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Abstract The McMurdo Dry Valleys region of eastern
Antarctica is a cold desert that presents extreme challenges
to life. Hypolithic microbial colonisation of the subsoil sur-
faces of translucent quartz rocks represent a signiWcant
source of terrestrial biomass and productivity in this region.
Previous studies have described hypoliths as dominated by
cyanobacteria. However, hypoliths that occur in the lower
Dry Valleys such as the Miers, Garwood and Marshall Val-

leys are unusual as they are not necessarily cyanobacteria-
dominated. These hypoliths support signiWcant eukaryal
colonisation by fungi and mosses in addition to cyanobacte-
ria-dominated bacterial assemblages and so have consider-
able ecological value in this barren landscape. Here, we
characterise these novel hypoliths by analysis of environ-
mental rRNA gene sequences. The hypolithic community
was demonstrated to be distinct from the surrounding soil
and non-translucent rocks. Hypoliths supported cyanobac-
terial signatures from the Oscillatoriales and Nostocales.
Other heterotrophic bacterial signatures were also recov-
ered, and these were phylogenetically diverse and spanned
8 other bacterial phyla. Archaeal phylotypes recovered
were phylogenetically aYliated with the large group of
unclassiWed, uncultured Crenarcheota. Eukaryal phylo-
types indicated that free-living ascomycetous fungi, chloro-
phytes and mosses (Bryum sp.) were all supported by these
hypoliths, and these are thought to be responsible for the
extensive eukaryotic biomass that develops around quartz
rocks.
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Introduction

In the cold deserts of the Antarctic Dry Valleys, there is little
or no evidence of macroscopic biological structures. How-
ever, closer examination of this ecosystem shows substantial
evidence of cryptic biological communities in the form of
endo-, chasmo- and hypolithic habitats (Cowan and Ah Tow
2004). Hypolithic microbial communities, referred to as
hypolithons, appear as a layer of growth attached to the
underside of various translucent rock types, including Xint
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(Berner and Evenari 1978), limestone (Cockell and Stokes
2004), gypsum (Hughes and Lawley 2003) and sandstone
(Friedmann and Ocampo 1976). However, the majority are
associated with translucent quartz rocks (Warren-Rhodes
et al. 2006; Warren-Rhodes et al. 2007) (Fig. 1). As hypo-
lithic communities are primarily photosynthetic, comprising
mainly cyanobacteria and unicellular algae (Thomas 2005),
suYcient translucence of the overlying rock to allow for ade-
quate light penetration is essential (Schlesinger et al. 2003).
In the extreme conditions of the Antarctic Dry Valley region,
the hypolithic habitat constitutes an environmental refuge,
where the overlying rock provides protection from intense
UV irradiation and from scouring by the strong katabatic
winds (Friedmann 1982). Cyanobacteria-dominated hypo-
lithic communities have been described in cold deserts
(Smith et al. 2000; Cockell and Stokes 2004; Wood et al.
2008; Pointing et al. 2009; Wong et al. 2010) as well as hot
deserts (Schlesinger et al. 2003; Warren-Rhodes et al. 2006,
2007; Pointing et al. 2007). The hypolithic communities
described from the Antarctic Dry Valley mineral soils (Cary
et al. 2010) are believed to be the main primary producers in
this terrestrial environment, contributing signiWcant carbon to
the ecosystem in the form of biomass (Broady 1981).

Culture-based studies analysing Antarctic soil microbial
diversity have suggested that although some endemic bacte-
rial species could be identiWed, the majority of species were
cosmopolitan in nature and restricted to a limited number of
taxa (Cowan and Ah Tow 2004). More recently, phylogenetic
analyses of Antarctic soil bacterial communities have identi-
Wed a very wide range of taxa (Smith et al. 2006; Niederber-
ger et al. 2008) with up to 50% of the sequences retrieved
assigned as members of uncultured clades (Smith et al. 2000,
2006; Aislabie et al. 2006). Archaeal 16S rRNA signals have
only recently been detected in Antarctic soils (Ayton et al.
2010; Bates et al. 2010) although driving factors for their
diversity and abundance are poorly understood. The eukary-
otic diversity in Antarctic soils is also poorly characterised.
Yeast, yeast-like and Wlamentous fungi are widely dispersed
but in low abundance (Sun et al. 1978; Vishniac 1996).

The physiological role of Antarctic desert soil microbial
populations is currently not understood (Cary et al. 2010).

It has been proposed that due to the environmental
extremes of surface soils, their physical instability and low
frequency of photoautotrophs, surface soils do not consti-
tute stable and functional microbial communities (Cary
et al. 2010). Conversely, hypolithic habitats do support sta-
ble, metabolically active communities. Such communities
show measurable rates of carbon Wxation (Cockell and
Stokes 2004) and have been identiWed as major contributors
to regional carbon input budgets. Most recently, hypoli-
thons have been shown to actively Wx nitrogen at rates that
suggest that they may also be important in regional N bud-
gets (Cowan et al. 2011a).

Although cyanobacterial hypoliths have been character-
ised from hot (Schlesinger et al. 2003; Warren-Rhodes et al.
2006) and cold deserts (Smith et al. 2000) including mari-
time locations (Wood et al. 2008) and high inland Dry Val-
leys (Pointing et al. 2009), the unique hypoliths in Miers
Valley with their extensive eukaryotic biomass extending
from the quartz substrates (Fig. 1) have not previously been
characterised phylogenetically. Here, we present a phyloge-
netic survey of multi-domain diversity in these hypoliths. In
this study, we address questions of whether hypolithon com-
munities represent an extension of general soil populations,
and whether such physically isolated communities constitute
a homogeneous and consistent microbial diversity. These
questions are relevant to understanding the developmental
pathways of spatially separated microbial ‘refugia’.

Materials and methods

Sample collection

Hypolith samples were collected from the lower slopes
of the Miers–Marshall range in the Miers Valley, eastern
Antarctica (S78°05.01�-S78°05.921�, E163°49.496�-
E163°48.149�), during the austral summer seasons of 2005,
2006 and 2008. Hypolithic communities were collected
from the bottom and lower slopes of the valley where suit-
able translucent quartz substrates and hypolithic colonisation
were not observed (Cowan et al. 2011b). For each hypolith

Fig. 1 Typical hypolithic com-
munities associated with the 
underside of translucent quartz 
rocks in the Miers Valley. 
Quartz rock colonised by hypol-
ithons are characteristically 
embedded in the mineralised 
soil. a Type III moss-dominated. 
b Type I cyanobacterial-
dominated hypolithon, 
with cyanobacteria Wrmly 
adhered to the rock
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(HL) sample collected (14 HL samples in total), two control
samples were collected: soil from under a nearby non-trans-
lucent rock (NTR) (the top 1–2 cm of soil beneath an appro-
priate rock located within 1 m2 of the hypolithon collected)
and an open soil control (OS) (the top 1–2 cm of uncovered
soil collected from four points within a 1 m radius of the
hypolithon site, mixed thoroughly). Hypolithic communities
were collected from the underside of partially embedded
quartz rocks of >3 cm2. Samples were recovered aseptically
with a steel spatula that was swabbed with alcohol between
each collection. All samples were placed in sterile polyethyl-
ene Whirl–Pak bags, stored at <0°C in the Weld and during
transport and then at ¡80°C until required.

Carbon analysis

Fractions (2–6 g) of hypolithic and control soil samples
were ground in a Retsch MM 2000 ball mill to homogenise
and reduce particle size. The equipment was thoroughly
washed with water and 70% (v/v) alcohol and dried
between samples. Soil carbonates were removed by acid
digestion as described by Midwood and Boutton (1998).
Percentage organic carbon was determined using a TruSpec
Carbon/Nitrogen determinator (LECO Corp., St. Joseph,
MI, USA) at the Stable Isotope Laboratory at the Univer-
sity of Waikato, Hamilton, NZ.

Environmental DNA extraction

In the Weld, metagenomic DNA extraction from all samples
was conducted using the FastDNA® SPIN® Kit for soil
(Bio101® Systems) or the UltraClean™ Soil DNA Kit (MO
BIO Laboratories, Inc.). Both kits included a bead-beating
step, carried out using a FastPrep bead-beater (Bio101).
Extractions were carried out as described in the manufactur-
ers’ instructions. In the laboratory, metagenomic DNA was
extracted from soils using a modiWcation of the bead-beating
method described by Miller et al. (1999). DNA was ana-
lysed by agarose gel (1% w/v) electrophoresis and viewed
using the AlphaImage (AlphaInnotech) imaging system and
quantiWed using the Qubit™ Xuorometer (Invitrogen™).

AmpliWcation of phylogenetic marker genes

Universal PCR primers targeting small subunit rRNA genes
(bacteria, cyanobacteria, archaea and eukarya) for the
DGGE and clone library experiments, and the reaction and
cycling conditions are shown in Table S1.

Denaturing gradient gel electrophoresis (DGGE)

PCR products ampliWed with DGGE primers (Table S1)
were separated on 9% (w/v) polyacrylamide gels contain-

ing a chemical denaturing gradient as described by Muyzer
et al. (1993). Electrophoresis was performed using the Bio-
Rad DCode™ DGGE system at a constant 100 V for 16 h
in 1£ TAE at 60°C. Gels were stained (0.5 �g/ml ethidium
bromide in 1£ TAE for 10 min), destained (1£ TAE for
10 min) and visualised using the AlphaImage (AlphaInno-
tech) imaging system. Qualitative analysis of DGGE pro-
Wles and banding patterns was performed using
GelCompar® II, version 5.0 (Applied Maths). Each band
identiWed in a Wngerprint was considered as an OTU (oper-
ational taxonomic unit). Bands were indicated as present or
absent, and band matching was used as the comparison
function. All bands were assigned a band class, with bands
having the same or similar migration grouped.

Clone libraries and sequence analysis

Bacterial and archaeal 16S rRNA, eukaryotic 18S rRNA and
fungal ITS libraries were constructed from two hypolith
types: Type I (cyanobacteria-dominated, H-library 1) and
Type III (moss-dominated, H-library 2) (Cowan et al. 2010).
The primers used are shown in Table S1. PuriWed PCR prod-
ucts were cloned in pTZ57R/T vector (Fermentas), and col-
ony PCR (Woodman 2008) using M13 primers was
performed to verify insert sizes (Woodman 2008). Plasmid
DNA was isolated using the silica plasmid minipreparation
method (Brown 1997) for clone analysis. ARDRA analysis
of the cloned inserts was performed, and inserts displaying
diVerent ARDRA patterns were sequenced. Sequencing was
performed using the MegaBACE 500 Automated Capillary
DNA Sequencing System (Amersham Biosciences).
Sequences were edited using Chromas (Technelysium) and
assembled in DNAMAN Version 4.15 (Lynann Biosoft).
Approximate phylogenetic aYliations were determined using
BLAST searches of NCBI GenBank database and sequence
matching using the RDP database (Cole et al. 2009). The
sequence accession numbers for all sequences retrieved in
this study are listed as supplementary data (Table S7). Align-
ments were created using ClustalX v.1.81 (Thompson et al.
1997) with reference to sequences selected from the Gen-
Bank database. Phylogenetic analysis was performed using
both GARLI (Genetic Algorithm for Rapid Likelihood Infer-
ence) 0.96 beta (Zwickl 2006) and PAUP* 4.0b10 (SwoVord
2001). Maximum likelihood analysis was used to illustrate
relationships of the rRNA gene sequences to representative
taxa. Bayesian posterior probabilities and bootstrap values of
1,000 replications were calculated and are shown for branch
nodes supported by more than 50% of the trees.

Statistical analysis

Alpha diversity indices (Shannon’s Index, Simpsons Diver-
sity Index, Pielou’s Evenness) were calculated using
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untransformed data (Tramer 1969; Peet 1975; Alatalo
1981). Band-matching proWles (S2–S6) were used to con-
struct similarity matrices for multi-dimensional scaling
(MDS) (3-D) and group separation statistic analysis using
Gelcompar® II, version 5.0 (Applied Maths). Clustering
was based on proximity in the 3-dimensional space.

Results

Biomass determinations

Analysis of the organic carbon content of the Miers Valley
samples indicated that although low (<1 g C kg¡1 soil)
when compared to samples from temperate climates (e.g.
10.5 kg C m¡2 in savannah grasslands) (Zhong and Qiguo
2001), the HL samples had on average a Wvefold higher
total organic carbon (TOC) content than the OS and NTR
samples (Table 1). The high standard deviation and vari-
ance values for the HL samples indicated that the samples
diVer widely in their TOC content, which may be attributed
to the size and composition of the community (for example,
varying amounts of moss) and diVerences in the entrain-
ment of mineral particles. Similarly, higher yields of
metagenomic DNA were obtained for hypolithon samples
(c.f. OS and NTR samples) (Table 1).

Community diversity assessment using DGGE

Gross microbial biodiversity was determined for HL, NTR
and OS samples using DGGE (Figures S2-S6). MDS analy-
sis of bacterial-speciWc 16S rRNA DGGE Wngerprints sepa-
rated the community proWles into two distinct groups, with
two outliers (Fig. 2a). The HL communities are largely
clustered into two separate groups: Group 1 (65%) and
Group 2 (29%) with the remainder being unclustered. The
control NTR and OS communities clustered exclusively in
Group 2 (100 and 86% respectively) (Fig. 2a). We interpret

these data as follows, taking account of the fact that DGGE
proWles only represent a limited number of dominant phylo-
types (Muyzer and Smalla 1998). Firstly, hypolithic com-
munities are not homogeneous and fall into at least two
separate clusters. This is consistent with recent observa-
tions of phenotypic distinctions in hypolithons (Cowan
et al. 2010). Secondly, the NTR and OS communities are
more similar to each other, suggesting that the microbial
communities outside the hypolithic refugia are reasonably
homogeneous. Thirdly, some (particularly Group 2) hypo-
lithic communities share phylotypes with the soil and non-
translucent rocks, indicating that these are, in part, an
extension of the wider edaphic soil communities. This is
substantiated by the group separation statistics results
(Table 2), which indicate that grouping NTR and OS com-
munities separately is not statistically supported and these
communities would be better represented as a single group
and that grouping hypolithic communities together was
more stable (Table 2). The HL communities consistently
contained slightly greater diversity and species richness
(Table 3); however, the number of individuals represented
by each OTU was low (H approaches Hmax). Interestingly,
the HL communities were more similar to NTR (21.43%)
than to OS (14.29%) (Table 2). This is not surprising since
similar environmental conditions (with the exception of
light transmission) exist in both lithic microhabitats.

MDS of the cluster analysis data revealed two coherent
clusters: Group 1 dominated by HL-associated cyanobacte-
ria, while those from the NTR and OS samples clustered in
Group 2 (Fig. 2b). This clearly shows that the cyanobacte-
rial populations of hypolithons do not represent a contin-
uum from open soil communities: i.e. the hypolithon
phylotypes are distinct. Although the hypolithic cyanobac-
terial populations are more similar to each other than to the
non-hypolithic samples (79% based on group statistics,
Table 2), several proWles were widely dispersed (Fig. 2b),
indicating that the cyanobacterial populations are distinct in
certain hypoliths. The species richness for cyanobacteria
was almost half that detected for the total bacteria
(Table 3), reXected by the percentage cyanobacterial OTUs
identiWed relative to the total bacterial signals.

Using a nested-PCR approach, Archaeal-speciWc 16S
rRNA ampliWcation was achieved from HL, NTR and OS
samples. MDS analysis of the DGGE Wngerprints
(Fig. 2c) shows one cluster that includes representatives
from all three sample types. While many data points are
widely dispersed, suggestive of multiple archaeal commu-
nity proWles, the scale for MDS is extremely small (<0.05)
and, on a larger scale, would cluster together tightly. We
suggest that if more samples were analysed, it is likely
that all samples would form a signiWcant and coherent
cluster. This is emphasised by the overall group statistic
(i.e. grouping HL, OS and NTR as separate communities),

Table 1 Analysis of percentage organic carbon content (C) and
metagenomic DNA (mDNA) yields (�g DNA g¡1 soil) in the hypolithic,
non-translucent rock and open soil samples

a SD = Standard deviation
b Var(P) = Variance

Hypolith Non-translucent 
rock

Open soil

Average (C) 0.72 0.14 0.15

SDa 0.37 0.04 0.04

Var(P)b 0.13 0.00 0.00

Average (mDNA) 11.01 2.28 2.01

SDa 3.09 0.76 1.40

Var(P)b 9.58 0.57 1.97
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which is extremely low (27%, data not shown), indicating
that the grouping of HL, OS and NTR samples separately
is not well supported. As expected, the archaeal diversity
was much lower than the bacterial diversity (Aller and
Kemp 2008).

Analysis of lower eukaryote diversity using 18S rRNA
and ITS sequences showed broadly similar patterns to the
prokaryote diversity. MDS analysis of the 18S rRNA
DGGE Wngerprints resulted in four clusters (Fig. 2d).
Groups 1 and 3 consist solely of HL-derived proWles, while
the NTR and OS proWles clustered in Groups 2 and 4. The
eukaryotic hypolithon clusters were stable (86%, Table 2),
and the lack of stability for the NTR and OS groupings
(27.3 and 9.1%, respectively, Table 2) may indicate a high
degree of microscale heterogeneity in open soils. MDS
analysis of the ITS1 fungal Wngerprints generated two clus-
ters representing NTR- and OS-derived proWles, while the
HL fungi were unclustered (one proWle clustered in Group
2) (Fig. 2e). The HL communities formed the most stable
grouping (78.6%), and due to the high similarity shared
between the NTR and OS fungal communites, clustering
them separately was unstable (Table 2). All three sample
types displayed relatively high fungal diversity and species
richness (Table 3).

A global analysis of the community proWles was per-
formed to compare the overall similarity of HL, NTR and

OS communities by MDS analysis (Fig. 3). The composite
data set contained the similarity results of all bacterial,
cyanobacterial, archaeal, lower eukaryote and fungal
Wngerprints. The majority (92%) of composite community
proWles cluster into one of two groups. Group 1 consists of
proWles identiWed in NTR and OS samples (90% for both),
together with 36% of the HL proWles. Group 2 consists
solely of HL-derived community proWles. Although the
scale of dimensioning was small (<0.2) due to a high
degree of similarity between samples, the diVerences were
suYcient to support the clustering. Greater stability in the
grouping statistics is achieved when the NTR and OS pro-
Wles are grouped together (Table 4).

Clone libraries

Bacterial, archaeal and eukaryotic libraries were con-
structed from two HL samples (HL-1 and HL-2), summa-
rised in Table 5. Many of the 16S rRNA sequences (32.4
and 56% in library HL-1 and HL-2, respectively) could
only be assigned as unidentiWed bacteria (Table 5), often
similar to sequences obtained from phylogenetic studies of
a variety of other soil systems. However, for those
sequences that could be assigned to a known phylum, cer-
tain trends were apparent. The majority (44%) of the cloned
sequences that could be identiWed to a genus level in the

Table 2 Group separation statistics (jackknife method) indicating the stability (%) of grouping the hypolithic, non-translucent rock and open soil
communities separately

To use table, read from top downwards

16S Fingerprints derived from the 16S rRNA DGGE

Cyan Fingerprints derived from the cyanobacterial-speciWc 16S rRNA DGGE

Arch Fingerprints derived from the archaeal-speciWc 16S rRNA DGGE

18S Fingerprints derived from the 18S rRNA DGGE

ITS Fingerprints derived from the fungal-ITS1-speciWc DGGE

Hypolith Non-translucent rock Open soil

16S Cyan Arch 18S ITS Comp 16S Cyan Arch 18S ITS Comp 16S Cyan Arch 18S ITS Comp

HL 64.29 79 57 85.7 78.6 50 14.29 9 100 18.2 18.2 0 0 0 50 0 9.1 0

NTR 21.43 14 14 14.3 21.4 28.6 42.86 36 0 27.3 18.2 36.4 71.43 55 25 90.9 36.4 36.4

OS 14.29 7 29 0 0 21.4 42.86 55 0 54.5 63.6 63.6 28.57 45 25 9.1 54.5 63.6

Table 3 Diversity indices calculated for the hypolithic (n = 14), non-translucent rock (n = 11) and open soil (n = 11) communities based on com-
munity Wngerprinting proWles

a Species richness in terms of number of OTUs

Bacteria Cyanobacteria Archaea Eukaryotes Fungi

HL NTR OS HL NTR OS HL NTR OS HL NTR OS HL NTR OS

Species richnessa 120 109 109 52 49 42 22 18 18 63 58 61 124 127 122

Evenness 0.966 0.97 0.971 0.959 0.96 0.959 0.92 0.941 0.95 0.968 0.98 0.969 0.962 0.97 0.966

Shannon index (H) 4.625 4.548 4.556 3.791 3.736 3.586 2.844 2.721 2.746 4.011 3.978 3.981 4.639 4.698 4.638

Maximum Shannon index (Hmax) 4.787 4.691 4.691 3.951 3.892 3.738 3.091 2.89 2.89 4.143 4.06 4.111 4.82 4.844 4.804
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HL-1 library belong to the phylum Cyanobacteria
(Table 5). Two orders of cyanobacteria were identiWed,
Nostocales (Nostoc sp.) and Oscillatoriales (Leptolyngbya
sp.), which together comprise approximately 84% of all the
cyanobacterial sequences detected (Fig. 4). Sequences
assigned as members of the �-, �- and �-Proteobacteria
comprised 20.6% of the sequences detected, while mem-
bers of Bacteroidetes, Actinobacteria, Acidomicrobia and
Verrucomicrobia were represented less abundantly (4.4,
8.8, 4.7 and 1.5%, resepectively) (Table 5). In the HL-2
library, only 2 phyla were clearly identiWed: the Actinobac-
teria were the dominant group (37%) followed by the Pro-
teobacteria (7%) (Table 5). Cyanobacteria were not
detected in this library.

Archaeal phylotypes were identiWed in both hypolith
samples, and all were 98–99% identical to uncultured
archaeal 16S rRNA gene sequences from other environ-
mental studies. ClassiWcation of these to the genus level

was not possible, and all clustered with the uncultured Cre-
narcheota (Fig. 5). This clustering was not surprising as
only a few Archaea have been cultured, classiWed and val-
idly published, and only recently have archaeal 16S rRNA
gene signals been detected in Antarctic environments
(Ayton et al. 2010; Bates et al. 2010). Cloning and
sequencing the DGGE bands may be used in future to fur-
ther investigate the archaeal communities in these Antarctic
soils as more phylotypes were detected in the archaeal
DGGE proWles than were detected in the sequences from
the archaeal clone libraries.

ITS primers ampliWed only moss and chlorophyte phylo-
types, while 18S rRNA gene primers yielded amplicons
assigned to moss, chlorophyte and fungal taxa (Table 5).
The Type I hypolith (HL-1) clone library was dominated by
the moss genus Pottia (taxonomic revision has reclassiWed
many species from this genus to the genus Hennediella
(Zander 1993)), while the Type III hypolith (HL-2) was

Fig. 2 MDS analysis of bacterial and eukaryal rRNA gene phylotypes recovered from hypolithic and control sites in Miers Valley. Note: The
orientations of the multi-dimensional boxes have been manipulated to present the best view of groups in 2-dimensions
123
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dominated by the moss genus Bryum. Chlorophyte
phylotypic signals, tentatively identiWed as Stichococcus
(77–78% identity to S. mirabilis: Table 5) were identiWed
by both primer sets, but only in the Type I hypolith. Fungal
phylotypes, assigned to the family Ascomycota, were iden-
tiWed in both hypolith samples. Ascomycete species have
previously been found to be associated with the moss
Bryum argenteum in Antarctica (Bradner et al. 2000). Two
protist sequences (Alveolata) were detected in the Type III
hypolith.

Discussion

In this study, we have undertaken a wide-ranging phyloge-
netic assessment of prokaryotic and lower eukaryotic diver-
sity in lithic and soil niches in Antarctic desert soils, and we
have clear evidence of the specialised nature of the lithic

niches. In response to the simple question ‘Are hypolithic
communities extensions of the microbial diversity in the
surrounding open soils?’, our DGGE data are unequivocal.
While there is obviously considerable commonality in
diversity between the two niches, in each of a number of
major taxonomic groupings (Fig. 2a–e), hypolithic commu-
nity phylotypes cluster separately and distinctly from open
soil diversity. This mirrors the Wndings for hypoliths in
high inland Dry Valleys locations, where hypoliths were
also distinct from surrounding soils (Pointing et al. 2009).
Cluster analysis and multi-dimensional scaling revealed
that the grouping of hypolithic communities were highly
stable, while the two control niches (non-translucent rock
and open soil communities) also grouped stably (Fig. 3).
We therefore conclude that hypolithic environments repre-
sent a distinct biotope. We note, however, that hypolithic
community Wngerprints, while lying largely outside the
control groups, do not in most cases form tight coherent
clusters. We suggest that this indicates substantial diVer-
ences in community structure within individual hypolith
communities. Therefore, the answer to our second question
‘Are all hypolithons equal?’ is also clearly negative. This
conclusion is entirely consistent with the recent observation
that diVerent structural classes of hypolithic communities

Fig. 3 MDS analysis of the composite data set. Note: The orientation
of the multi-dimensional box has been manipulated to present the best
view of groups in 2-dimensions

Table 4 Group separation statistics (jackknife method) showing sta-
bility (%) of grouping when non-translucent rock (NTR) and open soil
(OS) communities are grouped together

Hypolith Non-translucent 
rock + open soil

Hypolith 71.4 0

Non-translucent rock + open soil 28.6 100

Table 5 Percentage phylotype abundance in the hypolith Type I (HL-1)
and Type III (HL-2) clone libraries

HL-1 HL-2

Cyanobacteria 44 0

Nostocales 2.9 0

Oscilliatoriales 20.6 0

UnidentiWed Cyanobacteria 4.4 0

Bacteroidetes 4.4 0

Actinobacteria 8.8 37

Proteobacteria 20.6 7

Acidomicrobia 4.7 0

Verrucomicrobia 1.5 0

UnidentiWed bacteria 32.4 56

Eukaryotes (ITS library)

Chlorophyta (Stichococcus mirabilis) 17 0

Moss Superclass V; Hennediella 83 0

Moss Superclass V; Bryum 0 100

Eukaryotes (18S library)

Moss Superclass V 83 71

Moss Superclass 5; Pottia (re-classiWed 
as Hennediella)

83 0

Chlorophyta 9 0

Fungi; Ascomycota 4 14

Fungi; environmental samples 0 5

Protists; Alveolata 0 5

Protists; Ichthyosporea 0 5
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exist in the Antarctic Dry Valleys (Cowan et al. 2010)
although such physical variation has not been reported from
other cold or hot desert systems.

Habitat discrimination

A more detailed analysis of the MDS data suggests that
diVerent taxonomic groups show diVerent levels of habitat

discrimination. For instance, the archaeal signals show no
statistically signiWcant separation (Fig. 5), suggesting that these
phylotypes are equally distributed across open soil and hypo-
lithic habitats and that they may be more homogenous than
the bacterial or eukaryote communities in the Dry Valleys.
Given the limited information available on the physiological
function of the low-temperature archaea and the undiVeren-
tiated archaeal diversity in hypolithic, non-translucent rock

Fig. 4 Unrooted neighbour-
joining phylogenetic tree repre-
senting the relationship of 
cyanobacterial 16S rRNA genes 
recovered (in bold type) from 
Type I and Type III hypolithons 
in the Miers Valley, Antarctica. 
Sequence code preWx denotes 
hypolith type: 1A for Type I 
hypolith and 3-1A for Type III 
hypolith. All sequences were 
edited to the longest common 
region. GenBank accession 
numbers are shown in parenthe-
ses. Percentage bootstrap values 
(1,000 replicates) are shown at 
the nodes (>50% only). The 
scale-bar indicates 0.005 nucle-
otide changes per position
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and open soil habitats, we might conclude that this group of
microorganisms do not play a key role in the development
or function of mature hypolithons.

Conversely, the cyanobacterial Wngerprints are well sep-
arated (Fig. 2b) and well supported by the 16S rRNA diver-
sity and phylogenetic assignment data (Tables 3, 5). The
species richness values for cyanobacteria were almost 50%
of the total bacterial species richness values. This result is
consistent with the accepted major role of cyanobacteria in
hypolithic communities (Wood et al. 2008; Pointing et al.
2009; Wong et al. 2010) and observations that cyanobacte-
rial phylotypic signals are either present at low levels or
absent in low-altitude Dry Valley soils (Smith et al. 2006).

Diversity

Diversity indices showed that bacteria, including cyanobac-
teria, contributed to the greatest species richness in all the

environments, followed by Fungi and then Archaea. The
evenness values for all biotopes approached 1, indicating an
even distribution of individuals among the OTUs. The
Shannon diversity indices calculated for total bacterial,
cyanobacterial and archaeal populations were always
higher in hypolithic communities than non-translucent rock
and open soil communities, while for the eukaryotic (partic-
ularly fungal), diversity was high in all communities. How-
ever, fungal diversity may be overestimated as ITS
sequences may yield more variants within species rather
than greater species diversity (Huelsenbeck et al. 1996).

Hypolithon diversity

Hypolithic communities in the Antarctic Dry Valleys have
been classiWed into three physically distinct types: cyano-
bacteria-dominated (Type I), fungus-dominated (Type II)
and moss-dominated (Type III) (Cowan et al. 2010, 2011a, b).
In this study, the phylogenetic diversity within Type I and
Type III hypolithons was analysed using clone libraries. As
for previous phylogenetic surveys (e.g., Smith et al. 2006;
Aislabie et al. 2006; Wood et al. 2008; Pointing et al.
2009), both samples contained a surprisingly high phylo-
typic diversity. Actinobacteria were major (Type I) or dom-
inant contributors (Type III) to the phylotypic catalogues.
Given that organisms assigned to this primary clade are
ubiquitous in soil environments globally (Felske et al.
1997; Rheims et al. 1999; Piao et al. 2008), this is not sur-
prising, but the very high proportion of sequences assigned
as ‘environmental uncultured’ category (Table S7) attests
to the presence of a large uncharacterised diversity. Actino-
bacterial abundance and diversity was signiWcantly greater
in the Type III hypolith (Table 5; Fig. 6), and all the phylo-
types identiWed were unique to the hypolith type.

Cyanobacteria are considered to be the most abundant
and important primary producers in Antarctic terrestrial
habitats (Smith et al. 2006; Wood et al. 2008; Pointing
et al. 2009), particularly in the hypolithic environments
(Smith et al. 2000; Taton et al. 2003; Pointing et al. 2009)
and their distribution in the Antarctic Dry Valleys is known
to be non-homogeneous (Friedmann et al. 1988). Hypoli-
thons in the Vestfold Hills have been shown to predomi-
nantly consist of Chroococcidiopsis-like cyanobacteria
(Smith et al. 2000), while in the McKelvey Valley they
consisted exclusively of Oscillatoriales (dominated by Lep-
tolyngbya) (Pointing et al. 2009). Previous studies in the
Miers Valley identiWed Chroococcales, Nostocales and
Oscillatoriales in the open soils (Wood et al. 2008). In this
study, cyanobacteria were exclusive to the Type I hypolith,
and the majority belonged to the orders Nostocales and
Oscillatoriales and Chroococcidiopsis were not detected
(Fig. 4), indicating the potential for both diazotrophy and
photoautotrophy (Wong et al. 2010). Cyanobacteria

Fig. 5 Unrooted neighbour-joining phylogenetic tree representing the
relationship of archaeal 16S rRNA genes recovered (in bold type) from
Type I and Type III hypolithons in the Miers Valley, Antarctica.
Sequence code preWx denotes hypolith type: 1Aarch for Type I hypo-
lith and 3-1Aarch for Type III hypolith. All sequences were edited to
the longest common region. GenBank accession numbers are shown in
parentheses. Percentage bootstrap values (1,000 replicates) are shown
at the nodes (>50% only). The scale-bar indicates 0.2 nucleotide
changes per position
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dominance is not unique to Antarctic hypoliths and is wide-
spread in other cold deserts. The Tibetan Tundra hypoliths
are colonised predominantly by Chroococcidiopsis and

Phormidium-like taxa, followed by Leptolyngbya, Nostoc
and Oscillatoria species (Wong et al. 2010), while Arctic hyp-
oliths are dominated by Gloeocapsa and Chroococcidiopsis

Fig. 6 Unrooted neighbour-
joining phylogenetic tree repre-
senting the relationship of 
actinobacterial 16S rRNA genes 
recovered (in bold type) from 
Type I and Type III hypolithons 
in the Miers Valley, Antarctica. 
Sequence code preWx denotes 
hypolith type: 1A for Type I 
hypolith and 3-1A for Type III 
hypolith. All sequences were 
edited to the longest common 
region. GenBank accession 
numbers are shown in parenthe-
ses. Percentage bootstrap values 
(1,000 replicates) are shown at 
the nodes (>50% only). The 
scale-bar indicates 0.02 nucleo-
tide changes per position
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(Cockell and Stokes 2004, 2006). However, hypoliths
devoid of cyanobacteria, as was found for the Type III hyp-
olith in this study, have not previously been reported. It is
suggested that the absence of cyanobacteria in the Type III
library was due to low abundance of cyanobacteria in the
moss-dominated community and insuYcient sampling of
the clone library.

The factors inXuencing variations in cyanobacterial
colonisation are not well understood and are likely to be
complex. The widely diVerent regions and climatic zones
(even within the Antarctic continent) and variables such
as latitude, altitude and mean temperature may be impor-
tant factors in dictating colonisation and/or survival
(Cowan et al. 2010, 2011a). Recent studies suggest that
soil atmospheric humidity, rather than soil water content,
plays an important role in meeting the water require-
ments of cyanobacteria and therefore inXuences the
diversity, distribution and development of cyanobacterial
communities, particularly in the Dry Valleys (Smith
et al. 2006; Wood et al. 2008; Cary et al. 2010; Cowan
et al. 2011b).

Archaea have, until recently, been thought to be absent
in both hot and cold desert hypoliths, as repeated attempts
to detect archaeal rRNA genes using molecular methods
have been unsuccessful (Smith et al. 2006; Pointing et al.
2007; Warren-Rhodes et al. 2007; Pointing et al. 2009).
Therefore, very little is known of their ecological role. In
this study, seven diVerent archaeal phylotypes were
detected from the two hypolith types, and all clustered with
the uncultured Crenarchaeota (Fig. 5). This was similarly
observed in Tibetan tundra hypolithons, although 90% of
the phylotypes detected were dominated by a single cre-
narchaeota phylotype (Wong et al. 2010). Although the
phylotypes recovered are not phylogenetically diverse, the
detection of archaea in the Antarctic open soil and non-
transluscent rock samples demonstrates that their distribu-
tion in cold deserts is more widespread than originally
believed, albeit more homogenous than the bacteria or
lower eukaryotes. This low abundance and diversity of
archaeal phylotypes in Antarctic soils has been shown in a
previous study (Ayton et al. 2010).

The eukaryotic libraries were dominated by moss phylo-
types, belonging to either the Pottia (Hennediella) or the
Bryum genera. The presence of moss as the dominant pho-
totroph in the Type III hypolith (B. argenteum and D.
staphylina, Table S7) is consistent with the assignment of
this sample as a Type III hypolith (Cowan et al. 2010). The
dominance of Pottia in the Type I hypolith is interesting
since there was no visible moss growth observed. However,
this was similarly reported for the Tibetan tundra hypoli-
thons, and it has been proposed that they represent a resting
community awaiting more favourable conditions for germi-
nation (Wong et al. 2010).

Temporal implications

This study represents a ‘snapshot’ of speciWc soil commu-
nities within the Miers Valley. Re-sampling the same com-
munities at diVerent time intervals will assist in
determining whether community structures change with
changing environmental conditions and over time. Rising
collectors’ curves for the bacterial and eukaryote libraries
indicate that sampling of these communities has not been
exhausted by the study, and also that the archaeal DGGE
proWles were not reXected in the clone libraries indicating
inadequate coverage. However, the depth of this study has
been suYcient to highlight that our understanding of the
microbial community structure and their function in this
extreme habitat is far from complete. As with other recent
studies (Ayton et al. 2010; Bates et al. 2010), archaeal sig-
nals have been detected in the Antarctic Dry Valleys soils.
However, their contribution to the microbial ecology of the
Dry Valleys remains to be explored. In addition, this study
has shown that although hypoliths create microenviron-
ments for the development of specialised communities,
there are factors interacting within these niche environ-
ments, the dynamics of which are not yet understood, that
aVect the community development and structure.
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