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Abstract

Understanding microbial adaptation to environmental stressors is crucial for interpreting broader ecological patterns. In the most
extreme hot and cold deserts, cryptic niche communities are thought to play key roles in ecosystem processes and represent excellent
model systems for investigating microbial responses to environmental stressors. However, relatively little is known about the genetic
diversity underlying such functional processes in climatically extreme desert systems. This study presents the first comparative
metagenome analysis of cyanobacteria-dominated hypolithic communities in hot (Namib Desert, Namibia) and cold (Miers Valley,
Antarctica) hyperarid deserts. The most abundant phyla in both hypolith metagenomes were Actinobacteria, Proteobacteria,
Cyanobacteria and Bacteroidetes with Cyanobacteria dominating in Antarctic hypoliths. However, no significant differences be-
tween the two metagenomes were identified. The Antarctic hypolithic metagenome displayed a high number of sequences assigned
tosigma factors, replication, recombination and repair, translation, ribosomal structure, and biogenesis. In contrast, the Namib Desert
metagenome showed a high abundance of sequences assigned to carbohydrate transport and metabolism. Metagenome data
analysis also revealed significant divergence in the genetic determinants of amino acid and nucleotide metabolism between these two
metagenomes and those of soil from other polar deserts, hot deserts, and non-desert soils. Our results suggest extensive niche
differentiation in hypolithic microbial communities from these two extreme environments and a high genetic capacity for survival
under environmental extremes.

Key words: stress response, deserts, comparative metagenomics, Antarctica, Namib Desert, hypoliths, soils, biomes.

Introduction In such depauperate environments, some of which are marked

Understanding the mechanisms driving ecological processes in
extreme environments remains a major objective (Casanueva
et al. 2010; Andrei et al. 2012; Makhalanyane et al. 2015),
particularly since environmental stressors are often associated
with diminished ecosystem capacity and functionality (Petchey
et al. 1999; Schimel et al. 2007; Harrison et al. 2013;
Ferrenberg et al. 2015). Factors which are characteristic of
desert soil ecosystems, in particular low levels of bioavailable
water, wide temperature fluctuations, oligotrophy, and high
levels of ultraviolet radiation, all contribute to high levels of
biotic stress (Cowan et al. 2014; Makhalanyane et al. 2015).

by the total absence of higher organisms, life is often at
the ‘limit" and frequently associated with refuge niches
(Pointing and Belnap 2012). Colonization is often restricted
to soil surfaces (i.e., Biological Soil Crusts), or the interior
(i.e., endoliths), and subsurface (i.e., hypoliths) of translu-
cent rocks (Gorbushina 2007; Chan et al. 2012). These
niche communities are recognized as ‘ecosystem engineers’
due to the important role they play in soil biogeochemical
processes in the desert environment (Jones et al. 1996;
Elbert et al. 2009). Hypoliths, cyanobacteria-dominated as-
semblages adhering to the ventral surfaces of translucent
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rocks, are widely distributed in both hot and cold hyperarid
deserts (Stomeo et al. 2013; Valverde et al. 2015). These
communities are considered to be good models for under-
standing the link between community structure and func-
tion, especially under severe environmental conditions such
as water stress (Stevenson et al. 2015).

Adaptations to the physicochemical conditions of deserts
ecosystems have been well characterized for many plants and
animals; however, the responses of microbial communities to
such stressors in arid environments remain poorly understood
(Valentine 2007; Manzoni et al. 2012). These responses are
nevertheless critical, given the known association between
biodiversity and ecosystem functioning in a range of habitats,
particularly in prokaryote-dominated desert soils (Swift and
Anderson 1994; Yachi and Loreau 1999; Loreau et al. 2001)
and the projections of climate-change-related expansion of
arid ecosystems (Pointing and Belnap 2012). It is currently
unclear how changing environmental conditions in desert eco-
systems will affect microbial functionality. For example, the
extent to which climate change may change the ecological
strategies of microbial guilds in desert soils and the manner in
which these processes regulate key biogeochemical processes
is currently unknown (Maestre et al. 2013; Evans and
Wallenstein 2014). In addition, the variations in the genetic
capacity and redundancy within these systems between cli-
matically extreme areas are also unclear, although it has been
shown that changes in environmental stressors may lead to
alterations in the community composition, CO, gas exchange
rates and C-allocation of biological soil crusts in Antarctic de-
serts (Colesie et al. 2014).

The Namib Desert, located in the coastal southwest of the
African continent, is one of the oldest dryland regions in the
world (Eckardt et al. 2012). The desert zone is characterized by
a longitudinal water gradient (Eckardt et al. 2012), with the
western coastal zone receiving some water input via sea-fog
(Eckardt et al. 2012) and the eastern inland zone receiving
substantial seasonal rainfall. The western and central zones
are generally classified as hyperarid (Eckardt et al. 2012). A
series of recent studies have demonstrated that both surface
soils and the extensive quartz hypolith fields across these
zones  support  complex  microbial  assemblages
(Makhalanyane, Valverde, Lacap, et al. 2013; Stomeo et al.
2013; Valverde et al. 2015).

The Miers Valley is one of the smaller maritime valleys of
the East Antarctic McMurdo Dry Valleys, a region which rep-
resents the largest single ice-free area of the Antarctic conti-
nent (Cowan et al. 2014). This ice-fee coastal region of East
Antarctica is characterized by very low levels of precipitation,
all in the form of snow, episodic katabatic winds, high salt and
low organic carbon content mineral soils and extremely low
mean annual temperatures (Convey 2010; Cowan et al.
2014).

Both the hot Namib Desert and the cold Miers Valley zones
are characterized by distinct desert pavements, where

embedded quartz rocks and pebbles form a significant com-
ponent of the pavement coverage (Cowan et al. 2010). Both
regions show substantial hypolithic colonization (Chan et al.
2012; Makhalanyane et al. 2015). Previous studies have
shown that niche (habitat) and deterministic selection by en-
vironmental factors may play a role in structuring the microbial
communities in  these locales (Caruso et al. 2011;
Makhalanyane, Valverde, Birkeland, et al. 2013). Although a
geochip-based metagenomic study of Antarctic Dry Valley
soils reported the capacity for a range of basic microbial pro-
cesses (autotrophic, heterotrophic, and diazotrophic metabo-
lism: Chan et al 2013), little is actually known of the detailed
metabolic functions in these communities.

Here, we use metagenomic sequence data from mDNA
extracts of hot (Namib) and cold (Antarctic) desert hypolithic
communities to gain insights into stress adaptation. We have
also compared these metagenomes to those of soils from
other biomes including polar, hot and non-deserts. These in-
sights contribute to our understanding of how changing cli-
matic regimes may affect microbial communities and stress
responses in soil systems and in desert-based microbial
communities.

Materials and Methods

Sample Collection, DNA Extraction, and Sequencing

Hypolithic samples were collected from the Namib Desert (S
23 32.031% E 15 01.813% April 2010) (Vikram et al. 2016)
and in Antarctica (78 60° 164 00%: January 2012) as de-
scribed elsewhere (Makhalanyane, Valverde, Birkeland, et al.
2013; Makhalanyane, Valverde, Lacap, et al. 2013). Samples
were stored at 20 C for transport, and then at 80 C until
required. DNA was extracted from 0.5 g aliquots of hypolithic
biomass (n=50 for both habitats) using the PowerSoil DNA
Isolation Kit (MoBio, West Carlsbad, CA, USA) following the
manufacturer’s instructions. DNA preparations from each
habitat were combined before sequencing at GATC
(Konstanz, Germany) using lllumina HiSeg-2000 paired-end
technology (2 101 bases). An in-house python script was
used to trim 5° ambiguous bases (N) of reads and to filter
bases with a quality score below 25. Assembly of high-quality
reads into contigs was performed by Velvet v1.2.10 (Zerbino
and Birney 2008) with a hash length of 51 (Vikram et al.
2016). The reads were then quantified against the assembled
contigs (Li et al. 2009; Li and Durbin 2010; Quinlan and Hall
2010).

Taxonomic and Functional Analyses

Contigs (with depth of coverage 5 ) were compared with
the Non Redundant (NR) NCBI database by performing BlastX
using sequences with £ values<1e 5. The results were then
imported into MEGAN (Huson et al. 2007), which uses the
lowest common ancestor algorithm to assign sequences to
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the most specific taxonomic group. Open reading frames
(ORFs) were identified on contigs using MetaGeneMark (Zhu
et al. 2010). The ORFs of both hypolith metagenomes were
used to perform BlastP (E values 1e 5) against the Cluster of
Orthologous groups (COGs) (Tatusov et al. 2000) and an in-
house stress response protein (SRPs) database, constructed
from 45 ‘seed’ genes related to stress response obtained
from the GeoChip database (Tu et al. 2014). Only genes re-
lated to stress response, including genes that belong to any
one of five functional ‘stress’ categories: temperature, osmo-
larity, oxidative stress and oxygen limitation, nutrient limita-
tion, and protein stress, were retrieved. These gene families
were chosen because they are covered by more than 10,000
sequences and are also widely used to analyze microbial com-
munities from various habitats (Tu et al. 2014).

The key word queries were first submitted to the GenBank
Protein Database to recover all candidate amino acid se-
guences, which were then used to search against the NR
NCBI database with an £ value 1e 20 and a percent iden-
tity 99%. Gene families were obtained by assigning ortho-
logous groups based on the OrthoMCL database (Li et al.
2003; Chen et al. 2006). Duplicate sequences were removed
before further analysis. Ultimately, the SRP database con-
tained 557 proteins, divided into 42 orthologous groups [six
gene families, namely cspA, cspB (cold shock proteins); tnr,
glnR (regulatory genes for nitrogen limitation), and katA, katE
(peroxidase catalase) were assigned to three orthologous
groups, reducing the number of orthogroups from 45 to 42].

Statistical Analysis

To identify biologically relevant differences between the two
metagenomes, Statistical Analysis of Metagenomic Profiles
(STAMP) software was used (Parks and Beiko 2010; Parks
et al. 2014). The inputs were tables of the relative abundance
of sequences, assigned to different taxa and functional sys-
tems (i.e., COGs and SRPs) for each metagenome. Statistically
significant differences between functional systems and taxo-
nomic groups of both metagenomes were established by
Fisher's exact test. The Newcombe-Wilson method was
used for calculating confidence intervals (nominal coverage
of 95%). A false-discovery-rate method (Benjamini-
Hochberg method) was applied to indicate the percentages
of false positives (reported g values). All features with a
g-value of >0.05 were removed.

Comparison of Hypolith and Other Soil Metagenomes

A multiple comparative analysis of the two hypolith metagen-
omes and different hot, cold, and nondesert metagenomes
was performed using the MG-RAST server. An additional 16
metagenomes were compared with both hypolith metagen-
omes, including three hot desert metagenomes (MD3, SF2,
and SV1), six polar metagenomes (EBO17, EBO19, EB020,
EBO21, EB024, and EBO026), and seven non-desert

metagenomes (AR3, BZ1, CL1, DF1, KP1, PE6, and TL1)
(Fierer et al. 2012). The contigs of both hypolith metagenomes
were compared with protein-coding gene databases using
Meta Genome Rapid Annotation with  Subsystem
Technology (MG-RAST) server version 3 (Meyer et al. 2008).
MG-RAST applies BlastX to compare contigs with the COGs
database. Only matches with an £ value of 10 > were in-
cluded. The COG results of sixteen biomes were retrieved
from the MG-RAST server and ORFs were predicted using
the MetaGeneMark annotator. These ORFs were further com-
pared with sequences in the SRPs database by using BlastP
with a maximum E value of 1e 5. Tables of frequencies of
best hits for each functional group (i.e., COG and SRP gene
families) were generated for each metagenome and normal-
ized by applying the “scale” function in R (version 3.1.1).

We applied agglomeration hierarchical clustering analysis
to group metagenomic data into groups (clusters) according
to similarities by using a Pearson correlation dissimilarity metric
and an average clustering criterion. The inputs of the cluster
analysis were the tables of frequencies of sequences, which
were the best matches to COGs and SRPs databases, for each
metagenome. All analyses were performed in R. Bootstrap
analysis was performed by applying the “Pvclust” package
(Suzuki and Shimodaira 2006) to the object data. Pvclust cal-
culates probabilities values (P-values) for each cluster using
bootstrap resampling techniques. Ten thousand bootstrap
samples were generated by randomly sampling elements
from the data, and bootstrap replicates of the dendogram
were obtained through repeatedly applying cluster analysis
(Efron 1979; Felsenstein 1981). The AU value was then used
to determine whether the two hypolith metagenomes were
significantly similar.

Nucleotide Accession Number

The high-quality paired end short reads for Namib and
Antarctic hypoliths metagenome were submitted to the
NCBI under the SRP IDs SRP061443 and SRP073918, respec-
tively. The SRA accession number are SRR2124832 (Namib
hypoliths) and SRR3471615 (Antarctic hypoliths).

Results and Discussion

Hypolith Communities in Hyperarid Environments

To better understand the relationship between biodiversity
and microbial stress—response genes, we first compared the
taxonomic composition of the two hypolithic metagenomes
(Antarctic and the Namib Desert). Bacterial species abun-
dance, as determined by the relative number of phylotypic
assignments, was similar for the Antarctic and Namib Desert
metagenomes, that is, 92% of reads. High bacterial abun-
dance in desert niches is consistent with previous studies of
both hot and cold desert soils (Pointing and Belnap 2012;
Makhalanyane,  Valverde, Birkeland, et al. 2013;
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Makhalanyane, Valverde, Lacap, et al. 2013). Our analysis in-
dicated that three phyla, namely Actinobacteria,
Proteobacteria, and Cyanobacteria, were the most abundant
in both hypolithic metagenomes, albeit in different propor-
tions (fig. 1).

Interestingly, Cyanobacteria, which are known to be func-
tionally important as photoautotrophs in desert soils (Valverde
et al. 2015), contributed a statistically lower percentage of
Namib Desert sequences (10%) compared with Antarctic se-
quences (~13%). Members of the Oscillatoriales,
Chroococcales, and Nostocaceae lineages, were the dominant
Cyanobacteria in both metagenomes. Two orders, the
Oscillatoriophycideae and Nostocales, were more significant

in the Namib Desert than in Antarctic samples. Within
Nostocales, the Nostaceae family was more abundant in the
Namib Desert (19%) than in Antarctic desert (7%). Within the
Oscillatoriophycideae, Chroococcales were more abundant in
the Antarctic metagenome (47%) than in the Namib Desert
(18%) (supplementary table S1, Supplementary Material
online).

Actinobacteria phylotypic sequences were more abundant
in the Namib Desert (49%) metagenome than in the Antarctic
metagenome (33%). Proteobacteria accounted for 26%
of the Antarctic sequences and 27% of the Namib Desert
sequences, while Bacteroidetes were 4-fold more abundant
in the Antarctic than in the Namib Desert sequence dataset

95% confidence intervals
I
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Ignavibacteriae | + < le-10
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Chloroflexi | @ < le-10
Spirochaetes | Q < le-10
Acidobacteria @ < le-10
Protecbacteria o' < 1le-10
Deinococcus-Thermus [ : @ < le-10
Firmicutes [{ @ < le-10
Lentisphaerae | @ < le-10
Chlorobi | @ < le-10
Actinobacteria [y @ I <le-l0 5
Verrucomicrobia ' @ < le-10 §
Nitrospinae | * <1le10 §
Nitrospirae | ® < le-10 ‘:j
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Fusobacteria | [ ] <le-l0 &
Chrysiogenetes | (] < le-10
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Marinimicrobia | (] < le-10
Tenericutes | @ < le-10
Elusimicrobia | ® <1e-10
Dictyoglomi | < le-10
Armatimonadetes | : 2.64e-5
Caldiserica | Q@ 2.97e-5
Thermotogae | [ ) 5.00e-4
Thermodesulfobacteria | [ ] 5.36e-3
L ! 1 ! ]
0.0 49.8 -20 =15 -10 =5 0 5 10

Prannrtinn (%1

Difference between proportions (%)
B Namibia Desert
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Fic. 1.—Statistical analysis of taxonomic profiles (at phylum level) of Antarctic and the Namib Desert metagenomes by BlastX of contigs against Non
Redundant NCBI database. Phyla, which were in high relative abundance, have significant indicators.
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(fig. 1). Other phyla, such as Planctomycetes, Deinococcus-
Thermus, Verrucomicrobiota, Firmicutes, and Chloroflexi,
were generally more abundant in the Antarctic than in the
Namib Desert metagenomes (fig. 1). Within Proteobacteria,
there were also differences between the two hypolithons:
Beta- and Gammaproteobacteria were more common in the
Antarctica than in the Namib Desert dataset, while
Alphaproteobacteria sequences showed the reverse trend
(supplementary fig. S1, Supplementary Material online).

Comparisons of metagenomic sequences and from 16S
rRNA gene amplicon sequences showed some notable differ-
ences (Makhalanyane, Valverde, Birkeland, et al. 2013;
Makhalanyane, Valverde, Lacap, et al. 2013). The discrepan-
cies in apparent diversity between the metagenome and
amplicon sequence datasets might be attributable to several
factors (Raes et al. 2007; Steven et al. 2012; Poretsky et al.
20714). First, more phyla were identified in the metagenomic
analysis than in the amplicon analysis. Second, we found sig-
nificant differences in the frequency of dominant phyla
(Actinobacteria, ~ Proteobacteria, = Cyanobacteria, and
Bacteroidetes). Third, it is known that species richness
(number of species) and evenness (relative abundance of spe-
cies) values can be affected by analytical factors such as ampli-
con length and primer pair choice (Poretsky et al. 2014).
Fourth, the use of different and incomplete databases (Raes
et al. 2007) to identify and bin environmental sequences into
taxonomic units may also substantially influence diversity re-
sults and ecological inferences (Steven et al. 2012). Our results
suggest that phylogenetic inference from shotgun metagen-
ome may be a more valid method for taxonomic analysis of
microbial communities.

To assess the validity of the phylogenetic data derived from
the metagenome sequences, we used various methods of
binning reads to SSU or universal marker genes, including
Metaxa, MetaPhlAn, and mOTU (supplementary fig. S2,
Supplementary Material online). All analysis showed that the
frequencies of members of the four major phyla (i.e.,
Actinobacteria, Proteobacteria, ~ Cyanobacteria, and
Bacteroidetes) were relatively similar.

Comparatively little is known about lower eukaryote diver-
sity in hyperarid soil systems (but see for example Rao et al.
2011; Gokul et al. 2013). We found a low proportion of
Antarctic (0.2%) and Namib Desert (~3%) sequences that
matched known eukaryotic taxa, with fungal phylotypes
being 4-fold more abundant in the Namib Desert metagen-
ome than in the Antarctic metagenome. The majority of
fungal phylotypes in the Namib Desert metagenome were
assigned to Ascomyceta, in which Eurotiomycetes,
Sordariomyceta, and Dothideomyceta were most highly rep-
resented (supplementary table S2, Supplementary Material
online). Although a number of phylogenetic studies have fo-
cused on hypolithic microbial communities’ composition, few
have included lower eukaryote diversity analyses (Pointing
et al. 2009; Rao et al. 2011; Gokul et al. 2013), and those

that exist are almost exclusively from cold desert habitats. A
recent study reported a number of uncommon fungal phylo-
types, such as Sclerotinia homeocarpa in Namib Desert soil
fungal communities (Ramond et al. 2014). Ascomycete phy-
lotypes have previously been identified in Antarctic hypolithic
fungal communities based on 18S RNA gene marker analysis
(Rao et al. 2011). Most of these phylotypes were related to the
genus Acremonium, while some sequences were affiliated to
Stromatonectria and Verrucaria. Other studies have found
that Ascomycetes and Basidiomycetes were patchily distrib-
uted in Antarctic mineral soils (Fell et al. 2006; Pointing
et al. 2009), whereas Ascomycetes had been reported as
the only fungal taxa present in hypolithic communities
(Khan et al. 2011). Free-living fungi are thought to be more
susceptible to environmental extremes than bacteria (Cowan
et al. 2014), However, the discovery of similar fungal ITS se-
guences from the Antarctic Ross Sea “expedition huts”
(wood-degrading fungal isolates) and from geographically
remote soils suggested that these fungal taxa were indigenous
to Antarctic soils but responsive to organic matter brought
into the region by the early Antarctic expeditions (Arenz
et al. 2006). These findings are in agreement with the view
that the degree of severity of an environment and the fungal
diversity are inversely correlated (Rao et al. 2011). In addition,
the lower fungal diversity of Antarctic hypoliths, compared
with  Namib Desert hypoliths, suggests that the cold
Antarctic Dry Valley desert soils represent the more ‘extreme’
of the two environments (i.e., has lower water bioavailability
and more extreme oligotrophy).

We found archaeal phylotypic sequences in even lower
proportions. Only 0.43% Antarctic sequences and 0.38% of
Namib Desert sequences matched with known archaeal phy-
lotypes. Our analysis indicated that Halobacteria and
Methanomicrobia (both  belonging to the phylum
Euryarchaeota) were predominant in both hypolith metagen-
omes. Nitrososphaerales (belonging to the phylum
Thaumarchaeota) were more numerous in the Namib Desert
metagenome (supplementary table S3, Supplementary
Material online). Nevertheless, our results further expand the
limited knowledge of archaea in these habitats. Archaea were
thought to be largely absent from both hot and cold desert
hypolithic communities, as early attempts to detect archaeal
rRNA genes using molecular methods were unsuccessful
(Smith et al. 2006; Warren-Rhodes et al. 2007; Pointing
et al. 2009). Archaeal 165 rRNA gene signals have only re-
cently been detected in Antarctic soils (Ayton et al. 2010;
Bates et al. 2011). By comparison, archaeal sequences (i.e.,
Euryarchaeota) made up 8-40% of the community in the salt
marsh located in the Thar Desert in the Kutch District of
Gujarat (India), presumably due to the halophilic nature of
this desert habitat (Pandit et al. 2014). The low occurrence
of archaea may be linked to their inability to tolerate the xeric
environmental stress conditions (Pointing et al. 2009), and
these taxa are not thought to play a significant role in the
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development or function of niche habitats such as desert
hypolithons (Khan et al. 2011).

Inferring Functional Capacity from Antarctic and Namib
Desert Hypolith Metagenomes

From a total of 867,382 ORFs in the Antarctic metagenome
and 396,495 ORFs in the Namib Desert metagenome, only
47% and 56% ORFs, respectively, could be assigned to func-
tional groups in the COGs database. To identify where the hot
and cold desert hypolith metagenomes differed in their ap-
parent functional capacity, a quantitative comparison of 23
COG functional categories was performed.

Significant differences between the two metagenomes
were observed in many categories (fig. 2), indicating distinct
genetic capacities between the two systems. The Antarctic
metagenome contained more genes assigned to categories
L, J, F, M, C, and O, whereas the Namib Desert metagenome
had more genes assigned to categories Q, G, K, T, R, and I.
The specific COG categories that were more abundant in the
Namib Desert metagenome included carbohydrate metabo-
lism and transport (G), secondary metabolite biosynthesis,
transport, and catabolism (Q) (fig. 2). This was mainly due
to a high number of proteins associated with permeases of
the major facilitator super-family (COG0477), and dehydroge-
nases (COG1028) (supplementary fig. S3, Supplementary
Material online). The predominance of genes related to

carbohydrate metabolism and associated processes in the
Namib Desert metagenome is probably related to seasonal
biomass production in the Namib Desert (Southgate et al.
1996), which provides an intermittent but regular source of
polymeric lignocellulosic substrates for heterotrophic metabo-
lism. In contrast, the extreme conditions of the Antarctic Dry
Valleys desert preclude the existence of any higher plants.
Nevertheless, the presence in the Antarctic soil metagenome
of degradative genes for polymeric substrates (such as lignins:
Chan et al. 2013) suggests alternative sources of polymeric
aromatic substrates, such as moss or algal tissues.

The predominance of the genes assigned to the processes
of replication, recombination and repair (L) in the Antarctic
metagenome may be due to a higher number of proteins
associated with bacterial transposases (COG2801) (supple-
mentary fig. S3, Supplementary Material online). The high
number of transposase genes allows us to speculate that mi-
croorganisms surviving in the more extreme Antarctic desert
soils acquire a competitive advantage from transposase-asso-
ciated evolutionary and adaptive processes (e.g., gene rear-
rangements, lateral gene transfer, etc.).

Genes Involved in Stress Response

To decipher the role of environmental stressors in hot and cold
hyperarid environments, we compared stress response genes
in the two metagenomes. Our analysis showed that about

95% confidence intervals
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Fic. 2.—Statistical analysis of functional gene analysis based on the COGs database.
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3.5% ORFs in the Antarctic and 3.9% in the Namib Desert
metagenomes could be assigned to genes implicated on stress
resistance using the SRP database (Blast P, E-value 1e 3)but
that only a low number of gene families were statistically sig-
nificantly different between the two datasets (fig. 3).

Two histidine kinases (desR and desK) known to be in-
volved in temperature regulation (Mascher et al. 2006) were
significantly enriched in the Namib Desert metagenome com-
pared with Antarctic metagenome. Six genes families (oxyR,
perR, cydA, cydB, fnr, and arcB) involved in oxidative stress and
oxygen limitation (LUthi et al. 1986; Melville and Gunsalus
1996; Kana et al. 2001; Chen et al. 2008) were also enriched
in the Namib Desert metagenome compared with the
Antarctic metagenome. In contrast, genes that were more
abundant in the Antarctic metagenome included pstB, ginA,
two sigma genes (sigma 24 and sigma 70), and opuE
[encoding a transport system for osmoprotective proline
uptake (Spiegelhalter and Bremer 1998)]. The gene pstB is
one of the four genes (pstS, pstC, pstA, and pstB) encoding
proteins required for phosphate transport via the Pst system
(Qi et al. 1997), while gInA (glutamine synthase) is subject to
transcriptional regulation in response to changes in nitrogen
availability (Reyes et al. 1997). One of two genes belonging to
the bglPH operon (bg/H), which is implicated in glucose utili-
zation, was present in both hypolith metagenomes. However,

no Namib Desert sequences could be assigned to the bg/P
gene (fig. 4).

In general, stress response genes were attributed to
common phyla in both hypolith metagenomes, including
Proteobacteria, ~ Bacteroidetes,  Actinobacteria,  and
Cyanobacteria (fig. 4). However, gene families implicated in
oxidative stress and oxygen limitation were more abundant in
the Namib Desert metagenome than in the Antarctic meta-
genome; conversely, sigma factor gene families were more
abundant in the Antarctic metagenome (fig. 3). No significant
differences were observed between two hypolith metagen-
omes in terms of other functional gene family categories: os-
molarity, nutrition limitation, and protein stress.

Moisture Stress Response

Water is the primary determinant of life in desert ecosys-
tems. In the Namib Desert, both rainfall and fog contrib-
ute to the annual precipitation budget (Henschel and
Seely 2008; Eckardt et al. 2012), and both have been
shown to be important for hot desert hypolithic commu-
nities (Pointing et al. 2007; Warren-Rhodes et al. 2007,
AzUa-Bustos et al. 2011). In Antarctic Dry Valley desert
soils, where precipitation is solely in the form of snow,
liquid water is derived from both snowmelt and the

Fic. 3.—Statistical analysis of functional gene analysis based on SRP database.
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Fic. 4—Heat-map of genes assigned to SRPs, with the proportion of sequences corresponding to taxonomic binning. (a) The Antarctic metagenome,

(b) the Namib Desert metagenome.

seasonally-melted permafrost layer (Cowan and Ah Tow
2004). In comparing the water budgets of the two envi-
ronments, it is evident that xeric stress is much greater in
Antarctica deserts than in Namib Desert soils.

Our analysis showed a higher proportion of genes affiliated
to replication, recombination and repair processes in the
Antarctic metagenome (fig. 2), which may be a consequence
of the higher desiccation levels (Hawes et al. 1992).
Conversely, our analysis showed a comparatively higher pro-
portion of genes linked to the metabolism and biosynthesis
COG categories in the Namib Desert, suggesting that this
community possesses a much higher metabolic capacity

(and therefore resilience) than Antarctic edaphic systems
(Cowan and Ah Tow 2004).

Comparison of Hyperarid Hypolith Metagenomes and
Other Biomes

Hypolithic communities present valuable models for exploring
niche differentiation in extreme environments. To further ex-
plore both the nature of hypolithic microbial community struc-
tures and the concept of niche differentiation in these habitats,
we compared the hot and cold hyperarid desert hypolithic
metagenomes to metagenomes from other edaphic biomes
including both hot and cold deserts, and nondesert soils.
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The two hyperarid hypolith metagenomes clearly contained
a higher proportion of genes assigned to SRPs than other
biomes (fig. 5a). In addition, both hypolith metagenomes
formed a statistically significant cluster with an AU value of
90% when we performed a cluster analysis of all biomes
based on the SRPs database (fig. 5b).

These results suggest that stress response elements in mi-
croorganisms inhabiting both hypolith niches, despite their
widely different thermal characteristics, are more similar to
each other than to those from organisms inhabiting open
soil niches. Our analysis therefore highlights the unique phys-
icochemical characteristics of the hypolithic habitat relative to
other systems. Exposure to high levels of desiccation provides
a valid explanation for the higher abundance of genes asso-
ciated with stress proteins (Chan et al. 2013).

When we analyzed all metagenomic datasets for genes
associated with the COG categories amino acid transport
and metabolism, we found that the two hypolithic metagen-
omes formed a unique cluster with very strong support (AU
value of 99%). Similar differential groupings of nucleotide
metabolism, transport elements (AU value of 89%), and
lipid transport and metabolism elements (AU value of 97%)
were also observed, supporting the view that hypolith com-
munities may harbor distinct physiological functions (supple-
mentary fig. S4, Supplementary Material online) compared
with open soil communities. The higher abundance in the
two hyperarid bacterial communities of the genes associated
with amino acid and nucleotides metabolism, which are
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commonly associated with osmoregulation in bacteria
(Harris 1981; Chan et al. 2013), may indicate that hypolithic
microbial communities have a higher capacity to respond to
osmotic stress than open soil communities.

The most striking observation from the cluster analysis of
hypoliths, cold, hot, and nondesert soil metagenomes was
found in the category for defense mechanisms, which in-
cluded genes involved in biosynthesis of antibiotic resistance
compounds (such as beta lactamases, streptomycin, and
chloramphenicol) (supplementary fig. S4, Supplementary
Material online). Both hypolith metagenomes showed more
similarity to desert soil metagenomes (AU value of 96%) than
to nondesert soil metagenomes. This finding is consistent with
the observation that desert and nondesert soil microbial com-
munities show differences in abundance in antibiotic resis-
tance genes and that genes associated with antibiotic
resistance were far less abundant in desert soils than in nonde-
sert soils (Chan et al. 2013).

We argue that the clustering of the metagenomic data is
clear evidence of niche differentiation. Niche differentiation,
the tendency for coexisting populations to occupy different
niches or environmental requirements, has been demonstrated
previously in microbial mats (Wong et al. 2015). However, this
is a relatively poorly defined concept for microbial communities
(compared to plants). Stress response is a valid niche dimension
for microbial communities in these conditions, and our results
have shown marked differences between hypoliths in hyper-
arid deserts versus other edaphic biomes.
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Fic. 5.—Cluster analysis of the two hyper arid hypolith metagenomes against other biomes based on the SRP database.
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Supplementary Material

Supplementary figures S1-S4 and tables S1-53 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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