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Summary

Hymenobacter nivis P3T is a heterotrophic bacterium
isolated from Antarctic red snow generated by algal
blooms. Despite being non-photosynthetic, H. nivis
was dominantly found in the red snow environment
that is exposed to high light and UV irradiation, sug-
gesting that this species can flourish under such harsh
conditions. In order to further understand the adaptive
strategies on the snow surface environment of Antarc-
tica, the genome of H. nivis P3T was sequenced and
analyzed, which identified genes putatively encoding
for light-reactive proteins such as proteorhodopsin,
phytochrome, photolyase and several copies of crypto-
chromes. Culture-based experiments revealed that
H. nivis P3T growth was significantly enhanced under
light conditions, while dark conditions had increased
extracellular polymeric substances. Furthermore, the
expression of several putative light-reactive proteins
was determined by proteomic analysis. These results
indicate that H. nivis P3T is able to potentially utilize
light, which may explain its dominance on the red
snow surface environment of Antarctica.

Originality-significance statement

The role of proteorhodopsin in heterotrophic bacteria
is not well-characterized, as only a handful of
proteorhodopsin-harbouring isolates were shown to
have a light-enhanced phenotype through culture-based
experiments to date. This is the first study that demon-
strates light-stimulated growth and protein expression
evidence of photoactive proteins for a non-marine

psychrophile and for a member of the genus Hymeno-
bacter. It is also the first study that provides compre-
hensive proteome information for this genus. This study
presents significant results in understanding the adap-
tive mechanism of a heterotrophic non-photosynthetic
bacterium thriving on the snow surface environment of
Antarctica as well as demonstrating the role of light-
utilization in promoting growth, possibly through
proteorhodopsin.

Introduction

The snow and ice surface environment of polar and alpine
regions can harbour an abundance of microbial life, despite
exposure to high light, low temperatures, desiccation and
low nutrient levels (Maccario et al., 2015; Ordenes-
Aenishanslins et al., 2016; Anesio et al., 2017). Microorgan-
isms flourishing in these environments must tolerate, or
even take advantage of such environmental conditions. This
can be seen in psychrophilic algal blooms observed season-
ally on polar and alpine environments across the world,
resulting in vibrant green, orange and red coloration on the
snow and ice surface (Hoham and Duval, 2001). These
algae utilize light energy for photosynthesis, but are also
well-equipped to protect themselves from high light and UV
levels (Gorton and Vogelmann, 2003). Interestingly, many
heterotrophic microorganisms have been identified in snow
and ice surface environments, suggesting that these types
of non-photosynthetic organisms can also thrive under
these conditions (Weiss, 1983; Lutz et al., 2015; Hamilton
and Havig, 2017; Terashima et al., 2017). These organisms
must have strategies to tolerate extreme light conditions
of alpine and polar environments, unlike many non-
photosynthetic microorganisms that are known to be photo-
sensitive, especially to UV and blue light. Molecules such as
porphyrin can absorb light energy and produce reactive oxy-
gen species (ROS), which can in turn cause significant cel-
lular oxidative damage and even lead to cell death (Hamblin
and Hasan, 2004; Dai et al., 2012; McKenzie et al., 2016).

Heterotrophic bacteria belonging to the genus Hymeno-
bacter, which is a member of the Bacteroidetes phylum,
have been isolated from polar environments with high irradi-
ance such as ice, snow, rocks and soil, from the Arctic and
Antarctica (Klassen and Foght, 2011; Koo et al., 2014; Ahn
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et al., 2016; Kojima et al., 2016; Oh et al., 2016; Ordenes-
Aenishanslins et al., 2016; Sedlacek et al., 2017; Jiang
et al., 2018). Interestingly, Hymenobacter species have
been isolated from algae-rich environments such as lichen
and red-coloured snow, suggesting that these bacteria are
able to withstand environments with high light exposure
although they are not photosynthetic (Fujii et al., 2010; Ahn
et al., 2016; Kojima et al., 2016; Oh et al., 2016; Sedlacek
et al., 2017). Genome sequencing of several species
belonging to Hymenobacter genus have revealed the pres-
ence of several nucleotide excision repair pathways, which
could contribute to survival in environments with high irradia-
tion (Collins et al., 2000; Zhang et al., 2007; Dai et al., 2009;
Oh et al., 2016). In addition, members of the genusHymeno-
bacter accumulate carotenoid pigments, which are known
to have antioxidative properties and are thought to play an
important adaptive role in environments with high light
exposure (Klassen and Foght, 2008).
Hymenobacter nivis P3T (=DSM 101755T; =NBRC

111535T) was isolated from algae-rich red snow in Ant-
arctica during the summer season (Kojima et al., 2016).
H. nivis was found to be by far the most dominating
bacterium co-existing with algae on the snow surface,
suggesting that this strain is well-adapted to flourish in
the coloured snow environment of Antarctica (Fujii et al.,
2010; Kojima et al., 2016). In order to further understand
the adaptive strategy behind the success of H. nivis in
low temperature and light-exposed environments, this
study takes a closer look at H. nivis P3T through genome
and proteome analyses as well as growth tests. Our
results reveal that the growth of H. nivis P3T was
enhanced by light and that several putative photoactive
proteins were present in its proteome.

Results and discussion

Hymenobacter nivis P3T genome contains potential light-
reactive proteins

The genome of H. nivis P3T was sequenced to identify
key genes of this snow-dwelling bacterium. Genomic DNA
was extracted from 12 ml of H. nivis P3T cells at stationary
phase grown at 5�C using the Wizard® Genomic DNA
Purification Kit (Promega, Madison, WI, USA). H. nivis
cells were grown in Reasoner’s 2A (R2A) liquid medium
under static, aerobic conditions for all experiments pre-
sented in this study. The whole genome of H. nivis P3T

was sequenced using PacBio (Takara Bio, Kusatsu,
Japan) and the samples were processed and the reads
assembled as described previously (Umezawa et al.,
2016). The sequencing resulted in a total of 63,332 sub-
reads (770,370,754 bp) that were assembled to a single
contig of about 5 Mbp in length (GenBank accession num-
ber: CP029145) and annotated with the rapid annotation

using subsystem technology (RAST) (Supporting Informa-
tion Table S1) (Aziz et al., 2008). The characteristics of
the H. nivis P3T genome can be seen in Table 1.

After inspection of the genome, H. nivis P3T appears to
have genes encoding several light-sensing or light-
utilizing genes. The most apparent one is proteorhodopsin
(seq4286), a photoactive transmembrane protein found in
an array of bacteria and archaea, which acts as a light-
mediated ion pump (Sabehi et al., 2005; Fuhrman et al.,
2008; Pinhassi et al., 2016). The physiological role of pro-
teorhodopsin is uncharacterized for many bacteria, but it
is suggested that a proton-pumping mechanism may play
a role in supporting ATP production (Walter et al., 2007;
Kandori, 2015). The snow surface environment with
psychrophilic algal blooms during the summer season of
Antarctica, where H. nivis P3T was isolated, is exposed to
extreme high light. Although not all species belonging to
the Hymenobacter genus appear to have the proteorho-
dopsin gene, its presence could enable this bacterium to
utilize light to supplement energy synthesis. Looking
closely at the genome of H. nivis P3T, components of a
putative resistance/nodulation/division (RND) multidrug
efflux transporter (seq4289) is present directly upstream
of the proteorhodopsin gene. In previous studies, RND-
type efflux pumps were shown to utilize a proton-motive
force (pmf ) as an energy source in some species, which
could also be the case for H. nivis P3T (Piddock, 2006;
Alvarez-Ortega et al., 2013). Adjacently downstream of
the proteorhodopsin, there is a gene encoding for a Brb-
like protein (seq4285), which is a putative β-carotene
15,150-monooxygenase, involved in the generation of the
retinal-based photoreceptor of proteorhodopsin. This
enzyme is known to cleave β-carotene during retinal syn-
thesis in a single metabolic step and has previously been
found to be linked to the presence of proteorhodopsin,
along with carotenoid biosynthesis genes (Sabehi et al.,
2005; Bamann et al., 2014). Among the RAST subsystem
associated with proteorhodopsin, H. nivis P3T has genes
encoding for other proteins involved in carotenoid biosyn-
thesis such as phytoene synthase (seq4567), phytoene
dehydrogenase (seq4566, seq3005 and related protein

Table 1. Genomic features of Hymenobacter nivis P3T.

Features

Genome size (bp) 5,027,597
Contig 1
DNA GC content (%) 62.5
Total protein-coding genes 4604
Protein-coding genes with function prediction 2563
Protein-coding genes of hypothetical function 2041
rRNA 9
tRNA 43
Number of subsystems 364
Protein-coding genes in subsystems 1324
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seq1536), lycopene β-cyclase (seq3242), spheroidene
monooxygenase (seq2022) and β-carotene ketolase
(seq4572) (Maresca et al., 2008; Paniagua-Michel
et al., 2012).

Aside from proteorhodopsin, other light-reactive pro-
teins that appear to be encoded in the H. nivis P3T

genome are photoreceptor genes: two cryptochromes
(seq4109 and seq4547) and one phytochrome (seq1249).
Photoreceptors act to relay a particular cellular response
after a signal transduction triggered by the excitation of
chromophores by light (Kottke et al., 2018). Crypto-
chromes contain a flavin chromophore and are found
across all branches of life (Brudler et al., 2003). These
blue-light photoreceptors have been found to be crucial in
growth development in plants, whereas in animals, crypto-
chromes play a role in circadian clocks (Wang et al.,
2001; Panda et al., 2002). Both cryptochromes encoded
by H. nivis P3T belong to the DASH (Drosophila,
Arabidopsis, Synechocystis and human) family of
cryptochromes, which show sequence similarities to
photolyases involved DNA repair (Brudler et al., 2003).
However, bacterial, plant and animal DASH crypto-
chromes appear to have very weak DNA repair activity on
dsDNA, although it should be noted that a recent study on
a fungal DASH cryptochrome showed dsDNA repair activ-
ity (Selby and Sancar, 2006; Chaves et al., 2011; Tagua
et al., 2015; Sato et al., 2018). Currently the biological role
that DASH cryptochromes play in prokaryotes, plants or
animals is elusive (Chaves et al., 2011). Phytochromes,
found in the H. nivis P3T genome (seq1249), are another
photoreceptor with a bilin chromophore that sense red
and far red light, found widely in prokaryotes, plants and
fungi (Yeh et al., 1997; Rockwell and Lagarias, 2017). In
bacteria, phytochromes are known to play a role in the
regulation of gene expression, production of pigments
and photoprotective responses (Giraud et al., 2002; van
der Horst et al., 2007; Purcell and Crosson, 2008).

The genome of H. nivis P3T also encodes for a deoxyri-
bodipyrimidine photolyase (seq1506), which is similar to a
type of photolyase that repairs cyclobutane pyrimidine
dimers widespread in bacteria (Sancar et al., 1984; Goosen
and Moolenaar, 2008). Another DNA repair enzyme, a
spore photoproduct lyase (seq1881), appears to be also
encoded in the H. nivis P3T genome, although this gene
differs from other photolyases as it is not light-dependent
(Fajardo-Cavazos et al., 1993; Rebeil and Nicholson, 2001;
Pieck et al., 2006; Goosen and Moolenaar, 2008).

Light enhances growth rates of Hymenobacter nivis P3T

After identifying genes that appear to sense or react to
the presence of light in the H. nivis P3T genome, such as
proteorhodopsin, chryptochrome, phytochrome and
photolyase, the growth rates of H. nivis P3T under dark

and light conditions were compared, both at 5�C and
15�C (Fig. 1). Pre-cultures for each biological replicate
were started from a single colony picked from R2A agar
and grown in static liquid R2A medium in the dark until
mid-exponential phase (OD600 0.5–0.7). Pre-cultures
were diluted to OD600 0.1 with R2A medium for the start
of the growth curve analysis. For growth under light con-
ditions, liquid cultures were grown under white fluores-
cent lights at an intensity of 200 μmol m2 s–1. Cells were
sampled from day 0, every 2 days and fixed in 2% glutar-
aldehyde and stored at 4�C until use. Cells were stained
with the nucleic acid stain SYTO BC dye and counted
using Aria BD FACS Aria II flow cytometer with polysty-
rene microspheres (6 μm diameter) added as an internal
standard (Bacteria Counting Kit, Invitrogen, Carlsbad,
CA, USA). In addition to forward and side scatters, the
cells and beads were monitored by excitation using a
488 nm laser and fluorescence measurement using a

Fig. 1. Growth of H. nivis P3T monitored under dark and light
(200 μmol m2 s–1) conditions at 5�C (panel A) and 15�C (panel B).
Error bars indicate the standard deviation of the mean from three
biological replicates.
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502 nm long-pass splitter with a 530/30 nm band-pass fil-
ter. H. nivis P3T grew without aggregation throughout the
conditions used in this study, as confirmed by observa-
tion of cells under the microscope and light scatter analy-
sis using flow cytometry.
Under both temperatures, 5�C and 15�C, H. nivis P3T

grew at a faster rate and to a higher density in the pres-
ence of light compared to dark conditions. The exact
mechanism behind this growth enhancement under light
remains unknown. However, the presence of proteorho-
dopsin may contribute to the growth improvement in the
light, as one of the possible mechanism of this protein,
as mentioned above, is to act as a proton pump, which in
turn can promote ATP production (Walter et al., 2007).
Interestingly, the final cell density in the light condition
was higher than that of the dark condition, suggesting
that the presence of light increased not only the growth
rate, but also its density and capacity. Even though not
all proteorhodopsin-harbouring bacteria tested have dis-
played a light-enhanced growth phenotype (Pinhassi
et al., 2016), there are members of Bacteroidetes that
have increased growth under light such as the marine
Flavobacterium Dokdonia sp. isolated from the Mediterra-
nean sea and the Antarctic sea-ice psychrophile Psy-
chroflexus torquis (Gomez-Consarnau et al., 2007;
Gomez-Consarnau et al., 2010; Feng et al., 2013;
Gomez-Consarnau et al., 2016; Burr et al., 2017).
Next, we investigated whether there are substantial dif-

ferences in the excretion of substances outside of the cell
between light and dark growth conditions. Total carbohy-
drates and protein levels in the extracellular polymeric sub-
stances (EPS) were determined with cells that have
reached the stationary growth phase. EPS extraction was
performed as previously described (Guibaud et al., 2005).
Briefly, 8 ml of cells in stationary phase, grown under con-
ditions described above, were treated to ultrasonication
(40 W, for 2 min) followed by centrifugation (4000 × g,
10 min). The supernatant was collected and passed
through a 0.22 μm filter. Total carbohydrate content was
determined colorimetrically through the phenol-sulfuric acid
method using a kit (#K645, BioVision, Milpitas, CA, USA)

and total protein content was determined using the
bicinchoninic acid (BCA) method (Pierce BCA protein
assay kit, Thermo Fisher Scientific, Waltham, MA, USA).
Both carbohydrate levels and protein concentrations were
higher under the dark conditions on a per cell basis
(Fig. 2), suggesting that light results in more growth in H.
nivis P3T, while dark conditions induces a higher accumu-
lation of EPS.

As light enhanced the growth of H. nivis P3T, the
question arises of whether light-grown cells are more
metabolically active than the dark-grown cells. This was
investigated by staining the cells grown under each con-
dition with the RedoxSensor green dye (Thermo Fisher
Scientific, Waltham, MA, USA). In this assay, bacterial
reductase activity was used as a readout of metabolic
activity in the cells, which were co-stained with propi-
dium iodide to control for the presence of dead cells
(Kalyuzhnaya et al., 2008). Under analysis using flow
cytometry, there was a slight increase in green fluores-
cence of light-grown cells. However, the difference was
very subtle, with both dark and light-grown cells display-
ing overall a similar fluorescence level (Supporting Infor-
mation Fig. S1). We think that this method was not
sensitive enough to detect potential differences in the
reductase activities between the two conditions that
could have yielded a change in growth rates under light
and dark conditions.

Light-reactive proteins are expressed in the proteomes
of both dark and light-grown cells

In order to determine whether light-reactive proteins
identified in the genome are expressed in H. nivis P3T

under our growth conditions, we analysed and compared
the proteome of H. nivis P3T grown under dark and light
conditions at 5�C. For protein extraction, three biological
replicates of 1.5 ml of cells grown in light or dark condi-
tions for 4 days in liquid R2A medium were harvested by
centrifugation followed by protein extraction using Min-
ute™ Total Protein Extraction Kit for Microbes with Thick
Cell Walls (Invent Biotechnologies, Plymouth, MN, USA).

Fig. 2. Total carbohydrate (panel A) and protein (panel B) concentrations from extracellular polymeric substances (EPS) extracted from H. nivis
P3T cells at stationary phase after growth at 5�C. P = 1.4 × 10−4 (panel A) and P = 1.8 × 10−6 (panel B) by non-paired two sample T-test. Error
bars indicate the standard deviation of the mean of three biological replicates.
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The extracted proteins were precipitated by acetone and
resuspended in a buffer containing 4.5 M Urea, 25 mM
Tris, 0.5% sodium dodecyl sulfate (pH 7). Protein con-
centrations were determined using the BCA Protein
Assay Kit. 20 μg of protein sample was reduced by
25 mM Dithiothreitol for 30 min at 55�C, then was alky-
lated by 25 mM iodoacetamide for 30 min in the dark.
The sample was then digested by a proteomic grade
Trypsin (Roche Diagnostics, Risch-Rotkreuz, Switzer-
land) for overnight at 37�C as described previously
(Takasuka et al., 2013). The peptides were purified by
using a ZipTip-C18 column (Merck, Kenilworth, NJ,
USA), and were analysed by a Q-Exactive plus Orbitrap
mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) connected to an Easy nLC 1000 liquid chro-
matograph equipped with C18 column capillary tip col-
umn (NTCC-360/75-3-125, Nikkyo Technos, Tokyo,
Japan) with a linear gradient raised over 120 min from
5% to 30% acetonitrile in 0.1% formic acid and operated
by Xcalibur software (version 3.1, Thermo Fisher Scien-
tific). The Orbitrap full scan mass spectra were obtained

at a scan range of 300.0 to 2000.0 m/z and a resolution
of 70,000.

MS/MS spectra were used to identify the peptides
using Proteome Discoverer 2.0 (Thermo Fisher Scientific)
using the coding sequence database for H. nivis P3T

described above with the following parameters: 10 ppm
peptide mass tolerance, 0.8 Da fragment mass tolerance,
and the peptide charge was set at +2, +3 and + 4. The
automatic decoy function and percolator function built into
the Proteome Discoverer software was employed to
obtain accurate and sensitive peptide identifications.
Results were filtered to include only proteins identified
with 2 or more unique peptide identification with a false
discovery rate of less than 1%. The H. nivis P3T prote-
ome for dark and light growth conditions were derived by
merging spectral files for the three biological replicates
for each condition for peptide identification.

The combined identified proteins from all of the three
biological replicates from samples grown under 5�C can
be seen in Fig. 3. A total of 1724 proteins were identified
(two or more unique peptides in all three biological

Fig. 3. Proteome of H. nivis P3T under dark and light growth conditions. A total of 1724 proteins are plotted on the graph and the values plotted
represent the percentage of molar emPAI for each protein identified with two or more unique peptides. Specific proteins highlighted in the text are
marked in red.
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replicates from dark or light conditions and less than 1%
false discovery rate), with 1598 proteins identified in the
dark proteome and 1607 proteins identified in the light
proteome (Supporting Information Table S2). Within the
1724 total proteins identified, 79 and 80 proteins were
exclusively identified in the dark samples and light sam-
ples respectively. Abundance of each protein can be esti-
mated using the exponentially modified protein
abundance index (emPAI) (Ishihama et al., 2005). This
index enables the estimation of protein abundance by nor-
malizing the number of identified peptides belonging to a
given protein by the theoretical number of peptides, which
allows for comparison of abundance of proteins of differ-
ent sizes. The emPAI values can be denoted as a molar
percent to represent the abundance of a particular protein
within the observed proteome (Shinoda et al., 2010).
Overall, the proteomes between dark and light condi-

tions were very similar, suggesting that there were no
dramatic shifts in protein expression between H. nivis
P3T cultured under either condition (Fig. 3). Regarding
light-sensitive proteins identified in the genome, proteor-
hodopsin (seq4286), cryptochrome (seq4547), phyto-
chrome (seq1249), deoxyribodipyrimidine photolyase
(seq1506) were detected in both dark and light condi-
tions with similar estimation of abundance (Fig. 3). To
note, another putative cryptochrome (seq4109) found in
the genome as well as the spore photoproduct lyase
(seq1881) were not detected in this proteome set.
Among the genes involved in carotenoid biosynthesis,
phytoene synthase (seq4567) was detected only in the
light proteome, and phytoene dehydrogenase (seq4566)
was detected in both conditions. Other proteins involved
in carotenoid biosynthesis identified in the genome,
such as the lycopene β-cyclase (seq3242), spheroidene
monooxygenase (seq2022) and β-carotene ketolase
(seq4572) were not identified in the proteome dataset.
Interestingly, the Brb-like protein (seq4285), a putative
β-carotene 15,150-monooxygenase downstream to the
proteorhodopsin gene was not detected, while the three
components making up the RND multidrug efflux trans-
porter upstream from the proteorhodopsin gene were all
detected (Venter et al., 2015). These include the RND
multidrug efflux transporter (seq4289), which is an inner
membrane protein, the membrane fusion protein of the
RND multidrug efflux pump (seq4290) and the outer
membrane efflux protein precursor (seq4291).
Other than the proteins expected to be light-sensitive,

some of the most abundant proteins in the H. nivis P3T pro-
teome under both growth conditions were, as expected,
proteins involved in protein synthesis, such as ribosomal
proteins and elongation factors (Supporting Information
Table S2). There are numerous proteins of unknown func-
tions that were highly abundant. One notable protein is a
hypothetical protein seq4316, with a percent molar emPAI

value at around 18% (Fig. 3). This protein has a predicted
size of 24 kDa and appears to be highly conserved among
other species belonging to the Hymenobacter genus and
also in other members of the Bacteroidetes phylum and
more distantly in a limited number of members in the sub-
phylum Betaproteobacteria in the Burkholderiales order.
Interestingly, the closest member of Betaproteobacteria
with a protein similar to this hypothetical protein is a psy-
chrophilic strain isolated from an alpine glacier, Polaromo-
nas glacialis (Margesin et al., 2012; Wang et al., 2014).

Among the ~80 proteins exclusively identified in the dark or
light proteome, the 20most abundant proteins for each condi-
tion had a percent molar emPAI value ranging from ~0.005 to
~0.02% (Fig. 3, Supporting Information Table S2). For the
dark proteome, these included an adenosylcobinamide-
phosphate guanylyltransferase (Seq301), a protein involved
in adenosylcobalamin (vitamin B12) synthesis, a hypothetical
protein with a LysM domain (Seq2793), likely involved in pep-
tidoglycan and chitin binding, and a chitinase (Seq121)
involved in chitin breakdown (Lawrence and Roth, 1995;
Bhattacharya et al., 2007; Buist et al., 2008). Proteins identi-
fied exclusively in the light proteome included a putative iron
or molybdenum transporter (Seq2209), a cytochrome oxi-
dase biogenesis protein with a putative copper metallocha-
perone function (Seq2199), a guanine deaminase
(Seq4171), an enzyme in the nucleotide metabolism, and a
peptide methionine sulfoxide reductase (Seq3668), involved
in protein repair after oxidative damage (Weissbach et al.,
2002; Liaw et al., 2004; Banci et al., 2011). Although these
proteins suggest a different physiological state between cells
grown in the dark and light, many of the proteins found exclu-
sively in each of the proteomewere low in abundance in rela-
tion to other proteins present in the H. nivis P3T proteome,
suggesting that no major conclusions can be drawn from
these low-abundant proteins (Fig. 3). In sum, the proteome
dataset demonstrates that many of the genes identified in the
genome that are expressed under our growth conditions,
which include light-reactive proteins such as proteorhodopsin
and proteins of the carotenoid biosynthesis, could explain the
light-enhanced growth phenotype and light-tolerance of
H. nivisP3T.

Conclusions

In this study, we sequenced the genome of a heterotro-
phic bacterium Hymenobacter nivis P3T, originally iso-
lated from Antarctica, which revealed several genes
encoding for putative light-reactive proteins. Growth tests
at 5�C and 15�C under dark and light conditions showed
that growth rates were enhanced under the light, while
EPS accumulation was higher in the dark. Further analy-
sis of the proteome of dark- and light-grown cells at 5�C
identified that the proteome remains similar between the
two conditions. Furthermore, the expression of putative

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 11, 227–235
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light-reactive proteins identified in the genome were
confirmed as these proteins were present in the pro-
teomes of both conditions, suggesting constitutive
expression of these proteins under growth conditions
implemented in this study. These identified proteins were:
proteorhodopsin, cryptochrome, phytochrome and deox-
yribodipyrimidine photolyase. The light-enhanced growth
of H. nivis P3T and the expression of proteorhodopsin
and other putative light-reactive proteins suggest that this
bacterium is likely to sense and utilize light, resulting in a
growth advantage under the light-exposed conditions of
Antarctic red snow.
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Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Table S1. Details of the Hymenobacter nivis P3T genome
annotation by RAST. Abbreviations used are: PEG, protein
encoding gene; RNA, RNA encoding gene; and FIGfam,
freely available protein families. The abbreviations found in
the evidence code column are: ISU, unique feature/function
in the genome; ICW, feature clustered in a number of fea-
tures in the genome; FF, belongs in a FIGfam. Please refer
to the previous publication introducing the RAST program for
details of the annotation methods (Aziz et al., 2008).
Table S2. The proteome of Hymenobacter nivis P3T grown
under dark and light conditions. Results from three biological
replicates from each condition were merged.
Fig. S1. Dark- and light-grown H. nivis P3T cells stained with
BacLight RedoxSensor Green dye sensitive to bacterial
reductase activity to monitor metabolic activity, and propi-
dium iodide to identify dead cells, followed by analysis by
flow cytometry. 10,000 cells are plotted on the graph in
pseudocolor. Red and grey lines have been added to allow
for easier comparison of the distribution of the population.
The red dashed line represents the highest density region
for the distribution of dark-grown cells. Green RedoxSensor
fluorescence was monitored using 488 nm excitation laser
and a 530/30 nm emission filter and propidium iodide fluo-
rescence was monitored using 488 nm excitation laser and a
695/40 nm emission filter.
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