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ORIGINAL ARTICLE

Environmental microarray analyses of
Antarctic soil microbial communities

Etienne Yergeau'®, Sung A Schoondermark-Stolk"”, Eoin L Brodie?, Sébastien Déjean®,
Todd Z DeSantis?, Olivier Gongalves*, Yvette M Piceno?, Gary L. Andersen® and

George A Kowalchuk"®

*Netherlands Institute of Ecology (NIOO-KNAW), Centre for Terrestrial Ecology, Heteren, The Netherlands;
2Ecology Department, Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA;
SInstitut de mathematiques, Universite Paul Sabatier, Toulouse, France; *Laboratoire ‘Microorganismes:
Géenome et Environnement’, UMR CNRS 6023, Universite Blaise Pascal, Clermond-Ferrand II, France and

*Institute of Ecological Science, Free University of Amsterdam, Amsterdam, The Netherlands

Antarctic ecosystems are fascinating in their limited trophic complexity, with decomposition and
nutrient cycling functions being dominated by microbial activities. Not only are Antarctic habitats
exposed to extreme environmental conditions, the Antarctic Peninsula is also experiencing
unequalled effects of global warming. Owing to their uniqueness and the potential impact of global
warming on these pristine systems, there is considerable interest in determining the structure and
function of microbial communities in the Antarctic. We therefore utilized a recently designed 16S
rRNA gene microarray, the PhyloChip, which targets 8741 bacterial and archaeal taxa, to interrogate
microbial communities inhabiting densely vegetated and bare fell-field soils along a latitudinal
gradient ranging from 51°S (Falkland Islands) to 72°S (Coal Nunatak). Results indicated a clear
decrease in diversity with increasing latitude, with the two southernmost sites harboring the most
distinct Bacterial and Archaeal communities. The microarray approach proved more sensitive in
detecting the breadth of microbial diversity than polymerase chain reaction-based bacterial 16S
rBRNA gene libraries of modest size (~190 clones per library). Furthermore, the relative signal
intensities summed for phyla and families on the PhyloChip were significantly correlated with the
relative occurrence of these taxa in clone libraries. PhyloChip data were also compared with
functional gene microarray data obtained earlier, highlighting numerous significant relationships
and providing evidence for a strong link between community composition and functional gene
distribution in Antarctic soils. Integration of these PhyloChip data with other complementary
methods provides an unprecedented understanding of the microbial diversity and community
structure of terrestrial Antarctic habitats.

The ISME Journal (2009) 3, 340-351; doi:10.1038/ismej.2008.111; published online 20 November 2008
Subject Category: integrated genomics and post-genomics approaches in microbial ecology
Keywords: Antarctic soil ecosystems; GeoChip microarray; microbial community structure; microbial
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Introduction

Antarctic environments are extraordinary in the
harshness of their climates, far more severe than
northern climates at similar latitudes (Convey,
2001). Antarctic food webs are consequently rela-
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tively simple, with a general absence of insect and
mammalian herbivores (Davis, 1981; Heal and
Block, 1987). Cold temperatures and low moisture
availability are probably the main limiting factors
responsible for the depauperate status of Antarctic
habitats (Kennedy, 1996). The relatively simplified
food-web structure of Antarctic terrestrial habitats
provides a reasonably tractable system to disentan-
gle the drivers of soil microbial activities and
the consequences of system perturbation. Recent
studies on the soils of this area have aimed to establish
baseline knowledge of microbial community struc-
ture and function across a range of environments,
and to assess the impacts of global warming (Lawley
et al., 2004; Brinkmann et al., 2007; Bokhorst et al.,
2007a, 2008; Yergeau et al., 2007a,b, c; Yergeau and
Kowalchuk, 2008). Environmental conditions, such
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as temperature and freeze—thaw cycles, appear to
have profound effects on soil microbial commu-
nities (Bokhorst et al., 2007a; Yergeau and Kowal-
chuk, 2008). Bacterial diversity, community
structure, abundance and functional gene density
were all reported to be affected to different degrees
by environmental conditions, most of the time in
interaction with the type of aboveground cover
(Yergeau et al., 2007a, b, c).

The application of microarrays to study complex
microbial communities is a relatively new practice,
but the rapid increase in genetic databases (Cole
et al., 2005; DeSantis et al., 2006) has facilitated the
development of comprehensive platforms encom-
passing the known range of bacterial and archaeal
diversity based on 16S rRNA gene sequences (for
example, the PhyloChip, Brodie et al., 2006; DeSan-
tis et al., 2007). The PhyloChip platform allows for
the simultaneous detection of 8741 bacterial and
archaeal taxa and has been shown to reveal a
broader range of diversity than modestly sized 16S
rRNA gene libraries for soil, water and aerosol
samples (Brodie et al., 2006, 2007; DeSantis et al.,
2007). However, it is not yet clear how such
PhyloChip results might be compared with more
traditional molecular methods like PCR-DGGE,
T-RFLP, cloning—sequencing and quantitative PCR,
or how such data can be integrated into studies of
microbial community ecology. Furthermore, micro-
array platforms are highly dependent on the amount
of information already known and cannot detect
taxa that have not been described earlier in
databases. Thus, it is imperative that such methods
be tested across novel environments, such as the
Antarctic soils examined in this study.

Most earlier reports about microbial communities
in Antarctic soils have relied on relatively labor-
intensive methods with low levels of taxonomic
resolution. With the increasing interest in linking
microbial identity and function, PhyloChip analyses
also offer the opportunity to link microbial commu-
nity composition with analyses of enzyme activity,
density of functional gene families and the distribu-
tion of nutrient-cycle-related functional gene
sequences. Thus, the aims of this study were: (1)
to determine the suitability of 16S rRNA gene
microarrays to monitor Antarctic soil bacteria and
archaea, (2) to describe Antarctic soil-borne bacterial
and archaeal communities using microarrays, there-
by providing a more complete description of
bacterial and archaeal diversity than possible ear-
lier, (3) to relate bacterial and archaeal community
composition and diversity to important environ-
mental parameters and (4) to assess the feasibility of
linking functional gene and 16S rRNA gene micro-
array data. To achieve these ends, the recently
expanded PhyloChip of DeSantis et al. (2007) was
used on PCR-amplified DNA directly extracted from
soils sampled at five different sites ranging from the
Falkland Islands (51°S) to Coal Nunatak (72°S),
with a comparison of extensively vegetated patches
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vs bare, fell-field environments. The resulting
patterns of bacterial and archaeal community com-
position and diversity were compared with similar
data recovered from clone libraries and real-time
PCR assays and integrated into studies of function,
including functional gene microarray analyses.

Materials and methods

Sampling sites

During the austral summer of 2003-2004, 2 x 2m
plots were established at the following sites (see
Supplementary Figure S1 for a map): the Falklands
Islands (cool temperate zone; 51°76'S 59°03'W),
Signy Islands (South Orkney Islands, maritime
Antarctic; 60°43’S, 45°38'W) and Anchorage Islands
(near Rothera Research Station, western Antarctic
Peninsula; 67°34’'S, 68°08'W). At each location, two
habitat types were selected for soil sampling: (1)
‘vegetated’, where dense vegetation cover was
present with retention of underlying soil, and (2)
‘fell-field’, with rocky or gravel terrain and scarce
vegetation or cryptogam coverage. Data with respect
to vegetation cover within these environments were
reported earlier (Bokhorst et al., 2007b). Twelve
plots were delineated per location, with half of the
plots positioned over each soil type. The Falkland
Islands fell-field habitat was not sufficiently exten-
sive to allow for such a design, and nine of the
twelve plots were therefore placed in the vegetated
environment. Two additional sites were chosen for
sampling, but without delineation of permanent
plots. Six frost-sorted soil polygons at two different
sites were sampled near Fossil Bluff (71°19’S,
68°18'W) and five adjacent polygons were sampled
at Coal Nunatak (72°03'S, 68°31'W).

Soil samples

For molecular analyses, five 1-cm-diameter (from
2-3 to 15cm deep, depending on the depth of soil
per habitat) cores were sampled from each plot or
polygon. They were frozen to —20°C as soon as
possible (within 24h) and maintained at that
temperature until further analysis. Material for soil
analyses was collected from a 10-cm-diameter core
taken directly adjacent to the established plots in
order to minimize destructive sampling in the long-
term plots. Sampling was conducted during 26-28
October 2004 for the Falkland Islands, during 2-3
January 2005 for Signy Islands, during 18-19
January 2005 for Anchorage Islands and during
22—23 February 2005 for Coal Nunatak and Fossil
Bluff.

Nucleic acid extractions

DNA was extracted from 500 mg soil samples after
bead-beating for 30s at 50ms™"' in a hexadecyl-
trimethyl-ammonium bromide (CTAB) buffer
using a phenol-chloroform purification protocol as
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detailed in Yergeau et al. (2007a). DNA extractions
were performed separately for each of the five
sub-samples taken per experimental plot. After
PCR-DGGE analysis that confirmed low intra-plot
variability (Yergeau et al., 2007a), equal volumes
of these five extractions were pooled to create
the mixed environmental DNA used for further
analysis.

Real-time PCR and PCR for microarray analyses
Real-time PCR quantifications for Acidobacteria,
Actinobacteria, Firmicutes, Alphaproteobacteria,
Betaproteobacteria and bacteria were performed
using primers and cycling conditions described in
Fierer et al. (2005). Real-time PCR quantifications
were carried out on soil DNA using Absolute QPCR
SYBR green mixes (AbGene, Epsom, UK) on a Rotor-
Gene 3000 (Corbett Research, Sydney, Australia) as
described earlier (Yergeau et al., 2007a). Known
template standards were made from plasmids con-
taining previously characterized full-length 16S
rRNA gene inserts. Samples and standards were
assessed in at least two different runs to confirm the
reproducibility of the quantification. Results of real-
time PCR quantifications for the different phyla/
classes are presented as a percentage of the total
number of bacteria, by dividing the phyla/class 16S
rRNA gene abundance by total bacterial 16S rRNA
gene abundance.

PCR amplification for microarray hybridization
was carried out using a bacterial-specific 16S rRNA
gene primer set (27f.1 and 1492R, DeSantis et al.,
2007) and an archaeal-specific 16S rRNA gene
primer set (4fa (5-TCCGGTTGATCCTGCCRG-3')
and 1492R). Both for bacteria and archaea, four
independent PCRs were performed in a C1000
thermocycler (BioRad, CA, USA) with annealing
temperatures of 48, 51.9, 54.4 and 58 °C and pooled.
For reagent composition of PCR mixture and
detailed PCR conditions, see DeSantis et al. (2007).
PCR products originating from each location—vege-
tation type combination were further pooled
together to provide one sample per location—
vegetation type combination to give a total of 12
representative samples. These pooled samples were
then concentrated to a volume of <40pul with a
Microcon YM100 spin filter (Millipore, Billerica,
MA, USSSSA). Five hundred nanograms of
bacterial PCR product and 100ng of archaeal PCR
product were subsequently used per microarray
hybridization.

PhyloChip processing, scanning and probe set scoring
Most samples were assessed on two independent
chips (technical duplicates), with the exception of
Fossil Bluff and Coal Nunatak samples, for which
only one hybridization worked satisfactorily. Dupli-
cates were processed separately, and the resulting
data were combined. The pooled PCR products of
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each sample were spiked with known concentra-
tions of amplicons derived from yeast and bacterial
metabolic genes. This mix was fragmented to
50—200 bp using DNase I (0.02 U pg~* DNA, Invitrogen,
Carlsbad, CA, USA) and One-Phor-All buffer
(GE Healthcare, Piscataway, NJ, USA) following
the manufacturer’s protocols. The mixture was then
incubated at 25°C for 20 min and 98 °C for 10 min
before biotin labeling with a GeneChip DNA label-
ing reagent kit (Affymetrix, Santa Clara, CA, USA)
following the manufacturer’s instructions. Next, the
labeled DNA was denatured at 99 °C for 5min and
hybridized to custom-made Affymetrix GeneChips
(16S rRNA genes PhyloChips) at 48°C and 60rpm
for 16h. PhyloChip washing and staining were
performed according to the standard Affymetrix
protocols described by Masuda and Church (2002).

Each PhyloChip was scanned and recorded as a
pixel image, and initial data acquisition and
intensity determination were performed using stan-
dard Affymetrix software (GeneChip microarray
analysis suite, version 5.1). Background subtraction,
data normalization and probe pair scoring were
done essentially as reported earlier (Brodie et al.,
2006; DeSantis et al., 2007). The positive fraction
(PosFrac) was calculated for each probe set as the
number of positive probe pairs divided by the total
number of probe pairs in a probe set. Taxa were
deemed present when the PosFrac value exceeded
0.92. We used the resulting binary data (taxon
presence—absence) directly after this step for some
analyses. Technical replicate data were merged by
considering a taxon as present if one or both
technical replicates identified it as present, and
averaging the intensity values of the present taxa.
For relative abundance analyses, relative taxon
signals were calculated by dividing the average
signal of the probes targeting a given taxon by the
total average signal for all the taxa identified as
present. The relative abundance of taxa whose
PosFrac did not exceed 0.92 was set to zero (since
these taxa are scored as absent). Relative abundance
values represent the fraction of the summed
intensity that is because of a single taxon. These
data were used directly for single taxon-level
analyses and summed up to the phylum or family
level for other analyses.

Other data

Complete soil analyses and detailed soil biological
characterization of the sites are available in Yergeau
et al. (2007a). For the analyses presented in this
study, we used the following soil parameters: NH,",
NOj; and total N concentrations, pH, C:N ratio, soil
water and organic matter content. All other mole-
cular data were collected from the same DNA
extracts used for the PhyloChip analyses. Clone
library data consisted of 192 16S rRNA gene
sequences per sample, and a detailed description
of this dataset is presented in Yergeau et al. (2007c).



Functional gene microarray analyses were carried
out using the GeoChip (He et al., 2007) and are
presented in Yergeau et al. (2007b).

Statistical analyses

Mantel tests were based on Mantel’s r (r,,) with 999
permutations and were performed in P Legendre’s
statistical software (Casgrain and Legendre, 2001).
The choice of similarity indices for the different
datasets followed the rationale outlined in Legendre
and Legendre (1998): Steinhaus similarity (one-
complement of Bray—Curtis distance) for taxon
relative abundance, Jaccard similarity for the pre-
sence or absence of taxon and Gower similarity for
soil data. Principal coordinates analyses (PCoA)
were carried out with taxon relative abundance data
in P Legendre’s statistical software, whereas the
phylum and functional gene information was en-
tered in ordination graphs as supplementary vari-
ables, that is, variables that did not interfere in the
calculations. The effects of the location and plant
cover on the community structure as determined
by phylogenetic microarray analysis were tested
by distance-based redundancy analysis (db-RDA)
(Legendre and Anderson, 1999) with 999 permuta-
tions in Canoco 4.5 for Windows (ter Braak and
Smilauer, 2002). Canonical correspondence analyses
were also carried out in Canoco as follows: relative
taxon abundance was used as ‘species’ data,
whereas soil and environmental data were included
in the analysis as ‘environmental’ variables. All
correlation analyses (Pearson r or Spearman r,) were
carried out in Statistica 7.0 (StatSoft Inc., Tulsa, OK,
USA). Correlations were considered significant at a
P<0.05 baseline and to be nearly significant at
0.05<P<0.10. GeoChip and PhyloChip datasets
were related to each other using regularized cano-
nical correlation analyses (RCCorA) in the R package
(Gonzilez et al., 2008). The strongest associations in
the resulting graphs were identified by calculating
Bray—Curtis distance and Pearson’s linear corre-
lation between functional genes and taxa.

Results

Community structure and phyla-sites association

Of the 8741 taxa represented on the PhyloChip, 616
were detected in at least one sample across our
different study sites. Between 106 and 427 taxa were
detected per sample, with 87 taxa being common to
all samples. Principal coordinate analysis (PCoA) of
the community composition at the taxon level
(using relative intensity data) showed a clear
separation of sites, mainly between Fossil Bluff
and Coal Nunatak and the other sites (Figure 1).
These last two sites were separated from all the
other sites on the first ordination axis, which
explained a large part of the total variation
(65.5%). The second ordination axis explained
much less variation (12.8%), separating the two
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Falkland Islands environments from the Signy and
Anchorage environments. Vegetated environments
from Signy and Anchorage Islands are grouped
together in the ordination. Superimposition of the
summed phylum-level data (Supplementary
Table S1) over the ordination of the sampling
sites allowed for visualization of the association of
these phyla with particular sites. Some phyla
showed relatively higher presence at some sites
(Supplementary Table S1 and Figure 1). For instance,
Alphaproteobacteria, Bacteroidetes and Firmicutes
were present more at Fossil Bluff and Coal Nunatak.
Cyanobacteria were also, in general, present more in
these southernmost sites. Actinobacteria were present
more in the Falkland Islands than in any other site,
whereas the remaining taxa were less abundant in
Fossil Bluff and Coal Nunatak samples.

Community structure in relation to soil factors, location
and presence of vegetation

Distance-based redundancy analysis (db-RDA) of the
relative abundance data at the taxon level showed a
significant effect of location on community structure
(P=0.0090). No such effect was observed with
respect to vegetation cover (P=0.2940). Similar
analyses using presence—absence (binary) data
showed the same relationships and similar signifi-
cance levels. Mantel tests were also performed to
examine whether soil factors or geographical distance
between sites was significantly correlated with
similarity in community composition. Geographical
distance had a nearly significant effect on community
composition (r,, =—0.204, P=0.0940). Similarity in
soil physico-chemical characteristics was not related
to similarity in bacterial and archaeal community
composition (r,=0.00429, P=0.4240). Canonical
correspondence analyses were used to highlight the
effect of individual soil or environmental factors on
the community structure at the taxon level. Using the
relative intensity data, latitude (P=0.0280) and pH
(P=0.0080) were the only two factors chosen by
forward selection. Altogether, they formed a model
that significantly explained the taxon—environmental
variables relationships (P=0.0010). Correlation
analyses were used to characterize further the
association of phyla/classes relative abundance with
specific soil factors. Chloroflexi and Betaproteobac-
teria were negatively and significantly correlated to
soil pH, whereas Firmicutes and Verrucomicrobia
showed significant positive correlations with soil pH.
Chloroflexi and Planctomycetes were positively and
significantly correlated with soil water and organic
matter content. Betaproteobacteria and Crenarcheao-
ta showed nearly significant (0.05<P<0.10) positive
correlations with soil NH,” concentration. Further-
more, Betaproteobacteria was significantly and
positively correlated with soil NO3 and total N.
Planctomycetes and Chloroflexi also showed
significant positive correlations with soil total N.
Actinobacteria, Euryarcheota, Epsilonproteobacteria
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Figure 1 Principal coordinates analysis (PCoA) ordination based on Steinhaus similarity of the relative abundances of taxa detected in
Falkland (FI), Signy (SI) and Anchorage (Al) Islands and Fossil Bluff (FB) and Coal Nunatak (CN) soil samples. Phylum/class data (blue
arrows) and functional gene categories (red arrows) were added to the graph as supplementary variables (not involved in calculation) to
show the relative repartition of phyla/classes and functional gene categories at the different sites. See Supplementary Table S1 for more
details about the relative abundance of taxa for the different sites. Axis 1=65.5%, axis 2=12.8%.
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Figure 2 Number of taxa retrieved in Falkland (FI), Signy (SI)
and Anchorage (AI) Islands and Fossil Bluff and Coal Nunatak
soil samples estimated from cloning—sequencing using a 97%
sequence identity cut-off (in black, from Yergeau et al., 2007c) or
PhyloChip-based identification (black + gray) compared with the
estimated richness (Chao 1) calculated from clone libraries (black
dots). The error bars show 95% confidence intervals of the Chao 1
index.

and Verrucomicrobia decreased significantly with
increasing latitude, whereas Cyanobacteria increased
with increasing latitude.

Community composition compared with clone libraries
and real-time PCR

The relative signal intensity on the PhyloChip
was summed at the phylum or family level and
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compared with similar data from clone libraries
(number of clones associated with a taxa/total
number of clones) and from real-time PCR (number
of 16S rRNA genes for a taxa/total number of
bacterial 16S rRNA genes). At the phylum level
(Supplementary Table S1), the PhyloChip and the
clone libraries were significantly correlated
(r,=0.515, P<0.0001, N=120), as were the clone
library and the real-time PCR data (r,=0.660,
P<0.0001, N=36), but no significant correlation
was found between the PhyloChip and the real-time
PCR data (r;=0.032, P=0.855, N=36). When
comparing data from each sampling site/vegetation
cover combination separately, the PhyloChip and
the clone library data were still significantly
correlated (r, from 0.541 to 0.716 and P from 0.003
to 0.037, N=15). At the family level, it was only
possible to compare the PhyloChip with the clone
libraries, and that comparison also yielded highly
significant results (r;=0.212, P<0.0001, N=344).

Number of taxa and families detected

The number of taxa detected using the PhyloChip
was significantly and inversely correlated with
latitude (r=-0.791, P=0.019, N=8). The number
of taxa detected by the PhyloChip was also
significantly correlated with the taxon numbers
recovered in the clone libraries (r=0.835, P=0.010,
N=38), as well as the Chao 1 richness estimations
calculated from these data (r=0.832, P=0.010,
N=38). However, the number of different taxa
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Table 1 Number of families uniquely detected in clone libraries and on the PhyloChip and shared families that were detected using both
methods in soil samples from Falkland, Signy and Anchorage Islands, Fossil Bluff and Coal Nunatak

Clone only (% of total) Shared (% of total) PhyloChip only (% of total) Total
FI vegetated 2 (1.5) 14 (10.5) 117 (88.0) 133
FI fell-field 3 (2.2) 20 (14.9) 111 (82.8) 134
SI vegetated 8 (6.7) 10 (8.4) 101 (84.9) 119
SI fell-field 8 (6.8) 13 (11.1) 96 (82.1) 117
Al vegetated 10 (8.5) 17 (14.5) 90 (76.9) 117
Al fell-field 4(3.2) 11 (8.9) 109 (87.9) 124
FB 16 (27.1) 3 (5.1) 40 (67.8) 59
CN 8 (11.4) 3(4.3) 59 (84.3) 70
All 12 (6.8) 39 (22.2) 125 (71.0) 176

Abbreviations: Al, Anchorage Island; CN, Coal Nunatak; FB, Fossil Bluff; FI, Falkland Islands; SI, Signy Island.

detected using the PhyloChip was generally much
higher than in the clone libraries (Figure 2).
Although Chao 1 estimates were higher for a
majority of samples, the taxon numbers detected
on the PhyloChip were within the 95% confidence
interval of the estimated richness (Chao1) calculated
from the clone libraries (Figure 2). Similarly, the
number of families detected was always higher on
the PhyloChip than in the clone libraries (Table 1).
However, for Fossil Bluff and Coal Nunatak soils, a
relatively higher proportion of families unique to the
clone libraries was present, compared with the other
soils. The pooling of technical replicates increased
the number of taxa detected in Falkland, Signy and
Anchorage Islands samples by an average of 56 taxa
(with a range of 33-77 taxa). On an average, the
Fossil Bluff and Coal Nunatak samples harbored 171
and 116 fewer taxa, respectively, than other samples
(before pooling). Therefore, the fact that these two
samples did not have technical replication most
probably did not influence the trends in diversity
observed here.

Relationship between functional gene and 16S rRNA
gene microarray data

To determine whether phylogenetic community
structure, based on the PhyloChip analysis, was
related to the distribution of microbial genes
involved in nutrient cycling, we compared Phylo-
Chip data with those gathered earlier from the same
sites with the GeoChip (Yergeau et al., 2007b).
High-order functional and taxonomic information
was first used to determine the general trends in
the datasets. A simplified representation of the
relationships is shown in Figure 1. Noteworthy
associations observed in this figure include: chit-
inase and mannanase—Bacteroidetes; CH,-oxida-
tion genes—Alphaprotoebacteria, and cellulase—
Actinobacteria. Furthermore, Mantel tests showed
that communities with more similar taxon composi-
tions were also more closely related in their
functional genes. Significant correlations were
found between the similarities calculated from the
taxon relative abundance and the relative abun-

dance of functional genes related to the N-cycle
(1= 0.745, P=0.0050), C-cycle (1, =0.677, P=0.0220)
and CH, transformations (r,, = 0.887, P=0.0010).

To gain further insight into the relationships
between environments, functional genes and taxa,
RCCorA were performed. When using all the
sampling sites, a clear dichotomy between Fossil
Bluff and Coal Nunatak vs all other sites appeared
(similar to Figure 1). To gain more detailed insight
into taxon-functional genes—environment relation-
ships, additional RCCorA analyses were performed
excluding these two sites (Figure 3). Positive
relationships can be visualized as the proximity of
functional genes and taxa, and the most significant
relationships are normally further away from the
origin, thus outside the small, central circle in
Figure 3. The top panel of Figure 3 is useful to
identify sites for which particular functional
genes—taxa relationships are strongest. This can be
done by comparing the relative position of the sites
in the top panel with the position of the taxa and
functional genes in the bottom panel. As a large
number of positive relationships are visible in
Figure 3, two indices were used to identify the
strongest relationships (Table 2). Bray—Curtis
distances identified functional gene—taxa pairs that
occurred at similar relative abundances in different
samples, discarding double absences, whereas
Pearson’s correlation identified linear correlations
between genes and taxa, including double-absence
data. Depending on the region where they occurred
in Figure 3, associations were arbitrarily categorized
into nine groups (circled with letters A-]) to
facilitate discussion (Table 2). By comparing
the top and bottom panels of Figure 3, these
groups could be associated to different environ-
ments: A to Falkland Islands fell-field sites, B to
both Falkland Islands environments, C to Falkland
Islands vegetated environments and Signy and
Anchorage Islands fell-field environments, D and E
to Signy and Achorage Islands fell-field environ-
ments, F and H to Signy and Anchorage Islands
vegetated environments, G to Anchorage Islands
vegetated sites and J to Signy Islands vegetated sites
(Figure 3).
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Figure 3 Regularized canonical correlation analysis of functional gene—taxon relationships for Falkland, Signy and Anchorage Islands.
The upper panel of the figure depicts relationships between the different sampling sites, and the lower panel shows relationships
between functional genes and taxa. Coordinates used to plot genes and taxa in the lower panel are correlation coefficients (between
initial variables and canonical variables) and, consequently, data points are normally inside a circle of radius 1. A smaller circle (of
radius 0.5) was added to highlight the most relevant relationships, which should occur in the zone between the two circles. Genes and

taxa that were found to be most highly correlated to each other were further circled in green, lettered and reported in Table 2. Red dots:
functional genes, Blue dots: taxa.
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Table 2 Twenty-five highest Pearson correlations and twenty-five lowest Bray—Curtis distances between the relative abundance of
individual genes from the GeoChip and individual taxa from the PhyloChip for samples from Falkland, Signy and Anchorage Islands

Rank Bray—Curtis Correlation
Distance GeoChip PhyloChip Group T GeoChip PhyloChip Group
1 0.005 nirK Euryarcheota A >0.999 nifH Actinobacteria E
2 0.006 mmoA Alphaproteo. E >0.999 gdh Actinobacteria A
3 0.014 mcrA Actinobacteria G >0.999 Laccase Euryarchaeota A
4 0.016 amoA Betaproteo. D >0.999 Unknown Firmicutes A
5 0.019 nifH Deltaproteo. E >0.999 nifH Bacteroidetes F
6 0.022 Chitinase Bacteroidetes B >0.999 Chitinase Acidobacteria A
7 0.023 narG Actinobacteria A >0.999 gdh Chloroflexi A
8 0.028 amoA Acidobacteria D >0.999 Cellulase Bacteroidetes D
9 0.028 Urease Unclassified C >0.999 amoA Gammaproteo. C
10 0.029 nirS Gammaproteo. F >0.999 nirK Unclassified A
11 0.030 narG Actinobacteria A >0.999 Chitinase Acidobacteria A
12 0.033 Laccase Bacteroidetes F >0.999 Laccase Actinobacteria A
13 0.034 Polygalac. Gammaproteo. C >0.999 Laccase Bacteroidetes F
14 0.036 Chitinase unclassified D >0.999 Chitinase Acidobacteria A
15 0.037 nifH Actinobacteria G >0.999 C-fixation Bacteroidetes D
16 0.038 Laccase Betaproteo. D >0.999 Polygalac. Actinobacteria A
17 0.043 C-fixation Alphaproteo. C >0.999 Cellulase Actinobacteria G
18 0.044 Urease Bacteroidetes na >0.999 Urease Alphaproteo. D
19 0.047 Cellulase Actinobacteria H >0.999 C-fixation Gammaproteo. A
20 0.047 Urease Firmicutes na >0.999 Laccase unclassified A
21 0.047 Mannanase Actinobacteria B >0.999 Chitinase Gammaproteo. B
22 0.047 Cellulase Actinobacteria D >0.999 nifH Deltaproteo. E
23 0.049 Laccase Acidobacteria D >0.999 Cellulase Firmicutes A
24 0.049 nosZ Chloroflexi ] >0.999 Cellulase Alphaproteo. E
25 0.050 Cellulase Deltaproteo. E >0.999 amoA Gammaproteo. C

Groups refer to the groups identified in Figure 3.

Discussion

Distribution of bacterial and archaeal taxa in Antarctic
soils

High-quality hybridization patterns were observed
across all study sites, including low-biomass sam-
ples, such as Fossil Bluff and Coal Nunatak.
However, the number of bacterial and archaeal taxa
detected in individual samples was lower than that
reported earlier for PhyloChip analyses of temperate
soil environments (Brodie et al., 2006; DeSantis
et al., 2007). The number of bacterial and archaeal
taxa detected on the PhyloChip significantly de-
creased with increasing latitude, with a large
reduction in the southernmost sites (Fossil Bluff
and Coal Nunatak). This pattern agrees well with
diversity estimates based on 16S TrRNA gene
libraries (Yergeau et al., 2007c), as well as reported
decreases in the diversity of other Antarctic terres-
trial organisms with increasing latitude (Smith,
1992; Wynn-Williams, 1996; Sohlenius and Bos-
trém, 2005; Peat et al., 2006). This pattern is thought
to be related not only to decreases in temperature at
higher latitudes, but also to concomitant decreases
in water and nutrient availability (Kennedy, 1993).
Interestingly, studies of northern latitudinal gradi-
ents have not shown such latitudinal patterns in
bacterial diversity, suggesting that other environ-
mental factors were more important in steering soil

bacterial diversity (Neufeld and Mohn, 2005; Fierer
and Jackson, 2006). Decreasing biodiversity with
latitude is one of ecology’s most fundamental
patterns (Willig et al., 2003), and it would be
interesting to examine more closely whether these
observations are indeed indicative of true differ-
ences in general patterns of microbial diversity
between the southern and northern hemispheres.

The southernmost sites (Fossil Bluff and Coal
Nunatak) were clearly distinct from all other sites
(Figure 1) with respect to bacterial and archaeal
community composition. The main influencing
factor in the community composition dataset was
latitude or location, as confirmed by multivariate
tests (db-RDA and Mantel tests). This dichotomy
between the southernmost sites and the other study
sites was also observed in earlier studies along
comparable Antarctic latitudinal gradients for soil
bacterial community composition (using PCR-DGGE
and PLFA), abundance (using real-time PCR, PLFA
and CFU counts), diversity (using cloning—sequen-
cing) and functional gene distribution (using func-
tional gene microarrays and real-time PCR) (Yergeau
et al., 2007a,b,c). Similarly, PhyloChip results
revealed that several phyla (for example, Actino-
bacteria, Cyanobacteria, Epsilonproteobacteria,
Euryarcheota and Verrucomicrobia) were correlated
with latitude, being associated with either the
northernmost or southernmost sites.
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The general presence of vegetation did not exert a
significant direct effect on community structure as
determined by PhyloChip analysis at the taxon
level. This might be related to the fact that the
vegetation cover and environmental conditions at
the Falkland Islands are quite different than the
ones found at Signy and Anchorage Islands
(Bokhorst et al., 2007b). Indeed, similarly vegetated
environments from Anchorage and Signy Islands
grouped together in ordinations, separate from the
vegetated environments from the Falkland Islands
(Figures 1 and 3), suggesting a location-dependant
vegetation effect on community structure. Although
vegetation in general was not having a strong
effect on total community composition, some phyla
(for example, Chloroflexi and Planctomycetes)
were positively correlated to vegetation-related soil
factors like soil water and organic matter content.

Combining data from functional gene and 16S rRNA
gene microarray analyses

To the best of our knowledge, this study is the first
attempt to combine functional gene and 16S rRNA
gene microarray data. The novel use of Mantel tests,
ordination and RCCorA allowed several interesting
relationships to be gleaned from the data, including
a relationship between Bacteroidetes and decom-
position-related genes like chitinase and manna-
nase, which seemed to be associated with the Fossil
Bluff and Coal Nunatak environments. Members of
this phylum are recognized for their ability to
degrade polymers (Multiple Authors, 2006) and
were found frequently in Antarctic clone libraries,
particularly in the most extreme, bare, nutrient-poor
soils (Aislabie et al., 2006; Yergeau et al., 2007c).
CH,-related genes and Alphaproteobacteria also
followed similar distribution patterns, being most
prevalent at the Fossil Bluff and Coal Nunatak sites.
Interestingly, clone libraries indicated that these two
sites were dominated by pink-pigmented methylo-
trophic bacteria from the genus Methylobacterium,
members of the Alphaproteobacteria (Yergeau et al.,
2007c). Using Mantel tests, significant correlations
were observed between the site similarity on the
basis of taxon relative abundance from the Phylo-
Chip and the similarity based on C- or N-cycle
gene relative abundances from the GeoChip. This
supports the notion that the functional genes
detected in soils are strongly linked to community
composition as determined by 16S rRNA gene-based
analyses.

RCCorA was used to obtain more detailed
information about associations between particular
phylogenetic taxa and functional genes. At this level
of analysis, the amount of information involved
precludes succinct, yet comprehensive, interpreta-
tion of all the data. Two different indices were
therefore used to calculate association strengths and
highlight the most significant relationships. Using
this approach, three different taxa belonging to the
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Actinobacteria were found to be associated with
cellulase genes (Table 2, Bray—Curtis ranks 19 and
22; correlation rank 17), and each of these associa-
tions occurred across a range of environments
(mainly on Signy and Anchorage Islands, groups
D, G, H; see Figure 3). Several members of the
Actinobacteria are indeed known to be able to
degrade cellulose, and these data suggest that
different Actinobacterial taxa may be involved in
this process depending on the environment.

For the cases discussed above, it is likely that the
coupled PhyloChip and GeoChip signals were
derived from the same microbial populations. How-
ever, for several associations this was clearly not the
case. For instance, Bacteroidetes taxa were related to
different genes involved in decomposition, (Table 2,
Bray—Curtis ranks 6 and 12; correlation ranks 8 and
13), which is in agreement with the high-level
information reported above. However, these associa-
tions were probably not indicating that all these
genes were found in Bacteroidetes taxa, especially
in the case of laccase, which is almost exclusively
found in fungi and plants (Mayer and Staples, 2002).
Similarly, it is well established that the Gammapro-
teobacteria and Acidobacteria do not contain terres-
trial ammonia-oxidizing bacteria (Kowalchuk and
Stephen, 2001); yet, taxa from these two phyla were
strongly associated with different bacterial amoA
genes. Apparently, there is some overlap in the
demonstrated environmental preferences of differ-
ent ammonia oxidizer species (Kowalchuk et al.,
2000) and members of these two unrelated groups.

Phylogenetic inferences can often be drawn from
the probes incorporated into the GeoChip, but
functional gene phylogeny does not always match
the 16S rRNA gene phylogeny, thereby hampering
complete genetic comparison across these two
microarray platforms. Even with such restrictions,
the statistical methods used allowed us to link these
different datasets at the functional gene/taxon level.

Comparison of the PhyloChip data with other
molecular microbial community data

The PhyloChip has already been compared with
clone library data from soil as a proof of concept
(DeSantis et al., 2007) or with a limited number of
samples (Brodie et al., 2006). We attempted here to
compare the data retrieved using the PhyloChip
with clone libraries and real-time PCR data from a
range of soils. One of the major advantages of the
PhyloChip was that in a single hybridization it
revealed significantly broader diversity than clone
libraries composed of almost 200 clones (Figure 2).
The numbers of taxa detected by the PhyloChip
were often in the range of the total richness
estimated from clone library analyses. This indi-
cates that the PhyloChip provided a more complete
view of bacterial and archaeal diversity in the
Antarctic soils than modestly sized 16S rRNA gene
libraries, similar to what has been reported recently



for other environments (Brodie et al., 2006, 2007;
DeSantis et al., 2007). At the family level, the
PhyloChip also detected a larger number of families
than the clone libraries (Table 1). However, com-
pared with earlier reports (Brodie et al., 2006;
DeSantis et al., 2007), we found a relatively large
proportion of families that were uniquely detected
in the clone libraries, especially for the southern-
most sites (Fossil Bluff and Coal Nunatak). This is
probably because of the fact that such microarray
platforms are based on previously recovered
sequence information, and resulting databanks have
a poorer coverage of microbial groups resident to
seldom-studied, extreme environments. In such
environments, gene discovery methods, such as
clone libraries, represent a necessary complement
to phylogenetic microarray analyses, at least until
more studies evaluate the microbial diversity pre-
sent in these environments. It should also be
stressed that even though the microarray platform
offered a more complete view of the microbial
diversity in our soils, the sensitivity of the method
limited our analysis to the detection of the most
dominant community members. Furthermore,
potential biases associated with DNA extraction
and PCR amplification still exist.

It was earlier reported for aerosol samples that
there was a poor correlation between the proportion
of clones recovered from a particular taxon and the
intensity of the fluorescent signal for that given
taxon (Wilson et al.,, 2002). However, we found
highly significant correlations between the relative
abundance at the phylum and the family level in
Antarctic soil samples when comparing clone
library and PhyloChip data (relative intensity),
supporting the quantitative potential of the Phylo-
Chip recently shown for simple mixtures of bacterial
species (Brodie et al., 2007). The values of these
correlations were, however, relatively low, suggest-
ing that biases and error still influence the results of
one or both of the approaches. We observed that the
agreement between the PhyloChip and the clone
library data was strongest for those bacterial and
archaeal groups that are most studied (Supplemen-
tary Table S1), which would be expected given the
aforementioned reliance on information present in
public databases. For instance, values obtained from
the PhyloChip and the clone libraries for the
Proteobacteria were very similar, whereas large
differences were observed for less-well-studied
groups like Verrucomicrobia and Acidobacteria
(Supplementary Table S1).

We found no significant correlation between real-
time PCR and PhyloChip data for the microbial
groups analyzed by both methods. This might not be
surprising as the fundamental detection mechan-
isms and the associated limitations on quantitative
analyses differ between these methods. It should
also be emphasized that the real-time PCR assays
relied on different primer binding sites than those
used for probing on the array, making the analyses
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independent. Furthermore, probe signals were a
summation of signals derived from multiple specific
signals within a phylum, whereas real-time PCR
results were generated by the use of group-specific
primers. Even when using probes and primers
targeting the exact same site, correlations between
real-time PCR and microarray intensity are not
perfect (for example, r=0.87 in Rhee et al., 2004).
Here again, both methods obviously rely on avail-
able sequence data for primer and probe design and
may either miss some members of the target phyla
(incomplete coverage) or overlap with the related
phyla (incomplete specificity). The former case
(incomplete coverage) might be especially true for
Antarctic soils, which potentially contain many
novel organisms. Interestingly, when applying the
same approach in temperate grasslands, significant
correlations were often found (r between 0.324 and
0.867, EE Kuramae et al., unpublished results).
Incomplete primer specificity could also play a role,
as this has been shown for some primers used in this
study (Fierer et al., 2005).

Conclusions

PhyloChip analyses across a range of Antarctic
soils yielded ecological conclusions that were
highly consistent with earlier literature based on
other, more traditional molecular methods (that is,
PCR-DGGE, cloning—sequencing, real-time PCR).
However, the level of detail realized using the
PhyloChip was much higher. Combined analysis of
the PhyloChip and the GeoChip data uncovered
several relevant associations between taxa and
functional genes, with a strong coupling between
functional gene distribution and taxonomic compo-
sition of the bacterial and archaeal community.
Polyphasic strategies, including use of PhyloChip
and GeoChip microarrays, offer the opportunity to
unravel microbial community structure and func-
tion in the unique and vulnerable habitats of the
Antarctic.
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