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Diversity of Phototrophic Genes
Suggests Multiple Bacteria May Be
Able to Exploit Sunlight in Exposed
Soils from the Sor Rondane
Mountains, East Antarctica

Guillaume Tahon, Bjorn Tytgat and Anne Willems *

Laboratory of Microbiology, Department of Biochemistry and Microbiology, Ghent University, Ghent, Belgium

Microbial life in exposed terrestrial surface layers in continental Antarctica is faced with
extreme environmental conditions, including scarcity of organic matter. Bacteria in these
exposed settings can therefore be expected to use alternative energy sources such as
solar energy, abundant during the austral summer. Using lllumina MiSeq sequencing, we
assessed the diversity and abundance of four conserved protein encoding genes involved
in different key steps of light-harvesting pathways dependent on (bacterio)chlorophyll
(oufM, behl/chiL, and bchX genes) and rhodopsins (actinorhodopsin genes), in exposed
soils from the Ser Rondane Mountains, East Antarctica. Analysis of pufM genes,
encoding a subunit of the type 2 photochemical reaction center found in anoxygenic
phototrophic bacteria, revealed a broad diversity, dominated by Roseobacter- and
Loktanella-like sequences. The bchl and chil, involved in (bacterio)chlorophyll synthesis,
on the other hand, showed a high relative abundance of either cyanobacterial or
green algal trebouxiophyceael chiL reads, depending on the sample, while most bchX
sequences belonged mostly to previously unidentified phylotypes. Rhodopsin-containing
phototrophic bacteria could not be detected in the samples. Our results, while suggesting
that Cyanobacteria and green algae are the main phototrophic groups, show that
light-harvesting bacteria are nevertheless very diverse in microbial communities in
Antarctic soils.

Keywords: Princess Elisabeth Station, Ser Rondane Mountains, anoxygenic phototrophic bacteria,
actinorhodopsin, light-harvesting, AAP

INTRODUCTION

Antarctica is nearly completely covered by ice, with only ~0.32% of its surface ice-free. Although
most of the ice-free regions are found in the Antarctic Peninsula and the Transantarctic Mountains,
inland mountain ranges, such as the Ser Rondane Mountains (Dronning Maud Land), also
represent an important fraction of the exposed surface area (Convey et al., 2008; Cary et al., 2010).
The absence of vascular plants in continental Antarctica combined with the extreme environmental
conditions have led to depleted soils with low availability of nutrients, especially of organic carbon,
and nitrogen, and water (Kennedy, 1993; Cary et al., 2010; Tytgat et al., 2016). As a result, the mainly
microscopic life in these areas (Cowan et al., 2014; Tytgat et al., 2014; Obbels et al., 2016) may thus
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Tahon et al. Light-Harvesting in a Terrestrial Antarctic Ecosystem

FIGURE 3 | ML phylogenetic tree (1000 bootstrap replicates) of PufM sequences. Scale bar indicates 0.1 substitutions per amino acid position. OPU clusters
(larger font size) were named after cultivated bacteria that grouped in or close to the cluster. In the absence of cultivated members, clusters were given an Utsteinen
(UT) cluster number designation. For clusters, the total branch lengths to the closest and farthest leaf of the cluster were used as sides of the triangle. OPUs not
enclosed in clusters are labeled in bold. For reference data, taxon name, and accession number is listed. Bootstrap values are displayed as circles with a diameter
reflecting the height of the bootstrap value. Smallest circles represent the lower cut-off of 70%. Chloroflexi PufM sequences were used as an outgroup. PufM
sequences originating from cultured Bradyrhizobium species were grouped in the cluster defined as “Bradyrhizobium” to simplify the topology of the tree.
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TABLE 4 | Distribution of OTUs (95% protein similarity) and reads per PufM, BchL/ChiL, or BchX cluster or separate OTU.

Cluster/Separate OTU No. of OTUs OTUs (%) No. of reads Reads (%)
PufM Roseobacter-like 386 (271, 311, 185, 263) 41.73% 559360 (167181, 209233, 54446, 128500) 82.39%
Loktanella-like 273 (175,192, 178, 148) 29.51% 86210 (24202, 27177, 20025, 14806) 12.70%
Skermanella-like 749, 29, 53, 25) 8.00% 5796 (153, 600, 4713, 330) 0.85%
Haliea rubra-like 23 (1,4, 20,2 2.49% 4348 (6, 29, 4300, 13) 0.64%
PufM UT 5 22 (4,6,20,7) 2.38% 10789 (29, 80, 10500, 180) 1.59%
Bradyrhizobium sp. S23321-like 22(1,22,1,1) 2.38% 4945 (50, 4887, 5, 3) 0.73%
Roseiflexus castenholzii-like 16 (2, 16,3, 1) 1.73% 2572 (29, 2536, 6, 1) 0.38%
Salinarimonas rosea-like 13(12, 4, 2,0) 1.41% 315 (289, 22, 4, 0) 0.046%
Sphingomonadales-like 10(3,8,4,0) 1.08% 64 (6, 46, 12, 0) 0.0094%
Porphyrobacter cryptus-like 9,353 0.97% 671 (82,17, 453, 119) 0.099%
PufM UT 3 8(3,8,2,0) 0.86% 647 (164, 463, 20, 0) 0.095%
PufM UT 2 6(1,5,5 1) 0.65% 1209 (8, 775, 419, 7) 0.18%
Methylobacterium-like 6(1,2,5,2) 0.65% 529 (44, 20, 455, 10) 0.078%
Belnapia-like 6(1,0,4,4) 0.65% 131 (20, 0, 88, 23) 0.019%
Rhodovulum sulfidophilum-like 6(1,5,1,1) 0.65% 35(1,32,1,1) 0.0052%
Roseicitreum antarcticum-like 5(4,3,1,2) 0.54% 185 (31, 91, 14, 49) 0.027%
PufM UT 1 5(0,1,4,0) 0.54% 5(0,1,4,0 0.00074%
PufM UT 4 3(3,1,0,0 0.32% 66 (58, 8, 0, 0) 0.0097%
Methylocystis-like 2(1,2,1,0) 0.22% 276 (2,177,97,0) 0.041%
Hyphomicrobium-like 2(2,1,1,0 0.22% 71(64,4,3,0) 0.010%
Ideonella-like 2(2,1,1,0) 0.22% 65 (5, 4, 56, 0) 0.0096%
Rhodospirillum centenum-like 2(1,2,0,0) 0.22% 32 (15,17,0, 0) 0.0047%
Methylibium-like 2(0,2,1,0) 0.22% 10(0,8,2,0) 0.0015%
Acidisphaera rubrifaciens-like 1(0,0,1,0 0.11% 13(0,0,13,0) 0.0019%
Methyloversatilis-like 1(0,1,0,0) 0.11% 5(0,5,0,0) 0.0007%
Brevundimonas-like 1(1,0,0,0) 0.11% 3(3,0,0,0 0.00044%
Afifella-like 1(0,1,0,0 0.11% 2(0,2,0,0 0.00029%
Rhodopseudomonas-like 1(1,0,0,0) 0.11% 2(2,0,0,0 0.00029%
Sphingomonas-like 1(0,1,0,0) 0.11% 1(0,1,0,0) 0.00015%
BehL/ChlIL Cyanobacteria-like 111 (94, 88, 13, 30) 56.62% 91746 (72566, 18627, 68, 485) 76.57%
Trebouxiophyceae-like 32 (2, 4, 28, 30) 15.46% 25715 (7, 22, 9867, 15819) 21.46%
BchL UT 5 11(0,0,11,2) 5.31% 440 (0, 0, 412, 28) 0.37%
BehL UT 4 6(0, 1,6, 1) 2.90% 1066 (0, 1, 1063, 2) 0.89%
BchL UT 3 6(0,0,6,0) 2.90% 102 (0, 0, 102, 0) 0.085%
Phormidesmis priestleyi Ana-like 5(5,2,0,0) 2.42% 270 (265, 5, 0, 0) 0.23%
Burkholderiales-like 5(2,0,4,1) 2.42% 103 (5, 0,97, 1) 0.086%
Bradyrhizobium sp. S23321-like 4(0,4,0,0) 1.93% 146 (0, 146, 0, 0) 0.12%
BehL UT 2 4(4,1,3,0 1.93% 77 (6, 2, 69, 0) 0.064%
Sphingomonadales-like 4(2,2,2,0 1.93% 59 (40, 5, 14, 0) 0.049%
Sphingomonas-like 3(1,8,0,0) 1.45% 10(2,8,0,0) 0.0084%
Kouleothrix aurantiaca-like 3(0,3,0,0 1.45% 8(0,8,0,0 0.0067%
Methylobacterium-like 2(0,1,2,1) 0.97% 12(0,2, 6, 4) 0.010%
Aquincola tertiaricarbonis-like 2(2,0,1,0 0.97% 12 (10,0, 2,0) 0.010%
Belnapia-like 2(2,0,0,0) 0.97% 8(8,0,0,0) 0.0067%
BehL UT 1 2(0,2,0,0) 0.97% 3(0,3,00) 0.0025%
Mesorhizobium-like 1(1,0,1,1) 0.48% 27 (1,0, 4, 22) 0.023%
Rhodovulum sulfidophilum-like 1(0,1,0,0 0.48% 1(0,1,0,0) 0.00083%
BchX BchX UT 1 22 (0,6, 22,5) 47.83% 4453 (0, 34, 4125, 294) 89.96%
Methyloversatilis-like 4(0,3,1,0) 8.70% 14 (0, 4,10, 0) 0.28%
(Continued)
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TABLE 4 | Continued

Cluster/Separate OTU No. of OTUs OTUs (%) No. of reads Reads (%)
Bradyrhizobium sp. S23321-like 3(1,3,1,1) 6.52% 300 (4, 293, 1, 2) 6.06%
BchX UT 2 3(0,1,31) 6.52% 37 (0, 1, 26, 10) 0.75%
Novosphingobium 3(3,1,0,0) 6.52% 30(23,7,0,0) 0.61%
acidiphilum-like

Belnapia-like 2(0,1,2,1) 4.35% 39(0, 2,32, 5) 0.79%
Methylobacterium-like 1(0,0,1,0) 217% 42 (0, 0, 42, 0) 0.85%
Citromicrobium-like 1(0,0, 1,0 217% 2(0,0,2,0) 0.040%
Bradyrhizobium-like 1(1,1,0,0 217% 2(1,1,0,0) 0.040%
Kouleothrix aurantiaca-like 1(0,1,0,0 217% 1(0,1,0,0) 0.020%
Methylocella silvestris-like 1(0,1,0,0) 217% 1(0,1,0,0) 0.020%
Thiorhodospira sibirica-like 1(0,1,0,0) 217% 1(0,1,0,0) 0.020%
Roseobacter denitrificans-like 1(1,0,0,0) 2.17% 1(1,0,0,0) 0.020%

Values in brackets refer to the OTUs and reads obtained from the individual samples KP2, KP15, KP43, and KP53, respectively. Separate OTUs without a close known cultured
representative are not included. For the Cyanobacteria/Trebouxiophyceae-like ChiL cluster Cyanobacteria-like and Trebouxiophyceae-like sequences are listed separately.

Alphaproteobacteria. The most abundant ion pumping microbial
rhodopsin gene family, proteorhodopsin, however, could not be
amplified from the samples (Tahon et al., 2016). In the present
study we used high-throughput Illumina MiSeq paired-end 300
bp sequencing to more comprehensively study the presence
and diversity of genes involved in light-harvesting, in the same
samples.

To target a wider diversity of anoxygenic phototrophs
using the photosynthetic type 2 reaction center, the more
universal pufM_uniF/pufM_WAW primer set (Yutin et al,
2005) was used. Using our pufLM database assembled from
publicly available sequences, an in silico comparison of these
primers with other less degenerate primers (i.e., pufM_557F
pufMR and pufM_750R) used in other studies (Nagashima
et al., 1997; Achenbach et al., 2001) clearly showed that the
Yutin et al. primer set (Yutin et al, 2005) targets a much
wider pufM diversity (Figure S5). In addition, contrary to
the clone library results (Tahon et al., 2016), the primer set
used here gave successful amplification in all samples. As
observed in the clone libraries, alphaproteobacterial-like PufM
sequences were most frequently recovered (98.60%), followed
distantly by gammaproteobacterial-like sequences (0.64%). Deep
sequencing also revealed presence of some betaproteobacterial-
like (0.012%) and even chloroflexi-like (0.38%) PufM (Figure 3).
The dominance of alphaproteobacterial PufM sequences has been
previously observed in the Arctic (Feng et al., 2014) and Antarctic
(Karr et al., 2003; Koh et al., 2011), whereas chloroflexi-like PufM
sequences have not previously been reported from polar or most
other environments studied so far. Also in Arctic soils (Feng et al.,
2014), gammaproteobacterial-like PufM sequences were found to
contribute less to the general diversity.

The relative abundance of Roseobacter-like and Loktanella-
like PufM in our samples is remarkably high (Figurel).
PufM from these two AAP-containing taxa have previously
nearly exclusively been reported from marine and saline lake
environments from polar and non-polar regions (Van Trappen
et al, 2004; Oz et al., 2005 Du et al, 2006; Yutin et al.,
2008; Cottrell and Kirchman, 2009; Jiang et al., 2010; Jeanthon

et al., 2011; Koh et al, 2011; Ritchie and Johnson, 2012;
Ferrera et al., 2014). The high relative abundance of Roseobacter-
like PufM sequences (82.39%) in our terrestrial samples is
therefore striking. Roseobacter has been found to be important
in sulfur cycling in aquatic environments (Gonzalez and Moran,
1997; Buchan et al., 2005; Wagner-Débler and Biebl, 2006).
However, the absence of Roseobacter 16S rRNA sequences in
this study area (Tytgat et al., 2016) and in terrestrial Antarctic
systems in general (based on metagenome data available in
NCBI, MG-RAST, Wilke et al, 2016 and IMG/M Markowitz
et al, 2014) suggests the presence of other microorganisms,
containing PufM highly similar to that of Roseobacter, in our
samples. The remainder of the PufM diversity in our samples,
although recovered in small relative numbers, also mainly
related to aquatic photoheterotrophic taxa. However, several
of the PufM sequences recovered (e.g., Methylobacterium-like,
Rhodopseudomonas-like) were highly similar to PufM reported
from Arctic soils (Feng et al., 2014) or Chinese paddy soils
(Feng et al., 2009, 2011a,b,c). Thus, although aerobic anoxygenic
phototrophy is frequently studied in aquatic environments,
our data strongly suggest that this lifestyle may potentially be
important in terrestrial ecosystems.

The primers (Ando et al, 2005) previously used to
amplify a broad diversity of nifH sequences also amplified
structurally similar oxidoreductase subunits involved in
(bacterio)chlorophyll synthesis (bchL/chlL encoding for the L
subunit of DPOR in APB, Cyanobacteria, green algae, and lower
land plants, and bchX encoding for a COR subunit of APB).
The high relative abundance (98.26%) of cyanobacterial plus
Trebouxiophyceae green algal ChlL suggested an important role
for oxygenic photosynthetic organisms in our samples (Table 4,
Figure 4A, and Figure S4). Notably, an inverse pattern was
observed: nearly all of the ChIL reads recovered from samples
KP2 (99.89%) and KP15 (98.92%) grouped with Chroococcales
and Oscillatoriales Cyanobacteria, respectively (Table S1), with
very few Trebouxiophyceae-like sequences (<0.12%). KP43 and
KP53, on the other hand, contained far less cyanobacterial reads
(0.58 and 2.96% respectively) and a very high relative abundance
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of Trebouxiophyceae-like ChlL (84.23 and 96.69% respectively)

(Figure 1, Table S1). A similar pattern was observed previously
(Tahon et al., 2016, under review): a high relative abundance
of both cyanobacterial cbbL type IB (RuBisCO) and 16S rRNA,
grouping with Chroococcales and Oscillatoriales Cyanobacteria,
was recorded from the KP2 and KP15 samples, respectively,
and much less in KP43 and KP53. A high relative number of
trebouxiophyceael chloroplast 16S rRNA sequences was recorded

from the latter samples (Tahon et al., under review).

However, as the primers were originally designed to amplify
a broad diversity of nifH (Ando et al., 2005), and not bchL/chiL,
it is conceivable that they might show a bias toward particular
groups. Therefore, an in silico analysis, using a broad diversity
of publicly available sequences, was performed to investigate
possible primer bias. The IGK3 and DVV primers (Ando et al,,
2005, Table 2) generally showed one or two mismatches, located
at the 5" primer end, with bchL/chiL reference data of different

phyla (Figure S5). Chlorobi sequences, however, showed most
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FIGURE 4 | (A) ML phylogenetic tree (1000 bootstraps) of BchL/ChlIL sequences. NifH sequences were used as an outgroup. Scale bar indicates 0.1 substitutions
per amino acid position. OLU clusters (larger font size, labeled in gray) were named after cultivated bacteria that grouped in or close to the cluster. In the absence of
cultivated members, clusters were given an Utsteinen (UT) cluster number designation. For clusters, the total branch lengths to the closest and farthest leaf of the
cluster were used as sides of the triangle. OLUs not enclosed in clusters are labeled in bold. For reference data, taxon name and accession number is listed.
Bootstrap values of at least 70% are displayed as circles with a diameter reflecting the height of the bootstrap value. BchX sequences are shown as a single cluster
(details given in B). (B). BchX ML phylogenetic tree (1000 bootstraps). NifH sequences were used as an outgroup. Scale bar indicates 0.1 substitutions per amino acid
position. OXUs not enclosed in a cluster are labeled in bold. OXU clusters (larger font size, labeled in gray) were named after cultivated bacteria that grouped in or
close to the cluster. In the absence of cultivated members, clusters were given an Utsteinen (UT) cluster number designation. For clusters, the total branch lengths to
the closest and farthest leaf of the cluster were used as sides of the triangle. For reference data, taxon name, and accession number is listed. Bootstrap values of at
least 70% are displayed as circles. Smallest circles represent the lower cut-off of 70% with a diameter reflecting the height of the bootstrap value. BchL/ChIL
sequences are shown as a single cluster (details given in A).

mismatches (four and one in DVV and IGK3, respectively). In addition to the highly recovered cyanobacterial and green
The absence of clear differences in primer specificity for  algal ChlL, asmall number of non-cyanobacterial BchL sequences
different groups suggests there is unlikely to be extensive bias  (1.74%-2091 sequences, including 25 singletons) grouped with
in the primers. Thus, the high relative abundance of oxygenic  a broad diversity of mainly aerobic anoxygenic phototrophic
photosynthetic microorganisms in ChIL suggests they indeed  bacteria primarily belonging to alphaproteobacterial taxa
appear to be an important phototrophic group in the investigated ~ and to lesser extent betaproteobacterial and chloroflexi taxa
samples. (Figure 4A).
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The IGK3 and DVV primers also amplify bchX. Because this
gene is not present in Cyanobacteria or in Trebouxiophyceae,
the BchX dataset was relatively small (4950 sequences). The
alternative explanation that primer mismatch might have
reduced the number of sequences recovered, is less likely.
Indeed, in silico analysis showed that the number of mismatches
with a set of representative bchX sequences was limited
(Figure S5). The low number of sequences precludes firm
conclusions regarding BchX diversity. The BchX sequences
mainly grouped with alphaproteobacterial taxa and to a
lesser extent with Betaproteobacteria, Gammaproteobacteria,
and Chloroflexi (Figure 4B), however, with greater sequencing
depth, relative abundances may change. Most of the BchX reads
grouped into two clusters (BchX UT 1 and 2) without any
close known representative, indicating the existence of multiple
not yet cultured or recognized APB. Indeed many anoxygenic
phototrophs can grow heterotrophically and it is thus possible
that some taxa, originally described as regular heterotrophs,
may have phototrophic capacities that have not been noticed.
Indeed, Salinarimonas rosea DSM 21201 originally tested
negative for bacteriochlorophyll a synthesis (Liu et al., 2010)
and the phototrophic capacities of Skermanella stibiiresistens
SB22 were originally not reported (Luo et al, 2012), whereas
more recent analysis of their genomic sequences (accession
numbers AUBC01000000 and AVFL01000000) revealed their
phototrophic potential.

Finally, since BchL/ChIL, BchX, and NifH exhibit a high
degree of protein sequence similarity (Raymond et al., 2004),
and their genes can be retrieved using the same primer set,
it may be a challenge to correctly annotate these sequences.
During our analyses, we noticed that public databases contain
several BchL/ChlIL and BchX sequences annotated as NifH, and
vice versa. When studying these genes and including reference
data, it is therefore important to take into account gene specific
conserved amino acid positions to ensure correct interpretation
of data.

Comparing the datasets for different genes is difficult as
datasets obtained with different primers cannot be compared
directly because of differences in primer specificity, PCR
efficiency or bias. Nevertheless, because the large sampling
depth of PufM complicates evaluation, we have normalized
PufM and BchL/ChIL datasets (Table 3) to tentatively allow a
rough comparison. This shows that pufM diversity is somewhat
lower though of similar magnitude than that of BchL/ChIL
(171 OPUs-192 OLUs). It should be noted that horizontal gene
transfer may cause discrepancies between phylogenies of 16S
rRNA or ¢bbL, and photosynthesis genes (Igarashi et al., 2000).
However, tentatively, it can be noted that several of the APB
taxa retrieved here were previously reported from 16S rRNA
(e.g., Bradyrhizobium, Sphingomonas, Afifella, Methylibium)
and ¢bbL (RuBisCO) (e.g., Mesorhizobium, Bradyrhizobium,
Methyloversatilis, Rhodospirillum centenum) clone library and
Mlumina sequencing results from the same samples (Tahon et al.,
2016, under review). Interestingly, the relative abundance of
Bradyrhizobium-related sequences from sample KP15 was much
higher than from the other samples in the three photosynthetic
datasets (Table 4), as well as the 16S rRNA and cbbL datasets

(Tahon etal., 2016) [Tahon et al., under review]. Furthermore, the
genome of Bradyrhizobium sp. $23321—the closest neighbor to
most of our Bradyrhizobium-related sequences—revealed a gene
content adapted to survival in a broad range of environments
(Okubo et al., 2006). The combination of these data thus suggests
photoautotrophic bradyrhizobia may be present in sample KP15.

In the pilot study proteorhodopsin could not be detected
(Tahon et al, 2016). Actinorhodopsin, a similar light-
driven proton pump, was originally retrieved from aquatic
Actinobacteria (Sharma et al., 2008) and little is known about
its presence in terrestrial environments. Because Illumina data
of partial 16S rRNA genes previously showed the samples
investigated here to contain diverse Actinobacteria (6.26-23.48%
of reads and 20.73-34.60% of OTUs, Tytgat et al., 2016) [Tahon
et al., under review], we used several primer sets (Table 2) to
amplify actinorhodopsin genes from our samples. While our
attempts failed, this does not necessarily imply that these systems
are absent in the terrestrial Antarctic bacterial communities.
Currently available primers may be unsuitable to capture all
actinorhodopsin diversity, as most reference data originates
from aquatic systems (Sharma et al., 2008, 2009; Wurzbacher
et al., 2012; Jezberova et al., 2013; Salka et al., 2014). Future
metagenome datasets may resolve this question.

CONCLUSIONS

We studied the presence of bacterial phototrophic pathways
in a terrestrial Antarctic environment. While we could not
detect actinorhodopsin genes, our analysis of other genes
showed that a broad variety of oxygenic and anoxygenic
phototrophs is present in soils of the Sor Rondane Mountains,
East Antarctica. The high relative abundance of oxygenic
photosynthetic microorganisms, however, suggests they are an
important phototrophic group. Sequencing results of BchL,
ChlL, and BchX, involved in (bacterio)chlorophyll synthesis,
were dominated either by Cyanobacteria- or Trebouxiophyceae-
related sequences. Moreover, the presence of currently unknown
non-cyanobacterial phylotypes suggests the existence of multiple
not yet cultured or recognized anoxygenic phototrophic bacteria.
Mlumina Miseq sequencing of PufM, typical for light-harvesting
bacteria with a type 2 reaction center, revealed a very high relative
abundance of two groups of sequences, i.e., Roseobacter-like
and Loktanella-like, and a large diversity of other less abundant
taxa from Alpha-, Beta-, and Gammaproteobacteria, Chloroflexi
and several unassigned groups. Although photoheterotrophic
bacterial light-harvesting is nearly exclusively studied in aquatic
environments, our results suggest the potential relevance of this
mechanism in terrestrial ecosystems.
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