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Phototrophic Gemmatimonadetes: A New 
“Purple” Branch on the Bacterial Tree of Life

Yonghui Zeng and Michal Koblížek

Abstract Photosynthesis first emerged in prokaryotes over three billion years 
ago and represents one of the most fundamental biological processes on Earth. So 
far, species capable of performing (bacterio)chlorophyll-based phototrophy have 
been reported in seven bacterial phyla, i.e., Cyanobacteria, Proteobacteria, 
Chlorobi, Chloroflexi, Firmicutes, Acidobacteria, and Gemmatimonadetes. Here 
we review the discovery, physiology, genomic characteristics, environmental 
 distribution, and possible evolutionary origin of the bacterium Gemmatimonas 
phototrophica strain AP64, so far the only phototrophic member of the phylum 
Gemmatimonadetes. This organism was isolated from a freshwater lake in the 
Gobi Desert, North China in 2011. It contains fully functional type-2 photosyn-
thetic reaction centers, but they seem to only serve as an auxiliary energy source. 
Its photosynthesis genes are located in a 42.3 kb long photosynthesis gene cluster 
which appear to originate from an ancient horizontal gene transfer from a purple 
phototrophic bacterium. A survey of biomarker genes of phototrophic 
Gemmatimonadetes bacteria (PGB) in public environmental genomics databases 
suggests that PGB are widely distributed in diverse environments, including air, 
river waters/sediment, estuarine waters, lake waters, biofilms, plant surfaces, 
intertidal sediments, soils, springs, and wastewater treatment plants, but none 
from marine waters or sediment. PGB make up roughly 0.4–11.9 % of whole pho-
totrophic microbial communities in these habitats. The discovery of PGB presents 
a strong evidence that genes for anoxygenic phototrophy can be transferred 
between distant bacterial phyla, providing new insights into the evolution of bac-
terial photosynthesis.
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Abbreviations

BChl Bacteriochlorophyll
PGB Phototrophic Gemmatimonadetes bacteria
PGC Photosynthesis gene cluster

 Introduction

Photosynthesis represents one of the most ancient and fundamental biological 
processes (Canfield et al. 2006; Hohmann-Marriott and Blankenship 2011). 
Phototrophic organisms transform solar radiation into metabolic energy which fuels 
most of the world ecosystems (Falkowski and Raven 2007). It is generally assumed 
that the earliest phototrophs were anaerobic (living in the absence of free oxygen) 
anoxygenic (not producing oxygen) prokaryotes (Olson 2006; Hohmann-Marriott 
and Blankenship 2011). After the rise of oxygenic Cyanobacteria approx. 2.7 Gyr 
ago, the Earth’s atmosphere started to become gradually oxygenated, reaching the 
present oxygen concentration roughly 0.6 Gyr ago (Nisbet and Sleep 2001). Hence, 
early anaerobic phototrophs were forced either to adapt to the new oxic conditions 
or to retreat to anoxic habitats, leading to present phylogenetically and physiologi-
cally diverse phototrophic lineages. So far, species employing chlorophyll or bacte-
riochlorophyll (BChl)-based photosynthetic reaction centers (chlorophototrophs) 
have been reported in seven bacterial phyla: Cyanobacteria, Proteobacteria, 
Chlorobi, Chloroflexi, Firmicutes, Acidobacteria, and recently also in 
Gemmatimonadetes (Fig. 1). While Cyanobacteria, green sulfur bacteria and purple 
bacteria were already discovered more than 100 years ago (Winogradsky 1888; 
Schmidle 1901; Nadson 1906; Molisch 1907; reviewed by Gest and Blankenship 
2004), green non-sulfur bacteria and heliobacteria were only described during the 
second half of the 20th century (Pierson and Castenholz 1974; Gest and Favinger 
1983). Phototrophic Acidobacteria were first reported from Yellowstone springs in 
2007 (Bryant et al. 2007; see also the chapter by Tank et al. in this volume). The last 
organism representing a novel phylum containing chlorophototrophs is 
Gemmatimonas (G.) phototrophica that belongs to the phylum Gemmatimonadetes 
(Zeng et al. 2014). Each of these lineages contains a unique apparatus for solar 
energy conversion differing in the light harvesting complex architecture, pigment 
composition, and function of their reaction centers (Overmann and Garcia-Pichel 
2013; see Table 1 for summaries). 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 Acidobacteria and Gemmatimonadetes. Pheophytin-quinone 
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(type-2) reaction centers are present in green non-sulfur bacteria (Chloroflexi) and 
purple bacteria (phototrophic Proteobacteria). Oxygenic Cyanobacteria contain 
both type-1 and type-2 reaction centers.

In this chapter, we review the discovery, physiology, phototrophic properties 
and genomic characteristics of G. phototrophica, and our current understanding 
of the possible evolutionary origin of its photosynthesis function and the distri-
bution of phototrophic Gemmatimonadetes bacteria (PGB) in the environment.

Fig. 1 Illustration of the relative phylogenetic relationship of the known seven phyla and their 
photosystems’ features highlighting the novelty of the phototrophic phylum Gemmatimonadetes. 
The phylogenetic tree was based on the 16S rRNA gene sequences of 29 bacterial phyla with cul-
tured representatives as shown in Zeng et al. (2014) and depicted in an artistic manner without 
distorting the relative position of each phylum

Phototrophic Gemmatimonadetes: A New “Purple” Branch on the Bacterial Tree of Life
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 Discovery

 Isolation of G. Phototrophica

The phototrophic strain G. phototrophica AP64 was isolated during an intense 
screening of novel anoxygenic phototrophs in freshwater lakes (Zeng et al. 2014). 
The water sample collected in December 2011 from a freshwater desert lake Tiān é
hú (Swan Lake), located in the western Gobi Desert in Inner Mongolia, North 
China, was inoculated on R2A agar plates (Fig. 2). The screening was performed 
using a special infra-red (IR) fluorescence imaging system which identified a posi-
tive red-pigmented colony (see suppl. material in Zeng et al. 2014). The colony was 

Fig. 2 Illustration of the path of discovery of Gemmatimonas phototrophica. (1) Water sample 
collected at Swan Lake in the western Gobi Desert in Inner Mongolia, North China by Dr. Fuying 
Feng (in the boat) from Inner Mongolia Agricultural University; (2) The sample was streaked on 
R2A agar and incubated for approx. 3 weeks. The BChl a positive colonies were identified using 
IR fluorescence imaging system; (3) the pure culture was characterized; and (4) its phylogenetic 
identity determined from its 16S rRNA sequence

Phototrophic Gemmatimonadetes: A New “Purple” Branch on the Bacterial Tree of Life
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transferred several times onto new agar plates and the obtained isolate was named 
AP64. The presence of BChl a in the cells was confirmed using infra-red epifluores-
cence microscopy (Fig. 2).

Unexpectedly, the 16S rRNA sequence of the new strain was 96.1 % identical to 
that of G. aurantiaca T-27, the type strain of phylum Gemmatimonadetes (Zhang 
et al. 2003). Phylum Gemmatimonadetes (Kamagata 2010; Hanada and Sekiguchi 
2014) is a sister phylum to Fibrobacteres, but is not closely related to any phyla 
known to contain chlorophototrophs (see the phylogenetic tree in Fig. 2). Two gen-
era, i.e., Gemmatimonas and Gemmatirosa, have been proposed in this phylum 
before with one type species described in each genus, respectively, i.e., G. auran-
tiaca T-27 (Zhang et al. 2003) isolated from a wastewater treatment reactor and 
Gemmatirosa kalamazoonensis (DeBruyn et al. 2013) isolated from organically 
managed agricultural soil in the USA. The 16S rRNA gene of AP64 shares 96.1 % 
sequence identity with that of G. aurantiaca while shows only 91.2 % identity to 
that of Gemmatirosa kalamazoonensis, suggesting that AP64 and T-27 belong to 
the same genus whereas G. kalamazoonensis represents a different class of the 
phylum Gemmatimonadetes. This is further confirmed by phylogenetic analysis 
where AP64 and G. aurantiaca form a tight phylogenetic cluster, but distantly 
related to Gemmatirosa kalamazoonensis KBS708 (Fig. 3). Thus, the species rep-
resented by this strain was named G. phototrophica sp. nov. after its phototrophic 
lifestyle (Zeng et al. 2015). At the time of writing, a new genus was proposed in 
phylum Gemmatimonadetes, i.e., Longimicrobium, which contains the species 
Longimicrobium terrae isolated from a Mediterranean forest soil in Spain (Pascual 
et al. 2016). The 16S rRNA genes of G. phototrophica and Longimicrobium terrae 
share only 83.6 % sequence identity.

Fig. 3 Phylogenetic tree of representative Gemmatimonadetes 16S rRNA gene sequences. A total 
of 285 sequences (>1450 bp in length) from environmental clones and pure cultures were multi- 
aligned and 1130 gap free conserved positions were used for inference of neighbor joining trees. 
Bootstrap resampling (1000 times) was performed. The 16S rRNA gene sequence of Fibrobacter 
succinogenes was used as the outgroup. Only the topology of the bootstrap consensus tree is shown 
to illustrate the relative positions of G. phototrophica AP64 (star), G. aurantiaca T-27 (filled tri-
angle), and Gemmatirosa kalamazoonensis KBS708 (filled diamond) on the tree. The branch that 
shows phylogenetic relationship of G. phototrophica and its close relatives is highlighted and 
zoomed in. Scale bar represents 2 % nucleotide substitution

Y. Zeng and M. Koblížek
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 Morphology and Physiology

 Morphology

G. phototrophica cells are rod-shaped, 0.3–0.5 μm in width, and most commonly
1–6 μm in length (Zeng et al. 2015). Occasionally, some cells form up to 12 μm long
filaments (Fig. 4a). Similar filaments were also observed in Gemmatirosa kalama-
zoonensis KBS708 (DeBruyn et al. 2013), but they were not reported in G. auran-
tiaca T-27 (Zhang et al. 2003). Structures of gram-negative cell envelope were
observed in TEM images (Fig. 4b). Electron-dense small bodies and transparent
large vesicle-like structures were present inside cells (Fig. 4b). Cells reproduced by
binary fission (Fig. 4b) and often show budding morphology (Fig. 4c), similar to
those reported in G. aurantiaca T-27 (Zhang et al. 2003) and strain KBS708

Fig. 4 Microscopic images of G. phototrophica’s cells. (a) Infra-red (IR) fluorescence image 
showing rod- and filament-shaped cells. (b) TEM images. OM outer membrane, PM plasma mem-
brane. (c) SEM images. Budding structures are marked with arrows. (d) Atomic force microscopy 
(AFM) deflection images showing porous surface layer. Bars, 1 μm (a, c), 200 nm (b), 100 nm (d)
(TEM and SEM imaging by Jason Dean; AFM imaging by David Kaftan). Originally published in 
Zeng et al. (2015)

Phototrophic Gemmatimonadetes: A New “Purple” Branch on the Bacterial Tree of Life
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(DeBruyn et al. 2013). An ongoing ternary fission through budding was observed 
(Fig. 4c), indicating its capability of performing various types of cell division. 
Atomic force microscopy scans showed hexagonal structures (~30 nm in diameter) 
at cell surface resembling the S-layer (Fig. 4d). Cells were motile, consistent with 
the fact that its genome contains flagellar biosynthesis genes although flagella were 
not observed directly by electron microscopy (Zeng et al. 2015).

 Cultivation and Physiology

G. phototrophica formed tiny (~0.3 mm), round, smooth, and red-pigmented colo-
nies on agar plates after incubation at 28 °C for 2 weeks under semiaerobic condi-
tions. Interestingly, no growth was observed in the liquid medium. Growth of G.
phototrophica occurred at 16–30 °C with an optimum temperature of 25–30 °C. The
pH range for growth was 6.0–9.0 with an optimum at pH 7.5–8.0. The strain does
not require NaCl for growth, but it can tolerate up to 2 g L−1 NaCl. Deletion test of
components in the R2A+ medium that we used before (Zeng et al. 2014) demon-
strated that soluble starch, MgSO4, and ammonium-acetate were not required as no
noticeable growth delay was observed in the absence of these nutrients. Similar to
G. aurantiaca T-27, G. phototrophica did not yield comparable biomass on nutrient- 
rich agar plates (LB, nutrient broth, and double-nutrient-strength R2A+) as on R2A+

agar plates, suggesting that these species do not prefer copiotrophic growth.
The highest biomass yields for G. phototrophica were reached at reduced oxygen 

concentration (9.8–15.2 %), whereas at normal oxygen concentration (21 %) its 
growth was significantly inhibited (Zeng et al. 2015). No growth was observed 
under all tested anaerobic conditions in a 4-week incubation. In contrast, G. auran-
tiaca T-27 preferred a fully oxygenic atmosphere and reached a maximum biomass 
on agar plates after 5–7 days.

 Biochemical and Chemotaxonomic Characteristics

Phototrophic G. phototrophica AP64 and non-phototrophic G. aurantiaca T-27 had 
in general very similar composition of basic macromolecules as seen from Fourier 
transform infra-red spectra (Zeng et al. 2015). However, these two species could be 
differentiated by many specific features such as colony size, pigment composition, 
optimum pH, optimum salinity and oxygen concentrations for growth, capability of 
growing in liquid medium, and susceptibility to antibiotics (Zeng et al. 2015). G. 
phototrophica grew well with yeast extract as the sole carbon source. Weak growth 
with peptone was observed. During a 30-day incubation, no growth was observed 
with the following compounds as the sole carbon source: casamino acids, sodium 
succinate, sodium acetate, sodium pyruvate, potato starch, sucrose, l-glutamic acid, 
l-leucine, l-arginine, l-alanine, l-isoleucine, l-arabinose, d-sorbit, and d-mannitol.

Y. Zeng and M. Koblížek
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The cells were positive for oxidase and catalase. G. phototrophica has a natural 
resistance to ampicillin, penicillin, paromycin sulfate, polymixin B sulfate, and 
nystatin, but it was sensitive to neomycin, vancomycin, bacitracin, and gentamycin. 
The major respiratory quinone is menaquinone-8. The dominant fatty acids are 
C16:1, C14:1, and C18:1ω9c (Zeng et al. 2015).

 Phototrophic Properties

 Expression and Functionality of Photosynthetic Apparatus

The expression of photosynthetic reaction centers in G. phototrophica was proven 
by its in vivo absorption spectrum. It displayed two infra-red BChl a bands at 819 
and 866 nm (Fig. 5a), resembling the absorbance of inner and peripheral light har-
vesting complexes in some aerobic anoxygenic phototrophic bacteria (Yurkov and 
Beatty 1998; Selyanin et al. 2016). 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. 5a). AP64 cells contained 3.5 ± 1.1 (mean ± SD, n = 5) mg BChl a 
g−1 protein, approx. an order of magnitude less than typical anoxygenic photoauto-
trophs but similar to BChl a levels reported in aerobic anoxygenic phototrophs 
(Selyanin et al. 2016). Light did not inhibit the BChl a biosynthesis. Interestingly, 
cells that were continuously grown in the dark and subcultured for one year still 
maintained BChl a (Fig. 5a). This indicated that G. phototrophica expressed its 
photosynthetic apparatus constitutively.

G. phototrophica has a complex pigment composition. It contains two forms of
BChl a esterified either with geranylgeranyl or with phytol side chains (peaks 7 and 
9 of Fig. 5c). 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, G. 
phototrophica contained carotenoids of oscillol series with oscillol 2,2′-dirhamno-
sides as the major carotenoid (Fig. 5c). These carotenoids probably do not play a 
role in light harvesting function, but only serve for photoprotection as indicated by 
the high carotenoid to BChl a ratio (5.5 ± 1.7 mol:mol). This notion was supported 
by the fact that abundant polar carotenoids (peaks 1–4) were also present in the non- 
phototrophic relative G. aurantiaca T-27 (Fig. 5c). In line with the presence of these 
carotenoids, we identified six carotenogenesis genes (crtE, crtB, crtI, cruF, cruG, 
and crtF) in the genome of G. phototrophica, five of which were also identified in 
G. aurantiaca T-27 except crtF (Table 2; Fig. 6). Accordingly, G. phototrophica
contained small amount of spirilloxanthin which was not identified in G. auranti-
aca. We speculate that spirilloxanthin is synthesized from didemethylspirilloxan-
thin in a two step transmethylation reaction catalyzed by O-methyltransferase
encoded by the crtF gene (Fig. 6).

The functionality of G. phototrophica’s photosynthetic apparatus was first tested 
using infra-red kinetic fluorometry. The recorded fluorescence transients (Fig. 5b) 

Phototrophic Gemmatimonadetes: A New “Purple” Branch on the Bacterial Tree of Life



172

resembled those of purple non-sulfur bacteria and aerobic anoxygenic phototrophs 
(Koblížek et al. 2010). The recorded FV/FM ratios 0.71 ± 0.02 and turnover rates
60.9 ± 18.8 s−1 (mean ± SD, n = 4) confirmed that G. phototrophica contained fully 
functional type-2 photosynthetic reaction centers connected to an efficient electron 
transfer chain. Further, the effect of light was tested using respiration assays. Here, 

Fig. 5 Photosystem functionality and pigment characterization of G. phototrophica. (a), in vivo 
absorption spectrum. The insert shows 77 K fluorescence emission spectrum. G. phototrophica 
cells grew under a 12 h/12 h light/dark cycle (solid line) and under continuous darkness (dotted 
line). For cultures under light/dark cycles, the strain was cultured for 2 weeks. For cultures under 
continuous darkness, colonies were transferred to fresh agar plates every 2 months during a 1-year 
long experiment. The cells were harvested from the agar plates for analysis (Zeng et al. 2015). (b), 
fluorescence induction and relaxation kinetics recorded by an infra-red fluorometer. (c), high per-
formance liquid chromatography (HPLC) elution profile of pigment extracts from G. phototroph-
ica and G. aurantiaca at 480 nm for carotenoids and at 770 nm for BChl a (note that traces are 
vertically shifted). Numbers above peaks indicate main pigments: 1 and 2, putative (2S,2′S)-
Oscillol 2,2′-di-(α-l-rhamnoside) based on Takaichi et al. (2010); 3–6, unknown carotenoids; 7,
BChl aGG (geranylgeranyl); 8, spirilloxanthin; 9, BChl aP (phytol); 10, bacteriopheophytin aP

Y. Zeng and M. Koblížek
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the exposure of AP64 cells to light caused a 37.5 ± 6.9 % reduction of respiration 
(see suppl. material in Zeng et al. 2014), which documented that photophosphoryla-
tion driven by light energy supplemented oxidative phosphorylation utilizing 
organic carbon substrates. The capacity of G. phototrophica to assimilate CO2 was 
tested using radioactive assays. However, only a minimum amount of incorporated 
radioactivity was observed without significant difference between light and dark 
treatments. This suggested that this activity in G. phototrophica only came from the 
anaplerotic carboxylation enzymes that were identified in its genome (Zeng et al. 
2014). Despite the presence of a light harvesting apparatus, it is not an obligate 
phototroph as it requires a supply of organic substrates and also grows in the dark. 
Thus, G. phototrophica represents a facultative photoheterotrophic organism, whose 
ability to harvest light may provide additional energy for its metabolism and improve 
the economy of carbon utilization, similarly as it was shown in marine photohetero-
trophic Proteobacteria (Hauruseu and Koblizek 2012).

 Genomics

The genome of G. phototrophica AP64 was sequenced by combining Illumina, 454 
pyrosequencing, and Sanger chromosome walking technologies. The genome size 
is 4,716,552 bp with a GC content of 64.4 % (Table 2 and Fig. 7a; GenBank acces-
sion number CP011454). The most distinctive characteristic of the genome is the 
presence of a 42.3-kb-long photosynthesis gene cluster (PGC). It contains 28 genes 
involved in bacteriochlorophyll biosynthesis, expression and assembly of photosys-
tem, carotenoid biosynthesis, and regulatory functions (Fig. 7a). The clustering of 

Table 2 Genome characteristics of cultured members of phylum Gemmatimonadetes

G. phototrophica G. aurantiaca
Gemmatirosa 
kalamazoonensis

NCBI Bioproject ID PRJNA213561 PRJDA18501 PRJNA194094

Genome size 
(chromosome, bp)

4,716,552 4,636,964 5,311,527

Plasmids N.A. N.A. 1,106,233 bp
1,040,503 bp

GC content 64.4 % 64.3 % 72.6 %

Number of genes 3965 3998 4567

Number of proteins 3388 3892 4513
(+1822 on plasmids)

Number of pseudogenes 523 52 N.A.

Frameshifted genes 12 4 N.A.

tRNA 47 48 48

rRNA 6 3 6

ncRNA 1 3 N.A.

Presence of PGC Yes No No

Phototrophic Gemmatimonadetes: A New “Purple” Branch on the Bacterial Tree of Life
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photosynthesis genes into PGC represents a typical feature in many purple non- 
sulfur phototrophic bacteria (Haselkorn et al. 2001; Swingley et al. 2009; Zheng 
et al. 2011) and in heliobacteria (Xiong et al. 1998), but they are not present in other 
chlorophototrophic lineages. The PGC arrangement of G. phototrophica closely 
resembles that of Proteobacteria (Fig. 8). The PGC in G. phototrophica contained 
the same conserved gene order crtF-bchCXYZ followed by the pufBALM operon, 
which was previously identified in Proteobacteria (Fig. 8). Similarly, the gene 
arrangement bchFNBHLM-acsF-lhaA-puhABC resembled the gene organization 
found in most Proteobacteria differing only in the position of acsF (Fig. 8). The 
unique position of the acsF gene between bchFNBHLM and puhABC in G. 

Fig. 6 Putative carotenoid biosynthesis pathway in G. phototrophica. The highlighted parts of 
each compound represent the sites modified by corresponding enzymes. The novel oscillol 
2,2′-dirhamnoside biosynthesis pathway which contain two as yet unidentified genes was firstly
proposed in G. aurantiaca T-27 by Takaichi et al. (2010). The two species share very similar pig-
ment composition and genome content, suggesting that this pathway very likely exists in G. pho-
totrophica. In the highlighted box shows the proposed spirilloxanthin biosynthesis steps in G. 
phototrophica catalyzed by the carotenoid O-methyltransferase (crtF) which is absent in T-27. 
Gene homologs of crtE, crtB, crtI, cruF, cruG, and crtF have been identified in the genome of G. 
phototrophica, but only crtF gene was found inside PGC
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phototrophica was not observed in Proteobacteria, suggesting a different evolution 
history of photosynthesis in Gemmatimonadetes. The presence of puf genes encod-
ing bacterial reaction center subunits suggested the presence of type-2 photosyn-
thetic reaction centers. In addition, the genome contained a complete gene inventory 
of the bacteriochlorophyll biosynthesis pathway (Table 3).

Fig. 7 Genomic features of G. phototrophica with the region of photosynthesis gene cluster 
(PGC) highlighted (a) and whole genome sequence comparison of G. phototrophica AP64, G. 
aurantiaca T-27, and Gemmatirosa kalamazoonensis KBS708 and statistics of their shared and 
distinct orthologs (b). (a), bch (green), bacteriochlorophyll biosynthesis genes; puh (pink), genes 
encoding reaction center assembly proteins; puf (red), genes encoding reaction center proteins; crt 
(brownish yellow), carotenoid biosynthesis genes; gray, photosynthesis non-related genes or hypo-
thetical ORFs. (b), each block represents a region that is presumably homologous and internally 
free of genomic rearrangement. The height of the similarity profile within blocks was inversely 
proportional to the average level of conservation over a region of the alignment. Regions that are 
conserved among all three genomes are shown in red color. Regions conserved only among sub-
sets of the genomes have been color coded differently. Fig. 7b originally published in Zeng et al. 
(2015)
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We compared genomic similarity and calculated the numbers of shared orthologs 
among the three type strains G. phototrophica AP64, G. aurantiaca T-27, and 
Gemmatirosa kalamazoonensis KBS708 that are available in this phylum. Genomes 
of G. phototrophica and G. aurantiaca were highly conserved in terms of both 
genomic similarity and gene synteny with no large genomic rearrangement events 
detected (Fig. 7b). In contrast, a large portion of genomic regions in G.  phototrophica 
and Gemmatirosa kalamazoonensis have been subjected to  rearrangement and less 

Fig. 8 Unique gene arrangement in the photosynthesis gene cluster of phototrophic 
Gemmatimonadetes bacteria in comparison to diverse purple photosynthetic bacteria. Genomes 
were downloaded from the NCBI WGS database and annotated with the RAST webserver (http://
rast.nmpdr.org/). For each category of gene, bch (light green to dark green), bacteriochlorophyll 
biosynthesis genes; the acsF gene encoding the aerobic form of Mg-protoporphyrin IX mono-
methyl ester oxidative cyclase, which is also involved in the bacteriochlorophyll biosynthesis path-
way, is highlighted in yellow; puh (pink), genes encoding reaction center assembly proteins; puf 
(red), genes encoding reaction center proteins; crt (brownish yellow), carotenoid biosynthesis 
genes. The crt genes other than crtF which is the only carotenoid biosynthesis gene in the photo-
synthesis gene cluster of PGB are not shown. Photosynthesis non-related genes or hypothetical 
ORFs are not shown
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Table 3 A complete list of enzymes involved in the bacteriochlorophyll biosynthesis pathway that 
are predicted to be present in the genome sequence of G. phototrophica

Step in the pathway Enzyme
Gene 
name

Length 
(bp)

Inside (●)/
outside (○)
PGC

1. 
l-Glutamate → l-Glutamyl-tRNA

Glutamyl-tRNA synthetase gltX 1464 ○

2. →Glutamate-1-semialdehyde Glutamyl-tRNA reductase hemA 1464 ○
3. →5-Amino-levulinate Glutamate-1-semialdehyde 

2,1-aminomutase
hemL 1314 ○

4. →Porphobilinogen Porphobilinogen synthase hemB 996 ○
5. →Hydroxymethylbilane Hydroxymethylbilane 

synthase
hemC 999 ○

6. →Uroporphyrinogen III Uroporphyrinogen III 
synthase

hemD 780 ○

7. →Coproporphyrinogen III Uroporphyrinogen III 
decarboxylase

hemE 1095 ○

8. →Protoporphyrinogen IX Coproporphyrinogen 
oxidase (Aerobic);
Coproporphyrinogen 
dehydrogenase (Anaerobic)

hemF
hemN

996
1365

○
○

9. →Protoporphyrin IX Protoporphyrinogen oxidase 
(Aerobic);
Protoporphyrinogen IX 
dehydrogenase (Anaerobic)

hemY
hemG

1467
435

○
○

10. →Mg-protoporphyrin IX Magnesium chelatase 
subunit I; 
Magnesium chelatase 
subunit D;
Magnesium chelatase 
subunit H

bchI
bchD
bchH

1026
1455
1878
3801

●
●
●

11. →Mg-protoporphyrin IX
13-methyl ester

Mg-protoporphyrin IX 
methyltransferase

bchM 720 ●

12. →Divinylprotochlorophyllide Mg-protoporphyrin IX 
monomethyl ester oxidative 
cyclase (Aerobic);
Mg-protoporphyrin IX 
monomethyl ester oxidative 
cyclase (Anaerobic)

acsF
bchE

1053
1602

●
○

13. →Protochlorophyllide Divinyl chlorophyllide a 
8-vinyl-reductase

bciAa 1284 ○

(continued)
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than 50 % genomic regions were found to be conserved. A similar pattern was seen 
when comparing the numbers of shared orthologs in each pair of genomes. The 
unique orthologs (1010) shared by G. phototrophica and G. aurantiaca were much 
more than those shared either by G. phototrophica and Gemmatirosa kalamazoo-
nensis (92) or by Gemmatirosa kalamazoonensis and G. aurantiaca (114), indicat-
ing a close relationship between G. phototrophica and G. aurantiaca at a genomic 
level.

The TBLASTN searching in the genomes of Gemmatirosa kalamazoonensis and 
G. aurantiaca for homologs of all predicted proteins in G. phototrophica was per-
formed to probe the unique genes that occurred in the genome of G. phototrophica.
A total of 421 ORFs were identified as unique genes in G. phototrophica (Zeng
et al. 2015), among which a large part (358) were hypothetical genes with

Table 3 (continued)

Step in the pathway Enzyme
Gene 
name

Length 
(bp)

Inside (●)/
outside (○)
PGC

14. →Chlorophyllide a Protochlorophyllide 
reductase iron-sulfur 
ATP-binding protein 
(Light-independent);
Protochlorophyllide 
reductase subunit N 
(Light-independent);
Protochlorophyllide 
reductase subunit B 
(Light-independent)

bchL
bchN
bchB

969
888
1254
1743

●
●
●

15. →3-Vinyl-
bacteriochlorophyllide a

Chlorophyllide a reductase 
subunit X;
Chlorophyllide a reductase 
subunit Y;
Chlorophyllide a reductase 
subunit Z

bchX
bchY
bchZ

996
1638
1458

●
●
●

16. →3-Hydroxyethyl- 
bacteriochlorophyllide a

3-Vinyl
bacteriochlorophyllide a
hydratase

bchF 564 ●

17. →Bacteriochlorophyllide a 3-Hydroxyethyl- 
bacteriochlorophyllide a
dehydrogenase

bchC 954 ●

18. →Bacteriochlorophyll a
(esterified with geranylgeraniol)

Bacteriochlorophyll 
synthase

bchG 912 ●

19. →Bacteriochlorophyll a
(esterified with phytol)

Geranylgeranyl reductase bchP 1269 ●

The complete genome sequence can be accessed via GenBank accession number CP011454.1
aAnnotated as bciA rather than bchJ according to Saunders et al. Biochemistry (2013) 52, 8442–
8451 and Canniffe et al. Biochem. J. (2013) 450, 397–405
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unidentified functions. G. phototrophica contains cyanophycin synthase and treha-
lase in its genome, which suggests that it may use cyanophycin and trehalose as an 
energy storage material (Zeng et al. 2015). Cyanophycin is rich in nitrogen as well 
as in carbon and its storage inside bacterial cells has a possible relation to enduring 
long starvation. In addition to serving as an energy source, trehalose is also known 
as a protective agent that enables bacterial cells to cope with cold and desiccation 
stresses (Potts 1994). The presence of trehalose perhaps contributes to the capabili-
ties of the members of the phylum Gemmatimonadetes in resisting to environmental 
stresses, since 16S rRNA gene clone sequences of this phylum have often been 
found in arid environments.

 Evolution

 Phylogeny of Photosynthesis Genes in Gemmatimonadetes

The presence of purple photosynthetic reaction centers in G. phototrophica chal-
lenges our understanding of the evolution of chlorophototrophic species. To eluci-
date the possible origin of photosynthetic capacity in this organism, the phylogeny 
of its photosynthesis genes was investigated using genes encoding the initial phase 
of the bacteriochlorophyll biosynthesis pathway, which are shared by all chloropho-
totrophic species (Raymond et al. 2002). The enzymes magnesium chelatase, 
encoded by bchIDH genes (Gibson et al. 1995), and light-independent protochloro-
phyllide reductase, encoded by bchLNB genes (Fujita et al. 1993), were used to 
infer the phylogeny of photosynthesis genes in G. phototrophica (Fig. 9). The 
BchIDH and BchLNB trees separated main chlorophototrophic groups and placed 
G. phototrophica AP64 as an early diverging member of the Proteobacterial clade
on the BchIDH tree, while inside Proteobacteria on the BchLNB tree. This clearly
documented a common origin of the bacteriochlorophyll biosynthesis pathway in
G. phototrophica and Proteobacteria (Zeng et al. 2014). This conclusion was also
supported by the bchF phylogeny (Cardona 2016). Similarly, an analysis of reaction
center subunit (PufLM) phylogeny placed AP64 onto a branch inside Proteobacteria
(Fig. 9), confirming that G. phototrophica contained a close homolog of
Proteobacterial photosynthetic reaction centers. The similarity of photosynthetic
apparatus between G. phototrophica and Proteobacteria (Table 1) and their analo-
gous PGC organization as well as the close phylogenetic relationship of their pho-
tosynthesis genes strongly suggests that phototrophy in Gemmatimonadetes bacteria 
originated from an ancient horizontal transfer event of a complete set of photosyn-
thesis genes from a purple photosynthetic bacterium.

It is unclear as to how PGC was transferred between distantly related species. 
A complete PGC has been reported in a promiscuous self-transmissible R-prime 
plasmid of Rhodobacter capsulatus (Marrs 1981) and in two plasmids of 
Roseobacter litoralis and Sulfitobacter guttiformis (Petersen et al. 2012). 
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Photosynthesis genes can also be packed into gene transfer agents (Marrs 1974; 
Lang and Beatty 2000) or bacteriophages (Mann et al. 2003; Lindell et al. 2004; 
Sharon et al. 2009). Similar mobile elements may have facilitated the acquisi-
tion of purple bacterial photosynthetic reaction centers by an ancient counter-
part of the heterotrophic Gemmatimonadetes strain T-27. The higher redox 
potential (~0.5 V) of type-2 reaction centers when compared to type-1 reaction 
centers may have allowed for an easier incorporation into the respiratory elec-
tron transfer chain of this ancient Gemmatimonadetes bacterium. After the 
adoption of phototrophy as a means of energy production, phototrophic 
Gemmatimonadetes probably evolved independently, perhaps losing the 
acquired genes again in some lineages. Yet, G. phototrophica represents the first 
known example of horizontal transfer of a complete photosynthesis gene pack-
age between distant bacterial phyla. This gives us a perfect example as to how 
nature streamlines the genomic arrangement of  photosynthesis genes and makes 
the photosynthesis function transferable between distantly related phototrophic 
and non-phototrophic bacteria.

Fig. 9 Phylogenetic analysis of the photosynthesis genes of G. phototrophica. (a), based on con-
catenated alignments of magnesium chelatase sequences (BchIDH/ChlIDH, 1810 common amino 
acid positions). (b), based on concatenated alignments of light-independent protochlorophyllide 
reductase sequences (BchLNB/ChlLNB, 921 common amino acid positions). (c), based on concat-
enated alignments of photosynthetic reaction center subunits’ gene sequences (PufLM, 507 com-
mon amino acid positions). Maximum likelihood (ML)/neighbor joining (NJ) bootstrap values 
greater than 50 % are shown on the tree. Scale bars represent changes per position. Originally 
published in Zeng et al. (2014)
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 Conserved Gene Composition and Arrangement 
in the Environmental PGCs of Gemmatimonadetes’ Origin

Our current knowledge on PGB comes from so far the only culture G. phototrophica 
(Zeng et al., 2014, 2015). To gain more genomic and evolutionary insights into the 
genomic basis of photosynthesis function in 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 metagenomes 
OdenseWW, AalborgWW-1, and AalborgWW-2 (Zeng et al. 2016). These metage-
nomes were chosen because the photosynthetic genes of Gemmatimonadetes’ ori-
gin have been identified in them and they were deeply sequenced with assembled 
contigs 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 homologs of all genes in the photosynthesis gene cluster (PGC) of G. pho-
totrophica as well as genes neighboring the PGC using blastx search.

From the OdenseWW metagenome, ten PGC-related contigs were obtained (for 
original contig IDs see Fig. 10). Read coverage of these ten contigs fell in a very 
narrow range from 32.27 to 41.658 (reads per contig) compared to the large range 
(2.633–26,088.286) for all the contigs in OdenseWW (see suppl. material in Zeng 
et al. 2016), strongly supporting that these contigs came from the same PGB 
 species. Moreover, these ten 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. 10). A similar PGC was assembled from nine
metagenomic contigs of AalborgWW-2 with six gaps present inside PGC (Fig. 10). 

Fig. 10 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 con-
nected with light colored parallelograms (gray, photosynthesis non-related genes; light green, pho-
tosynthesis related genes). See the legend of Fig. 7 for the description of gene names and colors. 
Original contig IDs are shown above the assembled PGCs with arrows indicating the position of 
gaps in the assembly. Scale bar, 2 kb in length. Originally published in Zeng et al. (2016)
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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).

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 correct. In AalborgWW-2-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 to 
those in G. phototrophica (Fig. 10). The amino acid sequence identities between 
the photosynthesis related ORFs in OdenseWW-PGC and those in G. phototroph-
ica’s PGC range from 69 to 95 % (see suppl. material in Zeng et al. 2016). Similarly, 
the genes flanking the PGC also show high identities (64–90 %) to the counterparts 
in G. phototrophica (see suppl. material in Zeng et al. 2016). All the top blastp hits 
of genes within and adjacent to OdenseWW-PGC came from the cultured 
Gemmatimonadetes species (see suppl. material in Zeng et al. 2016), further con-
firming their Gemmatimonadetes’ origin.

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. 2011; also Fig. 8). 
The only difference between OdenseWW-PGC and PGC in G. phototrophica is the 
presence of a 7.2 kb long insert between puhABC and pufBALMC in G. phototroph-
ica which may reflect different evolutionary histories of PGB dwelling on the fresh-
water Swan Lake in China and PGB residing in Danish wastewater treatment plants.

 Environmental Distribution

 Methodological Limitations for Detecting Environmental PGB

Members of the phylum Gemmatimonadetes are widely distributed across various 
natural environments (Hanada and Sekiguchi 2014). Environmental 16S rRNA gene 
sequence related to Gemmatimonadetes were found in soils (DeBruyn et al. 2011; 
Portillo et al. 2013), permafrost (Tuorto et al. 2014), rhizospheres (Breidenbach 
et al. 2015), freshwater lakes and sediments (Gugliandolo et al. 2016; Sheng et al. 
2016) activated sludge (Hanada and Sekiguchi 2014; Zhang et al. 2003), deep-sea 
sediments (Durbin and Teske 2011), gas hydrates, arctic seawater, coastal mobile 
mud, and marine sponge symbionts (Kamke et al. 2010). High-throughput 16S 
rRNA gene sequencing indicated that Gemmatimonadetes represent a recognizable 
fraction of soil microbial communities with relative abundances ranging from 0.2 to 
6.5 % (DeBruyn et al. 2011). However, it is impossible to distinguish whether the 
reported sequences originated from heterotrophic or phototrophic species.
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One possible way to distinguish PGB and non-PGB 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 center subunits (pufLM) placed G. phototrophica 
deep into the Proteobacteria branch (Zeng et al. 2014). In contrast, the acsF gene 
encoding the aerobic form of Mg-protoporphyrin IX monomethyl ester oxidative 
cyclase appears to be a convenient marker gene capable of distinguishing different 
phototrophic groups (Boldareva-Nuianzina et al. 2013; Zeng et al. 2014). The phy-
logenetic 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).

 Phototrophic Gemmatimonadetes Bacteria 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 May 30, 2015), with special focus placed on the MG-RAST 
metagenome webserver (Meyer et al. 2008) which have included over 30,000 pub-
lic metagenomes. From the WGS and IMG databases, two metagenomes were 
found to contain Gemmatimonadetes-AcsF like fragments: 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 relative abundance ranging from 
below 0.01% up to 2.54 % in terms of the number of Gemmatimonadetes-affiliated 
reads relative to total reads (see suppl. material in Zeng et al. 2016). Based on the 
source environments’ features of metagenomic samples, these Gemmatimonadetes-
member- harboring 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 treatment associated habitats (174 metagenomes) 
(Fig. 11a, b). 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 metage-
nome (MG-RAST ID 4468734.3), while only occasionally found in lakes, rivers, 
and marine ecosystems (Fig. 11c).

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 suppl. material in Zeng et al. 2016 for more details). They 
came from various types of environments, including air, river waters and sediment, 
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lake waters, estuarine waters, biofilm, plant-associated habitats, intertidal sediment, 
soil, spring, and wastewater treatment associated samples (Fig. 11d). 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). Based on percent 
abundance of Gemmatimonadetes-AcsF hits out of total AcsF hits (Fig. 11d), PGB 
appear to favor soil and wastewater treatment associated habitats. The reason could 
be that PGB prefer 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 sur-
vival chance of PGB. By contrast, there were no Gemmatimonadetes-AcsF like hits
found in the 231 metagenomes from the waters of seas and open oceans where the

Fig. 11 Summary of the 1706 surveyed metagenomes from the MG-RAST webserver (a, b) and 
box plots of the abundance of Gemmatimonadetes-affiliated reads relative to total reads (c) and the 
abundance of Gemmatimonadetes-AcsF hits relative to total AcsF hits (d). Metagenomes were 
classified into 20 categories according to the type of source environments. Only the metagenomes 
that were reported to contain Gemmatimonadetes members are included. 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. Originally pub-
lished in Zeng et al. (2016)
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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 of shaping the 
environmental distribution of PGB.

 Diverse Phototrophic Gemmatimonadetes Bacteria 
in the Environment Remain Unexplored

To assess the diversity of environmental PGB we performed a phylogenetic analysis 
of eight partial and three full-length AcsF sequences retrieved directly from the 
metagenomic reads or contigs (Fig. 12). These metagenomes came from distinct 
environments located on three continents, including a bioreactor from a wastewater 
treatment plant in Odense, Denmark (OdenseWW) (GenBank accession no. 
APMI00000000, Albertsen et al. 2013), activated sludge from wastewater treatment 
plants in Aalborg, Denmark (AalborgWW-1 and 2) (MG-RAST project nos. 
4487554.3 and 4611649.3, Dueholm et al. 2015) and in Shanghai, China 
(ShanghaiWW) (MG-RAST project no. 4539352.3, Wang et al. 2014), waters from 
the Yellowstone Lake, USA (YSLake-SA and MB) (DDBJ accession nos. 
SRA026894 and SRA026871, Clingenpeel et al. 2011 and Zhou et al. 2015) and 
from the Lake Gatun in Panama (GatunLake) (MG-RAST project no. 4441590.3, 
Rusch et al. 2007), soil crust in Nevada, USA (SoilCrust) (MG-RAST project no. 
4450752.3, Steven et al. 2012), arable soil in South Korea (KoreanSoil) (MG-RAST 
project no. 4569532.3, Jung et al. 2014), biofilm from the Stinky Spring in Utah, 
USA (SulfurSpring, MG-RAST project no. 4528143.3), and surface scum in Lake 
Taihu in China collected during a cyanobacterial bloom (TaihuBloom) (MG-RAST 
project no. 4467058.3, Steffen et al. 2012). The translated protein sequences of 
these 22 AcsF fragments were 75–94 % identical to that of G. phototrophica (Zeng 
et al. 2016). We found that the five acsF fragments from YSLake, the six 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 (see suppl. material in Zeng 
et al. 2016), 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) showed that they formed an independent cluster with G. phototroph-
ica, clearly separated from phototrophic Proteobacteria and other phototrophic 
phyla (Fig. 12), which suggests that these metagenomic gene fragments were very 
likely of Gemmatimonadetes’ origin.

The phylogenetic diversity of PGB appeared to be comparable to that of photo-
trophic Proteobacteria as reflected by the branches’ length on the AcsF tree 
(Fig. 12). This suggests that PGB in the environment remain largely unexplored and 

Phototrophic Gemmatimonadetes: A New “Purple” Branch on the Bacterial Tree of Life



186

Fig. 12 Phylogenetic analysis of environmental Gemmatimonadetes-AcsF like sequences. Eight 
partial and three full-length AcsF sequences were retrieved from public metagenomes. In the title of 
each sequence are shown the abbreviated metagenomes’ name, the location of acsF gene in a contig 
or the status of metagenomic fragments, and the length of translated acsF protein sequences. See text 
for sample name abbreviations. “Assembled” means that the original reads were manually assembled 
into a continuous longer contig. Both neighbor joining and maximum likelihood trees were inferred. 
A bootstrapping analysis of 1000 resamplings was performed. Values above 50 % are shown. Scale 
bar represents a 10 % amino acid substitution rate. Originally published in Zeng et al. (2016)

Y. Zeng and M. Koblížek



187

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. 13), 
Alphaproteobacterial AcsF dominated the types Air (60.6 %), Lake water (55.7 %), 
Biofilm (48.1 %), Plant associated (68.6 %), Intertidal sediment (38.3 %), Soil 
(67.8 %), and Wastewater treatment associated (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 domi-
nated by cyanobacterial AcsF (58.8 %), followed by Alphaproteobacteria (29.4 %) 
and Gemmatimonadetes (8.8 %). The highest proportion of PGB was found in 

Fig. 13 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. Eleven categories were applied, i.e., Air 
(2/417, total Gemmatimonadetes-AcsF hits/total AcsF hits), River water (30/6104), River sedi-
ment (12/1000), Estuarine water (85/4711), Lake water (3/158), Biofilm (47/2034), Plant associ-
ated (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. In parentheses are the numbers of metagenome samples investigated. Originally 
published in Zeng et al. (2016)
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wastewater treatment associated samples (11.9 %), while air metagenomes 
contained the lowest number of Gemmatimonadetes-AcsF like hits (0.4 %).

Our analysis of public metagenomic data demonstrated that these organisms 
turned out to be widely distributed in the environment and exhibited a high 
genetic diversity. PGB roughly make up 0–11.9 % of total prokaryotic photo-
trophs. In certain environments like soils, plant-associated habitats, and springs, 
the abundance of PGB was comparable to that of phototrophic Betaproteobacteria 
(Imhoff 2006), indicating the importance of this recently found phototrophic 
group in these habitats. The presence of PGB’s marker 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.

 Perspectives

Physiology and ecology of PGB remain largely unexplored due to the lack of 
cultured representatives and direct environmental survey using biomarker genes 
such as AcsF. The limited amount of physiological data from G. phototrophica 
suggests that PGB prefer low oxygen conditions for growth (Zeng et al. 2015). 
What still needs to be explored are characteristics of photosynthesis apparatus in 
PGB. The presence of two absorption bands in the IR part of G. phototrophica 
spectrum resembles the LH1 and LH2 complexes in phototrophic Proteobacteria. 
On the other hand, the G. phototrophica genome does not contain LH2 genes. 
This may indicate an unusual architecture of its photosynthetic complexes. 
Another open question that remains is the apparent lack of regulation of photo-
synthetic apparatus expression. G. phototrophica expresses its photosynthetic 
complexes even under constant darkness, at the same level as in the light/dark 
cycle. However, how light and oxygen regulate the expression of their photosyn-
thesis genes is unknown. So far it is not clear whether the expression is constitu-
tive, but the organization of photosynthesis genes in the PGC may indicate that 
they are under some regulatory control.

It is also unclear what evolutionary and physiological advantages PGB can gain 
by assembling such metabolically expensive complex (Kirchman and Hanson 
2013). A plausible explanation is that the additional energy source helps PGB cope 
with unfavorable environmental conditions, e.g., nutrient depletion (Zeng et al. 
2014). More PGB cultures from different environments and more physiological 
experiments are needed to test this hypothesis.

The search of AcsF gene fragments of Gemmatimonadetes’ origin in public 
metagenomic databases provided us with more insights into the distribution and 
diversity of this bacterial group. Genes of PGB were identified in a number of ter-
restrial and freshwater aquatic environments. Taking into account the large variabil-
ity 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 
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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.

The database searching provided strong evidence for the widespread presence of 
phototrophic Gemmatimonadetes in the environment. An even more convincing 
piece of evidence came from the successful 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-2-PGC, are highly conserved in gene composi-
tion and arrangement. It should be noted that despite that the source environments 
of the OdenseWW metagenome and G. phototrophica strain AP64 are located on 
two different continents, they are phylogenetically closely related as seen from the 
AcsF tree (Fig. 12) and thus may represent only a single type of PGC pattern in the 
Gemmatimonadetes phylum. The conservation of PGC gene content and arrange-
ment 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.

This molecular evidence strongly demonstrates that we have ample opportunities to 
isolate these organisms from environments and have a good chance to answer the ques-
tions regarding the genomic diversity, physiological potentials, and ecological signifi-
cance of those as-yet-uncultured PGB. Understanding the genomic basis and variations 
of their photosynthesis function will eventually enable us to freely edit and engineer 
their photosystems, which will open many potential applications in biotechnology.
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