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ABSTRACT Conserving additional energy from sunlight through bacteriochlorophyll
(BChl)-based reaction center or proton-pumping rhodopsin is a highly successful life
strategy in environmental bacteria. BChl and rhodopsin-based systems display con-
trasting characteristics in the size of coding operon, cost of biosynthesis, ease of ex-
pression control, and efficiency of energy production. This raises an intriguing
question of whether a single bacterium has evolved the ability to perform these
two types of phototrophy complementarily according to energy needs and envi-
ronmental conditions. Here, we report four Tardiphaga sp. strains (Alphaproteo-
bacteria) of monophyletic origin isolated from a high Arctic glacier in northeast
Greenland (81.566° N, 16.363° W) that are at different evolutionary stages concerning
phototrophy. Their �99.8% identical genomes contain footprints of horizontal
operon transfer (HOT) of the complete gene clusters encoding BChl- and xanthorhodop-
sin (XR)-based dual phototrophy. Two strains possess only a complete XR operon, while
the other two strains have both a photosynthesis gene cluster and an XR operon in
their genomes. All XR operons are heavily surrounded by mobile genetic elements
and are located close to a tRNA gene, strongly signaling that a HOT event of the XR
operon has occurred recently. Mining public genome databases and our high Arctic
glacial and soil metagenomes revealed that phylogenetically diverse bacteria have
the metabolic potential of performing BChl- and rhodopsin-based dual phototrophy.
Our data provide new insights on how bacteria cope with the harsh and energy-
deficient environment in surface glacier, possibly by maximizing the capability of ex-
ploiting solar energy.

IMPORTANCE Over the course of evolution for billions of years, bacteria that are ca-
pable of light-driven energy production have occupied every corner of surface Earth
where sunlight can reach. Only two general biological systems have evolved in bac-
teria to be capable of net energy conservation via light harvesting: one is based on
the pigment of (bacterio-)chlorophyll and the other is based on proton-pumping
rhodopsin. There is emerging genomic evidence that these two rather different sys-
tems can coexist in a single bacterium to take advantage of their contrasting charac-
teristics in the number of genes involved, biosynthesis cost, ease of expression con-
trol, and efficiency of energy production and thus enhance the capability of
exploiting solar energy. Our data provide the first clear-cut evidence that such dual
phototrophy potentially exists in glacial bacteria. Further public genome mining sug-
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gests this understudied dual phototrophic mechanism is possibly more common
than our data alone suggested.

KEYWORDS phototrophy, glacial bacteria, bacteriochlorophyll, rhodopsin, genome
evolution

Over billions of years of evolution, phototrophic bacteria capable of light-driven
energy generation have occupied every corner of surface Earth where solar

irradiation can reach. Only two general biological systems are known in bacteria to be
capable of net energy conservation from light harvesting: one is based on bacterio-
chlorophyll (BChl; chlorophyll in the case of Cyanobacteria) and the other is based on
proton-pumping rhodopsin (1). BChl-based light harvesting relies on a complex system
consisting of dozens of proteins and pigments to form reaction center and antenna
complex. In contrast, the rhodopsin-based system requires only a few genes to operate,
including a key pair of genes, the rhodopsin gene and the carotenoid oxygenase gene
blh/brp for retinal biosynthesis (2), albeit at a much lower efficiency in energy produc-
tion than the BChl-based system (3).

BChl- and rhodopsin-based systems display contrasting characteristics in the size of
coding operon, cost of biosynthesis, ease of expression control, and efficiency of
energy production. This raises an intriguing question of whether a single bacterium
can employ both types of phototrophy to take advantage of their complementary
properties in order to increase the flexibility in energy production. Given the high
abundance and frequent coexistence of BChl-based phototrophs and rhodopsin-
based phototrophs in the same environment, for instance, oceans (4), and given
that phototrophy-related genes frequently occurred in extrachromosomal genetic
elements, like photosynthesis gene cluster on plasmids (5, 6) or chromid (7) and
proteorhodopsin gene in viral genomes (8), BChl- and rhodopsin-based dual pho-
totrophic bacteria very likely have evolved in nature, awaiting discovery.

Indeed, there is emerging genomic evidence for such dual phototrophy. Recently,
three Roseiflexus genomes (Chloroflexi phylum) from spring microbial mats were found
to contain both pufM (encoding the M subunit of reaction center) and xanthorhodopsin
(XR)-like genes (9), including two metagenome-assembled genomes (MAGs) of Rosei-
flexus spp. OTU-1 and OTU-6 (10) and one from the isolate Roseiflexus sp. RS-1 (11),
albeit it is unclear whether their rhodopsins function as a bona fide proton pump,
owing to the absence of the key carotenoid oxygenase gene blp/brh that is often
located in the genomic neighborhood of the rhodopsin gene (10).

Discovery of glacial bacteria with potential dual phototrophy. Aiming to pro-
vide further pure culture and direct evolutionary evidence for dual phototrophy, we
conducted both cultivation and metagenomics survey on the microbial communities in
the “Lille Firn” glacier (LF) and nearby exposed soil (ES) in northeast Greenland (81.566°
N, 16.363° W; Fig. S1). A collection of isolates of aerobic phototrophic bacteria was
created from the LF surface glacial ice sample. Four pinkish colonies (designated strains
vice154, vice278, vice304, and vice352) were further examined due to high similarities
in their profiles on the matrix-assisted laser desorption/ionization–time of flight mass
spectrometer and due to the observation that vice154 and vice278 displayed weak BChl
fluorescence signals inside the colony infrared imaging system (12). The 16S rRNA
genes of these four strains are 100% identical and share 96.5% identity to Tardiphaga
robiniae LMG 26467T of the genus Tardiphaga of Alphaproteobacteria (13), indicating
that they represent a novel species in the cryospheric cluster of Tardiphaga (Fig. 1A). In
the glacial bacterial community (LF), members of Tardiphaga accounted for 0.017%
(17/101,183 reads) (Fig. S2). No Tardiphaga-affiliated read was found in ES (n � 10,060).
Thus, Tardiphaga represents one of the least abundant groups and occurs only in LF.

Despite their monophyletic origin as reflected by the genome pairwise average
nucleotide identity of �99.8% and the highly conserved genome synteny (Fig. 1C),
these four strains differed in both genome size and GC content (Table S1). These
differences were primarily caused by insertions and deletions (Fig. 1C), including a
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45.7-kb photosynthesis gene cluster that is present in vice154 and vice278 but absent
in vice304 and vice352. These two photosynthesis gene clusters differ only in the
insertion of an IS5 family transposase gene between pucC and puhA in vice278 (Fig. 1C).
No mobilome-related genes were found in the proximity of the photosynthesis gene

FIG 1 (A) Maximum-likelihood phylogeny of 16S rRNA genes. (B) Abundance of pufM and rhodopsin genes in the “Little Firn” glacier (LF) and nearby exposed
soil (ES) metagenomes, calculated as the number of mapped reads normalized to per-kb gene length divided by the normalized number of reads mapped to
the housekeeping gene recA. (C) Genome synteny and sequence similarities of Tardiphaga sp. strains vice154, vice278, vice304, and vice352. The GenBank
accession number and source environment of each 16S rRNA gene sequence are shown in parentheses on the tree. The architecture of photosynthesis gene
cluster and xanthorhodopsin (XR) operon are highlighted. Gaps in the alignment show nonconserved regions caused by mobilome-related activities, including
transposase, recombinase, integrase, or phage-related genes, the locations of which are highlighted in the genome. All genomes are complete and start at the
replication origin locus. The black wavy line inside each genome (shown as boxes) represents GC content calculated in a window of 1 kb. The relationship
between strains was estimated as a distance-based genome tree in the bottom left using MASH (https://github.com/marbl/Mash). Color bar, BLAST identities.
(D) Genome synteny between two contigs from the XR-bearing glacial Tardiphaga MAG LF-bin-280 and the nonphototrophic glacial Tardiphaga MAG LF-bin-283
in reference to the genome of strain vice154. MAG, metagenome-assembled genome. (E) Maximum-likelihood phylogeny of the whole XR operon of Tardiphaga
isolates and their top tBLASTn hits in NCBI’s genome database; see Fig. S5 for the full version of the tree.
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cluster in both vice154 and vice278 (Fig. S3), suggesting that photosynthesis gene
cluster is an ancient trait in their ancestor that later was lost in vice304 and vice352.

All four genomes contain an XR operon encoding XR-based phototrophy with the
same gene arrangement (XR-crtEIBY-brp) and almost 100% identical nucleotide se-
quences (only one base difference out of 6,257 sites occurring in vice304) (Fig. 1C). The
predicted XR protein sequence contains most of the conserved sites including key
residues as proton acceptor and donor (Fig. S4), suggesting that it very likely encodes
a functional proton pump. Interestingly, there are an additional unclassified rhodopsin
gene and a putative methyl-accepting chemotaxis gene located immediately upstream
of the XR operon and flanked by insertion (IS) elements at both sides.

The XR operon is located near the tRNA-Lys gene in all four genomes. Bacterial tRNA
genes are considered recombination hot spot region in bacterial genomes (14). Thus,
the presence of multiple IS elements and a tRNA gene in the vicinity of the XR operon
strongly indicates that a horizontal operon transfer (HOT) event of the XR operon has
occurred in these four strains. This was further supported by reconstruction of two
Tardiphaga MAGs (LF-bin-280 with an XR operon and LF-bin-283 without an XR operon;
Table 1), where HOT of a complete XR operon was recorded at a highly homologous
region next to the tRNA-Glu gene (Fig. 1D). Since the first discovery of proteorho-
dopsins in the oceans (15), there has been a growing body of phylogeny-based
evidence for horizontal transfer of rhodopsin genes occurring between prokaryotes
(16–18). Our data provide further clear-cut evidence for HOT of the rhodopsin gene
operon occurring in a natural microbial community.

In our Tardiphaga strains, HOT of the XR operon was likely driven by transposon
activities as indicated by the presence of an integrase gene (tyrosine-type recombinase

TABLE 1 Summary of metagenome-assembled genomes (MAGs) reconstructed from the metagenomes of the “Little Firn” glacier (LF) and
nearby exposed soil (ES) that contain genes related to bacteriochlorophyll- or rhodopsin-based phototrophya

MAG

Lineage
Size
(Mbp)

No. of
contigs

Completeness
(%)

Contamination
(%)

Phototrophy

(Sub)phylum Genus pufM PR ActR BR XR HeR

LF-bin-79 Alphaproteobacteria Rubritepida 3.78 585 95.51 3.73 � �

LF-bin-280 Alphaproteobacteria Tardiphaga 5.55 642 91.96 7.88 � �

LF-bin-283 Alphaproteobacteria Tardiphaga 4.50 785 92.36 8.02 �

LF-bin-46 Betaproteobacteria Ramlibacter 4.05 336 95.48 4.74 � �

LF-bin-10 Gammaproteobacteria n.d. 2.55 141 92.16 2.56 �

LF-bin-172 Gammaproteobacteria n.d. 3.55 274 91.13 0.99 �

LF-bin-25 Actinobacteria Aeromicrobium 4.22 400 94.99 5.85 �

LF-bin-295 Actinobacteria Aeromicrobium 5.01 519 100 7.52 � �

LF-bin-300 Actinobacteria n.d. 3.77 278 95.97 2.05 � �

LF-bin-354 Actinobacteria n.d. 2.42 100 96.17 3.64 �

LF-bin-355 Bacteroidetes Ferruginibacter 3.68 394 91.9 1.07 �

LF-bin-258 Bacteroidetes Flavobacterium 2.95 172 94.92 5.24 �

LF-bin-351 Bacteroidetes Flavobacterium 3.28 269 94.16 3.86 �

LF-bin-500 Bacteroidetes n.d. 2.94 211 95.95 0.95 �

LF-bin-319 Bacteroidetes Pedobacter 3.00 296 90.03 3.99 �

LF-bin-240 Bacteroidetes Pseudopedobacter 3.34 191 91.39 6.54 �

LF-bin-127 Oligoflexia Bdellovibrio 2.86 186 91.39 0.9 �

LF-bin-439 Oligoflexia Bdellovibrio 3.27 192 95.21 4.68 �

LF-bin-57 Oligoflexia Bdellovibrio 2.76 42 90.32 0.9 �

LF-bin-124 Oligoflexia n.d. 2.33 259 90.69 4.95 �

LF-bin-178 Oligoflexia n.d. 4.04 82 91.89 1.79 �

LF-bin-339 Gemmatimonadetes n.d. 3.78 254 90.61 3.3 � �

ES-bin-98 Alphaproteobacteria n.d. 3.50 252 95.22 2.55 � �

ES-bin-147 Armatimonadetes n.d. 4.22 495 92.2 2.04 �

ES-bin-166 Bacteroidetes n.d. 4.04 68 94.46 0.71 �

ES-bin-26 Bacteroidetes n.d. 5.43 717 90.76 1.36 �

ES-bin-22 Cyanobacteria Leptolyngbya 5.12 603 91.39 3.97 �

ES-bin-313 Cyanobacteria n.d. 4.25 198 95.73 4.56 �

aOnly MAGs that are �90% complete with �10% contamination are shown. See Table S2 for the full list of MAGs (�50% complete and �10% contamination). PR,
proteorhodopsin; XR, xanthorhodopsin; ActR, actinorhodopsin; BR, bacteriorhodopsin; HeR, heliorhodopsin (a recently discovered new type of rhodopsin [26]); n.d.,
not determined. The classification of rhodopsin genes was based on phylogenetic analysis using a comprehensive collection of rhodopsin genes as the reference
data set (see Text S1).
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family) and direct or inverted repeats in adjacent genomic regions of the integrase
gene. These repeats can serve as attachment sites of the recombinase located on the
predicted XR transposon and IS630 composite transposon (Fig. 2A). The putative XR
transposon is conserved and thus may occur in all Tardiphaga strains. Strain vice278
possesses an additional IS630 family transposase between the XR operon and the
tRNA-Lys gene, an identical copy of which is located 45.7 kb apart upstream of the XR
operon (Fig. 2A). These two identical IS630 genes can serve as inverted repeats for the
formation of the putative IS630 composite transposon. Given that the nucleotide
sequences of the whole XR operon in these four Tardiphaga genomes are almost 100%
identical, the acquisition of an XR operon in their ancestor certainly occurred before the
divergence of photosynthesis gene cluster.

Ecological importance and wide distribution of potential dual phototrophs.
Glaciers and ice sheets cover 10% of the land surface of the Earth, hosting an enormous

FIG 2 (A) Hypothetical evolutionary path of the Tardiphaga isolates from their common ancestor based on the IS insertion patterns (left) and two
transposons proposed to drive the movement of the xanthorhodopsin (XR) operon (right). The genomic region surrounding the XR operon in Tardiphaga
strain vice278 was shown to highlight the distribution of direct or inverted repeats that are required to form the putative transposons. RC, reaction center;
IR, inverted repeat; DR, direct repeat, IRL, inverted repeat-left; IRR, inverted repeat-right. (B) A model for light availability in snow and ice and hypothesized
niche partitioning of BChl- and rhodopsin-based dual phototrophy versus only BChl- or rhodopsin-based single phototrophy. The snowpack and icepack
are depicted to be of such an ideal thickness that the light spectrum with the lowest extinction coefficient reaches the exact bottom of snowpack or
icepack. PAR, photosynthetically active radiation. Note that new and old snows have different spectral distribution for PAR.
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diversity of microbes (19), among which light-driven metabolisms in BChl-based an-
oxygenic phototrophs have been proposed to have the potential of significantly
influencing glacial carbon flux (20). BChl- and rhodopsin-based dual phototrophy can
theoretically further reduce the consumption of organic matter for energy production
in glacial bacteria by increasing the flexibility and efficiency in conserving light energy.
Such dual phototrophy, if proved to function in situ in glacial microbial communities,
could amplify the ecological importance of anoxygenic phototrophs in the glacial
ecosystem.

We assessed the abundance of BChl-based phototrophs and rhodopsin-based pho-
totrophs by targeting pufM and rhodopsin genes in the metagenomes of ES and LF.
BChl-based phototrophs in both samples were comparable with LF showing a slightly
higher abundance (23.3%) (Fig. 1B). However, rhodopsin-based phototrophs were
almost 7-fold more abundant in LF than in ES (83.3% versus 12.2%, Fig. 1B), suggesting
that rhodopsin-based phototrophs may play a more important role in supraglacial
environments than BChl-based phototrophs, in line with the fact that rhodopsin-based
phototrophy requires less energy and fewer components for assembly and thus
probably responds faster to environmental changes than BChl-based phototrophy.

Dual phototrophy can be particularly advantageous in an extreme environment like
the high Arctic glacial surface where phototrophic bacteria may have to exploit all
available solar radiation for energy production. Given the advantage of dual photot-
rophy over single phototrophy in light harvesting, it is unclear why photosynthesis
gene cluster was selectively lost in Tardiphaga sp. strains vice304 and vice352. We
proposed two theories to explain this phenomenon, i.e., niche differentiation and gene
mutation.

XR has maximum absorption in green light (9), while BChl and accessory carotenoids
in anoxygenic phototrophs mostly absorb blue and infrared light (21). Different light
wavelengths are attenuated differently through snow and ice. Under an ideal condition
without impurities, gaps, and spatial heterogeneities occurring in snow and ice, blue
light tends to reach the deepest into snow (22, 23), while green light at approximately
560 nm has the lowest attenuation coefficient within ice (24). Thus, different niches
exist in glacial surface in terms of light intensity and quality, which may select for
phototrophic bacteria with different preferences for light spectra (Fig. 2B). The loss of
BChl-based phototrophy may also occur through random mutations in key photosyn-
thetic genes, caused by, for instance, the activities of transposases, as we observed
inside the photosynthesis gene cluster of strain vice278 (Fig. 1C).

There are nine MAGs reconstructed in this study that contain both pufM and
rhodopsin genes (Table 1 and Table S2), including five from Alphaproteobacteria, three
from Gammaproteobacteria, and one from Gemmatimonadetes, among which all but
one were recovered from the LF glacier sample. To test if dual phototrophy is exclu-
sively occurring in supraglacial environments, we further searched public databases
(NCBI and ENA, n � 215,874; see Text S1) for bacterial genomes of similar dual phot-
otrophy potential (BChl-based reaction center and proton-pumping rhodopsin). We
found 3,442 XR/proteorhodopsin-like and 1,521 pufM-like tBLASTn hits (Table S3).
Fifty-five genomes were predicted to contain both pufM and rhodopsin genes (Ta-
ble S3) with the majority (n � 40) belonging to Alphaproteobacteria. Interestingly, there
are also four Chloroflexi, three Bacteroidetes, two Deltaproteobacteria, two Gammapro-
teobacteria, and one Actinobacteria genome. Given the quality concern on the incom-
plete genomes deposited into public databases (25), it is unclear whether there is any
composite among these genomes, especially those from Bacteroidetes and Actinobac-
teria, where BChl-based phototrophy has not yet been reported. The isolation sources
of these genomes cover various environments (Table S3), including freshwater, seawa-
ter, groundwater, hot spring, microbial mat/biofilm, soil, sediment, plant surface, and
cryosphere (alpine/polar; n � 24), indicating that dual phototrophy is likely present in
a wide range of bacteria and in a large variety of natural environments beyond glaciers.

Dual phototrophy is clearly not a metabolic trait that evolved only in glacial bacteria,
albeit the four glacial Tardiphaga strains in this study and their XR operons both show
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cryospheric origins (Fig. 1E). We investigated whether these Tardiphaga strains have
other metabolic traits that may enable them to adapt to the high Arctic glacial
environment. Strikingly, all four genomes contain RuBisCO genes, a phosphoribuloki-
nase gene, and a soluble methane monooxygenase gene (Table S4), pointing to the
metabolic potentials of photoautotrophy and methanotrophy. We have so far failed to
grow these Tardiphaga strains in liquid media and observed the expression of neither
BChl nor XR under the tested laboratory growth conditions (Text S1). Further growth
optimization and physiological data are warranted to verify their dual phototrophy and
other metabolic potentials and to understand how these two types of phototrophy
coordinate in their metabolic networks.

Materials and methods are available as supplemental material in Text S1.
Sequence data availability. Genomes, metagenomes, and raw reads were depos-

ited into GenBank under BioProject numbers PRJNA548505 and PRJNA552582.
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TEXT S1, DOCX file, 0.03 MB.
FIG S1, PDF file, 1.6 MB.
FIG S2, PDF file, 0.3 MB.
FIG S3, PDF file, 1.5 MB.
FIG S4, PDF file, 2.3 MB.
FIG S5, PDF file, 0.2 MB.
TABLE S1, PDF file, 0.2 MB.
TABLE S2, XLSX file, 0.05 MB.
TABLE S3, XLSX file, 0.8 MB.
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Methods and Note 
 
Sampling, cultivation, and DNA sequencing 
The sampling site was the “Lille Firn” (LF) glacier (81.566° N, 16.363° W) in the Knuths 
Fjeld area of northeast Greenland, 5.6 km away from the Villum Research Station (VRS). 
The LF glacier was independently formed at the lee side of a small hill, surrounded by 
~160 km2 land of permafrost. Surface ice was collected on 2 July 2018 using a sharp 
spear after removal of the top ~2 m thick snow cover. The sampled ice was processed 
within 24 hrs in the nearby VRS laboratory. The ice surface was cleaned with running 
pre-sterilized and cooled water before melting at 4 °C in sterile whirl-pak sampling 
bags (Nasco) for 24-48 hours. During our fieldwork, the melt season just began and 
the majority of the whole area was heavily covered by snow. There was a small patch 
of exposed soil (designated as ES), ca. 50 meters away to the north of the glacial 
sampling site, where a few kilograms of surface soil (top layer, a few centimeters thick) 
were collected into a sterile whirl-pak bag, kept at 4 °C as a comparison sample for the 
following cultivation and metagenomics analyses. 
 
For bacterial cultivation, 100 μL 3.0 μm-prefiltered meltwater was plated onto 1/5 
strength R2A agar (Difco) at the VRS laboratory. The plates were kept aerobically for 
8 weeks under room temperature and then screened for bacteriochlorophyll 
fluorescence using a colony infrared imaging system as described in Zeng et al. (2014). 
A MALDI-TOF mass spectrometer (Microflex LT, Bruker Daltonics) was used to 
generate protein fingerprints for individual colonies as described previously (Zervas et 
al., 2019) in order to rapidly determine their relatedness at the species level. Genomic 
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DNA of the selected isolates was extracted from cells harvested from 1/5 R2A agar 
plates after 2-week growth using the EasyPure bacterial genomic DNA kit (Transgen 
Biotech, Beijing, China) and was sequenced using both the BGISEQ sequencer (BGI 
Europe, Denmark) and an in house Nanopore MinION device following standard 
protocols as described previously (Zervas et al., 2019). Gap-free complete genomes 
were assembled using Unicycler (ver. 0.4.8) in a hybrid mode with default settings 
(Wick et al., 2017). Genomes were annotated with NCBI’s prokaryotic genome 
annotation pipeline. Genome synteny was visualized with the Easyfig program (ver. 
2.2.3; Sullivan et al., 2011).  
 
For amplicon and metagenomics analyses, cells in ~20 L of 3.0 μm-prefiltered melt ice 
were collected onto 0.2 μm membrane filters (Whatman) and the total DNA was 
extracted using the DNeasy PowerWater DNA extraction kit (Qiagen, Germany). 
Amplicon sequencing of 16S rRNA genes was conducted at BGI Hong Kong by targeting 
the V3-V4 region and the data were analyzed using the 16S pipeline embedded in the 
Geneious Prime (Biomatters, New Zealand). The generated PE reads were end-
trimmed with the quality score set as Q>20 and then merged. Non-merged reads were 
discarded and only the high-quality merged reads were used for the community 
structure analysis. Total environmental DNA was sequenced on an Illumina NovaSeq 
platform at BGI Hong Kong. The generated ~220 G bases of PE reads (150 bp long) 
were end-trimmed (>Q20, >50 bases long) and assembled using Megahit (ver. 1.1.x; Li 
et al., 2015) with a minimum contig length of 500 bp. There were 948,300 contigs (⩾1 
kb; total length, 2.69 G bases) assembled for the LF glacial sample and 2,834,721 
contigs (⩾1 kb; total length, 5.63 G bases) for the ES soil sample. 
 
Binning, database mining, and bioinformatics 
The binning of metagenome-assembled contigs was performed using MetaBAT2 with 
default settings (Kang et al., 2019). Genomic bins were de-replicated using dRep (Olm 
et al., 2017) and quality-checked with CheckM by following the lineage-specific 
workflow (Parks et al., 2015). Only bins of good quality (>50% completeness, <10% 
contamination; recommended by Bowers et al., 2017) were included for further 
analysis. Each bin was taxonomically classified using the GTDB-Tk tool 
(https://github.com/Ecogenomics/GTDBTk, Parks et al., 2018). Based on the GTDB-Tk 
classification results, genomes that have more than 10% of markers with multiple hits 
were discarded. 
 
The sequences of pufM genes (encoding the M protein of bacteriochlorophyll-
containing type-2 reaction center), rhodopsin genes, and the single-copy gene recA 
were retrieved from the ES and LF metagenomic assemblies by tBLASTn search. The 
recA gene encodes a DNA recombination and repair protein and is commonly used as 
a phylogenetic biomarker, which is within a similar size range (234 AA) as above 



Supplementary Methods and Note 

3 
 

phototrophy-related genes (average length: pufM, 293 AA; rhodopsin gene, 201 AA). 
Multiple reference sequences of each gene with wide phylogenetic coverage were 
used as tBLASTn queries against the ES and LF metagenomic assemblies. The cutoff E-
value, minimum identity, and coverage for tBLASTn hits were set as e-5, 30% sequence 
identity, and 30% query coverage, respectively. The lowest scored hit was confirmed 
as the target gene by the BLASTp search against NCBI’s RefSeq protein database. The 
cleaned tBLASTn results from different reference sequences were pooled for each 
gene and used for abundance estimates. 
 
To assess the relative abundance of pufM  and rhodopsin genes in the metagenomes, 
original reads were mapped onto the assembled contigs using Bowtie2 (Langmead and 
Salzberg, 2012) and SAMtools (Li et al., 2009). After duplicate reads were removed 
using the Picard toolkit (https://gatk.broadinstitute.org), mapped reads per target 
gene (pufM, rhodopsin, and recA genes with their locations on assemblies marked 
during tBLASTn analysis) were counted using featureCounts of the Subread package 
(Liao, et al., 2013) and were further normalized as the number of reads per million 
reads per kb length of the gene. The relative abundance of phototrophs in the whole 
community was estimated as the number of total reads mapped to a phototrophic 
gene divided by the number of total reads mapped to the single-copy recA gene.  
 
Searching for rhodopsin and pufM genes in prokaryotic genomes deposited into public 
databases was carried out as follows. First, all retrievable prokaryotic genomes 
deposited into NCBI’s Microbial Genome database (n=215,874) and ENA’s WGS 
database (n=227,814) were bulk downloaded from NCBI and ENA’s FTP servers (as of 
11 November 2019). Common human-associated bacteria (NCBI, n=107,120; ENA, 
n=129,669) were removed from the collection by searching for keywords in the fasta 
headers, including Brucella, Chlamydia, Clostridioides, Clostridium, Corynebacterium, 
Enterococcus, Escherichia, Haemophilus, Helicobacter, Klebsiella, Listeria, 
Mycobacterium, Neisseria, Salmonella, Shigella, Staphylococcus, Streptococcus, and 
Yersinia, and three highly represented species according to the stats in the GTDB 
genome collection (https://gtdb.ecogenomic.org/stats), i.e. Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Mycobacteroides abscessus. Then, the ENA and NCBI 
genome datasets were merged (non-redundant, n=108,754) and served as the local 
BLAST database built with NCBI’s BLAST+ tools (ncbi-blast-2.2.18). The pufM and XR 
genes of the Tardiphaga isolates in this study (designated as Tar_pufM and Tar_XR) 
and the PR gene of Pelagibacter sp. IMCC9063 (Pel_PR) were used as tBLASTn queries. 
The initial thresholds of 30% sequence identity, 30% query coverage, and an E-value 
cutoff of e-5 were applied to filter the tBLASTn results. The tBLASTn hit with the lowest 
score was further checked by BLAST at the UniProt website until the lowest one was 
confirmed as the target gene. 
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Rhodopsin gene classification 
To reduce the uncertainty when placing short sequences on phylogenetic trees, short 
sequenes were excluded from phylogenetic analysis but kept in read mapping and 
abundance estimates. The length cutoff was 150 AA for rhodopsin genes. The 
rhodopsin gene sequences together with references were aligned with MUSCLE (Edgar, 
2004) and the phylogenetic tree was inferred by following Bulzu et al. (2019). Briefly, 
the identified rhodopsin sequences (>150 AA, n=775) were scanned with HMMER 
against a locally installed Pfam database (version 32) using the script pfam_scan.pl 
(obtained from the Pfam’s FTP site). As the rhodopsins proved to be composed of both 
type-1 (n=657 sequences) and heliorhodopsin (n=128 sequences), we merged them 
with a previously published database (n=410 sequences) (Bulzu et al., 2019). The 
rhodopsin sequences (n=1,185) were screened with PREQUAL (Whelan et al., 2018) in 
order to mask non-homologous characters, and aligned with the PASTA software 
(Mirarab et al., 2014) using default settings. A maximum-likelihood phylogeny was 
constructed using IQ-TREE (Nguyen et al., 2015) with the LG+F+G4 substitution model 
(chosen as the best-fitting model by ModelFinder) and 1000 ultrafast bootstrap 
replicates. The phylogenetic tree was used for the classification of rhodopsin genes. 
 
XR operon phylogeny 
The translated protein sequences of the six genes in the XR operon (XR-crtEIBY-brp) 
were concatenated and the generated protein sequence (2,060 amino acid sites) was 
used as the tBLASTn query against NCBI’s RefSeq genome database to search for 
closely related relatives. All hits that meet the threshold (total query coverage >80%, 
total sequence identity >50%, and individual gene’s sequence identity >30% and query 
coverage >50%) were downloaded from NCBI. The protein sequence of each gene in 
Tardiphaga’s XR operon was individually aligned with reference sequences using 
MUSCLE (Edgar, 2004). All alignments of the six genes were concatenated for 
phylogeny inference using FastTree (ver.2.1.12, LG model and gamma approximation 
with 100 bootstrap replicates; Price et al., 2010) within the Geneious Prime 
environment. 
 
Note on the negative results from the cultivation of Tardiphaga stains in liquid 
media and colony pigment analysis 
Growth of Tardiphaga strains in the liquid media was tested on either full-strength 
R2B (the liquid medium version of R2A) or 1/5 R2B for heterotrophic growth and on 
the Rhodospirillaceae medium (DSMZ medium 27 without using L-cysteiniumchloride 
and resazurin) that was designed for purple bacterial photoautotrophic growth. The 
cultivation conditions were 25°C, 16/8 hr light cycle with a 100 W tungsten lamp. For 
aerobic growth, cotton-plugged flasks were used with constant shaking at 200 rpm. 
For anaerobic growth, 125 mL glass serum bottles were used and the test medium was 
flushed with nitrogen gas and sealed with a rubber septum under a stream of nitrogen 
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gas prior to autoclave at 121°C for 15 min. Sterile syringes were used to inoculate and 
remove samples and to inject temperature-sensitive components of the medium. No 
growth was observed as measured by changes in OD600 during an 11-week aerobic 
incubation and almost half a year of anaerobic growth. All four strains were tested 
and showed negative results. 
 
For pigment analysis, colonies grown for three weeks on 1/5 R2A plates were scraped 
and the pigment was extracted with 100% methanol. Twenty microliters of the mix 
were injected into the Nexera LC-40 HPLC system (Shimadzu, Japan; accessed at 
Michal Koblížek’s group in the Institute of Microbiology CAS, Třeboň, Czech Republic) 
equipped with Kinetex 2.6 µm C8 100Å column (150 mm × 4.6 mm, Phenomenex) 
heated at 40°C. A binary solvent system was used: A, 25% 28 mM ammonium acetate 
+ 75% methanol; B, 100% methanol at a constant flow rate of 0.8 mL min-1. BChl a 
peaks and carotenoids were observed at 770 nm and 490 nm respectively. To detect 
the pigment of salinixanthin that was involved in the light-harvesting carotenoid 
antenna of xanthorhodopsin (Balashov et al., 2005), Salinibacter ruber strain DSM 
13855 was purchased from DSMZ and used as the positive control. No BChl and 
salinixanthin signals were observed. 
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Figure S1    Photographs showing the sampling site, fieldwork, and visual inspection of 
a sampled ice block.  

Sampled on 2 July 2018  Photographed in August 2017 

”Lille Firn” glacier  ”Lille Firn” glacier 

Sampling site  Sampling site 

Fieldwork on 2 July, 2018 

Danish coin 

Frozen melt snow  
in mid‐summer 

Persistent 
glacial ice 

Sampled ice 

Impurities/inclusions 

Frozen melt snow  
in early summer 



 soil LF glacier

 soil LF glacier

Figure S2    Composition of total bacterial communities in LF and ES at the phylum level (A) 
highlighting Alphaproteobacteria that contains the Tardiphaga genus (B).
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Figure S4    Protein sequence alignment showing the presence of residues in Tardiphaga’s 
xanthorhodopsin that are key to its function as a proton pump.
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Figure S5    Maximum-likelihood phylogeny of the whole XR operon of Tardiphaga isolates 
and their top tBLASTn hits in NCBI’s genome database.



Table S1   Summary  of  the  complete  genomes  of  the  four  Tardiphaga  strains  

isolated  from  the  “Little  Firn”  glacier  in  northeast  Greenland.  PGC,  photosynthesis 

gene cluster; XR, xanthorhodopsin. CDS, coding sequence. 

Isolate  Genome 

Size (bp) 

GC  

content 

Number of genes  PGC  XR  GenBank 
accession 
no. 

rRNA 
operon 

tRNA  Protein 
CDSs 

Trans‐
posase 

Phage‐ 
related 

Recombinase 
/integrase 

vice154  5,609,510  63.59%  2  51  5,001  109  18  16  + +  CP041399

vice278  5,806,756  63.36%  2  53  5,196  222  38  28  + +  CP041400

vice304  5,788,809  63.28%  2  53  5,192  207  28  33  ‐  +  CP041402

vice352  5,678,525  63.37%  2  52  5,094  180  41  26  ‐  +  CP041401



Category Gene Enzyme vice154 vice278 vice304 vice352

C metabolism scd2 esterase / lipase ● ● ● ●

C metabolism xylA xylose isomerase ○ ○ ○ ○

One carbon metabolism cooS carbon monoxide dehydrogenase ○ ○ ○ ○

One carbon metabolism pmoA particulate methane monooxygenase A‐subunit ○ ○ ○ ○

One carbon metabolism pxmA1 particulate methane monooxygenase beta subunit ○ ○ ○ ○

One carbon metabolism prk phosphoribulokinase ● ● ● ●

One carbon metabolism cbbL ribulose‐bisphosphate carboxylase large subunit ● ● ● ●

One carbon metabolism cbbM ribulose‐bisphosphate carboxylase small subunit ● ● ● ●

One carbon metabolism smmo soluble methane monooxygenase ● ● ● ●

N metabolism amiE aliphatic amidase ● ● ● ●

N metabolism amoA ammonia monooxygenase subunit A ○ ○ ○ ○

N metabolism ansA asparaginase ○ ○ ○ ○

N metabolism aspA aspartate ammonia‐lyase ○ ○ ○ ○

N metabolism glsA glutaminase ● ● ● ●

N metabolism hutH histidine ammonia‐lyase ○ ○ ○ ○

N metabolism norB nitric oxide reductase ○ ○ ○ ○

N metabolism p450nor nitric oxide reductase (NAD(P), nitrous oxide‐forming) ○ ○ ○ ○

N metabolism nir nitrite reductase ● ● ● ●

N metabolism nifH nitrogenase iron protein ○ ○ ○ ○

N metabolism anfD nitrogenase iron‐iron protein, alpha chain ○ ○ ○ ○

N metabolism nifD nitrogenase molybdenum‐iron protein subunit alpha ○ ○ ○ ○

N metabolism vnfD nitrogenase vanadium‐iron protein alpha chain ○ ○ ○ ○

N metabolism nosZ nitrous oxide reductase catalytic subunit ○ ○ ○ ○

N metabolism napA periplasmic nitrate reductase catalytic subunit ● ● ● ●

N metabolism napE periplasmic nitrate reductase subunit ● ● ● ●

N metabolism apr serine 3‐dehydrogenase ○ ○ ○ ○

N metabolism ureC urease ● ● ● ●

P metabolism phy 4‐phytase ● ● ● ●

P metabolism alp  alkaline phosphatase ● ● ● ●

P metabolism phnX phosphonoacetaldehyde dehydrogenase ○ ○ ○ ○

P metabolism PPK polyphosphate kinase ● ● ● ●

S metabolism dsrA dissimilatory sulfite reductase alpha subunit ● ● ● ●

S metabolism soxB sulfur oxidation protein / thiosulfohydrolase ● ● ● ●

Plant material utilization cbh1 cellobiohydrolase ○ ○ ○ ○

Plant material utilization chiA chitinase ○ ○ ○ ○

Plant material utilization chb chitobiase ○ ○ ○ ○

Plant material utilization ligE glutathione S‐transferase ○ ○ ○ ○

Plant material utilization lcc laccase ○ ○ ○ ○

Plant material utilization lip lignin peroxidase ○ ○ ○ ○

Plant material utilization appA phosphoanhydride phosphohydrolase ○ ○ ○ ○

Protein catabolism npr bacillolysin ○ ○ ○ ○

Protein catabolism sub subtilisin ○ ○ ○ ○

Protein catabolism trp trypsin ● ● ● ●

Phototrophy acsF magnesium‐protoporphyrin IX monomethyl ester aerobic oxidative cyclase  ● ● ● ●

Phototrophy pufL photosynthetic reaction center subunit L ● ● ● ●

Phototrophy pufM photosynthetic reaction center subunit M ● ● ● ●

Phototrophy rho rhodopsin ● ● ● ●

Oxygen fluctuation ctaD cytochrome  c oxidase subunit, aa3‐type, low affinity ● ● ● ●

Oxygen fluctuation cydA cytochrome bd‐I ubiquinol oxidase subunit 1, bd‐type, high affinity ● ● ● ●

Oxygen fluctuation cyoB cytochrome bo(3) ubiquinol oxidase subunit, bo3‐type, low affinity ● ● ● ●

Oxygen fluctuation cbaA cytochrome c oxidase subunit, ba3‐type, high affinity ● ● ● ●

Oxygen fluctuation fixN cytochrome c oxidase subunit, cbb3‐type, high affinity ● ● ● ●

Oxygen fluctuation ccoN cytochrome c oxidase subunit, cbb3‐type, high affinity ○ ○ ○ ○

Sense and regulation PAP serine/threonine protein phosphatase ● ○ ● ●

Sense and regulation PTP tyrosine protein phosphatase ● ● ● ●

Other ‐ acetate metabolism acs acetyl‐CoA synthetase ○ ○ ○ ○

Other ‐ animal material utilization col collagenase ○ ○ ○ ○

Other ‐ arginine catabolism rocF arginase ● ● ● ●

Other ‐ folate metabolism cpg glutamate carboxypeptidase ○ ○ ○ ○

Other ‐ glycan metabolism nag3 beta‐hexosaminidase ○ ○ ○ ○

Other ‐ H metabolism hydA iron hydrogenase ○ ○ ○ ○

Other ‐ H2O2 generation glx glyoxaloxidase 1 ○ ○ ○ ○

Other ‐ methanogenesis mcrA methyl‐coenzyme M reductase, alpha subunit ○ ○ ○ ○

Other ‐ oligosaccharides metabolism exc1 beta‐N‐acetylglucosaminidase ○ ○ ○ ○

Other ‐ phenol degradation ppo phenoloxidase ○ ○ ○ ○

Other ‐ purine metabolism add adenosine deaminase ○ ○ ○ ○

Table S4        Survey of key functional genes with biogeochemical or energetic importance in the genomes of Tardiphaga isolates. The  
gene list was complied from the FunGen pipeline (http://fungene.cme.msu.edu/) and the authors' own collection.


