus 11144 (24), differing only in the position of acsF,
and in R. capsulatus SB1003 (20, 25), where acsF was absent (Fig.
2). The presence of puf genes encoding bacterial reaction center
subunits suggests the presence of type 2 photosynthetic reaction
centers. In addition, the genome contains a complete gene in-
ventory of the bacteriochlorophyll biosynthesis pathway (SI Ap-
pendix, Tables S4 and S5). The AP64 genome lacks the crucial
genes of any known carbon fixation pathway (26). Similar to pure
heterotrophs, the genome of AP64 contains all of the essential
genes for the citric acid cycle and glycolysis, suggesting that this
strain most likely carries out a photoheterotrophic lifestyle.

Expression and Functionality of the Photosynthetic Apparatus. The
expression of photosynthetic reaction centers in AP64 cells was
demonstrated by its in vivo absorption spectrum, which dis-
played two infrared BChl a bands at 819 nm and 866 nm (Fig.
34), resembling the absorbance of inner and peripheral light-
harvesting complexes in some aerobic anoxygenic phototrophic
bacteria (27). Carotenoids were responsible for most of the light
absorption between 400 and 600 nm, with main absorption peaks
at 478, 507, and 542 nm (Fig. 34). The AP64 cells contained
3.5 + 1.1 mg (mean + SD; n = 5) of BChl a g' protein, approxi-
mately one order of magnitude less than typical anoxygenic pho-
toautotrophs but similar to the levels reported in aerobic anoxygenic
phototrophs (28). Further analysis of the pigment composition of

Fig. 2. Gene organization of the PGC of AP64 in
comparison with Proteobacteria and Firmicutes. Ge-
nome data were referenced for the PGC composition:
R. capsulatus SB1003 (GenBank accession no. CP001312),
R. gelatinosus IL144 (GenBank accession no. AP012320),
and H. modesticaldum Ice1 (GenBank accession no.
CP000930). bch (green), bacteriochlorophyll biosynthesis
genes; puh (pink), genes encoding reaction center as-
sembly proteins; puf (red), genes encoding reaction
center proteins; crt (brownish yellow), carotenoid bio-
synthesis genes; gray, photosynthesis nonrelated genes
or hypothetical ORFs.
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Fig. 3. Photosystem functionality and pigment characterization of strain
AP64. (A) In vivo absorption spectrum. (Inset) The 77K fluorescence emission
spectrum. (B) Fluorescence induction and relaxation kinetics recorded by in-
frared fluorometry. (C) HPLC elution profile of pigment extracts from strains
Gemmatimonas sp. AP64 and G. aurantiaca T-27 at 480 nm for carotenoids
and 770 nm for BChl a. Note that traces are shifted vertically. Numbers above
peaks indicate main pigments: 1 and 2, putative (25,2'S)-oscillol 2,2'-di-(a-L-
rhamnoside) (29); 3-6, unknown carotenoids; 7, BChl agg (geranlylgeranyl); 8,
spirilloxanthin; 9, BChl ap (phytol); 10, bacteriophaeophytin ap.

AP64 by HPLC identified two forms of BChl a, esterified either
with geranyl-geranyl or with phytol side chains (peaks 7 and 9 in
Fig. 3C).

Based on the chromatography data, we determined that there
were 62.1 + 5.3 BChl a molecules per reaction center (mean =+
SD; n = 4). In addition, AP64 contains several main carotenoids,
mostly various derivatives of spirilloxanthin and oscillol (29)
(Fig. 3C). As judged from its absorption spectrum and the high
carotenoid-to-BChl a ratio (5.5 + 1.7 mol:mol), most of the
carotenoids probably do not play a role in light harvesting, but do
serve in photoprotection. This idea is supported by the presence
of abundant polar carotenoids (peaks 1-4) in the nonphototrophic
relative G. aurantiaca T-27 as well (Fig. 3C). In line with the
presence of these carotenoids, we have identified six caroteno-
genesis genes in the AP64 genome (SI Appendix, Table S6) and
propose a putative biosynthesis pathway for spirilloxanthin and
oscillol series carotenoid biosynthesis (SI Appendix, Fig. S4),
based on available genetic information and previously reported
data (29, 30).

We tested the functionality of the photosynthetic apparatus
with infrared kinetic fluorometry (Fig. 3B). The recorded fluo-
rescence transients resembled those of purple nonsulfur bacteria
and aerobic anoxygenic phototrophs (28). The recorded Fv/Fy
ratio of 0.71 + 0.02 and turnover rate of 60.9 + 18.8 s™' (mean +
SD; n = 4) confirm that AP64 contains fully functional type 2
photosynthetic reaction centers connected to an efficient elec-
tron transfer chain. Despite the presence of the light-harvesting
apparatus, AP64 is not an obligate phototroph, because it also
grows well in the dark (SI Appendix, Table S1). It requires a
supply of organic substrates for growth and metabolism, and thus
is a facultative photoheterotroph. Indeed, exposure to light
caused a 37.5 + 6.9% reduction in AP64 respiration (SI Appendix,
Fig. S5), demonstrating that photophosphorylation driven by light
energy supplements oxidative phosphorylation using organic
carbon substrates.

We tested the capacity of AP64 to assimilate CO, using radio-
active assays and found only a minimum amount of incorporated
radioactivity and no significant difference between light and dark
treatments (SI Appendix, Fig. S5). These findings suggest that this
activity in AP64 derives solely from the anaplerotic carboxylation
enzymes identified in its genome (SI Appendix, Table S7). Thus,
AP64 represents a photoheterotrophic organism, whose ability to
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harvest light may provide additional energy for its metabolism and
improve the economy of carbon utilization, as has been demon-
strated in marine photoheterotrophic Proteobacteria (31).

Distribution of Phototrophic Gemmatimonadetes in Nature. The
ecology of phototrophic Gemmatimonadetes is unknown. 16S
rRNA sequences related to Gemmatimonadetes have been
found in soil and marine and lake sediments (32) (SI Appendix,
Fig. S6); however, whether they originate from heterotrophic
or phototrophic species is unclear. To target specifically photo-
trophic Gemmatimonadetes, we ran a search of protein homo-
logs of oxygen-dependent Mg-protoporphyrin monomethylester
cyclase (AcsF), a recently developed phylogenetic marker for
aerobic and semiaerobic chlorophototrophs (33). The survey of
available metagenomes stored in the CAMERA database (34)
and in the National Center for Biotechnology Information (NCBI)
whole-genome shotgun database identified five partial homologs
predicted from Yellowstone Lake metagenomes (129-173 pre-
dicted amino acid positions with 88~94% identities) and one full-
length homolog from a Danish wastewater metagenome (362
positions with 88% identity) (SI Appendix, Table S8).
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Fig. 4. Phylogenetic analysis of Gemmatimonadetes AcsF-like protein
sequences predicted from environmental metagenomes in relation to other
phototrophic bacterial phyla. Environmental Gemmatimonadetes AcsF-like
sequences were retrieved from the CAMERA or NCBI WGS databases using
tblastn searching (S/ Appendix, Table S8). Pairwise deletion was performed at
the sites containing missing data or alignment gaps. The unrooted tree was
inferred using a neighbor-joining algorithm with 1,000 resamplings. Boot-
strap values >50% are shown. Ylake, Yellowstone Lake. The total number of
amino acids of the partial Gemmatimonadetes AcsF-like ORFs are shown next
to the names. CAMERA/GenBank accession numbers are in parentheses.
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Table 1. Characteristics of phototrophic Gemmatimonadetes and six other bacterial phyla containing chlorophototrophic members
Reaction Carbon fixation Oxygen
Phylum Common name* center Main pigments pathway" requirement Discovery
Cyanobacteria Type 1 Chlorophylls, Reductive Aerobic 19th century
Type 2 carotenoids, pentose phosphate
phycobilins (Calvin- Benson—-Bassham)
cycle
Proteobacteria Purple bacteria Type 2 BChl a/b, Reductive pentose Aerobic, semiaerobic, 19th century
carotenoids phosphate anaerobic
(Calvin- Benson—-Bassham)
cycle
Chlorobi Green sulfur Type 1 BChl a/c/d/e, Reductive tricarboxylic acid Anaerobic Early 20th
bacteria carotenoids (Arnon-Buchanan) cycle century
Chloroflexi Green nonsulfur  Type 2 BChl a/c, 3-Hydroxypropionate Semiaerobic 1974 (10)
bacteria carotenoids (Fuchs—-Holo) bi-cycle
Firmicutes Heliobacteria Type 1 BChl g, Absent Anaerobic 1983 (11)
carotenoids
Acidobacteria Type 1 BChl a/c, Absent Aerobic, semiaerobic 2007 (12)
carotenoids
Gemmatimonadetes Type 2 BChl a, Absent Semiaerobic This study
carotenoids

*Common or historical name used for phototrophic species in the particular phylum.

TIf present.

The homologs thus obtained formed a tight cluster with AP64
on the AcsF phylogenetic tree, suggesting that these sequences

originated from phototrophic Gemmatimonadetes (Fig. 4).

presence of these genes in geographically dispersed and non-
equivalent environments suggests that phototrophy may be a
common strategy in Gemmatimonadetes rather than an unusual

event occurring only in a specific environment.

Phylogeny of Photosynthesis Genes in Gemmatimonadetes

Evolutionary Significance. To elucidate the possible origin of pho-
totrophic capacity in AP64, we studied the phylogeny of its pho-
tosynthesis genes in more detail using enzymes involved in the
initial phase of the bacteriochlorophyll biosynthesis pathway,
which exist only in chlorophototrophs and are shared by all
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known chlorophototrophic species (35). The enzymes that we used
were magnesium chelatase encoded by bchIDH genes (36) and
light-independent protochlorophyllide reductase encoded by
bchLNB genes (37). The BchIDH and BchLNB trees separated
main chlorophototrophic groups and placed Gemmatimonas sp.
AP64 as an early-diverging member of the Proteobacterial clade

on the BchIDH tree (Fig. 54) while inside Proteobacteria on the
BchLNB tree (Fig. SB) together with a group of cyanobacteria for
and  which horizontal gene transfer of BchIDH from Proteobacteria
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has been proposed previously (38). This finding clearly demon-
strates a common origin of the bacteriochlorophyll biosynthesis
pathway in AP64 and Proteobacteria.

Similarly, an analysis of reaction center subunit (PufLM) phylo-
geny placed AP64 onto a branch inside Proteobacterial sequences

Phylogenetic analyses of AP64 photosyn-
thesis genes. (Left ) Analysis based on concatenated
alignments of amino acid sequences of magnesium
chelatase (BchIDH/ChIIDH; 1,810 common amino acid
positions). (Center) Analysis based on concatenated
alignments of amino acid sequences of light inde-
pendent protochlorophyllide reductase (BchLNB/

Color/symbol for each (sub)phylum:
Cyanobacteria Proteobacteria
A Alpha-

o Beta-

e Gamma-

ChILNB; 921 common amino acid positions). (Right)
Analysis based on concatenated alignments of amino
acid sequences of the photosynthetic reaction center
subunits (PufLM; 507 common amino acid positions).
Maximum likelihood (ML) and neighbor-joining (NJ)
trees were inferred for strain AP64 and representa-
tive species from other six phototrophic phyla. The
PufLM tree was rooted by Chroococcidiopsis thermalis
(Cyanobacteria) D1/D2 sequences. ML/NJ bootstrap
values >50% are shown on the trees. Scale bars rep-

resent changes per position.
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(Fig. 5C), confirming that AP64 contains a close homolog of Pro-
teobacterial photosynthetic reaction centers. The similarity of
photosynthetic apparatus between AP64 and Proteobacteria (Table
1) and their analogous PGC organization, as well as the close
phylogenetic relationship of their photosynthesis genes, strongly
suggest that phototrophy in Gemmatimonas spp. originated from an
ancient horizontal transfer event of a complete set of photosynthesis
genes from a purple photosynthetic bacterium.

The question remains as to a suitable vector capable of distant
interspecies transfer of a large-sized PGC. A complete PGC has
been reported in a promiscuous self-transmissible R-prime plasmid
of R. capsulatus (39) and in two plasmids of Roseobacter litoralis and
Sulfitobacter guttiformis (40). Photosynthesis genes also can be
packed into gene transfer agents (41, 42) or bacteriophages (43—
45). Similar mobile elements might have facilitated the acquisition
of purple bacterial photosynthetic reaction centers by an ancient
counterpart of the heterotrophic Gemmatimonadetes strain T-27.
The higher redox potential (~0.5 V) of type 2 reaction centers
compared with type 1 reaction centers might have allowed for
easier incorporation into the respiratory electron transfer chain
of this ancient Gemmatimonadetes bacterium. After the adoption
of phototrophy as a means of energy production, phototrophic
Gemmatimonadetes likely evolved independently, perhaps losing
the acquired genes again in some lineages. Nevertheless,
Gemmatimonas sp. AP64 represents, to our knowledge, the first
known example of horizontal transfer of a complete photosyn-
thesis gene package between distant bacterial phyla, providing
new insights into the evolution of bacterial photosynthesis.

Materials and Methods

Bacterial Isolation and Colony Screening. On December 15, 2011, 1 L of surface
water (0.5 m) was collected approximately 3 m offshore in freshwater Swan
Lake [in Chinese, X#8:# (Tian ér h)]. This lake is located (latitude 42.005 N,
longitude 101.585 E, ~900 m above sea level) at the northern margin of the
Badain Jaran Desert (~49,000 km? total area), part of the western Gobi Desert
in the Inner Mongolia Autonomous Region of northern China (S/ Appendix,
Fig. S2). The lake has a surface area of approximately 1 km? a maximum
depth 0.65 m, a transparency of 0.65 m, salinity <0.1 ppt, pH 8.76, and con-
ductivity of 1.70 mS cm~". The catchment area of Swan Lake suffers from
desertification, especially after the almost permanent cutoff of the Heihe
River inflow in the past 30 y (46). Water sources are mainly groundwater,
summer rainfalls, and sporadic runoff from small branches of the lower
reaches of the Heihe River. In this region, the mean annual precipitation is
<50 mm, and evaporation is roughly 2,000-2,500 mm/y (47-49).

In the laboratory, 1 pL of the original lake water was diluted into 100 pL of
sterilized half-strength R,A medium, and the dilution was plated directly onto
half-strength R,A agar plates (S/ Appendix, Table S1). The plates were in-
cubated at 25 °C under a 12-h light/12-h dark regimen until visible colonies
formed (3-6 wk). Plates were scanned for BChl fluorescence emission using
a modified PSI FluorCam 800MF fluorescence imaging system (S/ Appendix, Fig.
S1). In brief, a standard Petri dish (90 mm diameter) with colonies was illumi-
nated with a bank of blue light-emitting diodes (470 nm). Infrared fluorescence
from BChl a-containing colonies was registered by a monochrome CCD camera
(Lumenera) protected by a long-pass >850-nm glass filter RG850 (Schott). The
positive (IR fluorescent) colonies were resuspended in sterile medium and trans-
ferred onto new agar plates until pure cultures were obtained.

Cultivation of Strain AP64. Strain AP64 was isolated from a 5-wk-old plate. We
optimized the growth conditions by adjusting pH, temperature, oxygen level,
and nutrient combinations (S/ Appendix, Table S1). The best growth was
achieved on modified R,A" agar plates (medium composition shown in S/
Appendix, Table S1). The plates were kept at 25~28 °C in a reduced 5~10%
oxygen atmosphere under a 12-h light/12-h dark regimen. It takes 10~14 d
to obtain abundant round-shaped colonies (1.0~2.0 mm diameter). Agar
plates inoculated with the same amount of AP64 cells but kept in darkness
showed similar growth patterns (S/ Appendix, Table $1). We did not obtain
satisfactory growth yields in the corresponding liquid medium, because
AP64 seemed to prefer an attachment-to-solid surface lifestyle.

Microscopy, Spectroscopy, and Fluorometry. Observation of cell morphology

and monitoring of culture purity was performed by infrared epifluorescence
microscopy (50). In vivo absorption spectra were recorded using a Shimadzu

Zeng et al.

UV-3000 dual-beam spectrometer. The cells harvested directly from agar
plates were resuspended into 70% glycerol to reduce light scattering. The
same cells were also used to record 77K fluorescence emission spectra. Fluo-
rescence was excited by a single cyan (505 nm) Luxeon Rebel light-emitting
diode. The emission spectra were recorded by a PSI MCS 55/A high-resolution
fiber optics spectrometer. BChl a fluorescence was recorded using a modified
PSI FL200/PS laboratory fluorometer (28).

Pigment Analyses. Approximately 10'° cells were harvested and extracted
with 1 mL of 100% methanol for 5 min. The BChl a concentration was de-
termined spectroscopically in 100% methanol (51). BChl a content was nor-
malized on a per cell or per total protein basis. In addition, the extracts were
analyzed by HPLC-MS using an Agilent 1100 Series HPLC system equipped
with an in-line Agilent 1100 series LC/MSD trap mass spectrometer (28). BChl
a per reaction center stoichiometry was determined using extract acidifica-
tion as described previously (28). All reported values are presented as mean +
SDs determined from at least four independently grown batches of cells.

Radioactive Assays and Respiration Assays. The carboxylation activity of strain
AP64 was determined with a radiolabeled bicarbonate incorporation assay.
Assays were performed under both anoxic and semiaerobic conditions.
Bacterial cultures (20 mL, 6.2 x 10® cells mL™") were labeled with 40 pCi
NaH'#CO; and divided into 2-mL plastic transparent vials. The vials were
placed into a temperature-controlled incubator (30 °C) illuminated with 150
pmol quanta m~2 s~'. The incubation time was 2 h. The incubation was
terminated with the addition of 35% HCI, followed by continuous shaking
for 24 h. To determine the incorporated radiolabeled compounds, 10 mL of
EcoLite(+) scintillation mixture was added, and counts were performed with
a liquid scintillation analyzer (Perkin-Elmer Tri-Carb 2810 TR). For compari-
son, the carboxylation activities of three control strains (heterotrophic
G. aurantiaca T-27 and photoautotrophic Rhodobacter sphaeroides DSM158
and Synechocystis sp. PCC6803) were determined using the same protocol.

For respiration measurement, AP64 cells were placed in a temperature-
stabilized measuring chamber at 30 °C, and the rate of oxygen consumption
was registered with the Clark electrode for 20 min. The chamber was illu-
minated using a halogen lamp providing 150 pmol photons m™2 s~'. T-27
cells received the same treatment and served as a heterotrophic control.
Carboxylation activity and respiration rate were expressed as mol CO, or O, g
protein” hr. Quantification of protein concentrations in cellular extracts was
determined with a modification of the micro-Lowry technique, using the
Sigma-Aldrich Total Protein Kit.

Genome Sequencing and Data Analyses. Bacterial cells were harvested directly
from agar plates. Total genome DNA was extracted and purified using a DNA
purification column kit (Tiangen). Initially, 165 rRNA was PCR-amplified using
the standard 27F and 1492R primers. The amplified products were directly
sequenced to identify the taxonomic identity of the obtained strain. Later,
whole-genome shotgun sequencing was performed using an lllumina HiSeqg-
2000 platform at Meiji Biotech (Shanghai, China) and a Roche 454 GS FLX+
System at Macrogen (Seoul, South Korea). Procedures for DNA shearing, li-
brary preparation and quality control, sample loading, and sequencer op-
eration were performed according to those companies’ standard protocols.
For lllumina technology, raw 101-bp paired-end reads produced from a 300-
bp paired-end library were first subjected to quality control and trimming on
the Galaxy Web server (52). High-quality reads were de novo assembled into
contigs using Velvet version 1.2.10 (53). For 454 technology, raw reads with an
average length of 800 bp were assembled using GS de novo Assembler version
2.8 (454 Life Sciences, Roche). To further assemble the achieved contigs from
both Illumina and 454, all contigs were first shredded into 1-kb fake reads
using the Biopieces package (http:/www.biopieces.org) and then reassembled
through GS de novo Assembler. Seven contigs were finally assembled with the
contig length threshold set at 1.5 kb. Annotation of contigs was performed
with the RAST (54) and BASys (55) servers with further manual corrections.
Whole-genome alignments were performed and visualized in Mauve (56).

Phylogenetic Analyses. For the overview tree of bacterial phyla, the aligned
16S rRNA gene sequences (ARB file, release LTPs111) were downloaded from
the All Species Living Tree project (http:/www.arb-silva.de) (13) and sup-
plemented with cyanobacterial sequences retrieved from the SILVA data-
base (57). AP64's 165 rRNA gene sequence together with references from
available Gemmatimonadetes pure cultures were added to the existing
alignments and then to the ARB tree using the Add Species function of ARB
(58). Reference sequences (environmental Gemmatimonadetes 16S rRNA
gene sequences and BchIDH, BchLNB, PufLM, and AcsF amino acid sequen-
ces) were retrieved from the NCBI Web site. Multiple alignments were
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performed with Geneious version R6 (Biomatters) using the imbedded MUSCLE
program. For BchIDH, BchLNB, and PufLM trees, sequence alignments of each
peptide were concatenated, and the sites containing gaps were stripped from
the final alignment before tree inference. Phylogenetic trees were calculated
with MEGA version 5.2 (59) using both maximum likelihood and neighbor-
joining algorithms with 1,000 times tree resampling. The Jones-Taylor—
Thornton amino acid substitution model was used.
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