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Soil-borne microbial communities were examined via a functional gene microarray approach across
a southern polar latitudinal gradient to gain insight into the environmental factors steering soil N-
and C-cycling in terrestrial Antarctic ecosystems. The abundance and diversity of functional gene
families were studied for soil-borne microbial communities inhabiting a range of environments from
511S (cool temperate – Falkland Islands) to 721S (cold rock desert – Coal Nunatak). The recently
designed functional gene array used contains 24 243 oligonucleotide probes and covers 410 000
genes in4150 functional groups involved in nitrogen, carbon, sulfur and phosphorus cycling, metal
reduction and resistance and organic contaminant degradation (He et al. 2007). The detected N- and
C-cycle genes were significantly different across different sampling locations and vegetation types.
A number of significant trends were observed regarding the distribution of key gene families across
the environments examined. For example, the relative detection of cellulose degradation genes was
correlated with temperature, and microbial C-fixation genes were more present in plots principally
lacking vegetation. With respect to the N-cycle, denitrification genes were linked to higher soil
temperatures, and N2-fixation genes were linked to plots mainly vegetated by lichens. These
microarray-based results were confirmed for a number of gene families using specific real-time PCR,
enzymatic assays and process rate measurements. The results presented demonstrate the utility of
an integrated functional gene microarray approach in detecting shifts in functional community
properties in environmental samples and provide insight into the forces driving important processes
of terrestrial Antarctic nutrient cycling.
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Introduction

Biogeochemical cycles in Antarctic terrestrial habi-
tats are almost exclusively driven by microbial
activities. Indeed, due to a principal lack of insect
and mammalian herbivores and detritivores at most
locations (Smith and Steenkamp, 1992), food webs
are primarily driven via bacterial and fungal
detritus-based routes (Smith, 1994). Given their
relative trophic simplicity, such ecosystems repre-
sent useful models for linking primary production
and microbial nutrient cycling and disentangling

the interrelated processes. Furthermore, some
Antarctic ecosystems are being subjected to unpre-
cedented human-induced climate change, the rami-
fications of which remain mostly unknown.

Although the nitrogen cycle in terrestrial Antarctic
is as yet poorly understood, available evidence
suggest that nitrogen is the main limiting factor in
high altitude and high latitude ecosystems (Mataloni
et al., 2000; Shaw and Harte, 2001; Solheim et al.,
2004). Thus, even small changes in the nitrogen
cycle, as predicted in climate change scenarios
(Barnard et al., 2005), are hypothesized to induce
disproportionately large shifts in the dynamics of
such ecosystems. However, without any recent
baseline study across a range of environments, the
effects of perturbations on Antarctic soils are hard to
predict. In the Antarctic, it was reported that the
main source of nitrogen in soils was either from
precipitation of volatilized ammonium when in
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proximity of bird colonies (Christie, 1987) or from
N2-fixation by cyanobacteria (Ino and Nakatsubo,
1986). N2-fixation in Antarctica has also been
suggested to occur via the action of free-living N2-
fixing bacteria and the cyanobionts of lichens (Line,
1992). However, heterotrophic N2-fixation was not
reported as a significant source of reduced nitrogen
(Pandey et al., 1992), and heterotrophic bacteria are
believed to rarely fix N2 in these environments
because of energy limitations (Christie, 1987). In the
few other studies addressing the N-cycle in Antarctic
habitats, Signy Island habitats were reported to be
devoid of ammonia-oxidizing bacteria (Vishniac,
1993), and nitrate-respiring bacteria outnumbered
denitrifying bacteria, suggesting N conservation in
some Antarctic soils (Christie, 1987).

Available evidence suggests that fungi are the
dominant decomposers in Antarctic ecosystems,
representing a sharp contrast to Arctic systems,
where bacteria dominate this function (Walton,
1985). Vegetation type is also thought to play an
important role in driving microbial decomposers. In
South Georgia (maritime Antarctic), very marked
differences in cellulose degradation were observed
under different vegetations, and it was concluded
that Antarctic decomposition is linked to vegetation
type, substratum potential and relative dominance
of fungi (Walton, 1985). Freeze–thaw cycles are also
believed to play an important role in the carbon
cycle in Antarctica, since they change exudation
patterns in cryptogams and impose stress upon
resident microbes (Tearle, 1987; Melick and Seppelt,
1992; Melick et al., 1994). In addition to differences
in litter quantity and quality, the major soluble
carbohydrate exudates also differ between higher
plants, bryophytes and lichens (Melick and Seppelt,
1992; Melick et al., 1994), providing an additional
mechanism by which vegetation type can influence
soil-borne metabolic activities.

Although some anecdotal evidence exists regard-
ing C- and N-cycling in Antarctic ecosystems,
detailed and systematic data are still mostly lacking.
Indeed, the majority of studies addressing polar
N- and C-cycles have chiefly involved general
process and pool measurements, without regard for
the microbial communities responsible for these
processes. Realistic in situ process measurement for
such remote, low activity, extreme environments are
especially difficult to obtain. Within the study
presented here, we propose that microarray-based
functional gene analysis of the microbial commu-
nities responsible for key nutrient cycle functions
might offer an avenue to gain insight into the
influence of environmental factors on microbial
community processes in terrestrial Antarctic habi-
tats.

DNA microarray technologies are rapidly becom-
ing important tools in the analysis of complex
microbial communities inhabiting various environ-
ments (Wilson et al, 2002; Zhou, 2003). The majority
of DNA microarray applications in microbial ecol-

ogy have focused on determinations of community
structure based upon phylogenetic markers such as
16S rRNA genes (Gentry et al., 2006). Although such
approaches provide powerful and detailed pictures
of microbial community structure in complex
environmental samples, they generally provide little
insight into microbial functions. In recent years,
major efforts have therefore been into the targeting
of other functional genes that might provide insight
beyond pure phylogenetic characterizations. A
robust 50-mer functional gene array platform has
been recently demonstrated to be useful in examin-
ing multiple functional gene targets, mainly within
key gene families involved in microbial nutrient
cycling and contaminant degradation (Rhee et al.,
2004; Tiquia et al., 2004). With the expansion of
available databases and probe design improvements
(He et al., 2005; Li et al., 2005), this platform has
recently been expanded to allow for the simulta-
neous detection of over 10 000 gene variants on a
single array (He et al., 2007).

The main goal of the present study was to describe
the functional aspects of microbial communities
involved in soil-borne nutrient cycling across an
Antarctic latitudinal gradient. Toward this goal, we
used a recently designed functional gene microarray
system, the GeoChip (He et al., 2007), containing
probes for the known diversity of the most impor-
tant microbial driven nutrient cycle processes,
especially the N- and C-cycles. Functional commu-
nity analyses focused on soil samples taken from
different soil environments at five sites with
latitudes ranging from 511S (cool temperate – Falk-
land Islands) to 721S (cold rock desert – Coal
Nunatak) and included a comparison of vegetated
versus principally bare sites. We provide a detailed
analysis of functional community structure across
the study transect and attempt to relate functional
community data to specific environmental factors
present in these unique environments.

Materials and methods

Sampling sites
During the austral summer of 2003–2004, 2� 2 m
plots were established at the following sites (see
Figure 1 for a map): Falklands Islands (cool
temperate zone; 511S 591W), Signy Island (South
Orkney Islands, maritime Antarctic; 601430S
451380W) and Anchorage Island (near Rothera
research station, Antarctic Peninsula; 671340S
681080W). At each location, two types of vegetation
were selected for sampling: (1) ‘vegetated’, where
dense vegetation cover was present with retention of
underlying soil and (2) ‘fellfield’, represented as
rocky or gravel terrain with scarce vegetation or
cryptogam coverage. For the Falkland Islands,
vegetated sites exhibited a dwarf shrub vegetation
(Empetrum rubrum) and the fellfield site was rocky
with sporadic grasses (Festuca magellanica and Poa

Soil microbial N- and C-cycles in Antarctica
E Yergeau et al

164

The ISME Journal



annua). For the locations in the (Maritime) Antarc-
tic, vegetated sites were dominated by mosses
(Chorisodontium aciphyllum on Signy Island and
Sanionia uncinata on Anchorage Island), and fell-
field sites contained lichen cover (principally Usnea
antarctica). Twelve plots were delineated per loca-
tion with half of the plots positioned over each
vegetation type. The Falkland Islands fellfield
vegetation was not large enough to allow for such
a design and nine of the 12 plots were therefore
placed in the dwarf shrub vegetation. Two addi-
tional sites were chosen for sampling, but without
delineation of permanent plots. Six frost polygons at
two different sites were sampled near the Fossil
Bluff forward operating station (711190S 681180W),
and five frost polygons were sampled from Coal
Nunatak (721030S 681310W). Comparisons between
vegetated and fellfield plots were not possible for
these last two sites, as they do not support extensive
vegetation patches.

Environmental data collection
Automated weather stations and precipitation gauges
(Ott hydrometrie, Hoofddrop, The Netherlands) were

installed at the first three principal study locations.
Within established experimental plots, temperature
probes (copper/constantan thermocouple wires)
were inserted in the plots 5 cm above the ground,
at the soil surface and 5 cm below the soil surface.
Soil moisture content was measured with a Water
Content Reflectometer (CS616, Campbell Scientific,
Shepshed, UK) to a depth of 30 cm. Each of these
sensors recorded every hour for the duration of
the study, and measurements stored using a data
logger (CR10X with a storage module of 16Mb
from Campbell Scientific). Soil microclimatic data
retrieved from the automated weather stations were
averaged over the whole year.

Soil samples
For molecular analyses, five 1 cm diameter (from
2–3 cm up to 15 cm deep) cores were sampled from
each plot or polygon. They were frozen to �201C as
soon as possible (within 24 h) 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 plots to minimize
destructive sampling in the long-term plots.

Figure 1 Map of the Antarctic Peninsula highlighting the locations of study sites.
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Sampling took place 26–28 October 2004 for the
Falkland Islands, 2–3 January 2005 for the Signy
Island, 18–19 January 2005 for Anchorage Island
and 22–23 February 2005 for Coal Nunatak and
Fossil Bluff.

Soil biochemical, physical and enzymatic analyses
Soil analyses were performed via established stan-
dard protocols (Carter, 1993). Complete soil analyses
and detailed soil biological characterization of the
sites are available in Yergeau et al. (2007b). The low
amount of soil available for enzymatic activity
analyses necessitated modifications of these proto-
cols to accommodate relatively small sample
sizes. Nitrogen mineralization and potential
nitrification were obtained by mixing 1 g of soil
(fresh weight) with 5 ml of phosphate buffer
(10 mM KH2PO4) supplemented with 5 mM of
(NH4)2SO4 (only for nitrification) and by comparing
NO3 and NH4 content at the beginning of the
experiment with that measured after 2 weeks of
incubation at 201C. Laccase and cellulase activity
were measured on soil water extracts following van
der Wal et al. (2006), with the following modifica-
tion: scaled-down protocols were used here again,
using only 1 g of soil (fresh weight) that was
extracted with 1 ml water.

Nucleic acid extractions
Soil DNA was extracted after mechanical lysis in a
CTAB buffer using a phenol–chloroform purification
protocol as detailed in Yergeau et al. (2007b). DNA
extractions were performed separately for each of
the five subsamples taken per experimental plot.
Following PCR-DGGE analysis that confirmed low-
intraplot variability (Yergeau et al., 2007b), equal
volumes of these five extractions were pooled to
create the mixed environmental DNA used for
further analysis. After this pooling step, these site/
vegetation cover combinations were represented
either by nine (Falkland vegetated), six (Signy,
Anchorage, Fossil Bluff), five (Coal Nunatak) or
three (Falkland fellfield) independent samples
(‘biological’ replicates). The whole range of samples
was used for all subsequent analyses.

Real-time PCR
The primers and thermocycling regimens used to
assess different microbial communities are summar-
ized in Table 1. All PCRs were carried out in 25 ml
volumes containing 12.5 ml of ABsolute QPCR SYBR
green mix (AbGene, Epsom, UK), 2.5 ml of bovine
serum albumin (BSA; 4 mg ml�1), 2.5 ml of each
primer (10 mM). Real-time PCR was performed using
an on a Rotor-Gene 3000 (Corbett Research, Sydney,
Australia) and mixes were made using a CAS-1200
pipetting robot (Corbett Research, Sydney, Australia)
to minimize variation caused by pipetting errors.
The amplification protocol consisted of an initial
denaturation phase (951C for 15 min) followed by 40
cycles of denaturation (941C for 1 min), annealing
(specified temperature for 1 min) and elongation
(721C for 1 min), and followed by a final elongation
phase (721C for 10 min). Touchdown protocols were
starting at the highest annealing temperature and the
temperature was lowered by 11C each cycle until the
final target annealing temperature was reached. The
integrity of real-time PCR products was confirmed
by melting curve analyses, from 551C to 981C.
Known template standards were made from whole
genomes extracted using a PowerSoil DNA Isolation
Kit (Mobio, Carlsbad, CA, USA) from pure bacterial
isolates (Table 1). Genomic DNA was then quantified
on a ND-1000 spectrophotometer (Nanodrop Tech-
nologies, Wilmington, DE, USA) and the number of
genomes ml�1 was calculated using the molecular
weight of the genome of the closest fully sequenced
organism deposited in GenBank. To calculate stan-
dard curve values, we assumed that only one copy of
each gene was present in the bacterial genome of the
organisms used for the standard curves. Since the
real-time PCR data was only used for correlation
analyses and that this statistical method looks at
covariation between two datasets, the exact quanti-
fication of the number of copies in a sample is not
necessary, and the fact that we assumed only one
gene copy per genome for the standards does not
affect the results. Furthermore, since the quantifica-
tion was based on gene copy numbers instead of the
number of organisms, the fact that multiple copies
or genomes are present in some of the target
organisms is not important. Using 10-fold incre-
ments, the standard concentrations were adjusted
from 106 gene copies ml�1 to 101 gene copies ml�1.

Table 1 Primers and real-time PCR conditions used in this study

Target Primers Annealing temperature (1C) Reference culture Reference

N-cycle
nifH nifHF/nifHRb Touchdown 65–50 Burkholderia sp. Rosch and Bothe (2005)
narG narG1960f/narG2650r 56 P. fluorescens Philippot et al. (2002)
nasA nas964/nasA1735 59 P. fluorescens Allen et al. (2001)
nirS cd3aF/R3cd 57 P. fluorescens Throbäck et al. (2004)
nosZ nosZF/nosZ1622R Touchdown 65–53 P. fluorescens Throbäck et al. (2004)

C-cycle
Chitinase group A GA1F/GA1R 63 Streptomyces sp. Williamson et al. (2000)
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Most of the samples and all standards were assessed
in at least two different runs to confirm the
reproducibility of the quantification.

Rolling circle amplification
Samples from Coal Nunatak and Fossil Bluff did not
produce consistent hybridization results with the
direct application of labeled DNA to the functional
gene microarray. To increase signal levels from these
samples, rolling circle amplification was carried
using the TempliPhi kit (Amersham, Piscataway, NJ,
USA) following manufacturer’s instructions. Sper-
midine (0.1 mg ml�1) and single-strand binding pro-
tein (0.04 mM) were added to the reaction mix to
facilitate amplification. The reactions were incu-
bated at 301C for 4 h and the enzyme was then
inactivated by incubation at 601C for 10 min. The
amplification products were then used for labeling.
Rolling circle amplification has been demonstrated
to be particularly well adapted for the amplification
of low biomass microbial communities before
microarray hybridization (Wu et al., 2006).

DNA labelling
DNA was labelled with cystidine-5 (Cy-5) dye.
Briefly, approximately 2mg of genomic DNA or the
whole rolling circle amplification products were
denatured for 5 min at 99.91C in a solution contain-
ing 0.1 mM spermidime and 1� random octamer
mix (Invitrogen, Carlsbad, CA, USA) and immedi-
ately chilled on ice. Following denaturation, the
following components were added: 2.5 mM dithio-
threitol (DTT), 0.25 mM dATP, dCTP and dGTP,
0.125 mM dTTP, 0.125 mM Cy5-dUTP, 7 ng ml�1 RecA
(Amersham) and 80 U of the large Klenow fragment
(Large fragment of DNA polymerase I; Invitrogen).
Reaction mixtures were then incubated at 371C for
6 h. Labeled target DNA was purified with a
QIAquick PCR kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions, mea-
sured on a ND-1000 spectrophotometer and dried in
a speed-vac at 451C for 45 min. Before hybridization,
dried, labelled DNA was resuspended in a solution
containing 50% formamide, 5� sodium saline

citrate (SSC) (1�SSC contained 150 mM NaCl and
15 mM trisodium citrate), 0.1% sodium dodecyl
sulfate (SDS), 0.1 mg ml�1 salmon sperm DNA and
0.02 mM spermidine. This solution was incubated at
951C for 5 min, and after cooling to 601C, 20 ng ml�1

of RecA protein was added. Labelling reactions were
kept at 601C until the time of hybridization
(o30 min).

Microarray hybridization
The GeoChip (He et al., 2007) was used to detect and
quantify functional genes in soil in this study.
Summarized information about the number of spots
and targeted genes in each category of genes present
on the GeoChip can be found in Table 2. Hybridiza-
tions were performed using a HS4800 Hybridization
Station (TECAN US, Durham, NC, USA). The
hybridization protocol was as follows. The first
wash was carried at 501C for 1 min with a prehy-
bridization solution (5�SSC, 0.1% SDS and 0.1%
BSA) followed by a 45-min prehybridization. The
slides were then washed four times with water at
231C for 5 min with 30 s soaking. Labelled DNA
dissolved in the hybridization solution was then
injected in the chamber at 601C and hybridization
was carried at 501C for 4 h with high agitation.
Slides were then washed four times at 501C for 1 min
with a 1.5 min soaking using wash buffer I (1� SSC,
0.1% SDS), four times at 231C for 1 min with a
1.5 min soaking using wash buffer II (0.1� SSC,
0.1% SDS) and four times at 231C for 1 min with a
2 min soaking using wash buffer III (0.1� SSC).
Slides were finally dried at 231C for 3 min under a
flow of nitrogen gas.

Scanning and image processing
Microarrays were scanned using a ProScanArray
microarray scanner (PerkinElmer, Boston, MA,
USA), and the associated software, initially at a
resolution of 30mm to obtain a quick display image
and then at 10 mm for data collection. The emitted
fluorescent signal was detected by a photomultiplier
tube (PMT) at 633 nm using a laser power of 95%
and a PMT gain of 80%. Images were then

Table 2 Summary of the functional genes array results and of the db-RDA test for the significance of location and vegetation presence
using samples from Falkland Islands, Signy Island and Anchorage Island

N-cycle C-cycle CH4-cycle Sulfate Heavy metal Organic compounds All

# spots on the array 5310 3826 773 1615 4546 8028 24243
# different genes targeted 2743 1535 416 702 1796 3145 10337
# different genes detected 901 603 133 256 807 1268 3968

Location 9.6%* 9.4%** 9.2%+ 7.3% NS 10.1%*** 9.6%* 9.7%**
Vegetation cover 4.7 %+ 5.2%** 4.0% NS 3.6% NS 5.3%** 4.8%* 4.9%*
Location*vegetation cover 8.0% NS 8.6%+ 8.2% NS 8.1% NS 7.1% NS 7.5% NS 7.8% NS

NS, not significant; +Pp0.10; *Pp0.05; **Pp0.01; ***Pp0.001.
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transferred to ImaGene 6.0 (BioDiscovery, El Segundo,
CA, USA), where a grid of individual circles
defining the location of each DNA spot on the array
was superimposed on the image to designate each
fluorescent spot to be quantified. The raw data were
exported to Excel for further data processing.

Owing to the highly variable total hybridization
signal between the different samples examined, as
well as wide ranges in spot intensities, we found
that spot calling based on signal to noise ratios, as
typically performed for whole-genome microarray
experiments (Verdnick et al., 2002), were not a
reliable means of calling spots. Based upon compar-
ison to 16S rRNA gene control spots, we found that
the sample with the fewest number of reliable
positive spots was in vegetated plots on Signy
Island, with approximately 250 positive signals. To
allow comparison across microarray hybridizations
of different sites, we chose this cutoff for all
samples, and scored only the 250 most intense
spots of any array as positive. This analysis method
is thought to enable robust comparison between
samples from widely different environments, but
reduces power to compare total diversity and
functional redundancy. Although some clearly visi-
ble spots may be scored as negative for some
samples using our conservative scoring approach,
these genes would be expected to be at relatively
low levels and therefore presumably less important
to the functioning of the systems in question.

The microarray design included one, two or three
(and in a few case more) probes for each gene
sequence or each group of homologous sequences.
Since the multiple probes of a single gene were
designed as not targeting exactly the same region of
the gene (thus, probe specificities and signals varied
widely), a gene was considered as present as soon as
one of its probes was scored as present. In most
cases where not all probes for the same target were
detected, it was the probe that was fitting most
closely to the probe design criteria that was scored
among the 250 most intense signals. Genes whose
probes were not included among the top 250 scored
within a sample were scored as below detection
limits, yielding a binary presence/absence matrix
that was used in subsequent statistical analyses. For
some analyses, presence/absence data was summed
per gene family.

Total abundance of each spot scored as present
was simply the intensity of the spot on the
microarray. Although these data were used for some
analyses, relative intensity (abundance) values for
each hybridization signal were calculated to allow
comparison across experimental samples. This
value was calculated by dividing the intensity of
the spots by the sum of the intensity for all the spots
scored as present. When, for a particular gene, more
than one probe was scored as present, the relative
intensity value was averaged over these probes. For
some analyses, the relative intensity was summed
per gene family.

Statistical analyses
The matrices resulting from image analyses were
considered in statistical analyses as ‘species’ abun-
dance or presence/absence matrices. In most ana-
lyses we used either the relative intensity or the
presence/absence of each gene (10 337 values for
each sample) as defined above.

The effects of the location, vegetation cover and
their combined interaction on the functional com-
munity structure, as observed in microarray relative
abundance data, were tested by distance-based
redundancy analyses (db-RDA, Legendre and
Anderson, 1999). Bray–Curtis coefficients of similarity
were first calculated between samples and used for
the computing of principal coordinates in the R
package (Casgrain and Legendre, 2001). When
necessary, eigenvectors were corrected for negative
eigenvalues using the procedure of Lingoes (1971)
and then exported to Canoco (version 4.5 for
Windows, ter Braak and Šmilauer, 2002) as ‘species
data’, where RDA were performed. To test the effects
of each of the two variables (vegetation cover and
location), they were recoded using dummy binary
variables and used in Canoco as the only environ-
mental variable in the model while the other
variable was enter as a covariable. To test the
interaction, the only variable entered in the model
was the interaction between location and vegetation
cover while both of them were included (without
interaction) as covariables. The significances of
these models were tested with 999 permutations.
The trace (sum of all canonical eigenvalues) of the
models divided by the trace of unconstrained
analysis (PCA) gave the percentage of the variation
due to the factor tested (Borcard et al., 1992).

To test the influences of environmental and soil
variables on the microbial population structure,
canonical correspondence analyses (CCA) were
carried in Canoco. Relative gene abundance was
used as ‘species’ data while soil and environmental
data were included in the analysis as ‘environmen-
tal’ variables. Rare ‘species’ (in our case, genes) were
taken out of the analyses following an empirical
method described by D Borcard (http://biol10.biol.
umontreal.ca/BIO6077/outliers.html). Variables to
be included in the model were chosen by forward
selection at a Po0.10 baseline. Using only the
selected variables, significance of the whole cano-
nical model was tested with 999 permutations.

All analysis of variances (ANOVAs) and correla-
tions analyses were carried out in Statistica 7.0
(StatSoft Inc., Tulsa, OK). For ANOVA, data normal-
ity was tested with a Shapiro–Wilks test and
variance homogeneity by Levene’s test. When data
failed to satisfy one of these tests, an appropriate
transformation was applied (log, square root or,
in a few extreme cases, Box–Cox transformation).
Tukey’s honestly significant difference (HSD) meth-
od modified for unequal sample sizes (Unequal N
HSD in Statistica) was used for post hoc comparison
with a P¼ 0.05 grouping baseline. Association
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strengths between different parameters were tested
for significant Pearson’s linear correlation (r) and
also for nonparametric Spearman’s correlation (rs).
Correlations were considered significant at a
Po0.05 baseline and considered to show a strong
trend at a Po0.10 baseline.

Results

Direct labelling of genomic DNA extracted from
Antarctic soil samples allowed the detection of
diverse functional genes on a microarray platform.
However, some samples with lower biomass (Fossil
Bluff and Coal Nunatak, see Yergeau et al., 2007b)
did not yield consistent hybridization values upon
direct analysis, and a linear rolling circle amplifica-
tion step was introduced to obtain sufficient
material for reliable hybridization. This amplifica-
tion was demonstrated to be rather unbiased in
comparisons of amplified versus direct hybridiza-
tion experiments (Wu et al., 2006). A wide range of
different genes (approximately one-third of all the
genes on the array) were detected among the 250
most intense spots scored for the different samples
(Table 2). Since the Antarctic environment samples
studied here are relatively pristine, genes involved
in heavy metal and organic pollutant contamination
were not examined in detail, and our analyses were
focused primarily on genes involved in the N- and
C-cycles, including C-1 metabolism.

Functional community structure
Using db-RDA, a multivariate nonparametric test of
hypotheses was produced (Table 2) to test the effect
of sampling site and vegetation cover on the
distribution of relative gene abundances, as deter-
mined by relative abundance microarray hybridiza-
tion data. These tests were also performed using
only binary data (presence–absence of a spot),
yielding similar results (data not shown). For the
purposes of the tests presented in Table 2, Fossil
Bluff and Coal Nunatak samples were excluded
since no vegetated versus fellfield comparisons
could be made and only two replicate samples per
location were examined. However, in a separate
comparison of location effects across all of the
fellfield sites, including this time Fossil Bluff and
Coal Nunatak, results were again similar to those
represented in Table 2 (data not shown). In the
overall data (‘All’ column, Table 2), approximately
10% of the variation observed in the relative
abundance data was explained by the location effect
and this was highly significant (Po0.01). Vegetation
cover accounted for 4.9% of the variation in the
whole microarray data and this was also significant
(Po0.05). Although vegetation and location had
highly significant effects, they only explained a
small amount of the total variation in the dataset,
which is to be expected when such a small number

of variables are entered into such a model (Borcard
et al., 1992). These effects were also observed when
separately analyzing only the genes associated with
the N- and C-cycles. Heavy metal- and organic
compound-related genes also showed similar effects
of location and vegetation cover. For S-cycle-related
genes, there were no significant effects observed for
these two variables. Methane-cycle genes revealed a
trend (Po0.10) with respect to the influence of
location. This location effect was highly significant
(Po0.01) when the FB and CN sites we included in
the analysis, indicating that these two sites were
showing highly different CH4-related genes.

CCA were performed to identify the environmen-
tal factors (presented in Table 4) that had the most
significant influence on the functional community
structure (patterns of relative abundance of the
different genes involved in a particular cycle). For
the N-cycle-related data subset, the environmental
factors that yielded Po0.10 after forward selection
were: pH (P¼ 0.07), number of freeze–thaw cycles
(P¼ 0.019) and C:N ratio (P¼ 0.095). Together, these
factors were forming a significant model (P¼ 0.0010)
explaining the patterns in the N-cycle-related genes
detected on the array. For the C-cycle-related genes,
the most significant environmental factors were:
pH (P¼ 0.062), number of freeze–thaw cycles
(P¼ 0.005), C:N ratio (P¼ 0.034), NH4

þ (P¼ 0.001)
and mean soil temperature (P¼ 0.056). Together
these factors were also forming a significant model
(P¼ 0.0010). For the CH4-cycle genes, the environ-
mental factors retained by forward selection were
pH (P¼ 0.025) and number of freeze–thaw cycles
(P¼ 0.048), and together they formed a significant
model (P¼ 0.0020).

Most highly detected N- and C-cycles genes
Different key gene functions, for both the N- and
C-cycles, were represented among those with the
highest relative abundance across the sampling sites
examined (Supplementary Table S1). N2-fixation
genes (nifH) were found among the most strongly
detected genes only in bare plots, whereas Signy
plots possessed relatively high levels of denitrifying
genes (nirK and narG). For Anchorage fellfield plots
and Fossil Bluff frost polygons, the functional genes
showing the highest levels of detection were
putatively coming from members of the Firmicutes.
The Fossil Bluff site also contained high levels of
Archaeal functional genes, and the three most
highly detected genes (a Cyanobacterial urease, an
Euryarchaeal gdh and a Firmicutes nifH, see
Supplementary Table S1) were unique to this site
among the highly detected genes. The only samples
that did not have any genes related to nitrification,
nitrogen fixation and mineralization among the most
highly detected genes were the vegetated plots on
Anchorage Island. Interestingly, although urease
genes were detected in several different sites among
the dominant genes, genes from different organisms
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were detected in each case, suggesting that different
organisms were primarily responsible for this func-
tion in the different study sites.

For the C-cycle, genes related to mannase were
only detected at high levels in fellfield sites from
Signy, Fossil Bluff and Coal Nunatak and were not
found among the most highly detected genes in any
of the vegetated plots. Genes that can be related to
fungi were also more often present among the most
highly detected genes as latitude increased. Bacter-
ial chitinase genes were also highly detected in
southern plots starting from Anchorage Island,
although these genes were also strongly detected
for the vegetated plots at the Falkland Islands.
Inversely, cellulase genes were less often present
among most highly detected genes at higher latitude
locations.

Number of gene variants
Using the binary presence–absence data, we inves-
tigated the number of different gene variants

detected within gene families for functions in the
N, C and CH4 cycles, to gain insight into possible
functional redundancy among the dominant com-
munity members. Here again, FB and CN were left
out of the analyses because of low number of
replicates and less complete sampling design.
Among the 16 well-represented gene families per-
taining to the C- and N-cycles {N2-fixation (nif),
ammonia oxidation (amo), glutamate dehydrogenase
(gdh), urease, assimilatory nitrate reductase (nasA),
nitrate reductase (nar), nitrous oxide reductase
(nosZ), nitrite reductase (nir), nitric oxide reductase
(norB), methane generation, methane oxidation,
cellulase, laccase, chitinase, mannase, C-fixation},
six showed a response to either location, vegetation
or their interaction term when tested by ANOVA
(amo, gdh, urease, methane generation, methane
oxidation, C-fixation; Figure 2 and Table 3). Genes
related to mineralization (urease), immobilization
(gdh) and nitrification (amo) were all influenced
only by the interaction term. This is visible in

Figure 2 Number of gene variants among the 250 most abundant spots belonging to different gene families that were influenced either
by location, vegetation cover or location* vegetation cover at the Falkland Islands, Signy Island, Anchorage Island, Fossil Bluff and Coal
Nunatak. ’: vegetated plots; &: fellfield plots. The value represented is the average of the different biological replicates and errors bars
are representing the standard error. See Table 3 for ANOVA results.
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Figure 2 as the differences between vegetated and
fellfield plots are changing depending on the site.
The number of genes related to methane oxidation
was also following a similar pattern, but at a greater
level of significance (Table 3). The number of gene
variants involved in C-fixation was only influenced
significantly by the vegetation cover (Figure 2). The
number of genes involved in C-fixation was always
higher in fellfield plots and relatively constant
across sampling locations. With respect to the
number of gene variants related to methane genera-
tion, there was a trend towards a decrease with
increasing latitude along the main sampling sites,
but Fossil Bluff and Coal Nunatak do not follow this
trend, displaying high numbers of these gene
variants.

Relative abundance of different gene families
Absolute array hybridization intensities across the
study transect mirrored bacterial and fungal biomass
estimates as determined by 16S rRNA- and 18S
rRNA-specific real-time PCR (Yergeau et al., 2007b).
To avoid biases due to these differences in total
signal intensity, the relative intensity for each gene
family was summed and compared across the
different environments using ANOVA (again ex-
cluding Fossil Bluff and Coal Nunatak). The seven
gene families that showed significant trends are
presented in Figure 3 with associated ANOVA tests
in Table 3. The relative abundance of genes related
to N2-fixation was slightly different for each loca-
tion, being lower on Signy Island. Glutamate
dehydrogenase (gdh) and methane oxidation genes
varied in a similar way in response to location and
vegetation cover. Vegetated plots harbored relatively
more of these gene targets on Falkland and Signy
Islands, with the reverse observed for Anchorage
Island. Both gene families were also relatively
abundant in Fossil Bluff with intermediate levels
observed for Coal Nunatak. Nitrite reductase (nir)
and cellulases genes showed the same trend,
generally decreasing in relative abundance with

increasing latitude, while the differences between
vegetated and bare plots depended on the location.
Nitrate reductase (nar) and C-fixation genes were
influenced only by the presence of vegetation, but in
opposite directions: nitrate reductase (nar) genes
were relatively more abundant in vegetated plots,
and C-fixation genes in fellfield plots.

Soil variables used for correlation analysis with
relative gene abundance are presented in Table 4.
The trends in this dataset were already presented
and discussed in detail elsewhere (Yergeau et al.,
2007b). The correlation of relative gene abundance
with different soil and environmental parameters
yielded results comparable to the ANOVA tests
(Table 5). Genes that appeared to be influenced by
location in ANOVA tests were most significantly
correlated with variables that covaried with location
(NO3

�, pH, P, and mean temperature). The genes that
were influenced by vegetation cover in ANOVA tests
were likewise most correlated with variables that
covaried with vegetation cover (organic C, total N,
water content and K). Some significant correlations
that warrant note include the negative correlations
between nitrite reductase (nir), nitric oxide reduc-
tase (nor) and methane oxidation gene abundances
with NO3

� concentration in soil. C-fixation gene
abundances were negatively correlated with organic
carbon, and cellulose, nitrite reductase (nir) and
methane-generating genes were positively correlated
with mean soil temperature.

Real-time PCR, enzymatic activities and process rates
Relative gene abundances for nirS, nasA and nifH,
as determined using the functional microarray
analysis (percentage of total signal), were signifi-
cantly correlated (r¼ 0.4070, P¼ 0.032, N¼ 28;
rs¼ 0.4054, P¼ 0.044, N¼ 25; r¼ 0.5935, P¼ 0.025,
N¼ 14; respectively) with the number of gene copies
estimated per ng of extracted DNA using real-time
PCR assays specific for each of these gene families.
In contrast, chiA, narG and nosZ abundances
measured by real-time PCR failed to correlate

Table 3 Results of ANOVAs for the effects of vegetation cover and location on the number of gene variants and relative abundance of
different genes families as assessed by functional microarray analysis of soil samples from Falkland Island, Signy Island and Anchorage
Island

nif amo gdh urease nar nir cellulase C fix CH4 ox CH4 gen

Number of genes
Location NS NS NS NS NS NS NS NS NS +

Vegetation cover NS NS NS NS NS NS NS ** NS NS
Location*vegetation cover NS * * * NS NS NS NS ** NS

Relative abundance
Location + NS NS NS NS * * NS NS NS
vegetation cover NS NS NS NS + NS NS ** NS NS
Location*vegetation cover NS NS + NS NS + * NS * NS

NS: not significant; +Po0.10; *Po0.05; **Po0.01.
The other gene families present on the microarray that are not represented in this table showed no significant trends.
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significantly with their respective relative abun-
dances on the microarray.

For selected gene families, enzymatic activities
corresponding to a given gene function were deter-
mined for comparison with microarray results.
Laccase activity in soil extracts showed a highly
significant correlation with the total abundance
(r¼ 0.6656, Po0.001, N¼ 25) and a strong trend with
the relative abundance (r¼ 0.3919, P¼ 0.053, N¼ 25)
of this gene family as determined by the microarray.
Similar results were observed for cellulase activity,
although only when excluding samples showing no
measurable activity. Using only the samples that

yielded a significant cellulolytic activity, a significant
correlation was found between cellulolytic activity
and number of different cellulolytic gene variants
detected (r¼ 0.7407, P¼ 0.036, N¼ 8) and a strong
trend was observed with the total abundance of
cellulase genes (r¼ 0.6808, P¼ 0.063, N¼ 8).

Potential process rates measured for two steps of
the nitrogen cycle yielded a mixed picture with
respect to gene detection via functional microarray
experiments. The only functional genes for which
absolute microarray detection was correlated with
nitrogen mineralization rates were nitrate reductase
(nar) genes (r¼ 0.5202, P¼ 0.006, N¼ 26), and a

Figure 3 Relative abundance of genes belonging to different gene families that were influenced either by location, vegetation cover or
location*vegetation cover at the Falkland Islands, Signy Island, Anchorage Island, Fossil Bluff and Coal Nunatak. ’: vegetated plots; &:
fellfield plots. The value represented is the average of the different biological replicates and errors bars are representing the standard
error. See Table 3 for ANOVA results.
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trend was observed with respect to relative abun-
dance of nar genes (r¼ 0.3756, P¼ 0.059, N¼ 26). In
contrast, several gene families correlated with
potential nitrification rates, including negative
correlations with nirK relative abundance
(rs¼�0.4433, P¼ 0.023, N¼ 26). A similar negative
correlation was observed with the summed total of
the relative detection of all analysed denitrification
genes, (rs¼�0.4490, P¼ 0.021, N¼ 26). Also, the
relative abundance of glutamate dehydrogenase
(gdh) showed a negative trend with respect to
nitrification rate (rs¼�0.3348, P¼ 0.095, N¼ 26).

Discussion

Ecological application of a functional gene array
This report presents one of the first ecological
applications of an expanded functional gene micro-
array (the GeoChip, He et al., 2007). Although this
functional array platform has been shown to provide
robust results under controlled experimental condi-
tions (He et al., 2007), application to complex
environmental samples across an ecologically rele-
vant range of habitats has yet to be demonstrated.
Furthermore, this study represents the first in-depth

functional analysis of microbial communities in
terrestrial Antarctic ecosystems. The tests of sig-
nificance performed on microarray patterns across
the study sites showed significant effects of location
and vegetation cover on C-cycle-related gene dis-
tribution (Table 2). N-cycle-related gene distribution
was also significantly effected by location and
showed a strong trend with respect to vegetation
effects. A trend was also observed between location
and the distribution of genes related to CH4

transformations. These general results are in good
accordance with a previous study that demonstrated
that bacterial and fungal community structure, as
assessed using PCR-DGGE of rRNA gene fragments,
was significantly influenced by location and the
vegetation cover (Yergeau et al., 2007b).

Owing to the novelty of this functional gene
microarray approach, we sought to confirm detected
gene distribution patterns by independent assays,
such as quantitative PCR or enzymatic activity
assays. In the majority of cases, significant correla-
tions were found between real-time PCR results and
the relative gene abundance detected by the array,
suggesting a quantitative relationship between mi-
croarray signals and environmental gene densities.
It should be stressed that the real-time PCR assays

Table 4 Mean soil characteristics for surface soil cores (0–5 cm depth) collected at the Falkland Islands (FI), Signy Island (SI), Anchorage
Island (AI), Fossil Bluff (FB) and Coal Nunatak (CN)

Org C NH4 NO3 Total N C:N Water pH-H2O P K Nitrif Mineral.
(%) (mgkg�1) (mg kg�1) (%) content (%) (mgkg�1) (mg kg�1) (mgNO3 g

�1 d�1) (mgNg�1 d�1)

FI Vegetated 16.6 b 12.0 ab 0.08 a 0.84 ab 23.1 cd 74 a 4.8 b 0.68 a 335 bc 0.095 a �0.16 a
Fellfield 11.4 ab 2.2 ab 58.3 b 0.81 abc 16.6 bc 68 a 6.1 c 0.68 a 344 bc 69.48 bc �0.51 ab

SI Vegetated 36.4 c 2.8 a 0.2 a 1.55 c 29.3 d 400 b 4.4 ab 12.77 cd 534 c 0.57 ab �1.00 a
Fellfield 4.11 d 4.5 ab 2.7 a 0.43 a 12.0 ab 22 c 4.7 b 1.50 ab 100 a 29.59 bc 0.14 ab

AI Vegetated 31.4 c 73.1 b 114.5 b 2.98 d 12.3 ab 296 b 4.3 a 6.21 bc 225 ab 137.81 c 26.17 b
Fellfield 9.8 a 10.3 ab 81.5 b 1.15 bc 10.4 a 48 a 4.1 a 18.31 d 112 a 57.43 c 0.51 a

FB Fellfield 0.16 0.18 0.07 0.02 8.79 6 7.7 0.04 37 0.00 0.00
CN Fellfield 0.88 0.06 0.07 0.02 39.4 7 6.9 0.03 60 0.012 �0.0054

Different letters within a column mean significant different averages following a unequal N HSD post hoc test (Po0.05).
Fossil Bluff and Coal Nunatak samples were excluded from statistical tests since no vegetated versus fellfield comparisons could be made and
a different sampling scheme was used. See Yergeau et al. (2007b) for more details.

Table 5 Spearman’s rank-order correlation of relative abundance of different gene families assessed by functional microarray analyses
with soil and environmental parameters using samples from Falkland Islands, Signy Island and Anchorage Island

Total organic C NO3 Total N C:N Water content pH-H2O P K Mean T 18S F

N2-fixation NS NS NS NS NS NS NS NS NS 0.56
gdh NS NS NS NS NS �0.39 NS NS NS 0.51
nasA NS NS NS NS NS NS NS 0.39 NS NS
nar 0.39 NS NS NS NS NS NS NS NS NS
nir NS �0.44 NS 0.52 NS NS NS 0.51 0.54 NS
norB NS �0.47 NS NS NS NS NS NS NS NS
cellulase NS NS NS NS NS NS NS NS 0.39 NS
C-fixation �0.52 NS �0.43 NS �0.42 NS �0.47 NS NS NS
CH4 generation NS NS NS NS NS NS NS NS 0.45 NS
CH4 oxidation NS �0.45 NS 0.45 NS NS NS 0.39 NS NS

NS: not significant; 18S F: number of fungal 18S rRNA genes g�1 soil, dry weight (from Yergeau et al., 2007b).
Soil parameters and gene families that did not show any significant correlations are not reported in this table.
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relied on different priming sites that those used for
probing on the array. Furthermore, probe signals
were a summation of signals derived from multiple
specific signals within a gene family, whereas real-
time PCR results were generated by gene-family
specific primers. The relatively low correlation
coefficient observed between the real-time PCR
and the microarray data can be due to several
factors. One reason is that both methods are subject
to experimental errors, and that even when using
probes and primers targeting the exact same site,
correlations between real-time PCR and microarray
intensity are not perfect (for example, r¼ 0.87 in
Rhee et al., 2004). Another reason is that both
methods obviously rely on extant sequence data for
primer and probe design and may either miss some
members of the target gene families (incomplete
coverage) or overlap with related gene families
(incomplete specificity). As public databases con-
tinue to expand with new microbial functional gene
data and improved gene annotation, our ability to
increase primer and probe specificity and compre-
hensiveness should also increase.

The significant correlations between the enzy-
matic activities measured in soil and the microarray
data provide some indication that the detected genes
are also expressed in the soil systems examined.
Ideally, we would like to examine mRNA levels for
the gene functions represented on the functional
microarray and efforts are currently underway to
realize such a meta-transcriptomics approach (Gao
et al., 2007). However, even without such mRNA-
based data, it appears that gene density levels offer
some predictive value with respect to estimating
enzymatic activities in soil ecosystems (at least for
cellulolytic and lignolytic activities). Some activity
measurements can be coupled directly to the action
of a single or very few gene families, making
correlations between activity measurements and
gene abundances rather straightforward. However,
many soil-borne microbial processes, such as miner-
alization, nitrification and denitrification involve
numerous enzymatic steps involving several inter-
related microbial populations. For such complex
functions, it remains a challenge to understand the
metabolic networks involved, and simple process/
gene abundance relationships may be less clear. For
example, mineralization rates were correlated to
nitrate reductase gene detection levels, although this
gene family would only be predicted to have an
indirect effect on this process. Mineralization is a
complex process that is not fully understood, and
several of the gene families involved may still be
poorly represented on the functional gene array we
employed. In general, nitrification is favoured by
aerobic conditions while anaerobic conditions fa-
vour denitrification, and gene families involved in
this later process were inversely related to nitrifica-
tion rates in our study. In further analyses, we also
observed a negative correlation between nitrification
rates and methane oxidation genes, which is also a

process that is favoured by low oxygen conditions. It
is interesting to note that although ammonia mono-
oxygenase (amo) and hydroxylamine oxygenase
(hao) catalyze sequential reactions in the ammonia
oxidation process, we found no significant correla-
tion in the level of detection of these two gene
families. This discrepancy may be to the unequal
copy number of these genes in different ammonia-
oxidizing bacteria (Hommes et al., 2001) or a
different level of probe coverage for these gene
families on the array (hao genes were only repre-
sented by a few probes). It should also be noted that
the functional microarray used in this study does
not encompass probes for two other potentially
important ammonia oxidation activities, namely
anaerobic ammonia oxidation (Strous et al., 1999)
and archaeal ammonia oxidation (Leininger et al.,
2006).

N-cycle
N2-fixation. Although nitrogen is thought to be the
limiting factor in many terrestrial Antarctic ecosys-
tems, extremely little is known about the organisms
and genes involved. The functional microarray
platform allowed the inspection of Antarctic N-
cycle genes in an unprecedented level of detail. N2-
fixing genes were most strongly detected in fellfield
plots, and the relative abundance was also higher in
fellfield plots from the most southern locations, a
result that was supported by real-time PCR quanti-
fication. However, we observed no evidence of
greater N concentration in fellfield sites, and the
relative detection level of N2-fixing genes was not
related to NO3

� or NH4
þ . This lack of correlation is

not entirely unexpected, since gene presence is not
necessarily related to activity in soil. Trends in N2-
fixing genes may be associated with lichen distribu-
tion, as Antarctic lichens have been reported to fix
nitrogen via the activities of their bacterial cyano-
bionts (Line, 1992; Adams et al., 2001). This
hypothesis is supported by the fact that N2-fixation,
an exclusively prokaryotic trait (Martinez-Romero,
2001), was positively correlated with fungal abun-
dance, an indicator of lichen presence in such
systems. Although previous culture-based studies
reported cyanobacteria to be the major N2-fixing
organisms in the Antarctic (Ino and Nakatsubo,
1986; Line, 1992; Pandey et al., 1992; Vishniac,
1993), this group was only found in low abundance
in 16S rRNA gene libraries from these same soils
(Yergeau et al., 2007a). Among a range of different
Antarctic soils previously studied, the highest rates
of N2-fixation were reported for nunatak ‘soils’
(Pandey et al., 1992) and the relatively high
abundance of nifH genes at Coal Nunatak follows
this pattern. Functional microarray results were in
agreement with previous PCR-DGGE analyses spe-
cific for 16S rRNA genes of cyanobacteria, plastids
and cyanobionts, in which community structure
was found to be significantly different across
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Antarctic study sites and vegetation types (Yergeau
et al., 2007b).

Denitrification
For all samples, the genetic potential for complete
denitrification (from NO3

� to N2) was detected.
Interestingly, two of these key gene families (nitrite
reductase, nir and nitric oxide reductase, nor) were
negatively correlated with soil NO3

� concentration
(Table 5). Nitrite reductase (nir) catalyzes the first
committed denitrification step that leads to a
gaseous intermediate (Zumft, 1997). The level of
detection of nitrite reductase genes may be related to
the low NO3

� concentrations in some of the soils
examined. For instance, nitrite and nitrate reductase
genes were highly detected in Signy Island plots,
and these plots were also among the plots with the
lowest NO3

� concentrations. The relative abundance
of nitrite reductase genes, as detected via the
functional gene microarray, was also positively
correlated with soil temperature and decreased with
latitude for the main sampling sites (Figure 3,
confirmed by real-time PCR). This temperature
dependence may be partially responsible for the
relatively high concentrations of NO3

� observed on
Anchorage Island.

Mineralization, immobilization and nitrification
Urease and ammonia monooxygenase genes were
detected in all the soils examined, whereas gluta-
mate dehydrogenase and assimilatory nitrate reduc-
tase genes were below the set threshold of detection
in several samples. However, the lack of detection of
the latter two gene families may simply be due to
their relatively poor coverage in public gene data-
bases and, thus, on the functional gene array. The
absence of significant correlations between urease
gene detection and environmental parameters is not
unexpected given the widespread distribution of
this trait across microbial groups and habitats.
Previous studies have shown that specific groups
of ammonia-oxidizing bacteria, and their corre-
sponding ammonia monooxygenase (amo) gene
variants, are often associated with key environmen-
tal parameters (Kowalchuk and Stephen, 2001), but
such distribution patterns were not evident across
the transect examined in the present study. How-
ever, the number of ammonia monoxygenase (amo)
gene variants was highly variable across the study
sites (Figure 2), and the dominant gene variant was
also different between environments. These results
suggest that different ammonia-oxidising bacteria
may occur at the different sites, and refutes previous
assertions that Antarctic soils are devoid of this
functional group (Vishniac, 1993). Again, it is
important to keep in mind that genes from archeael
ammonia oxidizers (Leininger et al., 2006) have
yet to be incorporated into the functional array
utilized here.

C-cycle
C-cycle-associated gene distribution was signifi-
cantly affected by both vegetation cover and location
(Table 2). The effect of vegetation cover was
probably due to differential input of carbohydrates
to soil via exudation, ‘root’ turnover and litter.
Importantly, the major soluble carbohydrates in
vascular plants, bryophytes and lichens are different
(Melick and Seppelt, 1992; Roser et al., 1992; Melick
et al., 1994). Thus, the vegetation type is important
for providing different quantity and quality of
substrates in Antarctic soils. This may be a more
important determinant of decomposer community
structure than the differences between vascular
plant species found in temperate counterparts, since
Antarctic systems generally lack aboveground her-
bivores, thereby channeling a greater proportion of
the entire C fixed by the vegetation to the soil. The
quantity and quality of C inputs into soil can also be
affected by environmental conditions. For instance,
the photosynthetic activity of mosses was shown to
recover more slowly from cold periods when
compared to lichens (Schlensog et al., 2004).
Freeze–thaw cycles are also believed to play an
important role in C cycling in the Antarctic, not only
due to the stress imposed on microbial commu-
nities, but also because they induce changes in
exudation patterns of cryptogams (Tearle, 1987;
Melick and Seppelt, 1992; Melick et al., 1994). It
was estimated that each year freeze–thaw induced
the release of 415% of the total organic matter of
Antarctic cryptogams to the soil microbiota (Tearle,
1987), while only 1.5% of plant material become
available each year through the breakdown of dead
subsurface material (Davis, 1986). Accordingly, the
frequency of freeze–thaw cycles was identified in
canonical analyses as a potential driving factor
for the structure of the microbes involved in the
C-cycle.

C-degradation
Decomposition in Antarctica soils is carried mainly
by bacteria, micro-fungi, yeast and probably to some
extent by basidiomycetes when present (Smith,
1994). It is also believed that fungi are the dominant
decomposers of Antarctica, in contrast to the Arctic
where bacteria are presumed to dominate this
process (Walton, 1985). Our functional microarray
experiments support this hypothesis, as fungal
decomposition genes were among the most highly
detected genes only in the plots on the Antarctic
peninsula and in the bare plots on Signy Island.

We detected fewer cellulase genes among the most
dominant genes with increasing latitude, and the
total relative abundance of cellulase genes de-
creased with increasing latitude (Figure 3 and
Table 3). The only significant direct correlation with
relative cellulase abundance was soil temperature.
Temperature has previously been identified as a key
determinant of cellulase activity and decomposition
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rates, particularly in nutrient poor regions such as
Antarctica (Pugh and Allsopp, 1982; Kerry, 1990).
We also observed that the cellulase gene relative
abundance was influenced by vegetation cover in a
location-dependent manner, with the Falkland
Island plots, which contained vascular plants, being
most dissimilar. Similarly, marked differences were
previously observed in comparisons of cellulase
degradation under different vegetation types on
the maritime Antarctic Island of South Georgia
(Walton, 1985).

A surprising observation was that laccase genes
were more present among dominant genes in plots
where no vascular plants (hence true lignin) were
present, and this unexpected result was also con-
firmed by enzymatic assays. This apparent paradox
may be explained by the wide specificity of some
laccases, which enables them to catalyze a broad
range of phenolic substrates other than lignin
(Thurston, 1994; Mayer and Staples, 2002). Indeed,
lichen, mosses and various microorganisms are
known to contain a range of phenolic compounds
(Reddy, 1984; Lawrey, 1995), including pigments
related to ultraviolet protection (Quesada et al.,
1999; Rozema et al., 2001), potentially serving as
substrates for fungal laccases (Thurston, 1994;
Mayer and Staples, 2002). It was also recently
reported that some lichenized ascomycetes
showed extracellular laccase activity (Laufer et al.,
2006), which could partly explain the results
presented here.

C-fixation
Microbial C-fixation genes were always significantly
more abundant in fellfield plots (Figure 3). These
plots were the ones with the lowest organic carbon
and C-fixation gene abundance was negatively
correlated with total organic carbon (Table 5). In
such environments, microbial C-fixation could be an
important input of C to the soil (Vincent, 1988;
Hopkins et al., 2006). Davis (1981) showed that the
main factors influencing organic matter accumula-
tion in Antarctic soils were temperature and organic
matter quality (which depended upon vegetation
cover). Similarly, we found potential cellulolytic
activity (decomposition) to be dependent upon
temperature and microbial C-fixation (primary pro-
duction) dependent upon vegetation cover.

CH4-cycle
The relative abundance of genes associated with
methane generation was temperature dependent and
decreased with increasing latitude, except at Fossil
Bluff and Coal Nunatak (Figure 2). These last two
sampling sites may represent unusual cases (Yergeau
et al., 2007b), where CH4-cycle-related bacteria are
relatively dominant, as observed for 16S rRNA gene
clones libraries retrieved from these environments
(Yergeau et al., 2007a). In the other soils examined,

it appears that organisms with genes related to
methane production are relatively less abundant at
low temperatures. Methane oxidation, in contrast,
was previously reported to be temperature indepen-
dent (King and Adamsen, 1992), and, similarly, was
not correlated to latitude or soil temperature in our
study. However, methane oxidation gene relative
abundance was significantly and inversely corre-
lated with nitrate concentration in soil. This finding
is not surprising given the potential for methano-
trophs to influence the N-cycle (Mancinelli, 1995)
and inhibition of methane oxidation by nitrite and
ammonium (Schnell and King, 1994). An interesting
link can be made between methane oxidation and
denitrification, since both processes are stimulated
by low levels of oxygen in soil (Mancinelli, 1995;
Shapleigh, 2000). This might explain the negative
relation between methane oxidation gene relative
abundance and nitrate concentration in soils. The
levels of oxygen in our soils were not measured, and
the
only rough proxy available is the soil water
content, which was not correlated with methane
oxidation or denitrification genes. Measurements of
methane concentrations in soil would also be
valuable to gain further insights into the dynamics
of C-1 compound transformations in these soils
(Mancinelli et al., 1981).

Conclusions and perspectives

C-, N- and CH4-cycles along a latitudinal transect of
Antarctic environment were described here for the
first time via functional microarray approach.
Results were confirmed using other independent
methods such as real-time PCR, enzymatic and
process rates measurement. To provide a reliable
comparison between the highly divergent sites
examined (Yergeau et al., 2007b) and between
amplified and nonamplified samples the data, we
analyzed a fixed number of clearly visible spots per
array, with intensities in the range observed for SSU
gene control spots. In that sense, analyses focussed
only on data points that fell within the robust
dynamic range of the array system used and results
presented in this paper are thought to be indepen-
dent of the starting amount of nucleic acid, potential
inhibitors, background nonhybridizing DNA and
small variations in hybridization conditions. Ob-
viously, several limitations are yet to be addressed
in the use of microarray in environmental studies.
The functional gene array used here focused on a
selected number of gene families, while other,
neglected functions might also be highly important
and informative. In addition, the microarray cannot
generate information about new sequences types
and thus interrogates only the breadth of known
diversity within the targeted gene families.
Although our results, which targeted DNA showed
significant correlations to enzymatic activities in
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some cases, analysis at the mRNA level would
certainly provide greater insight into in situ activ-
ities. However, it should be noted that technical
challenges and potential biases in methods of
mRNA analysis also exist, especially in their
application to low activity ecosystems. Analysis of
the amount of data generated by microarray technol-
ogy is also an important bottleneck, but new
statistical approaches are showing interesting
promise toward the identification of complex
patterns and networks (Gentry et al., 2006). The
impact of functional gene microarrays could be
increased further by attempts to couple such data
with detailed (microarray-based) phylogenetic
analyses, potentially linking community structure
and function.
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