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Summary 
Soil microorganisms are involved in all the major global biogeochemical cycles, but 
consequences of ongoing climate changes on these organisms and associated functions are 
mostly unknown. Antarctic terrestrial habitats are ideal testing grounds for the impacts of 
perturbation on soil microbes, and the ecosystem functions for which they are responsible. 
Indeed, the unusually harsh environmental conditions of terrestrial Antarctic habitats result 
in ecosystems with simplified trophic structures, where microbial processes are especially 
dominant as drivers of soil-borne nutrient cycling. The Antarctic Peninsula is one of the 
most rapidly warming regions in the world, yet few studies have addressed the potential 
impacts of global warming on soil microbes and associated nutrient-cycling functions 
inhabiting these simple and vulnerable environments. 
 
The main objective of this thesis is to assess the effects of global warming on Antarctic 
soil-borne microorganisms and associated functions. This objective was pursued via three 
complementary experimental approaches: 
1. A detailed description of the microbial communities, and their associated functions, 

inhabiting Antarctic terrestrial habitats along a latitudinal transect, as a proxy for long-
term, large-scale climatic changes (Chapters 2–5). 

2. A study of the short-term responses of soil microorganisms and associated functions to 
increasing temperature and altered freeze-thaw cycle frequency in controlled 
microcosm experiments (Chapter 6). 

3. An assessment of the responses of soil microbial communities and functions in a field 
manipulation experiment involving three years of artificial enhancement of soil 
temperature warming using open-top chambers at three field locations (Chapter 7). 

Such an integrated approach is thought to help overcome methodological, spatial and 
temporal limitations and to help discriminate between general and context-dependant 
responses of ecosystems to global warming. 
 
Results from the latitudinal gradient studies revealed that the large differences in climatic 
conditions at the different sites sampled exerted strong influence on microbial community 
structure, diversity, abundance and functions. In addition, vegetation cover was observed to 
also exert a strong effect, indicating that indirect effects of global warming through 
vegetation expansion may lead to large ecosystem responses. Microcosm studies 
highlighted that fungi and bacteria respond differently to increasing temperature and 
changes in freeze-thaw cycle frequency. These experiments also showed that several 
functional genes involved in the N-cycle were more sensitive to changes in freeze-thaw 
cycle frequency than to increases in temperature. Field warming experiments showed that 
the short-term responses of soil organisms and associated functions to warming of a few 
degrees were highly dependent on local environmental condition. Large responses were 
only recorded in moist, nutrient-rich Antarctic environments, while few responses were 
observed in nutrient- or water-limited environments and the more temperate soils.  
 
Taken together, the results presented in this thesis suggest that global warming will have 
profound effects on Antarctic soil microorganisms and associated functions. The short-term 
effects will be highly variable and shaped by local environmental conditions, while in the 
longer-term, global warming will strongly affect soil microorganisms and nutrient-cycling 
functions, both directly and indirectly. 





 

 

Chapter 1: General Introduction 

Soil microorganisms are involved in all the major global biogeochemical cycles (Prosser, 
2007), but consequences of ongoing climate changes on these organisms and associated 
functions are mostly unknown. The Antarctic Peninsula is one of the most rapidly warming 
regions in the world (Turner et al., 2002), and the relative simplicity of its terrestrial 
habitats (Convey, 2001) makes it an ideal testing ground for the impacts of perturbation on 
soil microbes. However, few studies have addressed the effects of ongoing warming on soil 
microbes and associated nutrient-cycling functions in these unique and poorly studied 
environments. It is consequently difficult to make reliable predictions concerning the 
consequences of global changes on soil microorganisms in these environments. If 
elucidated, the responses of Antarctic soil microorganisms to global changes could be of 
importance in understanding how microbial diversity and community structure affect 
ecosystem functioning. The first objective of this thesis was to characterize the microbial 
communities of this interesting potential model ecosystem. The second objective was to 
examine the impact of global warming scenarios on Antarctic microbial communities and 
functions.  

Antarctica and global warming 

Antarctic environments 
Antarctic environments are extraordinary in the harshness of their climates, far more severe 
than northern climates at similar latitudes (Convey, 2001). Environmental conditions are 
considered unfavourable in terrestrial Antarctic environments, with low thermal capacity of 
the substratum, frequent freeze-thaw and wet-dry cycles, low and transient precipitation, 
reduced humidity, rapid drainage and limited organic nutrients (Convey, 1996; Wynn-
Williams, 1990). Furthermore, only 0.35% of the Antarctic continent is ice-free for some or 
all of the year (BAS, 2004), with much of this area representing cold rock deserts and 
nunataks (mountain summits protruding through surrounding ice sheets). The vegetation of 
these ice-free habitats is characterised by low coverage and low productivity, being mainly 
composed of mosses and lichens, with only two vascular plant species. Antarctic food webs 
are consequently relatively simple and are characterised by the absence of insect and 
mammalian herbivores, so that most of the energy and materials assimilated by primary 
production enter a detritus, rather than and grazing, trophic pathway (Davis, 1981; Heal and 
Block, 1987). According to Kennedy (1996), cold temperature and low moisture 
availability are probably the main limiting factors, resulting in the depauperate status of 
Antarctic habitats. Although the Antarctic continent has been isolated from other land 
masses for over 25 million years by the strong geophysical barriers of the Southern Ocean 
and South Polar Air Vortex, there is evidence that viable propagules can be transported 
from South America and around Antarctica (Hughes et al., 2004; Marshall, 1996). Thus, 
aerobiological isolation probably does not limit microbial colonisation. Biotic interactions 
such as predation and competition are also thought to play only a minor role in limiting life 
(Convey, 1996; Kennedy, 1995; Wall and Virginia, 1999). Consequently, any amelioration 
of ambient temperature, water availability, or nutrient availability is hypothesized to 
encourage the development of trophic complexity in these habitats (Kennedy, 1995). 
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Global warming 
By 2100, the mean air temperature at the Earth’s surface is predicted to increase by 1.4°C 
to 5.8°C with a disproportionate effect at high altitudes and latitudes (IPCC, 2007). 
However, there are strong regional differences, especially in Antarctica. Indeed, a net 
cooling of Eastern Antarctica between 1966-2000 (Doran et al., 2002) appears to coincide 
with a dramatic warming of the Antarctic Peninsula between 1951-2000, with an increase 
of 0.56°C per decade (Turner et al., 2002). Nevertheless, the temperature increases in ice-
free areas are expected to increase the availability of liquid water (from glacial and 
permafrost melting), with the potential to result in remarkable changes in ecosystem 
development (Cowan and Tow, 2004). For instance, warming trends have been coupled to 
expanding ranges for vascular plants across the Antarctic Peninsula (Convey, 2003; 
Fowbert and Smith, 1994; Smith, 1994b). However, it remains to be seen if Antarctic 
microorganisms are also affected in their biomass, community structure and activities in 
response to climate change. 

Antarctic soil organisms 

Antarctic terrestrial ecosystems represent excellent model systems for studying the effects 
of global warming on microorganisms: the relative simplicity of these environments 
facilitates the examination of microbial communities and activities without the confounding 
complexity of higher trophic levels (Convey and Smith, 2006; Smith, 1996). However, soil 
microbial communities themselves may still be highly complex. In the extreme Antarctic 
situation, a small temperature increment has a potentially greater biological impact that one 
of a similar scale in a less extreme environment, simply because it represents a relatively 
larger amelioration in environmental conditions. Also, no significant delay is likely to occur 
between the onset of climate warming and changes in microbial community, since there is a 
dormant propagule bank in maritime Antarctic soils (Kennedy, 1996). Contrasting with 
these ideas, Panikov (1999) hypothesized that since microorganisms react quicker than 
plant and animals to environmental changes and since seasonal changes are normally much 
greater than the expected annual global changes, the direct effect of climate changes on 
microbes should not be significant. However, global warming is expected to have indirect 
effects on microbes, as plant communities, quantity and quality of litter, chemistry, and 
physical characteristics of the environment change (Panikov, 1999). These effects might 
happen in the longer-term since processes and activities in cold environments are slower. 
All these hypotheses have yet to be examined in detail for Antarctic soil microorganisms.  

Bacteria 
Cold-adapted microorganisms, or psychrophiles, are able to grow well at 0°C (and often 
below that), have maximal growth below 15°C and cannot grow above 20°C. Cold-tolerant 
microorganisms, or psychrotrophs, can survive at 0°C, but have maximal growth around 
20-30°C, and stop growing above 35°C. Antarctic terrestrial bacteria are believed to be 
cold-tolerant as opposed to cold-adapted (Aislabie et al., 2006; Line, 1988; Wery et al., 
2003). This may be not surprising because cold-tolerant organisms are better adapted than 
true cold-adapted microorganisms to survive the large and frequent variation in 
temperatures occurring in Antarctica (Cowan and Tow, 2004). This also implies that the 
selection pressure for low optimal growth temperature is relatively low compared to other 
environmental constraints (Vincent, 2000). 
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Different bacterial community parameters (abundance, structure, activity and diversity) 
have been linked to a range of environmental factors in southern polar environments. The 
availability of water was the major factor dictating cyanobacterial distribution (Bölter et al., 
1997; Christie, 1987; Smith et al., 2006), bacterial abundance (Christie, 1987; Tearle, 
1987), activity (Bölter, 1992; Christie, 1987) and diversity (Aislabie et al., 2006). Other 
evidence suggests that bacterial abundance and activity are controlled by the availability of 
organic matter (Bölter, 1992; Christie, 1987; Vishniac, 1993) or the presence of vegetation 
(Bölter, 1995; Bölter et al., 1997). In contrast to what is generally recognized for Arctic 
habitats (Jonasson et al., 1999a), some Antarctic studies have reported that microbial 
activity was not limited by the availability of N and P (Bölter, 1992; Christie, 1987). 
 
Obviously, terrestrial Antarctic habitats can vary widely with respect to key environmental 
factors such as water and nutrient availability, organic content and soil structure. However, 
two main categories of Antarctic soils have been identified based on cluster analysis of a 
range of abiotic and biotic factors: 1) nutrient-poor, dry, bare mineral soils and 2) moist, 
relatively nutrient-rich, vegetated soils (Bölter, 1990). Mineral soils were reported to be 
dominated by a relatively narrow range of bacteria, and these groups varied depending on 
the location sampled. The dominating group was either Actinobacteria (Dry Valleys) or 
Bacteroidetes (Victoria Land) (Aislabie et al., 2006; Smith et al., 2006). Cyanobacteria 
were also reported to be highly diverse and common in several Antarctic mineral soils 
(Bölter et al., 1997; Brinkmann et al., 2007; Christie, 1987; Smith et al., 2006). The 
presence of the above-mentioned groups in mineral soils may be a function of their special 
metabolic capacities that, coupled with cold and drought hardiness, might give these 
bacteria an advantage over other groups when nutrients are limiting. In line with this 
dominance by specific bacterial groups, Antarctic mineral soils were reported to have lower 
bacterial diversity than typical for temperate soils (Smith et al., 2006). In contrast, 
vegetated soils were reported to support diversities and community compositions rather 
similar to soils from temperate environments, and this is thought to be related to the fact 
that Antarctic soils under plants offer a relatively stable and nutrient-rich environment 
(Harris and Tibbles, 1997). 
 
Since most Antarctic bacterial species are cold-tolerant as opposed to cold-adapted, having 
optimal growth temperature well above what they are currently experiencing, it can be 
hypothesize that warming of a few degrees will increase bacterial activity. However, if 
bacterial communities are nutrient limited, an increase in temperature without a 
concomitant increase in nutrient input will not improve growth. Also, bacterial 
communities that are experiencing lower variability in soil climate are expected to be more 
sensitive to climate change than communities that are adapted to wide fluctuations in soil 
temperature and water content (like the ones of Antarctic soils) (Waldrop and Firestone, 
2006). As a broad generalisation, increases in temperature and water availability have led to 
positive responses in indigenous Antarctic biota, essentially through relaxation of current 
abiotic constraints on biological activity (Convey, 2003; Kennedy, 1995). Soil warming 
through greenhouse field manipulations (i.e. placement of small greenhouses in the field) 
has generated very rapid responses of Antarctic bacteria (Cowan and Tow, 2004; Wynn-
Williams, 1996b). In one instance, microbial crusts comprising predominantly filamentous 
cyanobacteria, covered 74% of the soil after 3 years of warming compared to only 5% 
coverage for controls (Wynn-Williams, 1993). However, comparison of colonization 
between different sites showed that water limitations may outweigh the effects of 
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temperature (Wynn-Williams, 1996b). Wynn-Williams (1996b) also reported that the 
nature and extent of warming responses in frost-sorted polygon soils depended on the 
composition of the initial microflora. For instance, N2-fixing cyanobacteria had a selective 
advantage specifically in N-limited fell-field (Wynn-Williams, 1996b). 
 
In contrast to Antarctic soils, bacterial biomass in Arctic soils was reported to be virtually 
unaffected by artificially increased temperature (Jonasson et al., 1999b; Ruess et al., 1999; 
Schmidt et al., 2002). However, a recent study pointed out that bacteria indeed responded to 
increased temperature, but that more than a decade of increased temperature was necessary 
to detect changes in bacterial communities (Rinnan et al., 2007). Antarctic environments 
seem therefore to respond more rapidly than Arctic environments, and the difference in 
response time might be related to the relative trophic simplicity of Antarctic environments. 
One source of disparity between northern and southern polar regions is that Antarctic 
climates are far more severe than northern climates at similar latitude (Convey, 2001). 
Antarctic terrestrial environments also have a much greater degree of physical isolation. 

Fungi 
Similar to bacteria, numerous studies had reported the prevalence of cold-tolerant rather 
than cold-adapted fungi in Antarctic soils (Kerry, 1990; Melick et al., 1994; Robinson, 
2001; Zucconi et al., 1996). Fungi isolated from Antarctic regions were reported to have 
optimum growth temperatures of 12-20°C (Azmi and Seppelt, 1998; Del Frate and Caretta, 
1990; Tosi et al., 2002). It is not surprising to find fungi with relatively high optimal 
temperature, since fungi have numerous ways to resist to extreme cold temperatures. For 
instance, fungi can avoid harsh temperatures by annual germination of spores and by long 
and short distance dispersal from other environments (Robinson, 2001).  
 
Since Antarctic fungi are best adapted to warmer conditions than currently encountered in 
Antarctic habitats, temperature together with soil moisture are the major controlling factors 
of fungal diversity, community structure and biomass. Fungal diversity was found to be 
higher in sub-Antarctic islands where the climate is more humid and more temperate (Azmi 
and Seppelt, 1998; Smith, 1994a) and, similarly, a study using modern molecular tools 
reported a strong differentiation in diversity between continental and maritime sites 
(Lawley et al., 2004). Seasonal variability in fungal and yeast biomasses has also been 
coupled to patterns of humidity and temperature (Wynn-Williams, 1982). Cultivable fungal 
abundance at different Antarctic sites was also strongly influenced by organic matter and 
soil water content (Bailey and Wynn-Williams, 1982), and community structure was related 
to the species composition of the overlying vegetation (Smith and Walton, 1985). Fungi are 
hypothesized to be the main decomposers in Antarctic soils (Walton, 1985), and the main 
decomposition functions have been reported to be strongly influenced by temperature 
(Kerry, 1990; Pugh and Allsopp, 1982) with a lesser influence of vegetation (Walton, 
1985). 
 
Antarctic fungal diversity has been surveyed for many decades (Azmi and Seppelt, 1998; 
Del Frate and Caretta, 1990; Gray and Smith, 1984; Jumpponen et al., 2003; Lawley et al., 
2004; Line, 1988; Pegler et al., 1980; Pugh and Allsopp, 1982; Smith, 1994a; Tosi et al., 
2002; Tosi et al., 2005). However, most of these studies have been restricted to a single site 
and were aimed at discovering new species, while the two existing molecular studies were 
restricted in their phylogenetic power. Some highly valuable information can still be 
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extracted from these studies taken as a whole. For instance, sites around scientific stations 
were reported to have fungal genera that were not found in other undisturbed sites (Azmi 
and Seppelt, 1998) and, similarly, sites affected by birds provided conditions more 
favorable for the development of soil fungi (Tosi et al., 2005). Higher fungi 
(macromycetes) from a range of Antarctic habitats were remarkably similar to temperate 
and Arctic fungi, suggesting a cosmopolitan distribution or introduction by human activity 
(Pegler et al., 1980). However, the high stress and disturbance conditions of Antarctica may 
select for species which produce large numbers of small spores as a survival strategy (Tosi 
et al., 2005). Arbuscular mycorrhizal fungi have not been detected in Antarctic ecosystems 
(Christie and Nicolson, 1983; DeMars and Boerner, 1995; Malosso et al., 2004) but were 
present on sub-Antarctic islands (Christie and Nicolson, 1983; Smith, 1994a). Lower plants, 
that dominate Antarctic flora, have also the capacity to form symbiotic fungal associations 
(Read et al., 2000) and, in fact, colonization by Ascomycetes and ericoid mycorrhizal fungi 
was observed in liverworts and hepatics specimens of Antarctica (Upson et al., 2007; 
Williams et al., 1994). 
 
There is as yet limited information available about the possible responses of Antarctic fungi 
to global warming. In addition to temperature dependence of decomposition functions 
(Kerry, 1990; Pugh and Allsopp, 1982), positive metabolic responses of fungi to increasing 
temperatures have been reported (Melick et al., 1994). In contrast, field manipulations 
carried out over 15 years in the Arctic had no effect on soil fungal community size, 
probably because of nutrient limitations (Rinnan et al., 2007). 

Other soil-borne organisms – Nematodes, insects, algae 
In Antarctica, heterotrophic respiration is dominated by microorganisms (bacteria and 
fungi), accounting for 81-89% of total heterotrophic respiration (Davis, 1981). Protozoa 
were observed to provide between 10-19% of heterotrophic respiration and Rotifera, 
Tardigrada, Nematoda, Acari and Collembola were collectively responsible for 0.42-0.48% 
of the heterotrophic respiration (Davis, 1981). The highest microfaunal (Nematodes, 
Collembola and Acari) counts were reported in soils with a dense vegetation cover, which 
were rich in water and organic matter (Bokhorst et al., 2008; Bölter et al., 1997). The 
patchy distribution of organic material and heterogeneous distribution of Antarctic 
vegetation therefore results in a highly patchy distribution of soil-borne microfauna (Bölter 
et al., 1997). In Antarctic nunataks mineral soils, no relation was observed between 
nematode abundance and water content, bacterial number, organic content or C:N ratios, 
and only weak or inconsistent links were observed between different microfaunal 
abundances (Sohlenius et al., 1996). 
 
Within Antarctica food webs, carnivorous micro-animals are the highest trophic level. 
Indeed, no annelids, mollusks, and winged insects are present in Antarctic terrestrial 
environments (Davis, 1981). The fauna of Antarctica is completely composed of micro-
animal and protozoa, whose community composition seems to be strongly related to the site 
sampled. For instance, on Signy Island, in the maritime Antarctic, 39 Protozoa species, 24 
nematodes species, nine tardigrades species, one Collembola species, and eight Acari 
species were observed (Davis, 1981). In a study of continental Antarctic nunataks, simpler 
animal communities were recorded with 19 species of rotifers, two dominant species of 
nematodes, eight species of tardigrades and a few microarthropod species (Sohlenius et al., 
1996). In the continental Dry Valley region, even simpler communities were observed with 
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one-third of the samples lacking animals altogether, and with the remaining samples 
containing extremely low nematode diversity (three species of three distinct genera forming 
two trophic groups) (Freckman and Virginia, 1997). Similarly, metazoan, protists and algal 
diversity showed no latitudinal pattern, but rather a continental vs. maritime differentiation 
(Lawley et al., 2004). However, recent evidence also suggests that arthropod diversity 
decreases with increasing latitude along the Antarctic Peninsula (Bokhorst et al., 2008). 
 
Only a few studies have reported on the potential effects of global warming on Antarctic 
soil micro-animals, protozoa and algae. In the Antarctic Dry Valleys, open-top chamber 
manipulation (passive warming by 1-2°C) did not induce any response of soil nematodes 
after 2 years, even in sites where sufficient soil moisture was present (Treonis et al., 2002). 
In contrast, a greenhouse field manipulation study on Signy Island reported dramatic effects 
on soil algae and nematodes, but with different communities developing within each 
replicate greenhouse, highlighting the importance of founder effects (Kennedy, 1996). 
Nematodes were also reported to be more abundant in geothermally heated soils, but with a 
strong shaping effect of the overlying vegetation (Kennedy, 1996). In an open-top chamber 
experiment at three different Antarctic sites, Acari showed no response to warming while 
Collembola decreased in density, but only at one of the three sampling sites (Bokhorst et 
al., 2008). These mixed results point out the importance of environment-specific responses 
of micro-fauna to global warming. This might also be related to the micro-faunal diversity 
already present in soils, which, as stated above, can vary widely between different 
locations. Indeed, it was recently reported that reducing the number of consumer species in 
model Antarctic microbial food webs may alter their response to environmental changes 
(Newsham and Garstecki, 2007). 

Nutrient cycling in Antarctic soils 

Bacteria and fungi are key players in most nutrient cycles (Prosser, 2007), and it is thought 
that their importance in nutrient cycling is larger in Antarctic terrestrial environments as 
compared to temperate environments. Indeed, as a consequence of the trophic simplicity of 
Antarctic terrestrial ecosystems, a large proportion of the nutrients contained in vegetation 
is directed to soil microorganisms. Even with these relatively large nutrient inputs, N was 
still reported as limiting in both Arctic and Antarctic ecosystems (Marion et al., 1989; 
Mataloni et al., 2000; Shaver and Chapin, 1980). Such nutrient limitations might constrain 
responses of Antarctic terrestrial ecosystems to global warming. However, if global 
warming were to affect microorganisms involved in nutrient cycling, making nutrients 
more available, it could allow for large responses even in nutrient-limited ecosystems. 
Detailed knowledge of the key players in Antarctic nutrient cycles is therefore necessary to 
fully understand the possible consequences of global warming on Antarctic terrestrial 
ecosystems. 

Nitrogen cycling 
The main steps in the terrestrial nitrogen cycle are shown in Fig. 1-1. The three processes 
that have been studied in the greatest depth with modern molecular tool are nitrogen 
fixation, denitrification and nitrification. Anaerobic ammonia oxidation (annamox) is also 
an important step in the N-cycle, but this step has yet to be reported for soils and will 
consequently not be part of this section (nor is it shown in Fig. 1-1). 
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Figure 1-1. The terrestrial nitrogen cycle, including enzymes and associated functional 
genes. Adapted from Prosser (2007). ���� Indicate key/limiting steps and grey shaded 
boxes indicate gaseous intermediates. 
 
Nitrification can only occur under aerobic conditions, while denitrification, in which nitrate 
is used as terminal electron acceptor instead of oxygen, can only occur under anaerobic 
conditions. In complex ecosystems, like soil, these processes can occur simultaneously in 
different micro-sites submitted to different oxygen conditions. At the ecosystem level, 
nitrification is generally favoured under soil conditions of ample NH4 availability, moderate 
pH and sufficient aeration (except when the soil becomes overly dry), while denitrification 
is favoured by high availability of labile C (energy) and NO3 (electron acceptor), in poorly 
aerated soils and pH close to neutrality (Barnard et al., 2005). For nitrification, ammonia 
oxidation is the first and usually rate-determining step (Belser, 1979). The major rate-
limiting step in the denitrification process is generally recognized to be nitrite reduction, 
since it is the first committed step that leads to a gaseous intermediate (Zumft, 1997). 
 
It has been reported that the main sources of nitrogen in Antarctic soils are either from bird 
droppings (Bokhorst et al., 2007b; Christie, 1987) or from N2-fixation (Ino and Nakatsubo, 
1986). N2-fixation in Antarctica has been suggested to occur via the action of free-living 
N2-fixing bacteria and the cyanobionts of lichens (Adams et al., 2001; Line, 1992; Yergeau 
et al., 2007b). Heterotrophic N2-fixation has not been detected as a significant source of 
reduced nitrogen (Pandey et al., 1992), probably due to energy limitations (Christie, 1987). 
Cyanobacteria are believed to be the major N2-fixing organisms in Antarctic environments 
(Ino and Nakatsubo, 1986; Line, 1992; Vishniac, 1993), with their contribution to N2-
fixation reported to be four times greater in wet habitats compared to dry ones (Christie, 
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1987). However, among a range of different Antarctic soils, the highest rates of N2-fixation 
were reported for relatively dry nunatak soils (Pandey et al., 1992). In the few studies 
addressing the other N-cycle steps in Antarctic habitats, Signy Island habitats were reported 
to be devoid of ammonia-oxidizing bacteria (Vishniac, 1993). Nitrifying bacteria also 
outnumbered denitrifying bacteria, suggesting N conservation in some Antarctic soils 
(Christie, 1987). The importance of amino acid uptake in the Antarctic N-cycle is unknown. 
Similarly to what has been shown for the arctic (Kielland, 1994), plants could indeed short-
circuit N mineralization by absorbing directly amino acids. 
 
Available evidence suggests that nitrogen is the main limiting factor in high latitude 
ecosystems (Marion et al., 1989; Mataloni et al., 2000; Shaver and Chapin, 1980). 
However, this might not be the case for densely vegetated maritime Antarctic soils where 
high N contents have been observed (Bokhorst et al., 2007c), which was in some cases 
caused by bird input (Bokhorst et al., 2007b). Previous studies in Arctic soils reported weak 
or inconsistent responses of the N-cycle to warming, with strong influences of time, 
moisture, and plant cover (Aerts et al., 2006; Deslippe et al., 2005; Jonasson et al., 1999a; 
Schmidt et al., 1999; Shaw and Harte, 2001). With respect to Antarctic soils, there is still 
insufficient information to make predictions regarding the potential impact of climate 
warming on N-cycling. 
 
Another major effect of global warming on the N-cycle, especially in Antarctic 
environments, will probably be related to changes in the frequency of freeze-thaw cycles. In 
temperate environment soils, freeze-thaw cycles were shown to increase N mineralization 
(DeLuca et al., 1992; Edwards and Cresser, 1992), denitrification (Edwards and Cresser, 
1992) and the density of denitrifying genes (Sharma et al., 2006), while decreasing 
nitrification potential (Yanai et al., 2004a), suggesting a net loss of N from the ecosystem. 

Carbon cycling 
The main steps in the carbon cycle are depicted in Fig 1-2. The terrestrial carbon cycle is 
composed of two major processes, decomposition and carbon fixation. However, the vast 
array of heterogeneous organic compounds that can be degraded by microorganisms makes 
this cycle particularly complex. The production and oxidation of CH4 is also of great 
importance for controlling the levels of this highly potent greenhouse gas. 
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Figure 1-2. The terrestrial carbon cycle, including enzymes and functional genes. 
Adapted from Prosser (2007). Grey shaded boxes indicate gaseous intermediates. 
 
Decomposition in Antarctica soils is carried out mainly by bacteria, micro-fungi, yeast and 
probably to some extent by basidiomycetes when present (Smith, 1994a). It is believed that 
fungi are the dominant decomposers in Antarctica, in contrast to the Arctic where bacteria 
are presumed to dominate this process (Walton, 1985). In nutrient-poor Antarctic 
ecosystems, microbial C-fixation could be an important input of C to the soil (Hopkins et 
al., 2006; Vincent, 1988). One of the distinctive features of Antarctic terrestrial ecosystems 
with respect to the C-cycle is the absence of mammalian and insect herbivores and 
detritivores (Smith and Steenkamp, 1992). The consumption of algae by primary consumers 
is the only significant herbivory and less then 0.1% of bryophyte and lichens net primary 
production is consumed because of their poor nutritional quality (Davis, 1981). 
 
Several factors have been reported to influence the C-cycle in Antarctic environments. 
These can be classified into two main categories: vegetation-related (quality and quantity of 
organic matter, soil moisture content) and latitude-related (temperature, freeze-thaw cycles) 
(Davis, 1981; Walton, 1985). Very marked differences in decomposition were reported 
under different vegetation types (Walton, 1985), probably due to different carbohydrate 
composition of vascular plants, bryophytes and lichens (Melick and Seppelt, 1992; Melick 
et al., 1994; Roser et al., 1992). Vegetation biomass, litter production and litter quality 
might be a more important determinant of decomposer community in Antarctica than in 
temperate environments, since the general lack of aboveground herbivores channels a 
greater proportion of the C fixed by the vegetation to the soil. Microbial decomposition is 
very sensitive to soil water content and to variations in anaerobic conditions, with slowest 
decomposition rates in water-logged and anaerobic conditions (Davis, 1986; Kennedy, 
1995; Smith and Steenkamp, 1990). Temperature has previously been identified as a key 
determinant of cellulase activity and decomposition rates (Kerry, 1990; Pugh and Allsopp, 
1982). Similarly, seasonal changes in carbon cycle processes have been reported, whereby 
dissolved organic compounds were principally utilized in spring and autumn and more 
complex organic compounds in summer (Wynn-Williams, 1980). 
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Several interactions are thought to be important between vegetation- and latitude-related 
factors, as the quantity and quality of C inputs into soil can also be affected by 
environmental conditions. For instance, the photosynthetic activity of mosses has been 
shown to recover more slowly from cold periods 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 communities, but also because 
they induce changes in exudation patterns of cryptogams (Melick and Seppelt, 1992; 
Melick et al., 1994; Tearle, 1987). It has been estimated that freeze-thaw cycles induce an 
annual release of more than 15% of the total organic matter of  Antarctic cryptogams to the 
soil microbiota (Tearle, 1987), while only 1.5% of plant material becomes available each 
year through the break-down of dead subsurface material (Davis, 1986).  
 
Since the C-cycle is strongly influenced by temperature, freeze-thaw cycles and vegetation, 
it is expected that global warming will affect C-cycling processes, both directly and 
indirectly through vegetation effects. Warming will probably directly enhance 
decomposition, as the optimum growth temperature for most microorganisms is higher than 
the temperature they are currently experiencing. Warming will also decrease the number of 
freeze-thaw cycles in Antarctica and change plant community composition, affecting the 
input of organic matter to soils. However, few studies have directly assessed the response 
of the Antarctic soil C-cycle to global warming. Field studies using open-top chambers 
across a range of different sites have generally reported no changes in decomposition rates, 
but site-specific responses of soil respiration has been observed (Bokhorst et al., 2007c; 
Treonis et al., 2002). It was concluded from these studies that increasing temperature will 
not have the same impact on all ecosystems, and that changes in water and nutrient 
availability will perhaps have a stronger effect than moderate changes in temperature 
(Bokhorst et al., 2007c). In contrast, microcosm studies reported strong effects of increases 
in temperature on soil respiration, but only when temperature was increased by 8°C 
(Bokhorst et al., 2007c). It was also hypothesized that changes in plant productivity and 
tissue chemistry following warming and elevated CO2 conditions will increase ecosystem 
net C assimilation in the Antarctic (Kennedy, 1995), in contrast to what was recently 
observed in the Arctic, where warming stimulated  decomposition more than plant 
production (Mack et al., 2004).  
 
Methane generation and oxidation are important steps of the C-cycle (Fig. 1-2), since they 
regulate the atmospheric levels of this potent greenhouse gas. Methane generation or 
methanogenesis is restricted to methanogenic Archaea from the Euryarchaeota, and the key 
enzyme of this process is the methyl coenzyme M reductase (mcr) which is ubiquitous 
among, and unique to methanogens. Methane oxidation is also limited to a restricted 
number of taxa in the Alpha- and Gammaproteobacteria. Such methanotrophs ubiquitously 
possess the key enzyme of methane oxidation, the particulate methane monooxygenase 
(pmo). Some methanotrophs also possess a soluble methane monooxygenase (smo), but this 
enzyme is only expressed at copper deficiency (Hanson and Hanson, 1996). 
 
The terrestrial Antarctic methane cycle is very poorly studied, with most studies focussed 
on the discovery of new methane-cycle-related species (Moosvi et al., 2005a; Moosvi et al., 
2005b; Romanovskaya et al., 2005; Simankova et al., 2003). Recently, it was reported from 
the Antarctic Dry Valleys that DNA from methanogen-like organisms was present in soil 
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(Hopkins et al., 2005). Also, consistent emissions of methane were detected from lakeshore 
soils (Gregorich et al., 2006). 

Research objectives and outline of this thesis 

The main objective of this thesis was to assess the effects of global warming on soil 
microbial communities and their associated functions in Antarctic terrestrial ecosystems. 
Against a background of high profile geophysical research (e.g. the ozone hole, glacier 
melting, etc.), it is disappointing to observe that the biological consequences of global 
change in Antarctica have failed to attract comparable attention. Southern polar ecosystems 
have been dismissed on account of their sparse distribution, limited diversity, and low total 
biomass of resident communities, as well as the lack of economic incentives (Kennedy, 
1995). However, studies of ecosystem function in these habitats, which are often 
characterized by low biological diversity, can help to elucidate the relationships between 
species processes and the environment (Wall and Virginia, 1999). In order to assess global 
warming effects on Antarctic soil microorganisms, three complementary approaches were 
used: 1) analysis of soil microbial communities along a southern latitudinal gradient, 2) 
microcosm experiments on the effects of temperature and freeze-thaw cycles, and 3) field 
experimental warming for three years using open-top chambers. Such an integrated 
approach is thought to help overcome methodological, spatial and temporal limitations and 
to help discriminate consistent from dynamic and context-dependant responses of 
ecosystems to global warming (Dunne et al., 2004; Kennedy, 1996). 
 
A number of sites along a southern polar latitudinal gradient were used for the different 
gradient studies (Chapter 2-5). The gradient ranged from the Falkland Islands (51°S) to the 
Ellsworth Mountains (78°S), along more than 3200 km (See Fig. 1-3 for a map). This 
latitudinal gradient was not only meant to act as a proxy for long-term effects of large 
differences in climatic conditions, but also to establish a reliable baseline to facilitate future 
biodiversity and functional ecological investigations of Antarctic soil-borne microbes. 
Indeed, before understanding warming impacts on terrestrial ecosystems, it is crucial to 
gain insights into processes and activities of the key microorganisms involved. At the same 
time, we optimized and applied state-of-the-art molecular tools for the study of these 
particular communities. 



���������	�
�����������

 ���

 
Figure 1-3. Map of the sampling sites. Black and white dots indicate the presence of 
both densely vegetated and fell-field environments while white dots indicate the 
presence of frost-sorted polygon environments only. 
 
In Chapter 2, bacterial, fungal and nematode community structures were assessed using 
PCR-DGGE (denaturing gradient gel electrophoresis) on Falkand, Signy and Anchorage 
Islands and at Fossil Bluff and Coal Nunatak. Bacterial and fungal densities were also 
evaluated using real-time PCR, PLFA (phospholipids fatty acids) and CFU (colony forming 
units) counts. These descriptors of the soil communities were linked to a wide range of soil 
factors and to latitude and vegetation presence. In Chapter 3, patterns of soil-borne bacterial 
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diversity, based on 16S ribosomal RNA genes, along a more than 3200 km southern polar 
latitudinal gradient are presented. The results of this chapter are based on the whole range 
of sampling sites depicted in Fig. 1-3. Statistical analyses were used to disentangle the 
effects of latitude and of vegetation presence on bacterial diversity and community 
composition. Chapter 4 further detailed prokaryotic diversity in Falkland, Signy and 
Anchorage Islands, and Fossil Bluff and Coal Nunatak, using 16S rRNA microarrays. This 
platform contains around 500,000 probes aiming at more than 8,500 prokaryotic OTUs 
(operational taxonomic units). This dataset was also related to the functional gene 
microarray dataset that is presented in Chapter 5 using tailor-made statistical analyses. 
Chapter 5 is mainly concerned with functional genes present in Falkland, Signy and 
Anchorage Islands, and Fossil Bluff and Coal Nunatak. A functional gene microarray 
platform that contained more than 24,000 probes aiming at more than 10,000 functional 
genes was used to look specifically at a suite of N- and C-cycles genes. The presence and 
the density of these genes were then related to soil, latitudinal and vegetation-related 
factors. 
 
With the detail description of the latitudinal gradient in hand, Chapters 6-7 then focus on 
the short-term effects of increasing temperatures on soil microbes in Antarctic soils. Two 
experimental approaches were carried out to simulate predicted climate change: 1) 
microcosm experiments with precisely controlled conditions in growth cabinets, and 2) 
field warming experiments using open-top chambers (OTC). Microcosm experiments can 
disentangle precisely the different components of global warming (increasing temperature, 
decreasing freeze-thaw cycle frequency, changes in vegetation cover, etc.), whereas field 
warming experiments allow for a more realistic and complete description of the effects of 
warming on natural microbial communities.  
 
Chapter 6 reports the combined results of two microcosm studies that used Signy Island 
(Fig. 1-3) soil cores. The first microcosm set-up focused on the impact of increases in 
constant temperature, while the second experiment investigated the effects of freeze-thaw 
cycle frequency. The structure and density of bacterial and fungal communities, as well as 
the density of N-cycle functional genes, were assessed using PCR-DGGE and real-time 
PCR. Chapter 7 reports the results from an OTC field warming experiment carried out at 
the Falkland, Signy and Anchorage Islands sites. At each location, densely vegetated and 
bare fell-field environments were submitted to experimental warming during three years. 
The OTCs artificially increased annual mean soil temperature by approximately 1°C 
(Bokhorst et al., 2007c). This methodology is thought to be the most appropriate for remote 
location, because it does not require any energy input and also minimizes most unwanted 
ecological effects (Hollister and Webber, 2000; Marion et al., 1997). Bacterial and fungal 
communities were assessed by PCR-DGGE and real-time PCR, and nematodes were 
enumerated and identified by direct counts. Several C- and N-cycles functional genes were 
also quantified using real-time PCR. These results were analyzed together with 
environmental, soil and arthropod data. Chapter 8 presents a general discussion of the 
results of this thesis and integrates the different chapters. 





   

 

 

Chapter 2: Size and structure of bacterial, 

fungal and nematode communities along an 

Antarctic environmental gradient* 

 
 
 

Abstract 

The unusually harsh environmental conditions of terrestrial Antarctic habitats result in 
ecosystems with simplified trophic structures, where microbial processes are especially 
dominant as drivers of soil-borne nutrient cycling. We examined soil-borne Antarctic 
communities (bacteria, fungi and nematodes) at five locations along a southern latitudinal 
gradient from the Falkland Islands (51°S) to the base of the Antarctic Peninsula (72°S), and 
compared principally vegetated versus fell-field locations at three of these sites. Results of 
molecular (DGGE, real-time PCR), biochemical (ergosterol, PLFA) and traditional 
microbiological (temperature- and medium-related CFU) analyses were related to key soil 
and environmental properties. Microbial abundance generally showed a significant positive 
relationship with vegetation and vegetation-associated soil factors (e.g. water content, 
organic C, total N). Microbial community structure was mainly related to latitude or 
location and latitude-dependent factors (e.g. mean temperature, NO3, pH). Furthermore, 
strong interactions between vegetation cover and location were observed, with effects of 
vegetation cover being most pronounced in more extreme sites. These results provide 
insight into the main drivers of microbial community size and structure across a range of 
terrestrial Antarctic and sub-Antarctic habitats, potentially serving as a useful baseline to 
study the impact of predicted global warming on these unique and pristine ecosystems. 

                                                 
*Authored by: Etienne Yergeau, Stef Bokhorst, Ad H.L. Huiskes, Henricus T.S. 

Boschker, Rien Aerts and George A. Kowalchuk 
Published in:   FEMS Microbiology Ecology (2007) 59: 436–451 
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Introduction 

Many factors are unfavorable to the majority of terrestrial life-forms in Antarctic regions, 
such as low thermal capacity of the substratum, frequent freeze-thaw and wet-dry cycles, 
low and transient precipitation, low humidity, rapid drainage, and limited organic nutrients 
(Wynn-Williams, 1990). These generally adverse conditions support relatively simple 
ecosystems with a noted reduction in the complexity of food webs, with highly simplified 
food web structures in the most extreme Antarctic habitats (Wall and Virginia, 1999). 
Annelids, mollusks, winged insects and mammals are effectively absent from these 
systems, and only two vascular plant species have been found to inhabit Antarctic terrestrial 
environments (Davis, 1981). Consequently, most of these soil environments are devoid of 
root systems of vascular plants and larger animals which cause bioturbation. Although 
some complex trophic interactions have been identified in terrestrial Antarctic 
environments (Newsham et al., 2004), their less complex food-web structure provides a 
relatively simplified system in which to disentangle the drivers and consequences of soil 
microbial activities. 
 
The Antarctic Peninsula is the most rapidly warming region in the world (Houghton et al., 
2001). Predicted global warming will lead to longer growing seasons across this region, and 
extended plant distributions are anticipated (Convey and Smith, 2006; Frenot et al., 2005). 
Climate warming will not only affect Antarctic ecosystems directly, but associated changes 
in precipitation patterns and increased water availability due to melting are thought to be of 
perhaps even greater significance. Consequently, it has been hypothesized that direct 
temperature effects on soil-borne microorganisms will be less important than indirect 
effects, such as changes in vegetation density and other associated soil biophysical 
properties (Vishniac, 1993). Indeed, although decreases in bacterial abundances have been 
observed with increased latitude in terrestrial Antarctic systems, this is thought to be related 
to a concomitant decrease in vegetation density (thus carbon and inorganic nutrients) rather 
than to climate per se or latitude (Vishniac, 1993).  
 
Although little is known about the structure and function of terrestrial microbial 
communities in southern polar regions, a number of important preliminary investigations 
have begun to shed some light on the ecology of these systems. For instance, it has been 
observed that culturable fungal communities are more diverse and more abundant in sub-
Antarctic islands, where the climate is more humid and temperate, as compared to 
Antarctica proper (Azmi and Seppelt, 1998; Smith, 1994a). Organic matter, soil water 
content, pH and total nitrogen have also been shown to be correlated with fungal abundance 
on the sub-Antarctic Signy Island (Bailey and Wynn-Williams, 1982). Also, several studies 
have reported that Antarctic fungal communities are dominated by cold-tolerant, as 
opposed to cold-adapted, fungi, suggesting the superior tolerance of some fungal 
populations to the harsh habitats results in distinct Antarctic fungal assemblages (Kerry, 
1990; Melick et al., 1994; Robinson, 2001; Zucconi et al., 1996). Interestingly, a recent 
molecular survey targeting all eukaryotes reported no decrease in diversity along a southern 
latitudinal gradient, but did discriminate between continental versus maritime sites, with the 
former harboring lower eukaryotic diversity (Lawley et al., 2004).   
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Few detailed studies exist to date that provide in depth descriptions of bacterial 
communities in Antarctic soils. Nevertheless, it has been observed that bacterial counts, 
activity and community structure are related to soil type, nitrogen content, water abundance 
and type of plant cover (Bölter, 1995; Bölter et al., 1997; Christie, 1987; Harris and 
Tibbles, 1997; Tearle, 1987). Similarly, microbial activity was found to be controlled by 
not only short-term patterns of temperature and moisture, but also by the availability of 
organic matter and the supply of soluble carbohydrates and amino acids, but not N and P 
(Bölter, 1992; Christie, 1987). In contrast, another study found no relationship between 
moisture, soil particle size, salinity, pH and number of bacteria (Line, 1988). In one of the 
few molecular surveys of bacterial diversity in Antarctic terrestrial environments, it was 
recently reported that the extremely harsh environments of three different Antarctic cold 
desert mineral soils contained bacterial communities of relatively low diversity, with a high 
proportion of novel, potentially psychrotrophic taxa (Smith et al., 2006). 
 
A number of studies have examined microfaunal diversity and distribution in Antarctic 
soils, revealing a patchy distribution of nematodes, collembola, acari, rotifers and 
tardigrades, hypothesized to follow patterns of vegetation, moisture retention or bird 
activity (Bölter et al., 1997; Sohlenius and Boström, 2005; Spaull, 1973; Tilbrook, 1967). 
Such studies of terrestrial invertebrates suggest distinct biogeographical regions within the 
Antarctic, although debate exists as to whether these adhere to the sub-Antarctic, maritime 
Antarctic and continental Antarctic regions delineated for vegetation patterns (Smith, 1984) 
or follow a discontinuity between the Antarctic Peninsula and continental Antarctica, along 
the newly coined ‘Gressitt Line’ (Chown and Convey, 2007).  Despite the interest in soil 
microfauna, the relative importance of this group with respect to heterotrophic respiration 
appears relatively low. One study of relative respiration rates of soil organisms on Signy 
Island revealed that 81-89% of heterotrophic respiration could be attributed to bacteria and 
fungi, with a remaining 10-19% due to protozoan activity. Rotifers, tardigrades, nematodes, 
acari and collembola only accounted for 0.42-0.48% of total respiration (Davis, 1981). 
Nevertheless, soil microfauna may provide important clues into trophic interactions in 
Antarctic systems (Newsham et al., 2004) and may represent key indicators of change 
within such habitats. 

 
The low number of recent studies about Antarctic soil ecosystems has hampered any 
attempts to predict or observe the possible effects of the rapid and ongoing warming of this 
region.  The main goal of this study is to provide an in depth assessment of soil-borne 
microbial communities across a range of Antarctic and sub-Antarctic terrestrial habitats. 
We further attempt to examine data on microbial abundance and community structure in 
relation to key various environmental factors to gain insight into the factors driving 
microbial communities in these unique environments.  
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Material and methods 

Sampling sites 
During the austral summer of 2003-2004, 2 × 2 m plots were established at the following 
sites (see Fig. 1-3 for a map): Falklands Islands (cool temperate zone; 51° S 59°W), Signy 
Island (South Orkney Islands, maritime Antarctic; 60°43’S 45°38’W) and Anchorage 
Island (near Rothera research station, Antarctic Peninsula; 67°34’S 68°08’W). At each 
location, two types of vegetation selected for sampling: 1.) “vegetated”, where dense 
vegetation cover was present with retention of underlying soil, and 2.) “fell-field”, 
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 
Vahl ex Willd.), and the fell-field site was rocky with sporadic grasses (Festuca 
magellanica Lam. and Poa annua L.). For the locations in the (Maritime) Antarctic, 
vegetated sites were dominated by mosses (Chorisodontium aciphyllum Hook. F. & Wils 
on Signy Island and Sanionia uncinata Hedw. on Anchorage Island), and fell-field sites 
contained lichen cover (principally Usnea antarctica Du Rietz). Twelve plots were 
delineated per location with half of the plots positioned over each vegetation type. The 
Falkland Islands fell-field vegetation was not large enough to allow for such a design and 
nine of the twelve plots were therefore placed in the dwarf shrub vegetation. Two additional 
sites were chosen for sampling, but without delineation of permanent plots. Six frost 
polygons at two different sites were sampled near the Fossil Bluff (71°19’S 68°18’W) fuel 
depot, and five frost polygons were sampled from Coal Nunatak (72°03’S 68°31’W).  

Environmental data collection 
Automated weather stations and precipitation gauges (PLUVIO, OTT Hydrometrie, 
Hoofddrop, The Netherlands) were installed at the first three study locations. 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, with data being stored using a data logger (CR10X with a storage module of 16Mb 
from Campbell Scientific). Soil micro-climatic data retrieved from the automated weather 
stations were averaged over the whole year. 

Soil samples 
For molecular and cultivation analyses, five 1cm diameter (from 2-3 cm to up to 15 cm 
deep) 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 use. For soil analyses, one 10 
cm diameter core was taken directly adjacent to the plots in order to minimize destructive 
sampling in the long term plots. Sampling took place on October 26-28, 2004 for the 
Falkland Islands, on January 2-3, 2005 for the Signy Island, on January 18-19, 2005 for 
Anchorage Island and on February 22-23, 2005 for Coal Nunatak and Fossil Bluff.  
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Soil biochemical and physical analyses 
Soil analyses were carried out using standard protocols (Carter, 1993). Since this study 
represents the first characterization of these habitats, we assessed a wide range of soil 
parameters to allow full correlative comparison with measures of soil-borne community 
size and structure. PLFA analyses were carried out as outlined in (Boschker, 2004), using 1 
g (Falkland, Signy, and Anchorage Islands) or 8 g (Fossil Bluff and Coal Nunatak) of soil 
(wet weight). i14:0, i15:0, a15:0, i16:0, C16:1�7t, i17:1�7, 10Me16:0, br17:0, a17:1�7, 
i17:0, a17:0, C17:1�8c, C17:1�6/7, cy17:0, 10Me17:0, C18:1�7c, 10Me18:0, cy19:0 
PLFAs were used for determining bacterial biomass while C18:2�6c was used to estimate 
fungal biomass. The whole peaks data set (except control peaks) was used for microbial 
community structure analyses.  

CFU counts 
Soil sub-samples originating from the same plot were pooled together and diluted in a basic 
salt solution (1% KH2PO4 and 5% NaCl). Two fungal and two bacterial media were chosen: 
1/10 strength potato dextrose agar (PDA) with 100 mg L-1 of filter sterile streptomycin 
sulphate (for general fungi), water agar (WA) with 100 mg L-1 of filter sterile streptomycin 
sulphate (for oligotrophic fungi), 1/10 strength tryptic soy agar (TSA) with 50 mg L-1 of 
filter sterile cycloheximide (for general bacteria), and water yeast agar (WYA) with 50mg 
L-1 of filter sterile cycloheximide (for oligotrophic bacteria). Following preliminary tests, 
fungal media were inoculated with 10-2 soil dilution and bacterial media with 10-3 soil 
dilution (100 is 1 g soil plus 9 ml basic salt solution). Inoculated agar plates were incubated 
in the dark at three different temperatures (4°C, 12°C and 20°C). Colonies were counted 
after 9 and 17 days of incubation, depending on the type of medium and the incubation 
temperature. 

Nucleic acid extractions 
Soil DNA was extracted using the following protocol: 500 mg of soil was mixed with 250 
mg of 0.1 and 0.5 mm (1:1) zirconia-silica beads, 500µL of phenol-chloroform-isoamyl 
alcohol (25:24:1; Tris saturated, pH 8.0) and 500µL of extraction buffer (12.2mM KH2PO4, 
112.8mM K2HPO4, 5 % w/v CTAB, 0.35 M NaCl; pH 8.0). Soils were then bead-beaten for 
30s at 50m/s, and centrifuged at 10,000 × g for 5 min at 4°C. The supernatant was mixed 
with 500µL of chloroform-isoamyl alcohol (24:1) and centrifuged again at 10,000 × g for 5 
min at 4°C. The supernatant was then precipitated at room temperature for 2 h with 2 
volumes of a 30% w/v PEG 6000 and 1.6 M NaCl solution. The precipitated nucleic acids 
were then pelleted by centrifugation at 10,000 × g for 10 min at 4°C. The nucleic acids 
pellets were then washed with 70% alcohol, dried, resuspended in 50 µL of deionized water 
and stored at -20°C until use. 

PCR-DGGE analyses 
Table 2-1 summarizes the primers, thermocycling regimes and electrophoresis conditions 
used to analyze the different target communities examined in this study. All PCRs were 
carried out in 25 µL volumes containing 2.5 µL of 10× PCR buffer, 2.5 µL of bovine serum 
albumine (BSA; 4 mg mL-1), 0.75 µL of each primer (30 µM), 2.5 µL of dNTPs mix (8 
mM), and 1.4 U of Expand high fidelity polymerase (Roche, Mannheim, Germany). All 
amplifications were carried on a PTC-200 thermal cycler (MJ-Research, Waltham, MA). 
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All thermocylcing programs were preceded by an initial denaturation step (95°C for 5 min) 
and followed by a final elongation step phase (72°C for 10 min). For each cycle of PCR, 
denaturation was at 95°C for 1 min, annealing at the specified temperature (Table 2-1) for 1 
min and elongation at 72°C for 1 min. Touchdown protocols started with the highest 
annealing temperature, which was subsequently lowered by 2°C for each 2 cycles until the 
target annealing temperature was reached. Denaturing gradient gel electrophoreses (DGGE) 
were carried using a D-Code Universal Mutation Detection System (Bio-Rad, Hercules, 
CA). All gradient gels were topped with 10 ml of acrylamide containing no denaturant and 
electrophoresis was carried at 60°C and 200V for 10 min followed by an additional 16h at 
70V. Gels were stained in ethidium bromide and digital images captured using an Imago 
apparatus (Gentaur, Brussels, Belgium) subsequent to UV transillumination. Banding 
patterns were normalized with respect to standards of known composition as well as 
samples loaded across multiple gels. The validity of inter-gel comparisons was tested by 
examining the grouping of like samples run across multiple gels, which revealed tight 
grouping of replicates and grouping according to gel (not shown). 
 
Table 2-1. Primers, PCR and DGGE conditions used in this chapter 

Community Primers PCR protocol1 DGGE 
gradients2 

Reference 

Bacteria 968-gc/1378 Touchdown 
65°C to 55°C; 
35 cycles 

45-65% 

denaturant 
(Heuer et al., 
1997) 

Cyanobacteria pA/1492r 
followed by 
CYA359F-
gc/CYA781R 

1st: 55°C; 25 
cycles; 2nd: 
60°C; 35 cycles 

20-60% 
denaturant 

(Edwards et 
al., 1989; 
Nübel et al., 
1997) 

Fungi FR1-gc/FF390 Touchdown 
55°C to 47°C; 
37 cycles 

40-55% 

denaturant 
(Vainio and 
Hantula, 
2000) 

Nematodes NEMF1-gc/ 
NEM896r 

53°C; 40 cycles 25-50% 
denaturant 

(Waite et al., 
2003) 

1 PCR protocols are given as: annealing temperature; number of cycles. The remaining of 
the procedure is given in the text. 
2 100% denaturant is defined as 40% (v/v) formamide and 7 M urea 

Real-time PCR 
Real-time PCR was performed using the ABsolute QPCR SYBR green mix (AbGene, 
Epsom, UK) on a Rotor-Gene 3000 (Corbett Research, Sydney, Australia). All mixes were 
made using a CAS-1200 pipetting robot (Corbett Research, Sydney, Australia) to reduce 
variation caused by pipetting errors. Quantification of fungal and bacterial ribosomal genes 
in soil were carried as described elsewhere (Lueders et al., 2004a; Lueders et al., 2004b). 
For nematodes, the exact same amplification protocol was used as for PCR-DGGE analyses 
except that the ABsolute QPCR SYBR green mix was substituted for the normal PCR mix. 
Standards were made from full-length PCR-amplified 18S rRNA or 16S rRNA genes from 
pure fungal and bacterial isolates. To make the nematode standard, extracted soil DNA was 
PCR-amplified and cloned. One resulting clone that contained a proper insert of nematode 
origin was randomly chosen and used in a colony PCR procedure using plasmidic primers. 
PCR-amplified partial or full-length ribosomal genes of bacteria, fungi and nematodes were 
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purified, quantified on a ND-1000 spectrophotometer (Nanodrop Technologies, 
Wilmington, DE) and the number of gene copies µL-1 was calculated using the molecular 
weight of ribosomal sequences as calculated from sequences deposited in GenBank. Using 
10-fold increments, the standard concentrations were adjusted from 106 to 101 SSU rRNA 
gene copies µL-1 for bacteria and nematodes and from 105 to 101 SSU rRNA gene copies 
µL-1 for fungi. Most of the samples and all standards were assessed in at least two different 
runs to confirm the reproducibility of the CT values. 

Statistical analyses 
DGGE gels banding patterns were analyzed using the Image Master 1D program 
(Amersham Biosciences, Roosendaal, the Netherlands). The resulting binary matrices were 
exported and used in statistical analyses as “species” presence-absence matrices. To test 
and have a graphical representation of the influences of environmental and soil variables on 
the microbial population structure, canonical correspondence analyses (CCA) were carried 
in Canoco 4.5 for windows (ter Braak and Šmilauer, 2002). Location and vegetation cover 
were treated as “supplementary” variables while soil and environmental data were included 
in the analysis as “environmental” variables. Rare species 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 0.05 baseline. Using only the chosen 
variables, significance of each whole canonical model was tested with 999 permutations. 
 
The effects of location, presence of vegetation and the interaction of these two factors on 
the community structure as anlayzed by PCR-DGGE and PLFA were tested by distance-
based redundancy analyses (db-RDA, Legendre and Anderson, 1999). Jaccard’s coefficient 
of similarity (DGGE) or Bray-Curtis distance (PLFA) were first calculated between 
samples. The use of Jaccard’s coefficient is recommended for binary species data, like 
DGGE patterns scored for presence versus absence, whereas Bray-Curtis is the distance of 
choice for species abundance data, like PLFA patterns (Legendre and Legendre, 1998). The 
resulting similarity/distance matrices were then 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 were 
then exported to Canoco as “species data” for redundancy analyses (RDA). To test the 
effects of each of the two variables (vegetation and location), each was recoded using 
dummy binary-variables and used in Canoco as the only environmental variable in the 
model while the other variable was entered as a covariable. To test the interaction, the only 
variable entered in the model was the interaction between location and plant cover while 
both individual factors were included (without interaction) as covariables. The significances 
of such models were tested with 999 permutations. 
 
All ANOVAs and correlations analyses were carried in Statistica 7.0 (StatSoft Inc., Tulsa, 
OK). For ANOVA, data normality was tested with a Shapiro-Wilks test and variance 
homogeneity by Levene’s test. When data failed to satisfy one of the tests, an appropriate 
transformation was applied (log or square root transformation). Tukey’s honestly 
significant difference (HSD) method modified for unequal sample size (Unequal N HSD in 
Statistica) was used for post-hoc comparison with a 0.05 grouping baseline. For correlation 
analyses, CFU counts were averaged over all incubation temperatures to provide a simpler 
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result table. Correlations were carried on the untransformed data using non-parametric 
Spearman rank-order correlations. 
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Results 

Soil and micro-climatic data 
As expected, mean soil temperature (5 cm below surface) decreased with increasing 
latitude, while the vegetation cover did not have any significant effect (Table 2-2). Freeze-
thaw cycles occurred more frequently at the Signy Island sites, whereas they hardly 
occurred at the Falkland Islands site (Table 2-2). Anchorage Island had a lower frequency 
of freeze-thaw cycles than Signy Island, but this difference was not significant. Average 
soil data and associated statistical tests are presented in Table 2-3. Some soil variables were 
clearly influenced by the vegetation cover, being generally higher in vegetated plots (Water 
content, Organic C, total N, K, Mg, Cl, conductivity and ergosterol). Some others soil 
variables were mostly influenced by location, decreasing (C:N ratio, pH, Mn) or increasing 
(NO3, P) with increasing latitude. The other variables measured showed a more complex 
pattern (Fe, NH4). 
 
Table 2-2. Mean annual (2004-2005) micro-climatic characteristics at 5cm depth at the 
Falkland Islands (FI), Signy Island (SI) and Anchorage Island (AI). 

  Soil temperature 
(°C) 

Freeze-thaw cycles 
(per day) 

FI Vegetated 5.89 a1 0.00 a 
 Fell-field 7.43 a 0.04 ac 
SI Vegetated -1.68 b 0.37 b 
 Fell-field -2.22 b 0.35 b 
AI Vegetated -3.67 c 0.22 abc 
 Fell-field -3.33 c 0.27 bc 

1: Different letters within a column refer to significantly (P<0.05) different averages based 
upon an unequal N Tukey-HSD test 

Effects of location and vegetation cover on microbial population 
structure 
Preliminary microbial community analyses via the various PCR-DGGE strategies revealed 
little to no detectable intra-plot variation when five separate samples per plot were 
compared (data not shown). We therefore pooled five replicate individual nucleic acids 
extractions from each plot to produce one representative DNA template source for each 
experimental plot. PLFA analyses were also made on pooled soil samples. Coal Nunatak 
and Fossil Bluff samples were left out of the DGGE analyses because of insufficient PCR 
amplification for most of the samples. For cyanobacteria, only 14 samples provided 
sufficient amplification to be assessed by DGGE even with the use of a nested-PCR 
amplification approach. Location, plant cover and the interaction between these factors 
were tested by db-RDA for their influence on community structure assessed by DGGE and 
PLFA analyses (Table 2-4). These results taken together point out that the microbial 
communities were having strongly dissimilar structures depending on the vegetation cover 
and on the sampling location. 
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Table 2-3. Mean soil characteristics for surface soil cores (0-5cm depth) collected at 
the Falkland Islands (FI), Signy Island (SI), Anchorage Island (AI), Fossil Bluff (FB) 
and Coal Nunatak (CN). 
  Water 

content 
Organic 
C 

NH4 NO3 Total N C:N pH-
H2O 

P 

  % % mg kg-1 mg kg-1 % - - mg kg-1 
FI Veg, 74 a1 16.6 b 12.0 ab 0.08 a 0.84 ab 23.1 cd 4.8 b 0.68 a 
 Fell. 68 a 11.4 ab 2.2 ab 58.3 b 0.81 abc 16.6 bc 6.1 c 0.68 a 
SI Veg. 400 b 36.4 c 2.8 a 0.2 a 1.55 c 29.3 d 4.4 ab 12.77 cd 
 Fell. 22 c 4.11 d 4.5 ab 2.7 a 0.43 a 12.0 ab 4.7 b 1.50 ab 
AI Veg. 296 b 31.4 c 73.1 b 114.5 b 2.98 d 12.3 ab 4.3 a 6.21 bc 
 Fell. 48 a 9.8 a 10.3 ab 81.5 b 1.15 bc 10.4 a 4.1 a 18.31 d 
FB Fell. 6 0.16 0.18 0.07 0.02 8.79 7.7 0.04 
CN Fell. 7 0.88 0.06 0.07 0.02 39.4 6.9 0.03 
 

  K Mn Fe Mg Cl Conduct Ergosterol 
 

  mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 µS mg kg-1  
FI Veg, 335 bc 31.10 d 5.44 ab 741 a 138 bc 230 a 20.79 a 
 Fell. 344 bc 0.27 a 0.00 b 738 a 1031 d 812 c 18.80 ab 
SI Veg. 534 c 6.02 c 60.70 c 1163 a 504 cd 235 a 71.98 d 
 Fell. 100 a 2.75 bc 31.80 ac 88 b 29 ab 66 b 5.80 c 
AI Veg. 225 ab 1.22 ab 9.32 a 351 c 73 ab 162 ab 38.05 b 
 Fell. 112 a 0.37 a 7.41 ab 124 b 23 a 160 ab 21.99 a 
FB Fell. 37 0.35 1.50 42 4 85 0.004 
CN Fell. 60 7.65 0.30 153 5 573 0.014 
1: Different letters within a column refer to significantly (P<0.05) different averages based 
upon an unequal N Tukey-HSD test 
 
Table 2-4. Distance-based redundancy analyses results for location and plant cover 
effects on different population structure assessed by PCR-DGGE and PLFA analyses 
at the Falkland Islands, Signy Island and Anchorage Island. 
 PCR-DGGE  PLFA 
 Bacteria Cyanobacteria Fungi Nematodes  - 
Location ** ** ** **  ** 
Plant cover ** * ns **  ** 
Location*Plant 
cover 

** * ** **  ** 

ns: not significant; *P�0.01; **: P�0.001 

 Influence of environmental and soil factors on microbial 
community structure 
Canonical correspondence analyses were used to determine the environmental factors that 
appeared to have the strongest influence on microbial community structure as assessed by 
the various PCR-DGGE strategies employed (Fig. 2-1). All the models produced when 
using the respective parameters represented in Fig. 2-1 were highly significant (test of 
significance of all canonical axes: P=0.0010). Latitude was the only factor that was chosen 
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for all communities, indicating that community structure was at least partly dependent on 
latitude across a diverse range of soil-borne organisms. 
 

 
Figure 2-1. Canonical correspondence analysis (CCA) representation of the 
relationships between the soil-borne community structure and the environmental and 
soil variables assessed at the Falkland Islands (FI), Signy Island (SI) and Anchorage 
Island (AI). (A) Bacteria; (B) Fungi; (C) Cyanobacteria; (D) Nematodes. Individual 
data points for samples and DGGE bands were omitted from the graphs for clarity 
purposes.  

Microbial abundance in soil 
Although the different methods used to estimate microbial abundance in soil  (Real-time 
PCR, ergosterol, PLFA and CFU counts) were not always in complete agreement with each 
other, all showed a clear break in the data, with the two most southerly sites (Fossil Bluff 
and Coal Nunatak) as outliers. Due to this clear discontinuity in the data, and their lack of 
balanced sampling regime, these last two sites were excluded from ANOVAs and 
associated post-hoc tests in our examination of trends from the Falkland Islands through 
Anchorage Island. The numbers observed for these samples were also typically several 
orders of magnitude lower than all the other samples, and that is concordant with the 
increased difficulty encountered in the amplification of certain SSU rDNA targets from 
these samples for PCR-DGGE analyses. 
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Figure 2-2. Average soil bacterial and fungal abundance, and abundance ratios as 
determined by ssu rDNA real-time PCR and PLFA analyses at the Falkland Islands, 
Signy Island, Anchorage Island, Fossil Bluff and Coal Nunatak. ����: vegetated plots; ����: 
fell-field plots. Different letters within a graph refer to significantly (P<0.05) different 
averages based upon an unequal N Tukey-HSD test. Values for Fossil bluff and Coal 
Nunatak are too low to appear on the scale represented on the graphs, and were also 
not included in statistical analyses. These values were for Fossil Bluff: bacterial ssu 
rDNA = 1.93 × 103 copies g-1 soil DW; Fungal ssu rDNA = 6.75 × 103 copies g-1 soil 
DW; Bacterial PLFA: 0.128 µg g-1 soil DW; Fungal PLFA: 0.0275 µg g-1 soil DW; and 
for Coal Nunatak: bacterial ssu rDNA = 3.38 × 103 copies g-1 soil DW; Fungal ssu 
rDNA = 2.65 × 102 copies g-1 soil DW; Bacterial PLFA: 0.195 µg g-1 soil DW; Fungal 
PLFA: 0.0095 µg g-1 soil DW. 



 �����������%����&����������'����(���������)�����

 � �

 
Real-time PCR results for bacteria and fungi are presented in Fig. 2-2 and associated 
ANOVA tests in Table 2-5. Bacterial 16S rRNA gene abundance was influenced by 
location, plant cover and the interaction between these two factors in ANOVA tests. 
Following post-hoc tests, fell-field sites at Signy Island were found to have lower 16S 
rRNA gene abundance than all other sites, except the fell-field Anchorage sites, while all 
other sites were similar (Fig. 2-2). There was also a trend toward decreasing bacterial 16S 
rRNA gene abundance with increasing latitude in fell-field plots. This trend was not evident 
in vegetated plots. Fungal 18S rRNA gene abundance in soil was significantly influenced 
by location and the interaction between location and plant cover, but plant cover by itself 
did not have any detectable effect in ANOVA tests. Following post-hoc tests, fungal 18S 
rRNA gene abundance was found to be lower in the fell-field plots on Signy Island and, 
inversely, lower in the vegetated plots on Anchorage Island. Nematode 18S rRNA gene 
abundance was not influenced by any of the factors tested (Table 2-5) and averaged at 2.88 
× 106 gene copies g-1 soil DW for the Falkland, Signy and Anchorage sites at 1.23 × 102 
copies g-1 soil DW for Fossil Bluff and Coal Nunatak.  
 
For total bacterial PLFA, the only significant difference was between vegetated and fell-
field plots on Signy Island (Fig. 2-2). Signy Island also exhibited a relatively low amount of 
bacterial PLFAs, especially for fell-field plots. On the other hand, total fungal PLFA 
amount was mainly influenced by location (Table 2-5), being significantly higher at 
Anchorage Island for most cases (Fig. 2-2). Ergosterol analyses revealed significant 
influences from plant cover (P<0.000001) and the interaction between plant cover and 
location (P<0.000001), but not from location by itself. No significant differences were 
found between vegetation types on the Falkland Islands, but at the two other locations, the 
amount of ergosterol was significantly higher in vegetated plots (Table 2-3). 
 
Fungal/Bacterial ratios were calculated using Real-time PCR and PLFA data as a means of 
evaluating the relative dominance of these two main soil organisms in the different 
environment sampled. All the tested factors and their interaction terms were significant for 
both methods (Table 2-5). The main difference between the different ratios was that most of 
the ratios calculated using Real-time PCR results were approximately 10 times lower than 
the PLFA ratios (Fig. 2-2). However, the general trend was the same for both ratios: in the 
Falkland Island plots, the fungal/bacterial ratio was higher in the vegetated plots. The 
inverse was true for the Signy and Anchorage Island plots, where fell-field plots were 
significantly richer in fungi. The highest ratios (fungi relatively more abundant) were 
recorded for the Falkland Islands vegetated plots, in fell-field plots of Signy and Anchorage 
Islands, at Fossil Bluff and at Coal Nunatak, although the magnitude of the differences with 
other plots did vary in some cases depending on the method of abundance estimation used. 
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Table 2-5. ANOVA tests results for soil bacterial, fungal and nematode SSU rDNA abundance, bacterial and fungal PLFA 
abundance and bacterial and fungal colony forming units counts on PDA (nutrient-rich fungal media), WA (nutrient-poor fungal 
media), TSA (nutrient-rich bacterial media) and WYA (nutrient-poor bacterial media) at the Falkland Islands, Signy Island and 
Anchorage Island. 

 SSU rDNA  PLFA  CFU 
 Bacteria Fungi nemat Ratio 

F/B1 
 Bacteria Fungi Ratio 

F/B 
 PDA WA TSA WYA 

Location * * ns *  *** *** **  ** * ns *** 
Plant cover ** ns ns *  *** ns **  *** *** *** ns 
Incubation temperature - - - -  - - -  ns *** *** *** 
Location*Plant cover * *** ns ***  * ns ***  *** * *** *** 
Location*Inc. T - - - -  - - -  * ns ** *** 
Plant cover*Inc. T - - - -  - - -  ns ns ** ** 
Loc.*Plant cover*Inc.T - - - -  - - -  ns ns ns ns 
-: not applicable; ns: not significant; *: P<0.05; **: P<0.01; ***: P<0.001 
1Ratio F/B: Fungal SSU rRNA gene abundance /Bacterial SSU rRNA gene abundance ratio or Fungal PLFA/Bacterial PLFA ratio 
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CFU counts for the different media and incubation temperature used are presented in Fig. 2-
3 and the associated ANOVA tests are presented in Table 2-5. For PDA (nutrient-rich 
fungal media), on the Falkland and Anchorage Islands, all plots had approximately the 
same number of CFU, for all incubation temperatures. In contrast, the number of CFU was 
consistently higher in vegetated plots on Signy Island. For CFU counts on WA (nutrient-
poor fungal media), the only interaction significant was the one between plant cover and 
location. The effect of vegetation was not significant on the Falkland Islands, but was 
significant most of the time on Signy Island, as well as on Anchorage Island at the 
incubation temperature of 20°C.  

 
Figure 2-3. Average soil bacterial and fungal colony forming units at the Falkland 
Islands, Signy Island, Anchorage Island, Fossil Bluff and Coal Nunatak on PDA 
(nutrient-rich fungal media), WA (nutrient-poor fungal media), TSA (nutrient-rich 
bacterial media) and WYA (nutrient-poor bacterial media) and incubated at three 
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different temperatures. ����: vegetated plots; ����: fell-field plots. Different letters within a 
graph refer to significantly (P<0.05) different averages based upon an unequal N 
Tukey-HSD test. Values for Fossil bluff and Coal Nunatak were not included in 
statistical analyses (see results for details). 
 
For bacterial CFU on both TSA (nutrient-rich bacterial media) and WYA (nutrient-poor 
bacterial media), the pattern was somewhat more complex. The three second order 
interaction terms were significant when analysed by ANOVA (Table 2-5), indicating that 
the effect of vegetation cover differed depending on the incubation temperature and 
sampling location. Similarly, location effects depended on incubation temperature and were 
also different in fell-field versus vegetated plots. Although not always significant, there was 
a consistent trend toward decreased bacterial CFU with increasing latitude in fell-field 
plots. Vegetated plots did not exhibit such a trend. Incubation temperature effects were 
always highly significant, both for bacterial and fungal media, and there was a general trend 
toward increased CFU with increasing incubation temperature. 

Correlations between soil and environmental factors and microbial 
abundance  
Following correlation analyses, two major groups of soil variables emerged as presented 
grouped in Table 2-6. The first group of factors was related to vegetation cover (see Table 
2-3) and included water content, organic matter, total N, Cl, K, Mg and conductivity (rs 
with water content ranging from 0.56 to 0.95, P<0.05). The second was related to location 
or latitude (see Tables 2-2 & 2-3) and included soil mean temperature, pH-H2O, C:N ratio, 
P, Mn and NO3 content (rs with latitude in absolute value ranging from 0.62 to 0.95, 
P<0.05). Most of the abundance measures were significantly correlated with plant-related 
parameters (Table 2-6). Furthermore, the main factors influencing the fungal/bacterial 
ratios were also related to vegetation type. The different bacterial abundance measures were 
also significantly correlated most of the time: 16S rRNA gene abundance, bacterial PLFA 
abundance, CFU counts on TSA (nutrient-rich bacterial media) and on WYA (nutrient-poor 
bacterial media) were all significantly correlated with each others (rs all positive, ranging 
from 0.44 to 0.63, P<0.05) with the exception of the correlation between WYA counts and 
bacterial PLFA abundance. The picture was less coherent for fungal abundance measures: 
soil ergosterol content was positively correlated with CFU counts (rs=0.56 (PDA) and 
rs=0.52 (WA), P<0.05) with fungal PLFA abundance and fungal 18S rRNA gene 
abundance being correlated (rs=0.43, P<0.05). Fungal PLFA was also correlated to CFU 
counts on PDA (rs=0.46, P<0.05), but all other combinations were insignificant. 
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Table 2-6. Spearman rank order correlations between soil and micro-climatic parameters and diverse microbial abundance 
parameters measured at the Falkland Islands, Signy Island and Anchorage Island. 
 16S B1 18S F 18S N Ratio 

18S/16S 
Ergosterol PLFA B PLFA F Ratio 

PLFA 
PDA WA TSA WYA 

Location related            
Latitude -0.142 -0.07 -0.003 -0.09 0.15 0.53 0.53 0.05 0.35 -0.27 0.05 -0.35 
Mean T 0.27 0.04 0.16 -0.14 -0.05 -0.52 -0.56 -0.25 -0.33 0.04 -0.09 0.49 
pH-H2O -0.06 -0.16 0.27 -0.03 -0.34 -0.45 -0.47 -0.03 -0.49 -0.08 -0.10 0.18 
C:N 0.30 0.05 -0.53 -0.11 0.40 -0.27 -0.41 -0.39 0.02 0.60 0.24 0.40 
NO3 0.02 -0.15 0.10 -0.41 -0.02 0.50 0.47 -0.03 0.35 -0.50 0.13 -0.15 
P -0.18 0.06 -0.11 -0.02 0.40 0.31 0.27 0.01 0.33 -0.03 0.03 -0.15 
Mn 0.04 0.11 -0.32 0.15 0.20 -0.30 -0.26 0.004 -0.27 0.64 0.02 0.15 
Vegetation related            
% water 0.56 0.06 -0.97 -0.64 0.85 0.51 0.30 -0.57 0.64 0.61 0.78 0.56 
% org C 0.44 0.07 -0.93 -0.55 0.89 0.46 0.27 -0.51 0.57 0.63 0.71 0.49 
Total N 0.41 0.13 -0.76 -0.60 0.81 0.76 0.61 -0.38 0.68 0.34 0.63 0.37 
K 0.42 0.10 -0.68 -0.42 0.65 0.01 -0.14 -0.42 0.33 0.69 0.48 0.66 
Mg 0.38 0.09 -0.67 -0.40 0.64 -0.01 -0.21 -0.50 0.18 0.62 0.50 0.67 
Cl 0.51 0.09 -0.64 -0.42 0.53 -0.02 -0.25 -0.58 0.34 0.52 0.57 0.75 
Conduct 0.54 0.38 -0.52 -0.49 0.51 0.21 0.04 -0.33 0.32 0.39 0.51 0.71 
Others             
F-T cycles -0.46 -0.25 -0.51 0.22 0.09 -0.05 -0.18 -0.22 -0.17 -0.12 -0.08 -0.58 
NH4 0.06 -0.13 -0.06 -0.20 -0.02 0.41 0.41 -0.002 0.20 0.02 0.25 -0.01 
Fe -0.25 -0.19 -0.20 0.23 0.23 -0.28 -0.30 -0.10 -0.05 0.36 0.03 -0.20 
             
1 16S B: bacterial 16S rRNA gene abundance; 18S F: fungal 18S rRNA gene abundance; 18S N: nematode 18S rRNA gene abundance; ratio 
16S/18S: bacterial 16S rRNA gene abundance/fungal 18S rRNA gene abundance ratio; PLFA B: bacterial related PLFAs; PLFA F: fungal 
related PLFAs 
2 Significant correlation (P<0.05) values are in bold. Mean temperature and the number of freeze-thaw cycles correlations were calculated 
using 3 plots per site per treatment (N=18) while the other correlations were calculated for all the plots (N=36) 
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Discussion 

Global warming is expected to have mainly indirect effects on microbes, especially via 
changes in macrophyte species composition, vegetation density, and litter quality and 
quantity, as well as associated changes in soil biochemical and biophysical characteristics 
(Panikov, 1999). This study therefore sought to provide a baseline of understanding 
regarding the drivers of microbial community structure across a gradient of Antarctic and 
sub-Antarctic environments with a special focus on the role of vegetation cover on the size 
and structure of associated soil-borne communities. Although spatial gradients have been 
used widely to predict long-term effects of global warming on ecosystems (Dunne et al., 
2004), it should be recognized that the use of such a gradient along the Antarctic Peninsula 
region is not straightforward due to parallel variations in the severity of the thermal and 
hydric environments, differences in precipitation balance and disparate geological histories 
across the study range (Kennedy, 1993). Nevertheless, a number of useful general trends 
can be elucidated from the dataset examined here. For instance, the structure of the various 
subsets of the soil-borne communities examined assessed by several PCR-DGGE strategies 
was mostly coupled to factors related to latitude (mean temperature, pH, C:N ratio, etc.), 
whereas abundance data was mostly influenced by plant-related factors (organic C, soil 
humidity, total N, etc.). Thus, community structure appears to be determined to a large 
extent by the location and/or the specific location-dependent environmental conditions, 
whereas microbial abundance may be more associated with vegetation-related effects of 
nutrient input and climatic buffering. Different subsets of the total soil community also 
reacted differently to the presence of different vegetation and the range of environmental 
conditions encountered across the study area. Furthermore, conspicuous and complex 
interactions were apparent between location, vegetation cover and other variables, 
highlighting the fact that vegetation effects were highly dependent upon the environmental 
context in which they occurred.  
 

Bacterial community size and structure 
Antarctic environments are most well known for their severe climates. Bacterial processes 
are particularly sensitive to environmental conditions (Eriksson et al., 2001), yet bacteria 
are also highly adaptable to extreme and changing environments (Cavicchioli et al., 2000; 
Georlette et al., 2004; Thomas, 2005). Previous studies on bacteria in terrestrial Antarctic 
habitats have provided some general appreciation of such unique assemblages, but detailed 
community analyses across a range of systems were still lacking prior to this investigation. 
Previous reports have suggested that Antarctic bacteria are influenced by temperature 
patterns, plant cover, soil humidity and other soil characteristics (Bölter, 1992, 1995; Bölter 
et al., 1997; Christie, 1987; Harris and Tibbles, 1997; Tearle, 1987). Our results support 
these suggestions, as we found that bacterial abundance and community structure to be 
influenced both by plant- and weather-related factors, with numerous complex interactions 
among these variables. Interestingly, bacterial abundance did not simply decrease with the 
coldness of the environment. For instance, the fell-field plots on Signy Island supported the 
lowest bacterial community densities (except for Fossil Bluff and Coal Nunatak). This 
Signy Island habitat is also subjected to a high frequency of freeze-thaw cycles, which may 
actually impose a greater stress level than conditions with a colder average temperature 



 �����������%����&����������'����(���������)�����

 ���

(Yanai et al., 2004b). Plants are known to produce soil microhabitats (Kowalchuk et al., 
2002), and even though freeze-thaw frequency was unchanged by vegetation cover (Table 
2-2), our results suggest that the dense vegetation in our experimental plots was able to 
counter the effects of extreme environmental conditions to some extent. This influence of 
vegetation may explain the disparate effects of latitude on bacterial abundance in fell-field 
versus vegetated sites. It is, however, not clear whether these effects are mediated by 
vegetation-induced protection of soil microhabitats, input of plant-derived substrates, or 
other mechanisms.  
 
It is generally accepted that the harshness of Antarctic environments is not caused by the 
extreme climatic conditions per se, but perhaps more to the extreme range of conditions 
that are encountered. Previous reports have demonstrated that polar soils with no vegetation 
generally support fewer microbes than soils associated with mosses (Kaštovská et al., 
2005), and it was suggested that, for Antarctic soil, this may be caused by the combined 
effects of greater nutrient availability and more favourable physical conditions (Harris and 
Tibbles, 1997). These data however are confounded by the fact that mosses tend to occur at 
sheltered sites that already exhibit relative thermal- and hydro-stability. Nevertheless, the 
buffering action of mosses is likely to maintain soils beneath them at relatively constant 
water content and temperature which might strongly influence bacterial abundance. Indeed, 
all bacterial abundance measures were correlated to soil water content (Table 2-6). Soils 
with dense vegetation cover also had a higher nutrient input than fell-field soils (Table 2-3), 
which might have helped to support a more abundant bacterial community. Such a 
separation of soils with high organic matter content from mineral soils was previously 
observed using cluster analysis of soil physical parameters and diverse microbial population 
descriptors (Bölter, 1990). This could also explain the lack of significance of vegetation 
cover at the Falkland Islands site for most data, since the environment was rather mild and 
all plots relatively rich in nutrients, which would decrease any buffering or nutrient effects 
conferred by increased vegetation cover. 
 
Cyanobacterial community structure followed the same trends as seen for total bacterial 
communities, but showed a lower level of significance, probably due to the lower number 
of samples in the final analysis. Cyanobacterial community structure might be dictated to 
some degree by the presence of mosses, and a previous study demonstrated an association 
of specific cyanobacterial assemblages with mosses (Solheim et al., 2004). In barren arctic 
and alpine environments, a significant portion of the bacterial community was related to the 
photosynthetic bacterial division Cyanobacteria (Kaštovská et al., 2005; Nemergut et al., 
2005). However, the difficulty we experienced in recovering cyanobacterial-specific PCR 
products suggests that this division did not represent a significant proportion of the bacterial 
communities in these soils. Sequence data from bacterial 16S rRNA gene clone libraries 
from these sites also suggests that Cyanobacteria only make up a small minority of these 
bacterial communities (Yergeau & Kowalchuk, unpublished data). 

Fungal community size and structure 
Fungal community structure was not influenced by plant cover per se, but the interaction 
between location and vegetation cover was highly significant, indicating that the type of 
vegetation cover was of importance in how latitude affected fungal communities. This 
supports the previous finding that fungal communities can respond very differently to 
changes in organic input levels and quality depending on the environmental conditions 
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(Tosi et al., 2005). Fungal quantification by real-time PCR showed a similar trend. A 
previous study using culture-based methods, reported viable fungal propagules in a moss 
bank to be significantly influenced by the extent of the coverage of particular macrophyte 
species (Smith and Walton, 1985). This suggests that the species composition of the 
vegetation might also be of importance in influencing the response of the fungal community 
to latitude. This is partly supported in our dataset (DGGE and real-time PCR) by the fact 
vegetation by itself did not have a significant influence. Instead, effects were more subtle, 
with fungal communities responding differently to vegetation cover depending on the 
environmental conditions present. This contrasted with data on bacterial community 
structure and abundance, where vegetation cover was a highly significant determinant 
across the range of latitudes examined.  
 
In this study, we used several different approaches to estimate fungal biomass. In contrast 
to bacteria abundance measures, which all showed a similar picture, fungal abundance 
measures did not agree in all cases. Fungal abundance as estimated by 18S rRNA gene 
quantification via real-time PCR was correlated to values obtained using fungal PLFA 
estimates. However, these estimates showed no coherent picture in regard to correlations 
with the soil and weather factors measured. Using direct counts, it was reported that fungal 
abundance was similarly unaffected by environmental parameters (Bailey and Wynn-
Williams, 1982). This contrasted with the results we obtained via fungal CFU counts and 
ergosterol measurement. As already reported for other environments (Leckie et al., 2004; 
Widmer et al., 2001), different soil microbial abundance estimators can give different, 
sometimes complementary results. However, colony forming units are known to provide a 
biased view of the abundance of microbes, since they only show the culturable part of the 
community (Staley and Konopka, 1985), and it is also impossible to translate propagation 
units into biomass. The high stress and high disturbance conditions of Antarctica are also 
thought to select fungal species that produce large numbers of small spores (Tosi et al., 
2005), which could further bias fungal CFU counts. Additionally, it was reported that 
ergosterol content should be used with caution since it shows a high persistence in some 
soils (Mille-Lindblom et al., 2004), especially at low temperature soils (Weinstein et al., 
2000). 
 
With these cautionary notes in mind, we still found some noteworthy trends in the 
culturable and ergosterol abundance data. At sites other than at the Falkland Islands, the 
fungal abundance was generally higher in vegetated plots, and correlation analyses 
indicated that the main factors influencing fungal abundance were plant-related (soil 
organic matter and water content; Table 2-6). These results are in line with previous 
culture-based studies carried out on Signy Island (Bailey and Wynn-Williams, 1982). 
Despite the shortcomings of ergosterol and CFU data for estimating fungal biomass, these 
data do lend some support to the notion that these fungal communities are shaped more by 
substrate quality and quantity, as well as other site-specific characteristics as opposed to 
pure weather-related parameters. CFU counts also showed a trend toward increased 
numbers with increasing incubation temperature, suggesting that some mesophilic strains 
that could not grow to the level of detection at low temperature were present. This is in 
agreement with other studies that reported a prevalence of cold-tolerant fungal species 
rather than cold-adapted ones (Kerry, 1990; Melick et al., 1994; Robinson, 2001; Zucconi 
et al., 1996). 
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Fungal 18S rRNA gene/Bacterial 16S rRNA gene and Fungal PLFA/Bacterial PLFA ratios 
followed the same trend, being the highest at sites with the harshest temperatures (fell-field 
sites at Signy, Anchorage and Fossil Bluff) or in the only plots having a dense cover of 
vascular plants (Falkland Islands vegetated plots). This could imply that fungi are less 
influenced by weather conditions than bacteria and can dominate more easily in harsh 
ecosystems, probably because of a better adaptation to lower temperature or the presence of 
a cell wall. Fungi are also known to be able to degrade more complex organic matter than 
bacteria and that might explain their higher relative abundance in the Falkland Island 
vegetated plots. The only exception, where both methods did not completely agree, was in 
the case of the Coal Nunatak samples, probably because the biomarker amounts present in 
these soil samples were approaching the detection limits of the methods. The 10-fold 
difference between the two ratios is coherent with the differences in cell size and number of 
SSU rDNA copies per cell between fungi versus bacteria. In support of other recent 
environmental studies (Malosso et al., 2004; Nemergut et al., 2005), it appeared that Real-
time PCR and PLFA analyses were the more consistent techniques for microbial biomass 
estimation in Antarctic soils. 

Nematode community size and structure 
Nematode community structure was strongly influenced by plant cover, location and their 
interaction term in our study, and although the abundance measured by real-time PCR was 
statistically similar for all samples, excluding Fossis Bluff and Coal Nunatak, we found 
nematode abundance to be highly correlated to soil organic matter and water content, both 
vegetation-associated characteristics. In agreement with our study, nematode community 
structure, respiration and abundance were previously shown to be linked to the overlying 
vegetation on Signy Island (Caldwell, 1981). However, a slightly different pattern was 
observed for Mars Oasis, which is a coastal site close to Fossil Bluff, where nematode 
density, but not species richness, was considerably higher in naturally vegetated soil 
(Convey and Wynn-Williams, 2002). Antarctica nematodes were also found to be linked to 
organic matter, with higher numbers in the vicinity of bird colonies and moss patches 
(Sohlenius and Boström, 2005). In interpreting the differences between our results and 
those published previously, methodological differences also have to be considered. For 
instance, traditional nematode counts using migration extraction were reported to be 
difficult to adapt to some Antarctic soils (Freckman and Virginia, 1993). On the other hand, 
primer incompatibilities, as well as uncertainties in extraction and amplification 
efficiencies, are also potential sources of bias and error in the molecular estimators of 
nematode density. Nematode distribution in Antarctic habitats is also highly patchy 
(Sohlenius et al., 2004), making the use of small sample sizes for molecular analyses 
another potential source of error. Nevertheless, it was recently reported that nematodes 
abundance estimated by molecular methods could be related to biovolume, but not to 
number of individual in soil (Griffiths et al., 2006). The primers used here were also proven 
to be adapted to assess directly nematodes communities in soil (Waite et al., 2003). 
 

Concluding remarks 
The analysis of soil-borne microbial communities described here for the first time examines 
the factors shaping microbial communities across a range of terrestrial Antarctic habitats. 
The latitudinal gradient examined was intended as a rough surrogate for long-term climate 
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change scenarios in soils, with our results forming an initial baseline to estimate the direct 
and indirect consequences of global warming in these extreme, pristine and rapidly 
changing environments. Given the rate of climate change, natural seasonal fluctuations and 
microbial abilities to adapt to environmental changes, it is hypothesized that the direct 
effects of climate change on soil-borne communities will be minor (Panikov, 1999). 
Accordingly, in light of the results presented here, we hypothesize that increases in 
bacterial, fungal and nematode abundance and large changes in community structure, 
including changes in the relative abundance of fungi and bacteria, will only occur if climate 
change induces increases in nutrient inputs via increased vegetation density or productivity. 
Both in situ and laboratory experimental investigations into such hypotheses are clearly 
necessary to determine the functional consequences of Antarctic microbial community 
responses to global warming. 
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Chapter 3: Patterns of bacterial diversity across 

a range of Antarctic terrestrial habitats* 

 
 
 

Abstract 

Although soil-borne bacteria represent the world’s greatest source of biological diversity, it 
is not well understood whether extreme environmental conditions, such as those found in 
Antarctic habitats, result in reduced soil-borne microbial diversity. To address this issue, 
patterns of bacterial diversity were studied in soils sampled along a >3200 km southern 
polar transect spanning a gradient of increased climate severity over 27° of latitude. 
Vegetated and fell-field plots were sampled at the Falkland (51°S), South Georgia (54ºS), 
Signy (60°S) and Anchorage Islands (67°S), while bare frost-sorted soil polygons were 
examined at Fossil Bluff (71°S), Mars Oasis (72ºS), Coal Nunatak (72°S) and the Ellsworth 
Mountains (78ºS). Bacterial 16S rRNA gene sequences were recovered subsequent to direct 
DNA extraction from soil, PCR amplification and cloning. Although bacterial diversity was 
observed to decline with increased latitude, habitat-specific patterns appeared to also be 
important. Namely, a negative relationship was found between bacterial diversity and 
latitude for fell-field soils, but no such pattern was observed for vegetated sites. The Mars 
Oasis site, previously identified as a biodiversity hotspot within this region, proved 
exceptional within the study transect, with unusually high bacterial diversity. In 
independent analyses, geographical distance and vegetation cover were found to 
significantly influence bacterial community composition. These results provide insight into 
the factors shaping the composition of bacterial communities in Antarctic terrestrial habitats 
and support the notion that bacterial diversity declines with increased climatic severity. 
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Introduction 

Environmental conditions are generally unfavourable in terrestrial Antarctic environments, 
with low thermal capacity of the substratum, frequent freeze-thaw and wet-dry cycles, low 
and transient precipitation, reduced humidity, rapid drainage and limited organic nutrients 
(Convey, 1996; Wynn-Williams, 1990). Only 1-3% of Antarctic and sub-Antarctic land 
surface area is free of ice (Vishniac, 1993), with much of this area representing cold rock 
deserts and nunataks (mountain summits protruding through surrounding ice sheets). 
However, some low-altitude, maritime, sheltered locations are relatively well vegetated 
(Smith, 1984), and recent warming trends across the Antarctic Peninsula are thought to be 
contributing to the expansion of such vegetated areas, as well as to changes in macrophyte 
distribution patterns throughout this region (Convey, 2003; Fowbert and Smith, 1994; 
Smith, 1994b). 
 
Decreasing biodiversity with latitude is one of ecology’s most fundamental patterns (Willig 
et al., 2003), and numerous surveys of Antarctic flora and fauna have reported such a 
pattern (Block, 1984; Clarke, 2003; Convey, 2001; Greene et al., 1967; Peat et al., 2006; 
Rudolph, 1971; Smith, 1984). However, the vast majority of such surveys have been 
restricted to measuring macrophyte and animal diversity, and relatively little is known 
about patterns of microbial diversity across the Antarctic except for specific local studies. It 
has been hypothesized that the large population sizes and high distribution potential of 
microorganisms might lead to many cosmopolitan species and generally high levels of 
microbial diversity (Finlay, 2002; Tindall, 2004; Vincent, 2000). Despite the extreme 
isolation of Antarctic and sub-Antarctic habitats, such a scenario is supported by the 
demonstration that biological material can be transported aerially to the Antarctic Peninsula 
from South America or other Antarctic locations (Hughes et al., 2004; Marshall, 1996). In 
line with this general idea, a study of the micro-eukaryote diversity across a range of 
Antarctic terrestrial sites revealed no clear pattern of decreasing diversity with latitude 
(Lawley et al., 2004), and similar findings have been also reported for tardigrades and 
rotifers (Sohlenius and Boström, 2005). Alternatively, increasingly stressful environmental 
conditions have been hypothesized to act as strong selection factors, limiting biodiversity of 
soil organisms, and trends toward lower diversity at higher Antarctic latitudes have been 
observed for protozoa (Smith, 1992; Wynn-Williams, 1996a), nematodes (Sohlenius and 
Boström, 2005) and algae (Wynn-Williams, 1996a). 
 
In temperate soil environments, plant diversity and identity are known to influence the 
diversity and community composition of associated soil bacteria, suggesting that plants can 
create specific ecological niches that select for certain bacterial species or groups 
(Kowalchuk et al., 2002; Smalla et al., 2001). Furthermore, Antarctic soils under vegetation 
have been shown to support enhanced bacterial productivity and abundance, as compared to 
bare soils (Harris and Tibbles, 1997; Yergeau et al., 2007a). Alluding to the combined 
effects of greater nutrient availability and more favourable physical conditions, these 
microhabitats have been described as microbial oases (Harris and Tibbles, 1997). However, 
contrasting forces may be acting to steer microbial diversity patterns. On the one hand, 
direct and indirect interactions with vegetation may select for lowered diversity in 
vegetated areas, and this effect should be stronger in areas where vascular plants are present 
as compared to more rudimentary vegetation forms such as cryptogams. On the other hand, 
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plant-mediated protection from harsh environmental conditions may provide reduced levels 
of selection by environmental stress factors. Given the unknown relative contribution of 
these opposing forces and potentially complex interactions, it remains unclear whether 
bacterial diversity would be expected to decrease with increasing latitude in the Antarctic, 
and to the best of our knowledge, no culture-independent studies have to date examined this 
issue. 
 
In previous studies, we sought to gain insight into the main environmental forces 
influencing the gross structure, abundance and functions of fungal, bacterial and nematode 
communities across Antarctic terrestrial habitats using PCR-DGGE, real-time PCR and 
functional microarrays (Yergeau et al., 2007a; Yergeau et al., 2007b). The work presented 
in this report further addresses two main research goals: 1) to disentangle the effects of 
geography/latitude and soil characteristics on bacterial diversity along an Antarctic 
latitudinal gradient, and 2) to provide a detailed baseline of bacterial species composition 
and diversity data for Antarctic terrestrial ecosystems. To these ends, a bacterial-specific 
cloning-sequencing strategy was employed on DNA directly extracted from soils across a 
broad range of Antarctic and sub-Antarctic sites from the Falkland Islands (51°S) to the 
Ellsworth Mountains (78°S) in continental Antarctica (see Fig. 1-3 for a map). In addition, 
microbial communities beneath vegetation were compared with those inhabiting bare, fell-
field sites. Patterns of bacterial community composition and diversity were analyzed to 
examine the relative influence of geographical location and latitude, versus critical soil 
factors and the presence of vegetation. 
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Material and methods 

Sampling sites 
During the austral summer of 2003-2004, 2 × 2 m plots were established at the following 
sites (see Fig. 1 for a map): the Falklands Islands (cool temperate zone; 51° S, 59°W), 
Signy Island (South Orkney Islands, maritime Antarctic; 60°43’S, 45°38’W) and 
Anchorage Island (near Rothera Research station, western Antarctic Peninsula; 67°34’S, 
68°08’W). At each location, two types of soil were selected for sampling: 1) “vegetated”, 
where dense vegetation cover was present with retention of underlying soil, and 2) “fell-
field”, 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 fell-field site was rocky with sporadic grasses (Festuca magellanica and 
Poa annua). For the locations in the (Maritime) Antarctic, 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 location with half of the plots positioned over 
each soil type. The Falkland Islands fell-field vegetation was not sufficiently extensive to 
allow for such a design, and nine of the twelve plots were therefore placed in the dwarf 
shrub vegetation. Six additional sites were chosen for sampling, but without delineation of 
permanent plots. Five vegetated and five fell-field soils were sampled at South Georgia 
(54°15’S, 36°30’W), while six frost-sorted soil polygons at each of two different sites were 
sampled near Fossil Bluff (71°19’S, 68°18’W), five polygons were each sampled at Mars 
Oasis (71°53’S, 68°15’W) and Coal Nunatak (72°03’S, 68°31’W), and one polygon was 
sampled at the Sentinel Range of the Ellsworth Mountains (78°26’S, 85°60’W).  

 

Soil samples 
Sampling was carried out in January 2003 at Mars Oasis, in April 2003 at South Georgia, in 
October 2004 at the Falkland Islands, in January and February 2005 at Signy and 
Anchorage Islands, Coal Nunatak and Fossil Bluff, and in December 2005 at the Ellsworth 
Mountains. At all sites except the Ellsworth Mountains, at which only one sample was 
available, five 1 cm-diameter (from 2-3 cm to up to 15 cm deep) cores were sampled from 
each plot, or five 100 g samples were scooped from each polygon. Soil samples were frozen 
at -20°C as soon as the logistic constraints permitted (within 24 hours) and kept at this 
temperature until analysis. Soil biochemical and physical analyses were carried out using 
standard protocols (Carter, 1993) as described by Yergeau et al. (2007a). 
 

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. (2007a) or with a Ultraclean 
soil DNA kit (MoBio, Carlsbad, Ca). Samples from Falkland, Signy and Anchorage 
Islands, Coal Nunatak and Fossil Bluff were extracted with the phenol-chloroform method 
while samples from South Georgia, Mars Oasis and the Ellsworth Mountains were 
extracted using the MoBio kit. A pooled extraction sample for each plot was created by 
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mixing equivalent volumes of five individual extractions obtained from the five subsamples 
taken per plot. To examine any possible effects of extraction method on consistency of 
downstream results, multiple bacterial-specific PCR-DGGE profiles using both extraction 
methods were compared for several of the soils examined, revealing highly similar profiles 
from a single sample, regardless of the DNA extraction method used (Supplementary 
Figure 1). 
 

PCR targeting bacterial 16S rRNA genes 
All PCRs were carried out in 25 µL volumes containing 2.5 µl of 10× PCR buffer, 2.5 µl of 
bovine serum albumin (BSA; 4 mg/ml), 0.75 µL each of the primers pA and 1492r (30 µM, 
Edwards et al., 1989; Heuer et al., 1997), 2.5 µL of dNTPs mix (8 mM), 1.4 U of Taq 
polymerase (Expand high fidelity system, Roche, Mannheim, Germany), and 1 µl of the 
pooled extractions (diluted 1:10 or 1:100; 10-50 ng DNA µl-1). Amplifications were carried 
using a PTC-200 thermal cycler (MJ-Research, Waltham, MA). The thermocycling 
program used for amplification contained an initial denaturation phase (95°C for 5 min) 
followed by 25 cycles of denaturation (95°C for 1 min), annealing (55°C for 1 min) and 
elongation (72°C for 1 min), and a single final elongation phase (72°C for 10 min). 
Amplifications from Fossil Bluff and Coal Nunatak were as described above but the 
number of thermo-cycles was raised to 35 and the samples used undiluted (5-10 ng DNA 
µl-1). All negative controls showed no product.  
 

Cloning and sequencing 
Following amplification, PCR products originating from each location / vegetation type 
combination were pooled together in order to provide 2 samples per location / vegetation 
type combination (total of 24 representative samples). Pooled PCR products were then 
cleaned using a PCR cleanup kit (Qiagen, Venlo, the Netherlands) and then ligated into 
pGEM-t vectors following manufacturer’s instructions (Promega, Leiden, the Netherlands). 
For Fossil Bluff and Coal Nunatak and the Falkland, Signy and Anchorage Islands, ligation 
products were sent to McGill University and the Genome Québec Innovation Center 
(Montréal, Canada) for transformation, plasmid extraction and sequencing of 96 clones per 
ligation reaction. The remaining ligation products were transformed in Stratagene XL2-
Blue MRF’ Ultracompetent Cells, hand picked, amplified using plasmidic primers and 
sequenced on a Megabace 1000 machine (Molecular Dynamics, Sunnyvale, CA). Sequence 
data generated in this study was deposited in GenBank under the accession numbers 
EF219488-EF221599.  
 

Sequence data treatment 
Prior to analyses, clone libraries were screened for chimerical sequences using a 
combination of the Chimera Check and Bellopheron programs (Cole et al., 2005; Huber et 
al., 2004). Sequences were deemed to be chimeras when they were clearly identified as 
such by both the Bellerophon and the Chimera Check programs. All sequences that were 
identified as chimeras or were shorter than 200 bp (as this length is the minimum 
requirement for taxonomic assignment using the RDP classifier tool) were removed from 
the dataset. Duplicate clone libraries issued from the same plant cover type and location 
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were verified for variability by comparing them using the RDP library comparison tool 
(Cole et al., 2005) and the LIBSHUFF program (Singleton et al., 2001). Using the RDP 
library comparison tool, no significant differences between phylum-level taxonomic 
compositions were recorded at the P < 0.01 significance level, for all available 
classification baselines (except for Fossil Bluff, for which the libraries were from two 
different sites). The LIBSHUFF program also indicated that there were no significant 
differences between the sequences of the duplicate libraries. Therefore, duplicate libraries 
were subsequently pooled and treated as a single dataset. Following this step, data were 
composed of 12 representative clone libraries. For the purpose of taxonomic assignment of 
the sequences, the RDP classifier tool (Cole et al., 2005) was used with an 80% bootstrap 
value baseline. Significant phylum- (or subdivision- for Proteobacteria) level taxonomical 
differences between libraries were examined using the comparison tool of the RDP with a 
bootstrap level of 80%. For further analyses, sequences were aligned using Clustal X 
(Thompson et al., 1997) and from the alignment, a similarity matrix was calculated in 
BioEdit (Hall, 1999), keeping only the base positions of the alignments that were defined 
for a majority of sequences (approximately 700-900 bp, including gaps). The similarity 
matrix was then used to build an OTU presence-absence (binary) matrix where the 
grouping baseline was set to 97%.  
  

Statistical analyses 
For diversity analyses in EstimateS (Colwell, 2005), each clone was considered as a 
“sample” and the OTUs (defined as 97% or more of sequence similarity) were considered 
as “species”. Observed OTU, richness estimators and diversity indices were calculated 
using 100 repetitions. Since the size of the sample influences the value of the Simpson 
diversity index, for the calculation of the index clones were randomly removed from the 
matrices until they all contained 156 clones (which is the size of the smallest clone library). 
Correlation analyses were carried out in Statistica 7.1 (StatSoft Inc., Tulsa, OK). The 
analyses described below were carried out in P. Legendre’s R package (Casgrain and 
Legendre, 2001). Using the family-level taxonomic information retrieved from sequence 
analyses, a family abundance matrix was constructed. Similarity between the different 
libraries was calculated using the Steinhaus similarity index (S17; one-complement of the 
Bray-Curtis distance). This similarity matrix was used to calculate principal coordinate 
analyses (PCoA) and for Mantel’s tests. Geographic coordinates of the sampling sites were 
transformed into geographic distances, latitudinal distance between plots was calculated 
using simple Euclidean distance (D01), and similarity based on soil physical characteristics 
(organic matter, pH, total N) was calculated using Gower’s similarity (S15) (see Legendre 
and Legendre (1998) for a detailed discussion about the choice of similarity and distance 
indices). The similarity between the different clone libraries at the family level was then 
compared to the geographic distance matrix, to the latitudinal distance matrix and to the soil 
physical characteristics similarity matrix using Mantel tests based on Spearman’s statistic 
(rs) with 999 permutations.  
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 Results 

Bacterial OTU richness and diversity in Antarctic soils 
Rarefaction analysis of collector’s curves (Fig. 2) obtained from 16S rRNA gene libraries 
from the different samples taken from Mars Oasis, South Georgia and the Falkland, Signy 
and Anchorage Islands were similar. In contrast, the curves for the Coal Nunatak and Fossil 
Bluff sampling sites were significantly lower (95% confidence intervals not overlapping; 
data not shown) than all the other sites examined, indicating a significantly lower 
operational taxonomic unit (OTU) retrieval from these two sampling sites. The curve for 
the Ellsworth Mountains was in an intermediary position, closest to the curve for the fell-
field sites of Anchorage Island (Fig. 2). These trends were also reflected in the bias-
corrected Chao 1 richness estimator and the Simpson diversity index (Fig. 3). Overall, 
latitude was inversely and significantly correlated to Chao’s richness and Simpson’s 
diversity (r = -0.69, P=0.013; r = -0.63, P=0.027, respectively, N=12 for both). The 
richness and diversity of the Fossil Bluff and Coal Nunatak sites were significantly lower 
than all other sites, with the notable exception of the Ellsworth Mountains for richness (Fig. 
3). The trend of decreasing richness with increasing latitude was also evident when looking 
only at fell-field and polygons plots (Fig. 3), where significant correlations were observed 
between latitude and Chao’s richness (r = -0.75, P=0.031, N=8). Simpson’s diversity was 
not significantly correlated to latitude (r = -0.62, P=0.098, N=8). Mars Oasis appeared 
unusual among the fell-field/polygons sites, and since correlation analyses are particularly 
sensitive to outliers, they were also carried out without Mars Oasis. When excluding Mars 
Oasis, highly significant inverse correlations between Simpson’s diversity in fell-
field/polygon plots and latitude were observed (r = -0.83, P=0.021, N=7). When examining 
data from vegetated plots separately, no significant correlations with latitude were observed 
for Chao’s richness and Simpson’s diversity (r = 0.41, P=0.587; and r = -0.40, P=0.601 
respectively, N=4 for all). Correlations on such a small number of valid samples (N=4) 
must, however, be interpreted with caution. Ratios of diversity in vegetated versus fell-field 
plots were calculated in order to evaluate the relative impact of vegetation on bacterial 
diversity at each location (Table 1). Although not statistically significant, these ratios for 
the number of OTUs, Chao’s richness and Simpson’s diversity generally increased with 
increasing latitude (r = 0.77, P=0.221; r = 0.90, P=0.097; r = 0.77, P=0.232, respectively, 
N=4 for all), indicating that vegetation was relatively more important in increasing 
diversity at higher latitudes (Table 1).  
 
Table 3-1. Ratios of diversity and richness in vegetated versus fell-field soils at the 
Falkland Islands, South Georgia, Signy Island and Anchorage Island. 
 Number of OTUs 

(vegetated/fell-field) 
Chao 1 richness 
(vegetated/fell-field) 

Simpson’s diversity 
(vegetated/fell-field) 

Falkland Is. 0.84 0.81 0.65 
S. Georgia 1.09 1.26 1.37 
Signy Is. 0.99 1.25 0.93 
Anchorage Is. 1.20 1.61 1.95 
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Figure 3-1. Collector’s curves for the different clone libraries at the Falkland Islands 
(FI), South Georgia (SG), Signy Island (SI), Anchorage Island (AI), Fossil Bluff, Mars 
Oasis, Coal Nunatak and the Ellsworth Mountains. OTUs were defined as showing 
97% or more of DNA sequence homology. For clarity only a quarter of the actual data 
is plotted. The black stars show a theoretical 1 to 1 pattern where all sampled clones 
would be unique. 

Bacterial community composition in Antarctic soils 
High-throughput determination of putative taxonomic affiliation of the recovered sequences 
was greatly facilitated by the RDP classifier tool (Cole et al., 2005). Detailed results up to 
the family level are presented in Supplementary Table 1. Coal Nunatak clone libraries were 
dominated by the family Methylobacteriaceae, and more specifically by the genus 
Methylobacterium (152/196 sequences; 81.7%). The Fossil Bluff library was also 
dominated by this same genus, but to a lesser extent (96/196 sequences; 52.7%). The 
Ellsworth Mountains clone libraries were dominated by Bacteroidetes of the order 
Sphingobacteriales (75/180 sequences, 41.7%). A large proportion of these sequences 
could be related to the genus Chitinophaga (32/75 sequences, 42.7%) when using a 
confidence threshold of 50%, although most of them (24/32, 75.0%) were included as 
unclassified Sphingobacteriales at our chosen threshold of 80% (Suppl. Table 1). Trends 
were also observed with respect to the number of clones that could not be related to any of 
the recognized phyla used in the RDP classifier (i.e. listed as unclassified Bacteria using the 
RDP classifier). At sites where vegetated and fell-field soils were both present, the 
proportion of clones categorized as unclassified was higher in fell-field (24-63%) versus 
vegetated (13-25%) plots.  
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Figure 3-2. Estimated bacterial OTU richness (A) and diversity (B) for the different 
clone libraries analyzed at the Falkland Islands, South Georgia, Signy Island, 
Anchorage Island, Mars Oasis, Fossil Bluff, Coal Nunatak and the Ellsworth 
Mountains. ����: vegetated plots; ����: fell-field plots or polygons. Errors bars in (A) 
represent the 95 % confidence interval and in (B) they represent the standard 
deviation.  
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Relative abundances of the main phyla detected are presented in Fig. 4. Pairwise 
comparisons of libraries were also performed with the results presented in Supplementary 
table 2. Using these tests, replicate libraries from samples originating from the same 
location and plant cover showed no significant differences and were thus considered as one 
library for further analyses. In contrast, large differences were generally observed across 
the different sites examined at the level of the distribution of bacterial phyla (or 
subdivisions for Proteobacteria) in our 16S rRNA gene libraries. High order bacterial 
groups for which significant differences were observed included the Acidobacteria, 
Actinobacteria, Cyanobacteria, Alphaproteobacteria, Gammaproteobacteria and 
Verrucomicrobia. The relative abundances and number of sub-groups represented generally 
decreased with increasing latitude for the Acidobacteria, Actinobacteria and 
Verrucomicrobia (Fig. 4), but the only significant negative correlation with latitude was for 
Acidobacteria (r = -0.6773, P=0.016, N=12). Cyanobacteria were only present in a 
proportion above 10% in polygons of Mars Oasis and the Ellsworth Mountains (Fig. 4), and 
were significantly correlated with latitude (r = 0.6556, P=0.021, N=12). The high 
proportion of the Alphaproteobacteria in the Fossil Bluff and Coal Nunatak libraries was 
attributable to the large number of Methylobacterium-like clones recovered from these 
sites. The Signy Island vegetated and fell-field plots did not show any significant 
differences in composition relative to each other at this level of analysis (Supplementary 
table 2). This was also the case when fell-field plots of Signy and Anchorage Islands, and 
vegetated plots of the Falkland and Signy Islands, were compared (Supplementary table 2). 
Generally, there were fewer significantly different groups when comparing sites that were 
in relative geographic proximity (cells towards the right hand side of each row in 
Supplementary table 2).  
 
Using the Steinhaus similarity index derived from community composition data at the 
family level, a principal coordinate analysis (PCoA) was performed (Fig. 5a). The 
ordination diagram revealed that the strongest variation in the dataset was between Coal 
Nunatak and Fossil Bluff samples and the rest of the samples. Accordingly, they were 
separated on the first axis of the ordination, which explained a high percentage of the total 
variation (45.4 %). The second axis separated the Ellsworth Mountains, and, to a lesser 
extent Mars Oasis, from the other samples, and represented 13.9% of the variation. With 
such a strong partition in the dataset, the relationships between the remaining sampling sites 
were difficult to discern. We therefore carried out an additional ordination without 
incorporating the data for Fossil Bluff, Mars Oasis, Coal Nunatak or the Ellsworth 
Mountains (Fig. 5b). This allowed differentiation on the first axis of ordination of almost all 
the fell-field sites (with the exception of the Falkland Islands) from the vegetated sites. The 
second axis was more or less related to sampling site, separating mainly the most northern 
locations (Falkland Island) from the most southern ones (Anchorage Island). 
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Figure 3-3. Bar charts of clone library composition at the phylum level (and also 
subdivision level for Proteobacteria) for the Falkland Islands (FI), South Georgia (SG), 
Signy Island (SI), Anchorage Island (AI), Fossil Bluff, Mars Oasis, Coal Nunatak and 
the Ellsworth Mountains. For improved clarity, bacterial phyla were separated in 
abundant (A) and less abundant (B) phyla. The “others” category includes 
Chloroflexi, Firmicutes, Fusobacteria, Gemmatimonadetes, Planctomycetes and the 
candidate phyla OP10 and TM7. See supplementary Table 1 for detailed taxonomic 
assignments. 
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Correlation between community composition, geographic distance, 
latitude and soil characteristics 
Using Mantel tests, the similarity between sampling sites calculated with family level 
distributions was significantly correlated with the geographical distance between sample 
sites (rs=-0.2704, P=0.0410). A similar relationship was observed when correlating against 
latitudinal distance only (rs=-0.2644, P=0.0250). Soil physical characteristics also varied 
across the latitudinal gradient studied. However, a Mantel test between the distance 
matrices calculated from family level community composition and from soil physical 
characteristics (organic matter, total N and pH, see suppl. table 3) did not yield a significant 
correlation (rs=0.0993, P=0.2060). Partial Mantel tests were also conducted in order to 
disentangle the relative effects of geography versus soil parameters. When controlling for 
the effects of soil characteristics, geographic distance and latitude were still significant (rs=-
0.2655, P=0.0290 and rs=-0.2653, P=0.0340, respectively). However, the soil effect was 
still not significant (rs=0.0843, P=0.2630) when controlling for the geographic distance 
effect. Identical results (in term of significance) were generated when Mars Oasis data was 
removed from the analysis. 
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Figure 3-4. Principal coordinate analysis (PCoA) based on Steinhaus similarity (one-
complement of Bray-Curtis distance) between sampling sites at the Falkland Islands 
(FI), Signy Island (SI), South Georgia (SG) and Anchorage Island (AI), with (A) or 
without (B) Fossil Bluff, Mars Oasis, Coal Nunatak and Ellsworth Mountains samples. 
Similarity was calculated using family level community composition. 
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Discussion 

Bacterial diversity in relation to latitude 
Although several culture-independent molecular studies have examined Antarctic bacterial 
diversity in lakes (Pearce et al., 2003; Pearce, 2005), pack ice (Brinkmeyer et al., 2003), 
sediments (Sjoling and Cowan, 2003), and soils (Aislabie et al., 2006; Smith et al., 2006), 
the present study is the first to look specifically at bacterial diversity patterns across a range 
of Antarctic terrestrial ecosystems. The diversity within bacterial 16S rRNA gene clone 
libraries derived from fell-field and polygons soils along the study transect decreased with 
increasing latitude, with the notable exception of one site, Mars Oasis. Interestingly, this 
site has previously been described as a biodiversity hotspot (Convey and Smith, 1997; 
Maslen and Convey, 2006). The general inverse relationship between latitude and bacterial 
diversity was observed for detected OTU numbers (not shown), OTU evenness (not 
shown), Chao 1 richness estimations and Simpson’s diversity index. These results are in 
line with the majority of surveys of Antarctic flora and fauna conducted over the past 
decades, which reported decreased diversity with increasing latitude (Block, 1984; Clarke, 
2003; Convey, 2001; Greene et al., 1967; Peat et al., 2006; Rudolph, 1971; Smith, 1992; 
Smith, 1984; Sohlenius and Boström, 2005; Wynn-Williams, 1996a). In contrast, no 
negative diversity / latitude relationship was observed for the limited number of samples 
collected under vegetation cover. These data demonstrate the need to take specific habitat 
details into account when comparing biodiversity indicators across geographic locations, as 
it has also been observed for northern latitudes (Neufeld and Mohn, 2005). 
  
Lawley et al. (2004) recently reported no decrease in microeukaryote diversity across an 
Antarctic transect, partly overlapping the current study region (60°S to 78°S). Their 
findings indicated that microeukaryotic diversity actually showed a trend toward increased 
diversity with latitude within the maritime Antarctic region, and concluded that biodiversity 
patterns more closely followed distinctions between maritime versus continental habitats as 
opposed to latitude. A most interesting comparison can be made between bacterial and 
microeukaryote diversity at the Coal Nunatak site, which showed the lowest level of 
bacterial diversity of the sites examined, yet exhibited very high microeukaryote diversity 
(Lawley et al., 2004). This apparent paradox may have several explanations. For instance, 
trends toward increased diversity with latitude for eukaryotes (Lawley et al., 2004) could 
for instance be influenced by body size, with decreased presence of larger multicellular 
organisms in more extreme habitats causing increased evenness within 18S rRNA gene 
clone libraries.  
 
Mars Oasis was among the most diverse sites for bacteria, which was in line with the high 
eukaryotic diversity observed by Lawley et al. (2004) at this location. The Mars Oasis, 
Fossil Bluff and Coal Nunatak sites are less than 100 km apart from each other, are all part 
of the same geological formation and show little variation in soil characteristics (Suppl. 
Table 3). Evidently, other factors are responsible for creating terrestrial habitat differences 
across these sites (Cowan and Tow, 2004). Possible factors might include exposure, 
altitude, prevailing wind direction, drainage, precipitation, soil opacity and ionic 
composition. It is interesting to note that Mars Oasis has previously been reported to 
support a relatively diverse meso-fauna and flora when compared to other sites in the 
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neighbouring area, and was proposed as a potential biodiversity hotspot for this region 
(Convey and Smith, 1997; Maslen and Convey, 2006). With respect to microbial diversity, 
there may be an interaction with higher levels of meso-faunal and floral diversity, which 
may increase the heterogeneity and niche space available for microbial exploitation. The 
Mars Oasis site was a marked exception to the negative correlation between latitude and 
microbial diversity, a finding also observed with respect to nematode diversity (Maslen and 
Convey, 2006). Nevertheless, caution should be exercised in the interpretation of these data 
based on limited numbers of sampling locations. Further integrated studies, encompassing 
the different domains of life, will clearly be necessary across a greater number of terrestrial 
Antarctic biomes in order to understand the forces contributing to the existence of 
biodiversity oases and deserts (Tindall, 2004). 
 
Surveys of soil-borne microbial communities across northern polar latitudinal gradients 
have been conducted previously using culture-dependent (Staddon et al., 1998) and recently 
via culture-independent approaches (Fierer and Jackson, 2006; Neufeld and Mohn, 2005). 
Before drawing comparisons between data obtained from northern versus southern polar 
transects, it must be stressed that Antarctic climates are far more severe than northern 
climates at similar latitude (Convey, 2001). Also, the degree of isolation and soil origins of 
northern and southern polar regions are highly disparate. Across a relatively short (800 km) 
northern latitudinal transect, Staddon et al. (1998) reported a decrease in bacterial 
functional diversity with increased latitude, as determined by cultivation-dependent 
substrate utilization patterns. However, Neufeld and Mohn (2005) observed an unexpected 
increase in bacterial diversity at higher latitudes based upon molecular surveys of several 
Canadian soils. This latter study compared soils across a wide range of ecosystems and 
vegetation types, and, as the authors stressed, any purely latitudinal effects might be 
secondary to other natural and imposed differences between the habitats studied. In 
contrast, Fierer and Jackson (2006) found no relationship between diversity and latitude and 
concluded that pH was the main factor driving soil bacterial diversity. This study however 
also examined a wide range of different ecosystems, mainly in North America, and the 
authors stressed that large difference between environments might have masked any 
latitudinal effects. Given these mixed results, it remains to be resolved whether the latitude-
diversity relationship observed in Antarctica hold true for northern environments. 

Bacterial diversity in relation to vegetation cover 
The presence of vegetation is known to decrease the harshness of severe Antarctic climates 
on soil micro-habitats by providing enhanced moisture and thermal retention as compared 
to bare soils (Harris and Tibbles, 1997; Yergeau et al., 2007a). We therefore compared 
vegetated versus adjacent bare fell-field soils across a latitudinal transect in order to gain 
insight into the relative importance of latitude versus vegetation in determining bacterial 
community diversity. Unlike the bacterial diversity of bare fell-field plots, we observed no 
decrease in the bacterial diversity of vegetated soils with increasing latitude. Indeed, 
bacterial richness in vegetated plots slightly increased with latitude, as did the ratio of 
diversity in vegetated plots vs. fell-field plots (Table 1). These contrasting patterns of 
bacterial diversity may be indicative of the opposing influences of vegetation and climate. 
Vascular plants, and to a lesser extent bryophytes, are known to select for specific soil-
borne microbial communities, which would serve to reduce bacterial diversity and evenness 
in the rhizosphere (Kowalchuk et al., 2002; Opelt and Berg, 2004; Smalla et al., 2001). The 
strength of this selection decreases as the interactions between vegetation and soil become 
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more rudimentary, as was observed with increasing latitude along our study transect. Also, 
the protective effects of vegetation (Harris and Tibbles, 1997; Yergeau et al., 2007a) might 
be expected to become more important in reducing climate-induced selection as the climate 
becomes more severe. In fell-field plots, which are unprotected from rapidly changing and 
severe climatic conditions, there is probably a selection pressure for bacteria that possess a 
high level of environmental hardiness or resistance (e.g. psychrophiles or drought-tolerant 
species). Interestingly, bacterial density also follows similar trends as bacterial diversity 
(Yergeau et al., 2007a), strengthening the suggestion of contrasting effects of increased 
climate severity vs. vegetation presence. Future microcosm and field manipulation 
experiments are however necessary to validate this hypothesis and to disentangle the 
relative influence of different environmental factors such as temperature, water availability 
and nutrient concentrations. 
 
An intriguing finding was the presence of higher numbers of “unclassified” bacteria in the 
fell-field versus vegetated plots, especially at South Georgia and Signy and Anchorage 
Islands. For the RDP Classifier, this can mean either that the sequence cannot be classified 
in any of the known lineages or that it belongs to a lineage that is less-well-studied and with 
few sequence representatives. This may reflect the relative bias of available sequence data, 
which has predominantly been derived from temperate environments. Following this logic, 
bacterial communities from vegetated samples, which harbour several micro-environments, 
might be expected to resemble those of more temperate soils, thereby yielding fewer 
“unclassified” sequences. Alternatively, the fell-field soil samples from South Georgia and 
Signy and Anchorage Islands may simply possess a higher proportion of novel or less-well-
studied bacterial lineages due to infrequent sampling of soils exposed to unusually harsh 
environmental conditions. Our results are in line with community data recently reported for 
three Antarctic cold desert mineral soils, whose relatively low diversity communities 
contained a high proportion of novel, potentially psychrotrophic taxa (Smith et al., 2006). 
More in-depth molecular characterisation of the populations inhabiting these habitats, as 
well as tailored cultivation strategies, are required to gain further insight into the adaptive 
and evolutionary relationships of these organisms. 
 
It could be argued that the severity of an environment is not as important to the 
development and maintenance of biodiversity as environmental stability (Peck et al., 2006). 
Stable environments are thought to help support a higher degree of organization, more 
complex food webs, more niches, and ultimately more species. Our data on bacterial 
diversity are generally in agreement with these assumptions, as not only does the severity of 
the climate increase with latitude across our study area, but conditions also become more 
variable with increased latitude. Indeed, the most southerly locations along our transect are 
exposed to dramatic changes in temperature and water availability, and southerly fell-field 
sites are the most variable with regard to the frequency and amplitude of climatic extremes 
(Yergeau et al., 2007a). The only perturbation that appears not to follow this trend is the 
frequency of freeze-thaw cycles, which is highest on Signy Island (Yergeau et al., 2007a). 

Relative influence of biogeography versus vegetation on microbial 
community composition 
Our results demonstrate that bacterial community composition is correlated with the 
geographical distance between samples, suggesting a degree of large scale biogeographical 
structure within the communities under study. At least at the family-level of community 
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composition, the sites that were geographically closer to each other were generally more 
similar in their bacterial community compositions (Fig. 5). This is in agreement with 
molecular and biochemical community profile data obtained from these same sites 
(Yergeau et al., 2007a). Changes in soil characteristics across such large geographical and 
latitudinal gradients, however, can confound these results. In our case, effects of geography 
and latitude alone were still highly significant while soil characteristics explained little 
variation in community composition. Thus, in contrast to the study by Fierer and Jackson 
(2006), which highlighted pH as the main soil factor influencing bacterial community 
composition, we argue here that geography/latitude was the main factor shaping bacterial 
community composition in Antarctic soils. 

Bacterial communities at southernmost sites 
Bacterial 16S rRNA gene clone libraries from some of the sites located at the southern limit 
of the Antarctic Peninsula (Coal Nunatak, Fossil Bluff and the Ellsworth Mountains) were 
remarkably different to those of the other study sites, being mainly composed of pink-
pigmented methylotrophic bacteria (Methylobacterium at Fossil Bluff and Coal Nunatak) or 
Sphingobacteriales (at the Ellsworth Mountains). These sites are characterized by 
extremely low inputs of nutrients, exposure to high levels of UV radiation in summer, and 
low and transient water availability, which impose strong selective pressures on these 
communities. However, the sites on Alexander Island (Fossil Bluff and Coal Nunatak) and 
the one at the Ellsworth Mountains are in two distinct biogeographical regions (Chown and 
Convey, 2007), which might explain why totally different groups of bacteria dominate the 
soils sampled from these sites. It could also be argued that many bacteria that are detected 
at these locations may be dormant, and might simply represent those organisms that can 
remain intact the longest after being transported to these locations. Indeed, bacterial counts 
and biomass are quite low at these sampling sites (Yergeau et al., 2007a). However, it is 
difficult to explain such narrowly skewed community structures only by longer persistence 
in soil, since a large variety of bacteria are resistant to harsh environments. Previous studies 
reported the presence of these bacterial groups in Antarctic soils (Aislabie et al., 2006; 
Moosvi et al., 2005a; Romanovskaya et al., 2005) and other cold environments (Christner et 
al., 2001; Segawa et al., 2005; Trusova and Gladyshev, 2002). Several lines of evidence 
support the notion that dominance by these specific bacterial groups is not simply a passive 
consequence of static environmental resistance. For instance, Methylobacterium can use C1 
compounds as a facultative energy source (Green, 2006) while Sphingobacteriales have the 
capacity to degrade polymers (chitin in the case of the dominant genus Chitinophaga 
,Buckley and Schmidt, 2001), which might confer an advantage to these organisms in 
harsh, low-nutrient environments. Obviously, numerous other microorganisms harbour 
these metabolic capacities. However, the dominance of specific groups might be facilitated 
by a combination of environmental hardiness and specialised metabolism, which allows 
selected proliferation in environments in which more efficient populations cannot survive 
due to harsh climatic conditions. In fact, Methylobacterium sp. have been reported to have a 
high resistance to desiccation and to UV radiation (Romanovskaya et al., 1998; 
Romanovskaya et al., 1999; Romanovskaya et al., 2002). If these simple microbial 
communities are indeed metabolically active, they might offer new insights into the limits 
of microbial activities and survival. 
 
Autotrophic bacteria were expected to dominate the samples from Coal Nunatak and Fossil 
Bluff because of the low input of nutrients to these soils, but such groups were not found to 
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form a significant proportion of the clone libraries (Supplementary table 1). Accordingly, 
using the same Coal Nunatak and Fossil Bluff samples, cyanobacteria were reported to be 
below PCR detection limits, suggesting a low biomass (Yergeau et al., 2007a) and 
relatively low proportions of autotrophic bacteria were reported in the Antarctic Dry 
Valleys (Moodley, 2004). Interestingly, in a study specifically targeting cyanobacteria, this 
group was show to exhibit relatively high diversity in Coal Nunatak polygons (Brinkmann 
et al., 2007), although density and total activity were probably very low. Within our study 
transect, cyanobacterial sequences were recovered in significantly higher proportions at 
Mars Oasis and the Ellsworth Mountains sites. Given these mixed results, it is still unclear 
which environmental factors promote cyanobacterial presence and activity across Antarctic 
habitats.  

Conclusions 
The results of the present study provide an examination of bacterial diversity and 
biogeography across a range of Antarctic sites previously studied via broad-scale 
comparisons of microbial community structure, density and functions (Yergeau et al., 
2007a; Yergeau et al., 2007b). In addition to specific environmental factors such as those 
driven by vegetation cover, also latitude, location and temperature were found to be 
important determinants of soil-borne microbial community structure and diversity. The 
present study was aimed at providing a detailed baseline assessment of the composition of 
bacterial communities of the Antarctic for the future assessments of effects of human 
perturbation and climate change in these unique ecosystems. We also sought to provide 
more general information about the main forces affecting bacterial diversity and community 
composition across such habitats. Bacterial diversity was shown to be comparable between 
different locations when dense vegetation cover was present, probably due to a combination 
of plant selection pressure and protection from environmental fluctuations. In contrast, 
bacterial diversity at fell-field sites generally decreased with increasing latitude, in a 
manner analogous to the majority of Antarctic fauna and flora.  
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Chapter 4: Application of a 16S rRNA gene-

based microarray to explore prokaryotic 

diversity and community composition in soil 

environments of Antarctica* 

 

Abstract 

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 experiencing unequalled effects of global warming. Due 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 8,741 prokaryotic OTUs, to interrogate prokaryotic 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 
prokaryotic communities. The microarray approach proved more sensitive in detecting the 
breadth of microbial diversity than PCR-based bacterial 16S rRNA 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. The PhyloChip data was also compared to functional gene 
microarray data previously obtained, highlighting numerous significant relationships and 
providing evidence for a strong link between prokaryotic community composition and 
functional gene distribution in Antarctic soils. Integration of these PhyloChip data with 
other complementary methods provides an unprecedented understanding of microbial 
diversity and community structure of terrestrial Antarctic habitats. 
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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). Furthermore, only 0.35% of the 
Antarctic continent is ice-free for some or all of the year (BAS, 2004), with much of this 
area representing cold rock deserts and nunataks (mountain summits protruding through 
surrounding ice sheets). The vegetation of Antarctica is characterised by low coverage and 
low productivity, being mainly composed of mosses and lichens, with only two vascular 
plant species. Antarctic food webs are consequently relatively simple and are characterised 
by the absence of insect and mammalian herbivores, so that most of the energy and 
materials assimilated by primary production enter a detritus, rather than and grazing, 
trophic pathway (Davis, 1981; Heal and Block, 1987). Cold temperatures and low moisture 
availability are probably the main limiting factors, being directly responsible for the 
depauperate status of Antarctic habitats (Kennedy, 1996). The less complex food-web 
structure of Antarctic terrestrial habitats provides a relatively simplified system in which to 
disentangle the drivers of soil microbial activities and the consequences of system 
perturbation.  
 
The application of microarrays to study complex microbial communities is a relatively new 
concept, but the rapid increase in genetic databases (Cole et al., 2005; DeSantis et al., 2006) 
has facilitated the development of comprehensive platforms encompassing the known range 
of prokaryotic diversity based upon 16S rRNA gene sequences (the PhyloChip, DeSantis et 
al., 2007). This platform allows the simultaneous detection of 8,741 prokaryotic OTUs and 
has been shown to reveal a broader range of diversity than typical size 16S rRNA gene 
libraries for soil, water and aerosol samples (Brodie et al., 2006; Brodie et al., 2007; 
DeSantis et al., 2007). However, the analysis of environmental soil samples has mainly 
been used as a proof of concept with a limited number of samples. It is also not yet clear 
how such results compare to 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, microarray platforms are highly 
dependent on the amount of information already known and cannot detect taxa not 
previously described in databases. Thus, it is imperative that such methods be tested across 
novel environments, such as Antarctic soils, to examine their robustness in unusual settings. 
 
The Antarctic Peninsula is the most rapidly warming region in the world (Turner et al., 
2002). Recent studies in soils of this area have aimed to establish baseline knowledge of 
microbial community structure and function across a range of environments and to assess 
the impacts of global warming (Bokhorst et al., 2007c; Bokhorst et al., 2008; Brinkmann et 
al., 2007; Lawley et al., 2004; Yergeau et al., 2007a; Yergeau et al., 2007b; Yergeau et al., 
2007c; Yergeau and Kowalchuk, 2008). Environmental conditions, such as temperature and 
freeze-thaw cycles, appear to have profound effects on soil microbial communities 
(Bokhorst et al., 2007c; Yergeau and Kowalchuk, 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; Yergeau et al., 2007b; Yergeau et al., 2007c). 
However, most of these reports about microbial communities in Antarctic soils were using 
relatively labor intensive methods with low level of taxonomic resolution and would benefit 
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from the use of high-throughput methods. With the increasing interest in linking microbial 
identity and function, PhyloChip analyses also offer the opportunity to link microbial 
community composition with analyses of enzyme activity, density of functional gene 
families (as determined by real-time PCR) and the distribution of nutrient-cycle-related 
functional gene sequences (as determined by recently developed GeoChip microarrays, He 
et al., 2007).  
 
Thus, the aims of the study reported here were:  1) to determine the suitability of 16S rRNA 
gene microarrays to monitor Antarctic soil prokaryotes, 2) to describe Antarctic soil-borne 
prokaryotic communities using microarrays, thereby providing a more complete description 
of prokaryotic diversity than previously possible, 3) to relate prokaryotic community 
composition and diversity to important environmental parameters, and 4) to assess the 
feasibility of linking functional gene and 16S rRNA gene microarrays. To these ends, the 
recently expanded PhyloChip of DeSantis et al. (2007) was employed 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 
versus bare fell-field environments along the part of the range supporting vegetation. The 
resulting patterns of prokaryotic community composition and diversity were compared with 
similar data recovered from clone libraries and real-time PCR assays, and then integrated 
into studies of function, including functional gene microarray analyses.  
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Material and methods 

Sampling sites 
During the austral summer of 2003-2004, 2 × 2 m plots were established at the following 
sites (see Fig. 1-3 for a map): the Falklands Islands (cool temperate zone; 51°76’S 
59°03’W), Signy Island (South Orkney Islands, maritime Antarctic; 60°43’S, 45°38’W) 
and Anchorage Island (near Rothera Research station, western Antarctic Peninsula; 
67°34’S, 68°08’W). At each location, two types of habitats were selected for soil sampling: 
1) “vegetated”, where dense vegetation cover was present with retention of underlying soil, 
and 2) “fell-field”, represented as rocky or gravel terrain with scarce vegetation or 
cryptogam coverage. Data with respect to vegetation cover within these environments were 
reported previously (Bokhorst et al., 2007a). Twelve plots were delineated per location, 
with half of the plots positioned over each soil type. The Falkland Islands fell-field 
vegetation was not sufficiently extensive 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 cm up to 15 cm deep depending on 
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 took place on October 26-28, 2004 for the Falkland Islands, on January 2-
3, 2005 for Signy Island, on January 18-19, 2005 for Anchorage Island and on February 22-
23, 2005 for Coal Nunatak and Fossil Bluff. 

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. (2007a). DNA extractions 
were performed separately for each of the five sub-samples taken per experimental plot. 
Following 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 previously described 
(Yergeau et al., 2007a). Known template standards were made from PCR-amplified full-
length 16S genes recovered from previously identified clones. Samples and all standards 
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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 total 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 PCR reactions were performed with 
annealing temperatures of 48°C, 51.9°C, 54.4°C and 58°C. These four reactions were 
pooled following PCR amplification. For reagent composition of PCR mixture and detailed 
PCR conditions, see DeSantis et al. (2007). PCR products originating from each 
location/vegetation type combination were further pooled together in order 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 less than 40 µl volume with a 
micrometer YM100 spin filter (Millipore, Billerica, MA). Regression analysis confirmed 
that quantity of amplicon applied to the array was not correlated with any organism 
abundances (data not shown). 

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. Duplicates were processed separately and pooled at the analysis step. 
The pooled PCR products of each sample were spiked with known concentrations of 
amplicons derived from yeast and prokaryotic metabolic genes. This mix was fragmented to 
50-200 bp using DNase I (0.02 U ug-1 DNA, Invitrogen, Carlsbad, CA) and One-Phor-All 
buffer (GE Healthcare, Piscataway, NJ) following manufacturer’s protocols. The mixture 
was then incubate at 25°C for 20 min and  98°C for 10 min before biotin labeling with a 
GeneChip DNA labeling reagent kit (Affymetrix, Santa Clara, CA) following 
manufacturer’s instructions. Next the labeled DNA was denatured at 99°C for 5 min and 
hybridized to custom-made Affymetrix GeneChips (16S rRNA genes PhyloChips) at 48°C 
and 60 rpm for 16 h. PhyloChip washing and staining were performed according to 
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 standard Affymetrix software (GeneChip 
microarray analysis suite, version 5.1). Background subtraction, data normalization and 
probe pair scoring were essentially as previously reported (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. OTUs were 
deemed present when the PosFrac value exceeded 0.92. We used the resulting binary data 
(OTU presence-absence) directly after this step for some analyses. Technical replicates 
were pooled at this step, by considering an OTU present if one or both technical replicate 
identified it as present, and averaging intensity values of present OTUs. For relative 
abundance analyses, relative OTU signals were calculated by dividing the average signal of 
the probes aiming at a given OTU by the total average signal for all the OTUs that were 
identified as positive. The relative abundance of OTUs which PosFrac did not exceed 0.92 
was set to zero (since this OTU is supposedly absent from the sample). The relative 
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abundance values were used directly for some analyses, and were also summed up to the 
Phylum or Family level for other analyses. 

Other data 
Soil analyses were performed via established standard protocols (Carter, 1993). 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: NH4, NO3 and total N concentrations, pH, C:N ratio, soil water and organic 
matter content. All other molecular data were collected from exactly 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 analysis were carried out using the 
GeoChip (He et al., 2007), and detailed results were published in Yergeau et al. (2007b). 

Statistical analyses 
Mantel tests were based on Mantel’s r (rm) with 999 permutations and 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 OTU relative 
abundance, Jaccard similarity for OTU presence-absence and Gower similarity for soil data. 
Principal coordinates analyses (PCoA) based on Steinhaus similarity were carried out with 
the OTU-level relative abundance data in P. Legendre’s statistical software, while the 
phylum and functional gene information was entered in ordination graphs as supplementary 
variables, i.e. 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) based on Steinhaus similarity with 999 permutations. Canonical 
correspondence analyses (CCA) were carried in Canoco (ter Braak and Šmilauer, 2002). 
Relative OTU abundance was used as “species” data while soil and environmental data 
were included in the analysis as “environmental” variables. All correlation analyses (either 
Pearson r or Spearman rs) were carried out in Statistica 7.0 (StatSoft Inc., Tulsa, OK). 
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 
canonical correlation analyses (RCCorA) in the R package (González et al., 2008). The 
strongest associations in the resulting graphs were identified by calculating Bray-Curtis 
distance and Pearson linear correlation between functional genes and OTUs. 
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Results 

Community structure and phyla-sites association 
Of the 8,741 OTUs represented on the PhyloChip, 616 were detected in at least one sample 
across our different study sites. Between 106 and 427 OTUs were detected in individual 
samples, with 87 OTUs being common to all samples. Principal coordinate analysis (PCoA) 
of the community composition at the OTU level (using relative intensity data) revealed a 
clear separation of sites, mainly between Fossil Bluff and Coal Nuanatak and the other sites 
(Fig. 4-1A). 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 Falkland Islands 
environments from the Signy and Anchorage environments. Vegetated environments from 
Signy and Anchorage Islands grouped together in the ordination. Superimposition of the 
summed phyla data (Table 4-1) 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 (Table 4-1 and Fig. 4-1A). For instance, 
Alphaprotoebacteria, Bacteroidetes and Firmicutes were relatively more present at Fossil 
Bluff and Coal Nunatak. Cyanobacteria were also, in general, relatively more present in 
these southernmost sites. Actinobacteria and Euryarcheota were relatively more present on 
the Falkland Islands than on any other sites, while the remaining taxa were relatively less 
abundant in Fossil Bluff and Coal Nunatak samples. 
 
Table 4-1. Percentage of total community for the main phyla detected on the 
PhyloChip (P) and compared with similar data from clone libraries (C) and real-time 
PCR (Q) in samples from Falkland (FI), Signy (SI) and Anchorage (AI) Islands and 
Fossil Bluff (FB) and Coal Nuantak (CN). 
phylum FI vegetated FI fell-field SI vegetated SI fell-field 
 P C Q P C Q P C Q P C Q 
Acidobacteria 3.4 13.7 29.4 3.3 1.7 36.6 2.8 13.0 32.2 3.9 10.3 31.6 
Actinobacteria 8.2 21.9 21.2 9.7 33.3 14.9 6.4 18.6 15.8 6.2 12.0 12.8 
Bacteroidetes 4.4 1.6 - 5.4 1.1 - 5.5 1.1 - 5.8 1.1 - 
Chloroflexi 4.9 0.0 - 5.0 0.0 - 5.8 0.0 - 5.1 0.0 - 
Crenarchaeota 0.8 - - 1.5 - - 0.3 - - 1.3 - - 
Cyanobacteria 3.8 0.0 - 4.2 0.6 - 3.8 0.0 - 4.9 1.1 - 
Euryarchaeota 0.5 - - 0.3 - - 0.0 - - 0.2 - - 
Firmicutes 9.2 0.0 0.2 9.8 0.0 0.2 10.1 0.6 0.3 9.5 1.1 0.1 
Gemmatimonadetes 0.5 0.0 - 0.8 6.7 - 0.6 0.6 - 0.5 0.6 - 
Planctomycetes 1.6 2.2 - 1.7 1.7 - 1.9 1.1 - 1.2 0.6 - 
Proteobacteria (total) 36.1 34.4 - 35.2 28.3 - 35.4 36.2 - 34.9 26.9 - 
  Alpha- 14.3 29.5 10.3 14.5 18.9 9.1 14.0 26.0 13.6 11.6 16.0 8.1 
  Beta- 2.0 1.1 2.1 2.5 4.4 2.2 2.0 0.6 2.1 2.2 1.7 2.7 
  Gamma- 9.4 2.2 - 9.0 3.9 - 8.2 6.8 - 10.1 6.3 - 
  Delta- 8.2 1.1 - 7.0 1.1 - 9.3 1.7 - 9.3 2.3 - 
  Epsilon- 0.9 0.0 - 1.2 0.0 - 1.0 0.0 - 0.7 0.0 - 
Spirochaetes 0.9 0.0 - 1.0 0.0 - 1.0 0.0 - 1.0 0.0 - 
Verrucomicrobia 5.7 10.4 - 4.5 2.2 - 4.7 4.0 - 4.0 1.1 - 
Others/unclassified 20.1 15.8 36.8 17.7 23.9 37.0 21.8 24.3 36.0 21.6 45.1 45.2 
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phylum AI vegetated AI fell-field Fossil Bluff Coal Nunatak 
 P C Q P C Q P C Q P C Q 
Acidobacteria 2.7 7.0 15.1 2.9 3.9 10.0 2.1 0.5 ND 3.5 0.0 ND 
Actinobacteria 5.6 10.8 13.0 7.5 10.4 21.0 5.1 10.4 28.0 5.5 5.9 35.0 
Bacteroidetes 6.1 10.3 - 6.4 1.9 - 10.5 2.2 - 6.3 3.22 - 
Chloroflexi 5.5 0.0 - 5.3 0.0 - 4.5 0.0 - 3.9 0.0 - 
Crenarchaeota 1.9 - - 0.0 - - 0.0 - - 0.0 - - 
Cyanobacteria 4.8 2.2 - 5.3 1.3 - 4.6 2.2 - 5.6 0.0 - 
Euryarchaeota 0.0 - - 0.1 - - 0.0 - - 0.0 - - 
Firmicutes 9.8 2.7 0.1 9.8 5.2 0.05 14.1 1.6 3.7 10.4 1.6 2.9 
Gemmatimonadetes 0.6 7.0 - 0.5 3.9 - 0.0 0.0 - 1.0 0.0 - 
Planctomycetes 1.8 0.5 - 1.2 1.9 - 0.8 0.0 - 0.8 0.0 - 
Proteobacteria (total) 36.7 41.1 - 35.9 33.7 - 35.6 79.7 - 38.0 89.2 - 
  Alpha- 15.0 16.8 7.5 14.2 9.7 4.9 15.5 64.3 38.6 17.1 85.5 47.8 
  Beta- 3.0 5.9 1.3 2.3 5.2 1.6 1.0 3.8 ND 1.7 1.1 ND 
  Gamma- 9.1 12.4 - 9.7 14.9 - 8.5 11.0 - 7.8 2.2 - 
  Delta- 8.5 4.9 - 8.1 3.9 - 8.9 0.5 - 10.4 0.0 - 
  Epsilon- 0.7 0.0 - 1.0 0.0 - 0.0 0.0 - 0.0 0.0 - 
Spirochaetes 0.8 0.0 - 0.9 0.0 - 1.0 0.0 - 1.5 0.0 - 
Verrucomicrobia 4.0 2.2 - 4.6 0.0 - 1.1 0.0 - 3.2 0.0 - 
Others/unclassified 19.9 15.7 66.4 19.6 37.0 63.4 20.5 2.2 29.7 20.2 0.0 14.3 
-: not covered by analysis method 
ND: not detected 

Community structure in relation to soil factors, location and 
vegetation presence 
Distance-based redundancy analysis (db-RDA) of the relative abundance data at the OTU 
level highlighted the significant effect of the location on the community structure 
(P=0.0090). No such effect was observed with respect to vegetation cover (P=0.2940). We 
observed similar results in term of significance using only the presence-absence (binary) 
data. Mantel tests were also carried to see if similarity in soil factors or geographical 
distance between sites were significantly correlated to similarity in the community 
composition. Geographical distance had a nearly significant effect on community 
composition (rm = -0.204, P=0.0940). Similarity in soil composition was not related to 
similarity in community composition (rm = 0.00429, P=0.4240). Canonical correspondence 
analyses (CCA) were used to highlight the effect of individual soil or environmental factors 
on the community structure at the OTU level. Using the relative intensity data, latitude 
(P=0.0280) and pH (P=0.0080) were the only two factors chosen by forward selection. 
Together, they formed a model that significantly explained the OTU-environmental 
variables relationships (P=0.0010). Correlation analyses were used to further characterize 
the association of phyla/classes with specific soil factors. Chloroflexi and 
Betaproteobacteria relative abundances were negatively and significantly correlated to soil 
pH, while Firmicutes and Verrucomicrobia relative abundances showed significant positive 
correlations with soil pH.  Chloroflexi and Planctomycetes relative abundances were both 
positively and significantly correlated to soil water and organic matter content. Both 
Betaproteobacteria and Crenarcheaota relative abundances showed nearly significant 
(0.05<P<0.10) positive correlations with soil NH4 concentration. Furthermore, 
Betaproteobacteria relative abundance was significantly and positively correlated to soil 
NO3 and total N. Planctomycetes and Chloroflexi also showed significant positive 
correlations with soil total N. Actinobacteria, Euryarchaeota, Epsilonproteobacteria and 
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Verrucomicrobia significantly decreased with increasing latitude, while Cyanobacteria 
relative abundance increased with increasing latitude.  

 
Figure 4-1. Principal coordinates analysis (PCoA) ordination based on Steinhaus 
similarity of the relative abundances of OTUs detected in Falkland (FI), Signy (SI) 
and Anchorage (AI) Islands and Fossil Bluff (FB) and Coal Nunatak (CN) soil 
samples. Phylum/class data (solid arrows) (A, B) and functional gene categories 
(dashed arrows) (B) were added to the graph as supplementary variable (not involved 
in calculation) to show the relative repartition of phyla/classes and functional gene 
categories at the different sites. See Table 4-1 for more details about the relative 
abundance of taxa for the different sites. 
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Community composition compared to clone libraries and real-time 
PCR 
The relative signal intensity on the PhyloChip was summed either at the phylum or the 
family level and compared with similar data from clone libraries (number of clones 
associated to 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 (Table 4-
1), the PhyloChip and the clone libraries were significantly correlated (rs = 0.515, 
P<0.0001, N=120), as were the clone library and the real-time PCR data (rs = 0.660, 
P<0.0001, N=36), but no significant correlation was found between the PhyloChip and the 
real-time PCR data (rs = 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 (rs 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 (rs = 0.212, P<0.0001, N=344). 

Number of OTUs and families detected 
The number of OTUs detected using the PhyloChip was significantly and inversely 
correlated with latitude (r = -0.791, P=0.019, N=8). The number of OTUs detected by the 
PhyloChip was also significantly correlated with the OTU numbers recovered in the clone 
libraries (r = 0.835, P=0.010, N=8), as well as the Chao 1 richness estimator calculated 
from these data (r = 0.832, P=0.010, N=8). However, the number of different OTUs 
detected using the PhyloChip was much higher than in the clone libraries (Fig. 4-2). 
Although Chao 1 estimates were generally higher, for a majority of samples, the PhyloChip 
detected  OTU numbers that were within the 95% confidence interval of the estimated 
richness (Chao1) calculated from the clone libraries (Fig. 4-2). Similarly, the number of 
families detected was always higher on the PhyloChip than in the clone libraries (Table 4-
2). However, for Fossil Bluff and Coal Nunatak soils, there was a relatively higher 
proportion of families unique to the clone libraries, compared to the other soils. 
 
Table 4-2. 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 Island (FI), Signy Island (SI), Anchorage Island (AI), Fossil Bluff (FB) 
and Coal Nunatak (CN). 

  Clone only 
(percentage of total) 

Shared 
(percentage of total) 

PhyloChip only  
(percentage 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 
AI vegetated 10 (8.5%) 17 (14.5%) 90 (76.9%) 117 
AI 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 

 



 �����������
�'�����������'�����,�(�����������������-��'�����

 "��

 
Figure 4-2. Number of OTUs 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 + grey) compared to the estimated 
richness (Chao 1) calculated from clone libraries (black dots). The error bars show 
95% confidence intervals of the Chao 1 index. 
 

Relationship between functional gene and 16S rRNA gene 
microarray data 
In order to determine if phylogenetic community structure, based on the PhyloChip 
analysis, was related to the distribution of microbial genes involved in nutrient cycling, we 
examined comparative distributions of PhyloChip data with those previously gathered from 
the same sites with the GeoChip (Yergeau et al., 2007b). High-order functional and 
taxonomic information were first used to determine the general trends in the datasets. A 
simplified representation of the relationships is showed in Fig. 4-1B. Noteworthy 
associations observed in this figure include: chitinase and mannanase – Bacteroidetes; CH4-
oxidation genes – Alphaprotoebacteria, cellulase – Actinobacteria. Furthermore, Mantel 
tests revealed that communities with more similar OTU compositions were also more 
closely related in their functional genes. Significant correlations were found between the 
similarities calculated from the OTU relative abundance and from the relative abundance of 
functional genes related to the N-cycle (rm = 0.745, P=0.0050), to the C-cycle (rm = 0.677, 
P=0.0220) and to CH4 generation and oxidation (rm = 0.887, P=0.0010). This indicates that 



���������	�
�����������

 "��

communities with more similar OTUs also had more similar genes distributions related to 
microbial N- and C-cycle functions. 
 
To gain further insight into the relationships between environments, functional genes and 
OTUs, regularized canonical correlation analyses (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 Fig. 4-1A). To have more detailed insights into OTU-
functional genes-environments relationships, additional analyses were performed excluding 
these two sites, and it is the results of these analyses that are presented in Fig. 4-3. RCCorA 
produce a combined representation of two datasets, and positive relationships can be 
visualized by the relative proximity of functional genes and OTUs (Fig. 4-3). The most 
significant relationships are normally further away from the origin, thus closer to the 
second circle in Fig. 4-3. The top panel of Fig. 4-3 can be used to identify relationships 
with specific environments by looking at the relative position of the sites compared to the 
OTUs and functional genes in the bottom panel. Since a large number of positive 
relationships are visible in Fig. 4-3, two indices were used to identify the strongest 
relationships (Table 4-3). Bray-Curtis distances identified functional gene-OTUs pairs that 
occurred at similar relative abundances in different samples, discarding double-absences, 
while Pearson’s correlation identified linear correlations between genes and OTUs, which 
did include double-absence data. Depending on the region where they occurred in Fig. 4-3, 
associations were arbitrarily categorized in 9 groups to facilitate discussion (Table 4-3). 
These groups were associated to different environments: A to Falkland Island 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 environments, F and H to Signy and Anchorage Islands 
vegetated environments, G to Anchorage Island vegetated sites and J to Signy Island 
vegetated sites (Fig.4-3). 
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Figure 4-3. Regularized canonical correlation analysis of functional gene-OTU 
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 OTUs. �: functional genes, �: 
OTUs. Circled OTUs and genes were found to be the most highly correlated to each 
other and are reported in Table 4-3. 
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Table 4-3. Twenty-five highest Pearson correlation and twenty-five lowest Bray-Curtis distance between the relative abundance of 
individual genes from the GeoChip and individual OTUs from the PhyloChip for samples from Falkland, Signy and Anchorage 
Islands. Groups refer to the groups identified in Fig. 4-3. 
Rank Bray-Curtis    Correlation  
 distance GeoChip PhyloChip group  r 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 J  >0.999 cellulase Alphaproteo. E 
25 0.050 cellulase Deltaproteo. E  >0.999 amoA Gammaproteo. C 
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Discussion 

Distribution of prokaryotic OTUs in Antarctic soils 
High quality hybridization patterns were observed across all study sites, including low 
biomass samples, such as Fossil Bluff and Coal Nunatak. However, the number of 
prokaryotic OTUs detected in individual sample was lower than what was previously 
reported for PhyloChip analyses of temperate soil environments (Brodie et al., 2006; 
DeSantis et al., 2007). The number of prokaryotic OTU detected on the PhyloChip 
significantly decreased with increasing latitude, with a large reduction in the southernmost 
sites (Fossil Bluff and Coal Nunatak). This pattern agrees well with diversity estimates 
based upon 16S rRNA gene libraries (Yergeau et al., 2007c), as well as reported decreases 
in the diversity of other Antarctic terrestrial organisms with increasing latitude (Block, 
1984; Clarke, 2003; Convey, 2001; Greene et al., 1967; Peat et al., 2006; Rudolph, 1971; 
Smith, 1992; Smith, 1984; Sohlenius and Boström, 2005; Wynn-Williams, 1996a). This 
pattern is thought to not only be related to decreases in temperature at higher latitudes, but 
also to concomitant decreases in water and nutrient availability (Kennedy, 1993). 
Interestingly, studies of northern latitudinal gradients have not revealed such latitudinal 
patterns in bacterial diversity, suggesting that other environmental factors were more 
important in steering soil bacterial diversity (Fierer and Jackson, 2006; Neufeld and Mohn, 
2005). 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 if these 
observations are indeed indicative of true differences in general patterns of microbial 
diversity between the southern and northern hemispheres.  
 
The main difference in prokaryotic community composition was between the southernmost 
sites (Fossil Bluff and Coal Nunatak) and the other sites (Fig. 4-1). It was evident in the 
community composition dataset that the main influencing factor was latitude or location, 
and this was confirmed by multivariate tests (db-RDA and Mantel tests). This dichotomy 
between the southernmost sites and the other study sites was also observed in previous 
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-sequencing) and functional gene distribution (using 
functional gene microarrays and real-time PCR) (Yergeau et al., 2007a; Yergeau et al., 
2007b; Yergeau et al., 2007c). Similarly, PhyloChip results revealed that several phyla (e.g. 
Actinobacteria, Cyanobacteria, Epsilonproteobacteria, Euryarcheota and 
Verrucomicrobia) were correlated with latitude and were generally  associated with either 
the northernmost or southernmost sites. 
 
The general presence of vegetation did not exert a significant direct effect on community 
structure as determined by PhyloChip analysis at the OTU 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., 2007a). 
Indeed, similarly vegetated environments from Anchorage and Signy Islands grouped 
together in ordinations, separate from the vegetated environments from the Falkland Islands 
(Fig. 4-1 and Fig. 4-3), suggesting a location-dependant vegetation effect on the community 
structure. Antarctic soils under vegetation have indeed been shown to support enhanced 
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bacterial productivity, diversity and abundance, as compared to bare soils (Harris and 
Tibbles, 1997; Yergeau et al., 2007a; Yergeau et al., 2007c). Although vegetation in general 
was not having a strong effect on total community composition, some phyla (e.g. 
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, the present study is the first attempt to combine functional 
gene and 16S rRNA gene microarray data. Although the datasets are very large, the novel 
use of mantel tests, ordination and RCCorA allowed several interesting relationships to be 
gleaned from the data. Interesting observations from this comparison included a 
relationship between Bacteroidetes and decomposition-related genes like chitinase and 
mannanase, which seemed to be associated with 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). CH4-related genes and Alphaproteobacteria also followed similar distribution 
patterns with greatest relative presence at the Fossil Bluff and Coal Nunatak sites. 
Interestingly, clone libraries indicated that these two sites were dominated by pink-
pigmented methylotrophic bacteria from the genus Methylobacterium, members of the 
Alphaproteobacteria (Yergeau et al., 2007c). Another way to look at the general 
relationships between the PhyloChip and the GeoChip is by using Mantel tests that 
calculate the association strength between similarity matrices. Using such Mantel tests, 
significant correlations were observed between the similarity based on OTU relative 
abundance from the PhyloChip 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 the 16S rRNA gene community composition. 
 
Regularized canonical correlation analysis was used to obtain more detailed information 
about associations between particular OTUs and functional genes. At this level of analysis, 
the amount of information involved precludes succinct, yet comprehensive, interpretation 
of all the data. Two different indices were therefore used to calculate association strength 
and highlight the most significant relationships. Several OTU-functional gene-environment 
relationships were uncovered and some of these are thought to be ecologically meaningful. 
For instance, three different OTUs belonging to the Actinobacteria were found to be 
associated with cellulase genes (Table 4-3, Bray-Curtis ranks 19 and 22; correlation rank 
17), and each of these associations occurred across a range of environments (mainly on 
Signy and Anchorage Islands, groups D, G, H). Some Actinobacteria are indeed known to 
be able to degrade cellulose, these data suggest that different Actinobacterial OTUs 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 population. However, for several associations this 
was clearly not the case. Such associations simply indicate that species harbouring a 
particular gene are having ecological preferences similar to a particular OTU. For instance, 
Bacteroidetes OTUs were related to different genes involved in decomposition, (Table 4-3, 
Bray-Curtis ranks 6 and 12; correlation ranks 8 and 13), which is in agreement with the 
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high-level information reported above. However, these associations were probably not 
indicating that all these genes were found in Bacteroidetes OTUs, especially in the case of 
laccase, which is almost exclusively found in fungi and plants (Mayer and Staples, 2002). 
Similarly, it well established that the Gammaproteobacteria and Acidobacteria do not 
contain terrestrial ammonia-oxidizing bacteria (Kowalchuk and Stephen, 2001), yet OTUs 
from these two phyla were strongly associated with different bacterial amoA genes. 
Apparently there is some overlap in the demonstrated environmental preferences of 
different ammonia oxidizer species (de Boer and Kowalchuk, 2001; Kowalchuk et al., 
2000a, b) and members of these two unrelated groups.  
 
Phylogenetic inferences can often be drawn from the probes incorporated into the GeoChip, 
but gene phylogeny does not always match the 16S rRNA gene phylogeny, thereby 
hampering the completeness of the genetic comparison across these to microarray 
platforms. Even with such restrictions, the statistical methods used allowed us to link these 
different datasets at the functional gene/OTU level.  

Comparison of the PhyloChip to other molecular methods 
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 to clone libraries and 
real-time PCR data from a wide range of soils. One of the major advantages of the 
PhyloChip was that in a single hybridization, it revealed significantly broader diversity than 
clones libraries composed of almost 200 clones (Fig. 4-2). In fact, the numbers of OTUs 
detected by the PhyloChip were often in the range of the total richness estimated from clone 
library analyses. This indicates that the PhyloChip provided a more complete view of 
prokaryotic diversity in Antarctic soils than modest size 16S rRNA gene libraries, similar to 
what has been reported recently for other environments (Brodie et al., 2006; Brodie et al., 
2007; DeSantis et al., 2007). At the family level, the PhyloChip also detected a larger 
number of families than the clone libraries (Table 4-2). However, compared to previous 
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 southernmost 
sites (Fossil Bluff and Coal Nunatak). This is probably due to the fact that such microarray 
platforms are based upon previously recovered sequence information, and that databanks 
have a poorer coverage of microbial groups resident to seldom-studied, extreme 
environments. In such environments, gene discovery methods, such as clones libraries, 
represent a necessary complement to phylogenetic microarray analyses, at least until more 
studies evaluate the microbial diversity present in these environments. 
 
It was previously 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 the given taxa (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 PhyloChip recently demonstrated for simple 
mixtures of bacterial species (Brodie et al., 2007). The values of these correlations were, 
however, relatively low, suggesting 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 prokaryotic groups that are most studied (Table 4-
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1), which would be the expected given the aforementioned limitation of the PhyloChip to 
information present in public databases. For instance, values obtained from the PhyloChip 
and the clone libraries for the Protoebacteria were very similar, whereas large differences 
were observed for less-well-studied groups like Verrucomicrobia and Acidobacteria (Table 
4-1). Another source of potential bias is that DNA hybridization and dissociation can be 
strongly influenced by the G+C content of the molecules. In examining our data, the G+C 
content of DNA may indeed have played a role, since the low G+C content gram-positive 
group (Firmicutes) was systematically overestimated on the microarray, while the high 
G+C content gram-positive group (Actinobacteria) was systematically underestimated as 
compared to clone libraries. Furthermore, dominant groups (like Alphaproteobacteria at 
Coal Nunatak) might saturate the probes that target them, potentially distorting signal 
intensity, which would underestimate the relative proportion of the most dominant taxa. On 
the other hand, numerous potential biases have been identified for PCR-cloning strategies 
(von Wintzingerode et al., 1997). The PhyloChip also rely on PCR amplification, which 
might have caused quantitative biases via preferential or non-exponential amplification. 
Furthermore, PCR is restricted by the specificity of the primers used. New development 
that would allow the adaptation of the PhyloChip to directly analyze RNA would therefore 
be very interesting. 
 
We found no significant correlation between real-time PCR and PhyloChip data for the 
microbial groups analyzed by both methods. It should be stressed that the real-time PCR 
assays relied on different primer binding sites that those used for probing on the array, 
making the analyses 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 (e.g. r = 0.87 in Rhee et al., 2004). Here again, both methods obviously rely 
on available sequence data for primer and probe design and may either miss some members 
of the target phyla (incomplete coverage) or overlap with related phyla (incomplete 
specificity). Indeed, some primers used in the present study were shown to amplify a small 
proportion of bacteria belonging to other phyla (Fierer et al., 2005). 

Conclusions 
PhyloChip analysis across a range of Antarctic soils yielded ecological conclusions that 
were highly consistent with previous literature based on other more traditional molecular 
methods (i.e. PCR-DGGE, cloning-sequencing, real-time PCR). However, the level of 
detail realized using the PhyloChip was much higher. In addition, the PhyloChip produced 
results that were, in general, quantitatively similar to clone libraries. Combined analysis of 
the PhyloChip and the GeoChip uncovered several relevant associations between OTUs and 
functional genes, and genes observed in soils are indeed reflected in the taxonomic 
composition of the prokaryotic community, strengthening the results obtained via both 
methods separately. Polyphasic strategies, including use of PhyloChip and GeoChip 
microarrays, offer the opportunity to unravel microbial community structure and function in 
the unique and vulnerable habitats of the Antarctic.  
 
 
 



 �����������
�'�����������'�����,�(�����������������-��'�����

 #��

Acknowledgements 

This study was supported by NWO grant 851.20.018 to Rien Aerts and G.A. Kowalchuk. E. 
Yergeau was partly supported by a Fonds Québécois pour la Recherche sur la Nature et les 
Technologies (FQRNT) postgraduate scholarship. Stef Bokhorst, Merlijn Janssens and Kat 
Snell are gratefully acknowledged for sampling at Fossil Bluff, Coal Nunatak and Signy 
Island. Comments from Eiko Kuramae significantly improved this manuscript. We would 
like to extend our gratitude to Pete Convey and the British Antarctic survey for insightful 
discussions and logistical support. This is NIOO-KNAW publication #0000. 
 

 





   

 

Chapter 5: Functional microarray analysis of 

nitrogen and carbon cycling genes across an 

Antarctic latitudinal transect* 

 
 
 

Abstract 

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 51°S (cool temperate – Falkland Islands) to 72°S 
(cold rock desert – Coal Nunatak). The recently designed functional gene array used 
contains 24,243 oligonucleotide probes and covers >10,000 genes in >150 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 habitats are almost exclusively driven by 
microbial activities. Indeed, due to a principle 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, 1994a). Given their relative trophic 
simplicity, such ecosystems represent useful models for linking primary production and 
microbial nutrient cycling and disentangling the interrelated processes. Furthermore, some 
Antarctic ecosystems are being subjected to unprecedented human-induced climate change, 
the ramifications 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 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 (Melick and Seppelt, 
1992; Melick et al., 1994; Tearle, 1987). 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 regarding C- and N-cycling in Antarctic 
ecosystems, detailed and systematic data are still mostly lacking. Indeed, the majority of 
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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 communities 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 habitats. 
 
DNA microarray technologies are rapidly becoming important tools in the analysis of 
complex microbial communities inhabiting various environments (Wilson et al., 2002; 
Zhou, 2003). The majority of DNA microarray applications in microbial ecology 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 examining 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 simultaneous 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 important 
microbial driven nutrient cycle processes, especially the N- and C-cycles. Functional 
community analyses focused on soil samples taken from different soil environments at five 
sites with latitudes ranging from 51°S (cool temperate – Falkland Islands) to 72°S (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. 
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Material and method 

Sampling sites 
During the austral summer of 2003-2004, 2 × 2 m plots were established at the following 
sites (see Fig. 1-3 for a map): Falklands Islands (cool temperate zone; 51° S 59°W), Signy 
Island (South Orkney Islands, maritime Antarctic; 60°43’S 45°38’W) and Anchorage 
Island (near Rothera research station, Antarctic Peninsula; 67°34’S 68°08’W). 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 annua). For the locations in the (Maritime) Antarctic, vegetated sites were dominated 
by mosses (Chorisodontium aciphyllum on Signy Island and Sanionia uncinata on 
Anchorage Island), and fellfield sites contained lichen cover (principally Usnea antarctica). 
Twelve plots were delineated per location 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 twelve plots were therefore placed in the dwarf shrub 
vegetation. Two additional 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 (71°19’S 68°18’W), and five frost polygons were sampled 
from Coal Nunatak (72°03’S 68°31’W). 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 principle 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 micro-climatic 
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 -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 plots in order to 
minimize destructive sampling in the long term plots. Sampling took place on October 26-
28, 2004 for the Falkland Islands, on January 2-3, 2005 for the Signy Island, on January 18-
19, 2005 for Anchorage Island and on February 22-23, 2005 for Coal Nunatak and Fossil 
Bluff.  
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Soil biochemical, physical and enzymatic analyses 
Soil analyses were performed via established standard protocols (Carter, 1993). Complete 
soil analyses and detailed soil biological characterization of the sites are available in 
Yergeau et al. (2007a). The low amount of soil available for enzymatic activity analyses 
necessitated modifications of these protocols 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 20ºC. Laccase and 
cellulase activity were measured on soil water extracts following van der Wal et al. (2006), 
with the following modification: 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. (2007a). DNA extractions 
were performed separately for each of the five sub-samples taken per experimental plot. 
Following 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. 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 regimes used to assess different microbial communities are 
summarized in Table 5-1. All PCRs were carried out in 25 µL volumes containing 12.5 µL 
of ABsolute QPCR SYBR green mix (AbGene, Epsom, UK), 2.5 µL of bovine serum 
albumin (BSA; 4 mg mL-1), 2.5 µL of each primer (10 µM). 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 (95°C for 15 min) followed by 40 cycles of denaturation (94°C for 1 
min), annealing (specified temperature for 1 min) and elongation (72°C for 1 min), and 
followed by a final elongation phase (72°C for 10 min). Touchdown protocols were starting 
at the highest annealing temperature and the temperature was lowered by 1°C each cycle 
until the final target annealing temperature was reached. The integrity of real-time PCR 
products was confirmed by melting curve analyses, from 55ºC to 98ºC. Known template 
standards were made from whole genomes extracted using a PowerSoilTM DNA Isolation 
Kit (Mobio, Carlsbad, CA) from pure bacterial isolates (Table 5-1). Genomic DNA was 
then quantified on a ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, 
DE) and the number of genomes µL-1 was calculated using the molecular weight of the 
genome of the closest fully sequenced organism deposited in GenBank. In order to 
calculate standard 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 co-
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variation between two datasets, the exact quantification 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 quantification 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 
increments, the standard concentrations were adjusted from 106 to 101 gene copies µL-1. 
Most of the samples and all standards were assessed in at least two different runs to confirm 
the reproducibility of the quantification. 
 
Table 5-1. Primers and real-time PCR conditions used in this study. 

Target  Primers Ann. temp. Ref. culture Reference 
N-cycle     
nifH nifHF/nifHRb touchdown 

65-50°C 
Burkholderia sp. (Rosch and Bothe, 

2005) 
narG narG1960f/nar

G2650r 
56°C Pseudomonas 

fluorescens 
(Philippot et al., 
2002) 

nasA nas964/nasA17
35 

59°C P. fluorescens (Allen et al., 2001) 

nirS cd3aF/R3cd 57°C P. fluorescens (Throbäck et al., 
2004) 

nosZ nosZF/nosZ162
2R 

touchdown 
65-53°C 

P. fluorescens (Throbäck et al., 
2004) 

C-cycle     
chitinase 
group A 

GA1F/GA1R  63°C Streptomyces sp. (Williamson et al., 
2000) 

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) following manufacturer’s instructions. 
Spermidine (0.1 µg µL-1) and single-strand binding protein (0.04 mM) were added to the 
reaction mix to facilitate amplification. The reactions were incubated at 30°C for 4 h and 
the enzyme was then inactivated by incubation at 60°C 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 
prior to microarray hybridization (Wu et al., 2006). 

DNA labelling 
DNA was labelled with Cystidine-5 (Cy-5) dye. Briefly, approximately 2 µg of genomic 
DNA or the whole rolling circle amplification products were denatured for 5 min at 99.9°C 
in a solution containing 0.1 mM spermidime and 1× random octamer mix (Invitrogen, 
Carlsbad, CA) and immediately chilled on ice. Following denaturation, the following 
components were added:  2.5 mM dithiothreitol (DTT), 0.25 mM dATP, dCTP, and dGTP, 
0.125 mM dTTP, 0.125 mM Cy5-dUTP, 7 ng µL-1 RecA (Amersham), and 80 U of the 
large Klenow fragment (Large fragment of DNA polymerase I; Invitrogen). Reaction 
mixtures were then incubated at 37°C for 6 h. Labeled target DNA was purified with a 



  �������� ��)����%����&����./������/�'��������(����������

 #$�

QIAquick PCR kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions, 
measured on a ND-1000 spectrophotometer and dried in a speed-vac at 45°C for 45 min. 
Prior to hybridization, dried labelled DNA was re-suspended in a solution containing 50% 
formamide, 5× SSC (1× SSC contained 150 mM NaCl and 15 mM trisodium citrate), 0.1% 
SDS, 0.1 µg µL-1 salmon sperm DNA and 0.02 mM spermidine. This solution was 
incubated at 95°C for 5 min, and after cooling to 60°C, 20 ng µL-1 of RecA protein was 
added. Labelling reactions were kept at 60°C until the time of hybridization (< 30 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 5-2. Hybridizations were 
performed using a HS4800 Hybridization Station (TECAN US, Durham, NC). The 
hybridization protocol was as follows. The first wash was carried at 50°C for 1 min with a 
pre-hybridization 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 23°C for 5 min with 
30 sec soaking. Labelled DNA dissolved in the hybridization solution was then injected in 
the chamber at 60°C and hybridization was carried at 50°C for 4 hours with high agitation. 
Slides were then washed four times at 50°C for 1 min with a 1.5 min soaking using wash 
buffer I (1× SSC, 0.1%SDS), four times at 23°C for 1 min with a 1.5 min soaking using 
wash buffer II (0.1× SSC, 0.1%SDS) and four times at 23°C for 1 min with a 2 min soaking 
using wash buffer III (0.1× SSC). Slides were finally dried at 23°C for 3 min under a flow 
of nitrogen gas. 

Scanning and image processing 
Microarrays were scanned using a ProScanArray microarray scanner (PerkinElmer, Boston, 
MA), and the associated software, initially at a resolution of 30 µm to obtain a quick 
display image and then at 10 µm 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 transferred to ImaGene 6.0 (BioDiscovery, El Segundo, 
CA), 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. 
 
Due 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 (SNR), as typically performed for whole genome microarray 
experiments (Verdnick et al., 2002),  were not a reliable means of calling spots. Based upon 
comparison 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 cut-off 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 visible spots 
may be scored as negative for some samples using our conservative scoring approach, these 
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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 this data was 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” abundance or presence/absence matrices. In most analyses 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 community 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 redundancy analyses (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 environmental 
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 
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the analysis as “environmental” 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 P<0.10 baseline. Using only the selected 
variables, significance of the whole canonical model was tested with 999 permutations. 
 
All ANOVAs and correlations analyses were carried out in Statistica 7.0 (StatSoft Inc., 
Tulsa, OK). For ANOVA, data normality 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) method modified for 
unequal sample sizes (Unequal N HSD in Statistica) was used for post-hoc comparison with 
a P=0.05 grouping baseline. Association strengths between different parameters were tested 
for significant Pearson linear correlation (r) and also for non-parametric Spearman 
correlation (rs). Correlations were considered significant at a P<0.05 baseline and 
considered to show a strong trend at a P<0.10 baseline. 
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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., 2007a) did not yield 
consistent hybridization values upon direct analysis, and a linear rolling circle amplification 
step was introduced to obtain sufficient material for reliable hybridization. This 
amplification was demonstrated to be rather un-biased in comparisons of amplified versus 
direct hybridization 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 5-2). 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. 
 
Table 5-2. 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  

sulphate 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 % * 
Loc.* Veg. cover 8.0% ns 8.6 % + 8.2 % ns 8.1 % ns 7.1 % ns 7.5 % ns 7.8 % ns 

ns: not significant; +: P�0.10; *P�0.05; **: P�0.01; ***: P�0.001 

Functional community structure 
Using db-RDA, a multivariate non-parametric test of hypotheses was produced (Table 5-2) 
to test the effect of sampling site and vegetation cover on the distribution of relative gene 
abundances, as determined by relative abundance microarray hybridization 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 5-2, 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 5-2 
(data not shown). In the overall data (“All” column, Table 5-2) approximately 10% of the 
variation observed in the relative abundance data was explained by the location effect and 
this was highly significant (P<0.01). Vegetation cover accounted for 4.9% of the variation 
in the whole microarray data and this was also significant (P<0.05). 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 
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separately analysing 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 (P<0.10) with respect to the influence of 
location. This location effect was highly significant (P<0.01) when the FB and CN sites 
wee included in the analysis, indicating that these two sites were showing highly different 
CH4-related genes. 
 
Canonical correspondence analyses (CCA) were performed to identify the environmental 
factors (presented in Table 5-4) 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 
P<0.10 after forward selection were: pH (P=0.07), number of freeze-thaw cycles (P=0.019) 
and C:N ratio (P=0.095). Together, these factors were forming a significant model 
(P=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 (P=0.062), 
number of freeze-thaw cycles (P=0.005), C:N ratio (P=0.034), NH4

+ (P=0.001), and mean 
soil temperature (P=0.056). Together these factors were also forming a significant model 
(P=0.0010). For the CH4 cycle genes, the environmental factors retained by forward 
selection were pH (P=0.025) and number of freeze-thaw cycles (P=0.048), and together 
they formed a significant model (P=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. 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) 
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 were detected in each case, suggesting that different organisms were 
primarily responsible for this function 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. Bacterial 
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. 
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Number of gene variants 
Using the binary presence-absence data, we investigated 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 community 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 sixteen well-represented gene families 
pertaining 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; Fig. 5-1 
and Table 5-3). Genes related to mineralization (urease), immobilization (gdh) and 
nitrification (amo) were all influenced only by the interaction term. This is visible in Fig. 5-
1 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 5-3). The number of gene variants 
involved in C-fixation was only influenced significantly by the vegetation cover (Fig. 5-1). 
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 generation, there was a trend toward 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. 
 
Table 5-3 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. The other gene families present on the microarray that are not 
represented in this table showed no significant trends. 

 nif amo gdh urease nar nir cell. 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 

Loc.*Veg 
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 

Loc.* Veg 
cover 

ns ns + ns ns + * ns * ns 

ns: not significant; +: P<0.10; *: P<0.05; **: P<0.01 
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Figure 5-1. 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 5-3 for ANOVA results. 

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., 2007a). To avoid biases due to these differences in total signal 
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intensity, the relative intensity for each gene family was summed and compared across the 
different environments using ANOVA (again excluding Fossil Bluff and Coal Nunatak). 
The seven gene families that showed significant trends are presented in Fig. 5-2 with 
associated ANOVA tests in Table 5-3. The relative abundance of genes related to N2-
fixation was slightly different for each location, 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 harboured 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 5-4. The trends in this dataset were already presented and discussed in detail 
elsewhere (Yergeau et al., 2007a). The correlation of relative gene abundance with different 
soil and environmental parameters yielded results comparable to the ANOVA tests (Table 
5-5). Genes that appeared to be influenced by location in ANOVA tests were most 
significantly correlated with variables that co-varied with location (NO3

-, pH, P, mean 
temperature). The genes that were influenced by vegetation cover in ANOVA tests were 
likewise most correlated with variables that co-varied 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 reductase (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. 
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Figure 5-2. 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 5-
3 for ANOVA results. 
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Table 5-4. Mean soil characteristics for surface soil cores (0-5cm 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 

content 
pH-
H2O 

P K Nitrif Mineral. 

  % mg kg-1 mg kg-1 % - % - mg kg-1 mg kg-1 µg NO3 g
-1 d-1 µg N g-1 

d-1 
FI Vegetated 16.6 b1 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 
1: Different letters within a column mean significant different averages following a Unequal N HSD post-hoc test (P<0.05) 
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 5-5. Spearman 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. Soil 
parameters and gene families that did not show any significant correlations are not reported in this table. 

 Total 
org. C 

NO3 Tot. 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 gener. ns ns ns ns ns ns ns ns 0.45 ns 
CH4 oxid. 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. (2007a) ) 
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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 significantly correlated (r = 0.4070, 
P=0.032, N=28; rs = 0.4054, P=0.044, N=25; r = 0.5935, P=0.025, N=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 significantly with their 
respective relative abundances on the microarray. 
 
For selected gene families, enzymatic activities corresponding to a given gene function 
were determined for comparison with microarray results. Laccase activity in soil extracts 
showed a highly significant correlation with the total abundance (r = 0.6656, P<0.001, 
N=25) and a strong trend with the relative abundance (r = 0.3919, P=0.053, N=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 (r = 0.7407, P=0.036, N=8) and a strong trend was observed with the total 
abundance of cellulase genes (r = 0.6808, P=0.063, N=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 (r = 0.5202, P=0.006, N=26), and a trend was 
observed with respect to relative abundance of nar genes (r = 0.3756, P=0.059, N=26). In 
contrast, several gene families correlated with potential nitrification rates, including 
negative correlations with nirK relative abundance (rs = -0.4433, P=0.023, N=26). A similar 
negative correlation was observed with the summed total of the relative detection of all 
analysed denitrification genes, (rs = -0.4490, P=0.021, N=26). Also, the relative abundance 
of glutamate dehydrogenase (gdh) showed a negative trend with respect to nitrification rate 
(rs = -0.3348, P=0.095, N=26). 
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Discussion 

Ecological application of a functional gene array 
This report presents one of the first ecological applications of an expanded functional gene 
microarray (the GeoChip He et al., 2007). Although this functional array platform has been 
shown to provide robust results under controlled experimental conditions (He et al., 2007), 
application to complex environmental samples across an ecologically relevant 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 significance performed on microarray patterns across the study sites showed significant 
effects of location and vegetation cover on C-cycle related gene distribution (Table 5-2). 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., 2007a). 
 
Due 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 correlations were found 
between real-time PCR results and the relative gene abundance detected by the array, 
suggesting a quantitative relationship between microarray signals and environmental gene 
densities. It should be stressed that the real-time PCR assays 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 (e.g. r = 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 continue to expand with new microbial functional gene data and improved gene 
annotation, our ability to increase primer and probe specificity and comprehensiveness 
should also increase. 
 
The significant correlations between the enzymatic 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 
realise 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 
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single or very few gene families, making correlations between activity measurements and 
gene abundances rather straightforward. However, many soil-borne microbial processes, 
such as mineralization, nitrification and denitrification involve numerous enzymatic steps 
involving several interrelated 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 favour denitrification, and gene families 
involved in this later process were inversely related to nitrification 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 monooxygenase (amo) and 
hydroxylamine oxygenase (hao) catalyze sequential reactions in the ammonia oxidation 
process, we found no significant correlation 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 represented 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 
ecosystems, 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 quantification. 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
+. 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 distribution, as Antarctic lichens have 
been reported to fix nitrogen via the activities of their bacterial cyanobionts (Adams et al., 
2001; Line, 1992). This hypothesis is supported by the fact that N2-fixation, an exclusively 
prokaryotic trait (Martinez-Romero, 2001), was positively correlated with fungal 
abundance, 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., 2007c). 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 
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results were in agreement with previous PCR-DGGE analyses specific for 16S rRNA genes 
of cyanobacteria, plastids and cyanobionts, in which community structure was found to be 
significantly different across Antarctic study sites and vegetation types (Yergeau et al., 
2007a). 

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 5-5). 
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 (Fig. 5-2, 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, nitrification 
Urease and ammonia monooxygenase genes were detected in all the soils examined, 
whereas glutamate dehydrogenase and assimilatory nitrate reductase 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 
databases 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 corresponding 
ammonia monooxygenase (amo) gene variants, are often associated with key environmental 
parameters (Kowalchuk and Stephen, 2001), but such distribution patterns were not evident 
across the transect examined in the present study. However, the number of ammonia 
monoxygenase (amo) gene variants was highly variable across the study sites (Fig. 5-1), 
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 significantly affected by both vegetation cover and 
location (Table 5-2). 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; Melick et al., 1994; Roser et al., 1992). Thus, the vegetation type is 
important for providing different quantity and quality of substrates in Antarctic soils. This 
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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 herbivores, 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 communities, but 
also because they induce changes in exudation patterns of cryptogams (Melick and Seppelt, 
1992; Melick et al., 1994; Tearle, 1987). It was estimated that each year freeze-thaw 
induced the release of >15% 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 break-down 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, 1994a). 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 decreased with increasing latitude (Fig. 
5-2 and Table 5-3). 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 rates, particularly in nutrient poor regions such as 
Antarctica (Kerry, 1990; Pugh and Allsopp, 1982). We also observed that the cellulase gene 
relative abundance was influenced by vegetation cover in a location-dependent fashion, 
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 confirmed 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 (Mayer and Staples, 2002; Thurston, 1994). Indeed, 
lichen, mosses and various microorganisms are known to contain a range of phenolic 
compounds (Lawrey, 1995; Reddy, 1984), including pigments related to UV protection 
(Quesada et al., 1999; Rozema et al., 2001), potentially serving as substrates for fungal 
laccases (Mayer and Staples, 2002; Thurston, 1994). 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. 
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C-fixation 
Microbial C-fixation genes were always significantly more abundant in fellfield plots (Fig. 
5-2). These plots were the ones with the lowest organic carbon, and C-fixation gene 
abundance was negatively correlated with total organic carbon (Table 5-5). In such 
environments, microbial C-fixation could be an important input of C to the soil (Hopkins et 
al., 2006; Vincent, 1988). Davis (1981) showed that the main factors influencing organic 
matter accumulation 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 
production) 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 
(Fig. 5-1). These last two sampling sites may represent unusual cases (Yergeau et al., 
2007a), where CH4-cycle-related bacteria are relatively dominant, as observed for 16S 
rRNA gene clones libraries retrieved from these environments (Yergeau et al., 2007c). 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 independent (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 correlated with nitrate 
concentration in soil. This finding is not surprising given the potential for methanotrophs 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., 2007a) and between amplified and non-amplified 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 independent of the starting amount of nucleic acid, 
potential inhibitors, background non-hybridizing DNA and small variations in hybridization 
conditions. Obviously, 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 
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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 some cases, analysis at the mRNA level would certainly provide 
greater insight into in situ activities. 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 
technology 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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Chapter 6: Responses of Antarctic soil 

microbial communities and associated 

functions to temperature and freeze-thaw cycle 

frequency* 

 
 

Abstract 

Climatic changes will not only result in higher overall temperature, but also in greater 
variability in weather conditions. Antarctic soils are subjected to extremely variable 
conditions in the form of frequent freeze-thaw cycles (FTC), but the importance of 
alteration in FTC frequency, compared to increases in average temperature and indirect 
vegetation-mediated effects on soil microorganisms is still unknown. We therefore 
designed two complementary microcosm experiments using undisturbed soil cores from 
Signy Island (60°43’S, 45°38’W) in the maritime Antarctic. The experiments consisted of 
soil core incubations with or without the overlying vegetation at four different temperatures 
and six different FTC regimes. We assessed bacterial and fungal density and community 
structure, as well as the density of several key genes in microbial nutrient cycles using a 
combination of RNA- and DNA-based molecular fingerprinting and quantitative PCR 
approaches in addition to enzymatic activity assays. Results showed that bacteria were 
more affected by warming than by changes in FTCs frequency. In contrast, fungal 
community structure and abundance were mostly influenced by FTC frequency, as well as 
the presence of vegetation cover. The relative densities of several bacterial gene families 
involved in key steps of the N-cycle were affected by FTCs, while warming had little or no 
effect. FTCs and incubation temperature also strongly influenced laccase enzymatic activity 
in soil. In total, our results suggest that, in addition to climatic warming, also increased 
climatic variability may have a profound impact on Antarctic microbial communities. 
Although these effects are difficult to detect with assays of total bacterial community 
structure, they do become manifest in the analysis of key functional gene densities. 

                                                 
*Authored by: Etienne Yergeau and George A. Kowalchuk 
Published in: Environmental Microbiology (2008) In Press  
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Introduction 

Terrestrial Antarctic environments exhibit low-complexity food-web structures, with a 
dominance of microbial processes in ecosystem functioning, thereby providing a relatively 
simplified system to disentangle the consequences of perturbations on soil microbial 
activities. The Antarctic Peninsula is also one of the regions in the world that has 
experienced the largest increase in temperature in recent decades (0.56ºC per decade 
between 1951-2000) (Turner et al., 2002). Predicted global warming will lead to longer 
growing seasons across this region, and extended macrophyte distributions have already 
been observed (Convey and Smith, 2006; Fowbert and Smith, 1994; Frenot et al., 2005; 
Smith, 1994b). However, relatively little information is available concerning the possible 
consequences of global warming on associated soil-borne microorganisms. Microbial 
responses to temperature are typically non-linear and, therefore, it has been suggested that 
changes in temperature and climatic variability might have disproportional effects on 
microbial communities and the functions for which they are responsible (Scherm and van 
Bruggen, 1994). Most climate change scenarios predict not only a general warming trend, 
but also an increased variability in weather conditions (IPCC, 2007), including alterations 
in precipitation and thawing patterns, which will lead to more variable soil conditions 
(Groffman et al., 2001). Thus, predicted changes in temperature variability might have 
more profound consequences than increases in average temperature for Antarctic soil 
microorganisms, given the greater stress imposed by frequent temperature fluctuations as 
compared to gradual changes in average temperature (Vishniac, 1993).  
 
Most of the microorganisms in Antarctic soils are believed to be cold tolerant as opposed to 
cold adapted (Kerry, 1990; Melick et al., 1994; Robinson, 2001; Zucconi et al., 1996). 
Consequently, it has been hypothesized that the direct effects of increasing temperature on 
Antarctic soil-borne microorganisms will be less important than indirect effects, such as 
changes in vegetation density and other associated soil biophysical properties (Panikov, 
1999; Vishniac, 1993). However, experimental evidence from a range of environments 
(including arctic and alpine systems) has suggested a variety of direct effects of warming 
on soil microbial communities (Deslippe et al., 2005; Rinnan et al., 2007; Ruess et al., 
1999; Zogg et al., 1997) or associated nutrient cycling processes (Barnard et al., 2005; 
Castaldi, 2000; de Klein and van Logtestijn, 1996; Dobbie and Smith, 2001; Maag and 
Vinther, 1996). It is, however, still not known if such patterns also hold for microorganisms 
inhabiting more severe and isolated Antarctic soils (Convey, 2001). 
 
In the Antarctic, freeze-thaw cycles (FTC) are a common feature and changes in the 
frequency of such events could have substantial effects on the soil microbial communities 
and associated nutrient cycling functions. The freezing and thawing of soil has been shown 
to damage or destroy some microbial cells, releasing nutrients to surviving microbes which 
are then highly active during periods of thaw (Christensen and Tiedje, 1990; Skogland et 
al., 1988). Extra substrate and nutrients can also be released via the physical disruption of 
soil aggregates due to frost action (Christensen and Christensen, 1991; Edwards and 
Cresser, 1992), resulting in altered micro-niches (Skogland et al., 1988). The penetration 
and effect of freezing and subsequent thawing depends on the level on insulation provided 
by vegetation and snow cover (Edwards and Cresser, 1992). FTCs are therefore believed to 
play an important role in nutrient cycling in the Antarctic, not only due to the stress 
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imposed on microbial communities, but also because they induce changes in exudation 
patterns of cryptogams (Melick and Seppelt, 1992; Melick et al., 1994; Tearle, 1987). It has 
been estimated that freeze-thaw events induce an annual release of >15% of the total 
organic matter of Antarctic cryptogams to the soil microbiota (Tearle, 1987), an input that 
is ten times greater than that estimated via the decomposition of dead subsurface vegetation 
materials (Davis, 1986). Accordingly, the frequency of FTCs was identified as a potential 
important driving factor for the structure of the microbes involved in the C-cycle in 
Antarctic soils (Yergeau et al., 2007b). Several microcosm studies have already assessed 
the short term (< 1 year) effects of few freeze-thaw events on Arctic, Antarctic and alpine 
soil microbial communities and associated functions (Koponen et al., 2006; Larsen et al., 
2002; Lipson et al., 2000; Wynn-Williams, 1982) but many questions still remain 
unanswered, especially for Antarctic environments. 
 
Previous field studies along an Antarctic latitudinal gradient have provided circumstantial 
evidence that both mean soil temperature and the frequency of FTCs can exert an impact on 
microbial community size, structure, diversity and functions (Yergeau et al., 2007a; 
Yergeau et al., 2007b; Yergeau et al., 2007c). The main purpose of the present study was to 
examine the influences of rising temperatures and of alterations in FTC frequency in 
inducing changes in soil-borne microbial community structure, functional gene densities 
and enzymatic activities. To achieve this goal, we designed two complementary microcosm 
experiments using carefully controlled climate conditions simulating features of predicted 
Antarctic climate scenarios. We used intact cores, with and without covering vegetation, 
from Signy Island, within the South Orkney Islands. Following incubation of soil cores at 
four different temperatures and six different FTC regimes, we assessed fungal and bacterial 
community density (using RNA- and DNA-based real-time PCR) and structure (using 
RNA- and DNA-based PCR-DGGE). Functional analyses were also carried out and 
involved DNA-based real-time PCR targeting genes for nitrite reductase (nirS and nirK), 
ammonia monooxygenase (amoA), assimilatory nitrate reductase (nasA), dinitrogenase 
(nifH) and nitrous oxide reductase (nosZ) as well as enzymatic activities assays for cellulase 
and laccase. 
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Material and methods 

Soil core sampling and characteristics of sampling site 
Eighty-four 10-cm diameter, 10-20 cm deep soil cores with overlying vegetation were taken 
in January 2005 and January 2006 from moss patches (dominated by Chorisodontium 
aciphyllum) on Signy Island, South Orkney Islands, maritime Antarctic (60°43’S, 
45°38’W). Cores were frozen (-20°C) within 24 h and kept frozen in the dark until used in 
the experimental set-up. Depth of all cores was adjusted to 10 cm before experimental use. 
Because of logistical constraints, cores could not be kept free from air spores for 
transportation and, consequently, no special efforts in that sense were made in the 
experimental set-up.  
 
Habitat conditions in moss patches on Signy Island were previously reported (Bokhorst et 
al., 2007c; Yergeau et al., 2007a). Average soil temperature (5 cm depth) from January 
2004 to January 2006 was -1.8°C and soils at that depth experienced on average 145 freeze-
thaw cycles (FTC) per year. Two different experiments were set up to test the effects of 
increasing temperature and increasing frequency of FTCs. The former experiment aimed at 
reproducing the average conditions experienced during the growing season. On Signy 
Island, this period extends from October to April (6 months) and the average soil 
temperature (5cm depth) for that period in 2004-2005 was 1.2ºC, with a maximum of 16.1 
ºC and a minimum of –10.0ºC. During this period, the day length varied from ~12 h to ~21 
h. 
 
Most of the FTCs occurred during two 3-months periods from February to May (autumn) 
and from October to December (spring). Following Henry (2007), we aimed at coordinating 
the season for which FTCs were simulated with the sampling date. Since logistical 
constraints did not allow for early spring sampling at Signy Island, we aimed at reproducing 
autumn conditions. For that period, conditions in the field were as follows: from the 
beginning of February to the end of April 2005, soils (at a 5 cm depth) experienced 42 
FTCs for an average of around 15 FTCs month-1. During this period, average soil 
temperature 5 cm below the surface was 1.1ºC with a minimum of -5.6ºC, a maximum of 
15.8ºC and an average daily temperature variation of 4.1ºC. The day length during this 
period varied between ~9 h and ~18 h. 

Constant temperature microcosms  
For this experiment, 24 cores sampled in January 2005 were used. Six replicate soil cores 
per temperature were placed in water baths at four different temperatures (3°C, 5°C, 7°C 
and 15°C). The baths were all kept in the same growth chamber with an air temperature of 
10°C with a day length of 20 h (at a PAR light intensity of 200µmol m-2 s-1) and a relative 
humidity of 80%. The soil cores were watered every week, by giving 100 ml of water to 
each core. After 6 months of incubation, soil was sampled from the center of the core using 
an alcohol-scrubbed knife. These samples, weighing around 20 g, were frozen (-20°C) 
within an hour from sampling and kept until used for molecular analyses (within a week). 
The remainder of the soil cores was used for analysis of physical and chemical properties. 
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Variable freeze-thaw cycle frequency microcosms 
For this experiment, 60 cores sampled in January 2006 were used. Ten soil cores were 
submitted to 6 different FTC frequency treatments (none, 1 month-1, 1 week-1, 2 week-1, 3 
week-1 and 4 week-1) for a duration of 12 weeks, resulting in a total 0, 3, 12, 24, 36 or 48 
FTCs, respectively. For each FTC treatment, the covering vegetation of half the cores was 
removed using a knife (unvegetated treatment), while the other half was left intact 
(vegetated treatment), resulting in 5 replicate cores per treatment. Cores were incubated in a 
climate room at 10°C with a day length of 15 h (at a PAR light intensity of 200µmol m-2 s-

1) and a relative humidity of 80%. To simulate a FTC, cores were frozen at -15°C during 
the nighttime (for 9 h) and then completely thawed during daytime (for 15 h) at 10ºC in the 
climate room. Within each week, FTC treatments were applied during 4 consecutive days, 
and the cores were left untouched for the remainder of the week. Soil cores were watered 
and sampled as described above. 

Soil chemical analyses and enzymatic activities 
Soil analyses  for NO3, NH4

+  and pH were performed via established standard protocols 
(Carter, 1993). Enzymatic activities (laccase and cellulase) were assessed in water extracts 
from 4 g of soil (fresh weight) as previously described (Yergeau et al., 2007b). 

Nucleic acid extractions 
Soil samples were frozen at -20ºC and extracted within a week, but RNA degradation still 
could have occurred. This might have affected our RNA-based analyses, but it is unlikely to 
have introduced biases between samples, since all samples were submitted to the same 
conditions. To homogenize samples that consisted of plant parts from the overlying 
vegetation, litter and soil, samples were ground in liquid nitrogen using a mortar and pestle. 
Nucleic acids were then extracted from a 500 mg sub-sample after disruption by bead-
beating in a CTAB buffer and subsequent phenol-chloroform purification as described in 
Yergeau et al. (2007a). Mortars, pestles, glassware and beads were baked for at least 2 h at 
180°C and all solutions were treated with diethyl pyrocarbonate (DEPC, 0.3% (v/v), 
overnight incubation at 37°C) to inactivate RNAses. RNA samples were generated by 
subjecting a portion of the total nucleic acids extraction to treatment with RNAse-free 
DNAse I (Qiagen, Venlo, The Netherlands). 

Molecular analyses 
Reverse transcription was carried out with random hexamer primers using a RevertAid First 
Strand cDNA Synthesis kit (Fermentas, St.Leon-Rot, Germany), following the 
manufacturer’s instructions. All recommended controls for reverse transcription (including 
a “no enzyme” control) were negative, ensuring that there was no DNA contamination in 
RNA samples. PCR amplification and subsequent denaturing gradient gel electrophoresis 
(DGGE) analysis of the soil DNA or of the reverse-transcribed soil RNA were carried out 
using bacterial 16S rRNA genes- and fungal 18S rRNA gene-specific primers as described 
in Yergeau et al. (2007a). Real-time PCR was carried out on soil DNA or reverse-
transcribed soil RNA (only for bacterial 16S and fungal 18S rRNA) using an ABsolute 
QPCR SYBR green mix (AbGene, Epsom, UK) as previously described (2007b), using 
primers and annealing conditions summarized in Table 6-1. Known template standards 
were made from whole genome extracts from pure bacterial isolates (see Table 6-1). Some 
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of the samples and all standards were assessed in at least two different runs to confirm the 
reproducibility of the quantification. 
 
Table 6-1. Primers and real-time PCR conditions used in this study 

Target  Enzyme Primers Anneal. Tº. Standard Ref. 
rRNA 
genes 

     

Bact. 
16S 

- Eub338/ 
Eub518 

53ºC unidentified 
16S clone 

(Fierer et al., 
2005) 

Fungal 
18S 

- Fung5f/ 
FF390r 

48ºC unidentified 
18S clone 

(Lueders et 
al., 2004a) 

Funct. 
genes 

     

 nifH Dinitrogenase 
(EC 1.18.6.1) 

nifHF/ 
nifHRb 

TD 65-
50°C 

Burkholderia 
sp. 

(Rosch and 
Bothe, 2005) 

 amoA Ammonia 
monooxygenase 
(EC 1.13.12.-) 

amoA-1F/ 
amoA-2R-TC 

57°C Nitrosomonas 
europaea 

(Nicolaisen 
and Ramsing, 
2002) 

 nasA Assimilatory 
nitrate reductase 
(EC 1.7.1.1) 

nas964/ 
nasA1735 

59°C Pseudomonas 
fluorescens 

(Allen et al., 
2001) 

nirK Cu-containing 
nitrite reductase 
(EC 1.7.2.1) 

F1aCu/ 
R3Cu 

57ºC Pseudomonas 
sp. 

(Throbäck et 
al., 2004) 

 nirS cd1-containing 
nitrite reductase 
(EC 1.7.2.1) 

cd3aF/ 
R3cd 

57°C Pseudomonas 
fluorescens 

(Throbäck et 
al., 2004) 

 nosZ Nitrous oxide 
reductase 
(EC 1.7.99.6) 

nosZF/ 
nosZ1622R 

TD 65-
53°C 

Pseudomonas 
fluorescens 

(Throbäck et 
al., 2004) 

TD: touchdown PCR, with a decrease in annealing temperature of 1ºC per cycle from 
the first temperature until the second temperature is reached. 

Statistical analyses 
The two experiments were treated separately in all statistical analyses. DGGE gel banding 
patterns were analyzed using the Image Master 1D program (Amersham Biosciences, 
Roosendaal, the Netherlands). The resulting binary matrices were exported and used in 
statistical analyses as “species” presence-absence matrices. Ordination of samples was 
carried out using principal coordinate analysis (PCoA) based on Jaccard’s similarity index 
in P. Legendre’s R package (Casgrain and Legendre, 2001). For the presentation of the 
results, the positions of the different replicate samples were averaged, and in the case of the 
FTC experiment, the different vegetation treatments were also averaged together. 
 
Multivariate test of significance of the effect of experimental treatments on DGGE patterns 
was carried out using distance-based redundancy analysis (db-RDA) (Legendre and 
Anderson, 1999). First, the binary matrices coming from DGGE pattern analyses were 
transformed using PCoA as detailed above, but without averaging the positions of the 
different replicates. Then, all the axes (representing 100% of the variation in the dataset) 
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were used as “species” data in redundancy analysis (RDA) in Canoco 4.5 (ter Braak and 
Šmilauer, 2002), with dummy binary-coded treatment variables being the only 
environmental variable included in the analysis. The different DGGE gels were entered as 
covariables and treated as experimental blocks limiting the permutations. The significances 
of each treatment were tested with 999 permutations. 
 
Real-time PCR, soil data and enzymatic activities were transformed to a dry weight basis 
and were subsequently analysed using ANOVA in Statistica 7.1 (Statsoft, Tulsa, OK). 
Appropriate normalising transformations were performed as required (mostly log or square 
root transformation). One-way ANOVA was used to test the effect of incubation 
temperatures while factorial ANOVA was used to test the effects of FTC frequency, 
vegetation and their interaction. In a few extreme cases (NH4, NO3, and cellulase activity), 
data could not be transformed to reach the assumption of parametric ANOVA and non-
parametric Kruskal-Wallis ANOVA was carried out instead. Results were considered to be 
significant at P<0.05, but since there was large variation between replicates, we also 
reported effects with P-values between 0.05 and 0.10 as nearly significant. 
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Results 

Two experiments were performed to examine the effects of global warming on Antarctic 
soils. In the first experiment, twenty-four soil cores with overlying vegetation were 
incubated for 6 months at 4 different constant temperatures (3, 5, 7 or 15ºC), simulating 
higher average temperatures. In the second experiment, sixty soil cores from Signy Island 
were used with or without overlying vegetation and submitted to 6 different freeze-thaw 
cycle (FTC) frequency (0, 0.25, 1, 2, 3, 4 cycles week-1) for a period of three months, thus 
simulating changes in climate variability. Following these experiments, several soil, 
microbiological and functional parameters were assessed as detailed below. 
 

 
Figure 6-1. Average soil pH, NO3 and NH4 contents, cellulase and laccase activities for 
soil cores incubated at different temperatures. Each data point is representing the 
average measurement of six individual replicate cores with error bars representing 
the standard deviation.  
 

Soil factors and enzymatic activities 
One of the most striking observations was that the soil characteristics of the different 
replicates were highly variable, resulting in large error bars (Fig. 6-1, 6-2). However, even 
with this high background variability, there were several significant effects of the 
experimental treatments. Soil pH showed no obvious decrease or increase with incubation 
temperature (Fig. 6-1), although some treatments had significantly different pH. While FTC 
frequency did not affect soil pH, there was a nearly significant effect of vegetation 
presence, with vegetated cores having higher pH (Fig. 6-2). The effect of FTC frequency on 
soil NO3 content was also significant (Kruskal-Wallis ANOVA), but there was no effect of 
FTC frequency on soil NH4 (Fig. 6-2). Soil cores not submitted to any FTC had the highest 
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amount of NO3 and NH4 both for vegetated and unvegetated cores. Vegetation presence did 
not significantly affect soil NO3 and NH4. For the constant incubation temperature 
experiment, some soil cores incubated at 15°C had extremely high amounts of NO3 and 
NH4, but high variability between replicates cores caused these differences to be 
insignificant (Fig. 6-1). Laccase activity in soil was significantly influenced by the 
incubation temperature and the frequency of FTCs (Fig. 6-1, 6-2). According to Tukey 
HSD post-hoc tests, there was significantly more laccase activity in cores incubated at 15ºC 
than in cores incubated at all other lower temperatures. In the case of FTC, the greatest 
difference was between the laccase activity of cores subjected to 2 or 4 cycles per week and 
the activity of cores not submitted to any FTCs. Cellulase activity showed a similar 
response (Fig. 6-1, 6-2), with increasing activity at higher temperature or lower FTC 
frequency, but this was not significant. The only significant factor for cellulase activity was 
the presence of vegetation. 
 

 
Figure 6-2. Average soil pH, NO3 and NH4 contents, cellulase and laccase activities for 
soil cores submitted to different frequency of freezing and thawing. Each data point is 
representing the average measurement of five individual replicate cores with error 
bars representing the standard deviation. ����: vegetated cores, ����: unvegetated cores. 

Bacterial community size and structure 
DNA and RNA simultaneously extracted from soil samples were used to assess bacterial 
community size and structure across the different treatments (Fig. 6-3A, B). DNA-based 
analyses provided information about community size and structure while RNA-based 
analyses provided a rough proxy for active community size and structure, though this might 
not hold at low growth rates as typical of these soil environments (Kowalchuk et al., 2006). 
The effect of incubation temperature on bacteria was only significant when assessing 
community structure at the RNA level and this also held for community size estimates. As 
seen in Fig. 6-3B, the bacterial community structures based upon 16S rRNA were quite 
different for the different treatments, and the cores incubated at 15°C had a greater 16S 
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rRNA density. No such effect of incubation temperature was observed at the DNA level 
(Fig. 6-3A), and a similar lack of significance on community structure was observed using 
DNA-based terminal restriction fragment length polymorphism (TRFLP) analyses (data not 
shown).  
 

 
Figure 6-3. Principal coordinate analysis of DGGE patterns made with (RT-) PCR 
amplified ssu rRNA genes or rRNA using bacterial 16S- or fungal 18S-specific 
primers for soil cores incubated at 3, 5, 7 or 15°C. The position of the point is the 
mean position of 6 replicate cores and the associated errors bars represent the 
standard error of the mean position. The sizes of the points are proportional to the 
average copy number of 16S or 18S rRNA genes or rRNA per g of soil (DW) for 6 
replicate cores as assessed by (RT-) real-time PCR on DNA or RNA. 
 
FTC frequency had a significant effect on the number of 16S rRNA genes  and a nearly 
significant effect on the amount of 16S rRNA detected (Fig. 6-4A, B). The number of 16S 
rRNA genes was highest in cores submitted to 1 FTC per week and lowest in cores 
submitted to 2 FTCs per week (Fig. 6-4A), while 16S rRNA were more abundant in cores 
that were not submitted to any FTCs (Fig. 6-4B). The community structure at the DNA 
level was not significantly affected by FTCs, but there was a nearly significant effect of 
FTCs on community structure at the RNA level, although this last effect is not clearly 
visible in the two dimensions represented in the ordination of Fig. 6-4B. The presence of 
vegetation and the interaction term (vegetation presence × number of FTC) showed no 
significant effects on any of the bacterial community indicators measured. 



  ��������!���0�����	�������1���,,��������(���������0����&���

 ��"�

Fungal community size and structure 
As for bacteria, fungal communities were assessed using DGGE and real-time PCR on 
simultaneously extracted DNA and RNA (Fig. 6-3, 6-4). Changes in incubation temperature 
did not lead to any significant changes in fungal community structure (for both DNA and 
RNA) or in the abundance of 18S rRNA genes and 18S rRNA (Fig. 6-3C, D). However, 
there was a nearly significant influence of the frequency of FTCs on the fungal community 
structure at the DNA level, and this is visible in Fig. 6-4C, where the fungal community not 
subjected to any FTCs was clearly separated from all the other treatments on the first axis 
of the ordination. Although not significant, a similar response was visible for the fungal 
community structure at the RNA level (Fig. 6-4D). Cores not subjected to any FTCs were 
also generally harbouring more 18S rRNA genes and 18S rRNA than other cores (Fig. 6-
4C, D). Vegetation presence had a significant effect on the community structure at the RNA 
level  and a nearly significant effect on the number of 18S rRNA genes  (data not shown).  
The vegetated cores harboured significantly (one-way ANOVA) more 18S rRNA genes 
regardless of the FTC frequency (average copies g-1 soil DW: vegetated, 4.53×107; 
unvegetated, 2.83×107). 
 

 
Figure 6-4. Principal coordinate analysis of DGGE patterns made with (RT-) PCR 
amplified ssu rRNA genes or rRNA using bacterial 16S- or fungal 18S-specific 
primers for soil cores submitted to 0, 0.25, 1, 2, 3 or 4 FTCs per week. Different 
vegetation treatments were combined for the purpose of this analysis. The position of 
the point is the mean position of 10 replicate cores and the associated errors bars 
represent the standard error of the mean position. The sizes of the points are 
proportional to the average copy number of 16S or 18S rRNA genes or rRNA per g of 
soil (DW) for 10 replicate cores as assessed by (RT-) real-time PCR on DNA or RNA. 
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N-cycle functional gene abundances 
As found in previous analyses of environmental samples (Henry et al., 2006), a large 
proportion of samples showed no detectable amplification product when targeting mRNA 
of N-cycle functional genes, even if the corresponding genes could be readily detected via 
PCR assays targeting DNA. We therefore focussed on functional genes at the DNA level.  
 
Similar to observations for soil analyses, there was also large variation between replicates 
in the density of functional genes. Changes in incubation temperature did not induce any 
significant changes in the abundance of the different N-cycle genes examined (data not 
shown). However, the frequency of FTC had a significant influence on nirS genes 
abundance, and this effect was highly dependent on the presence of vegetation, yielding a 
significant FTC × vegetation cover interaction effect  (Fig. 6-5). The copy number of nirS 
genes increased with increasing frequency of FTCs when the vegetation cover was 
removed, but decreased with increasing FTCs frequency when the vegetation was left intact 
(Fig. 6-5). An almost identical trend was recorded for nifH genes (Fig. 6-5), with the 
interaction term also being significant in ANOVA tests. The nasA gene numbers were also 
influenced in a similar fashion, but with an interaction term that only showed a nearly 
significant trend , due to the large variation of gene numbers in the vegetated cores (Fig. 6-
5). amoA and nirK gene numbers were not significantly influenced by any factors in 
ANOVA tests, but the general trends in the dataset (Fig. 6-5) were similar to the ones 
observed for nirS, nifH and nasA. Interestingly, nosZ gene copy numbers showed a 
completely different trend (Fig. 6-5), being only significantly influenced by the presence of 
vegetation. 

 
Figure 6-5. Number of copies of different N-cycle genes in soil cores submitted to 
different FTCs frequency as measured by real-time PCR. Each data point is 
representing the average measurement of five individual replicate cores with error 
bars representing the standard deviation. ����: vegetated cores; ����: unvegetated cores. 
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Discussion 

One of the most striking features of our dataset was the large variation between replicates, 
indicating large spatial variation in the site sampled. The cores were all sampled in 
neighbouring and similarly vegetated environments, and it was expected that the variation 
between cores would be small, as previously reported (Yergeau et al., 2007a). One would 
also expect the no FTC control (constantly incubated at 10ºC) from the FTC frequency 
experiment to act similarly to the 7ºC and 15ºC treatments from the constant incubation 
temperature experiment. However, this was clearly not the case, suggesting pronounced 
year-to-year variability as the samples in these experiments were gathered in successive 
years. Following the results presented here, it appears that this spatial and temporal 
variation might have a strong overriding effect on some of the responses of soil 
microorganisms to global warming. Despite the large variation observed several potentially 
important consequences of warming and changes in FTC frequency could be detected 
within the soil-borne microbial communities. 

General effects of FTC frequency and temperature on bacterial 
communities 
Freeze-thaw events typically led to initial decreases in bacterial biomass followed by a 
respiratory burst, which can be explained by assuming that a fraction of the bacteria are 
killed, and that the surviving cells utilize the liberated nutrients (Edwards and Cresser, 
1992; Skogland et al., 1988). The physical disruption of soil aggregates due to frost action 
can also release nutrients (Christensen and Christensen, 1991; Edwards and Cresser, 1992). 
In the longer term, repeated freeze-thaw cycles (FTC) might be expected to lead to changes 
in bacterial community composition due to the combined selective pressures of freeze-thaw 
stress and use of liberated substrates. There is normally a rapid response after the first FTC, 
but this often diminishes in intensity after subsequent cycles (Morley et al., 1983; Skogland 
et al., 1988; Walker et al., 2006), leading to little or no bacterial response after several 
FTCs (Koponen et al., 2006; Lipson et al., 2000). In line with this reasoning, we observed 
no clear directional trends in general bacterial responses to FTC frequency. Although 
bacterial community size and structure were affected by FTCs, these parameters were not 
more similar in soils submitted to similar numbers of FTCs. Some bacteria are highly 
resistant to FTCs (Morley et al., 1983; Walker et al., 2006), and it would be expected that a 
large proportion of bacteria in maritime Antarctic soils , as used in our microcosms, would 
be highly resistant to frequent FTC. Indeed, previous adaptation to frequent FTCs may help 
explain the relative unresponsiveness of bacteria to FTCs in our microcosms. It should be 
noted that our 3-month experiment probably allowed for sufficient time for bacterial 
communities to adapt to, and recover from, any initial changes induced by the novel freeze-
thaw regimes imposed.  
 
In contrast, when incubating cores at different temperature, significantly more bacterial 
rRNA was detected in cores incubated at 15ºC when compared to cores at all other 
temperatures. In soils from temperate environments, Zogg et al. (1997) also found that the 
major difference in bacterial community structure was visible at higher temperatures 
(between 15ºC-25ºC) and smaller differences were observed between soils incubated at 5ºC 
and 15ºC. Interestingly, the optimum temperature for germination and growth of many 
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Antarctic macrophyte taxa is in the range of 10-20°C (with 15°C being optimal for most 
species, Kennedy, 1996). Warming of a few degrees (in the range of what is predicted in 
the next hundred years for the region), did not provoke any significant changes in bacterial 
density and community structure in our microcosm experiments, and similar results were 
previously reported for Arctic (Larsen et al., 2002) and Antarctic (Bokhorst et al., 2007c) 
soil microcosms. It is important to note, however, that in a study of Arctic soils, more than 
a decade of warming of a few degrees was necessary before significant responses of the 
microbial biomass were observed (Rinnan et al., 2007). Thus, it could also be that our 
relatively short-term experiment (6 months) did not provide sufficient time to allow 
bacterial community shifts to become manifest. 

General effects of FTC frequency and temperature on fungal 
communities 
The effects of changing temperatures on soil fungi are less well studied than for bacteria. 
However, fungi are believed to be less negatively affected by freeze-thaw events as 
compared to bacteria (Sharma et al., 2006). They may be relatively frost resistant and often 
well equipped to grow on the types of organic matter released after freeze-thaw events 
(Wynn-Williams, 1982). However, it has been reported that fungal propagule numbers can 
be effectively reduced by freezing and thawing (Skogland et al., 1988). Here, we observed 
nearly significant changes in fungal community structure at the DNA level when soil cores 
were submitted to contrasting FTC frequencies. The main difference was between fungal 
communities that were not subjected to any FTCs and the rest of the treatments (Fig. 6-4C). 
We also observed that vegetation presence influenced fungal community structure (at the 
RNA level) and size (at the DNA level) in our study. These patterns were observed only for 
fungi and not for bacteria which might be related to the fact that fungi are thought to be 
more related to substrate availability than bacteria (Wardle, 2002). Indeed, freezing and 
thawing is known to induce large changes in exudation patterns of cryptogams, and as little 
as one cycle per month could be enough to change the availability of C-compound in soil 
(Melick and Seppelt, 1992; Melick et al., 1994; Tearle, 1987). The presence of vegetation is 
also important for the type of organic matter that will be available. Vegetation presence has 
previously been reported to influence several microbial community functions (bacterial and 
fungal) related to the C-cycle (Yergeau et al., 2007b), and we previously reported that 
Antarctic fungal community structure and density were largely affected by the presence of 
vegetation cover, in a location-specific manner (Yergeau et al., 2007a). In contrast to the 
strong effects of FTC and vegetation presence, no effect of incubation temperature was 
observed on any of the fungal parameters examined. 

Effects of temperature and FTC frequency on specific soil functions 
Incubation temperature did not have any significant effects on the density of any of the N-
cycle related functional genes (nirS, nirK, nosZ, amoA, nasA, nifH) assessed in our study. 
This lack of response is in line with previous results, which failed to detect significant or 
consistent changes in N-cycle process rates following soil warming of a few degrees in 
different environments (Jonasson et al., 1999b; Schmidt et al., 1999; Shaw and Harte, 
2001). This non-responsive trend was also observed for the associated functional 
communities (Deslippe et al., 2005) and functional genes (Horz et al., 2004). Although our 
results suggest that these microbial functions may also be relatively unresponsive to 
average temperature increases in Antarctic systems, additional studies would be necessary 
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to determine if this holds across other terrestrial Antarctic habitats. It should also be 
stressed that we were only able to look at functional genes at the DNA-level, and that 
analyses of the mRNAs coded by these genes could have provided further insights about 
the effects of temperature. One way to overcome this limitation might be to amplify 
selectively functional genes mRNAs, but this supplementary step can also bring more 
biases.  
 
In contrast to simple average temperature treatments, different FTC regimes influenced the 
density of some N-cycle related genes directly or in interaction with vegetation presence. 
Several studies have reported that FTCs can increase expression of denitrifying genes 
(Sharma et al., 2006), as well as increase N2O production (Koponen et al., 2006; Sharma et 
al., 2006), denitrification and mineralization (DeLuca et al., 1992; Edwards and Cresser, 
1992). The impacts of freezing and thawing were highly dependent on the presence versus 
absence of vegetation cover, with the two treatments often yielding opposite patterns for 
functional gene abundances. These differences could stem from the protective effects of 
vegetation on soil microbes, the increases in soil water content caused by vegetation 
presence (not shown) or the release of organic matter from the vegetation. Microorganisms 
are generally more tolerant to gradual changes than to abrupt changes in temperature and 
freezing and thawing rates can be modulated by the level of insulation provided by the 
vegetation cover (Edwards and Cresser, 1992). Dry soils have also been shown to freeze 
more rapidly than wet soils (Edwards and Cresser, 1992). A similar interactive effect of 
temperature and soil water content on ammonia-oxidizing bacteria was previously 
observed, with temperature increases having opposite effects at low and high soil water 
contents (Horz et al., 2004). Furthermore, as stated above, FTCs induce changes in 
exudation pattern of cryptogams (Melick and Seppelt, 1992; Melick et al., 1994; Tearle, 
1987), and this could also have modulated the response of N-cycle bacteria to FTCs. 
 
Laccases are present exclusively in fungi and higher plants (except for one bacterial 
species, Mayer and Staples, 2002; Thurston, 1994), so it can thus be assumed that this 
function in our cores was principally carried out by fungi. Although the cores examined 
here are essentially devoid of lignin, laccases are believed to be important players in 
decomposition processes. Indeed, laccase genes were previously reported to be present at 
high densities in a range of Antarctic soils (including Signy Island, Yergeau et al., 2007b), 
which was hypothesized to be related to the presence of a wide range of phenolic 
compounds that can be suitable for this broad-specificity enzyme. Freeze-thaw treatments 
had a significant effect on laccase activities when taking both vegetated and unvegetated 
cores into account. There was significantly higher activity in the unfrozen controls when 
compared to the 4 FTCs per week treatment. Significant increases in enzymatic activity 
were also observed at the highest incubation temperature. Thus, the effect of FTCs may 
also partly be explained by the decreasing average temperature associated with increasing 
the frequency of frozen periods in our experiment. Interestingly, a similar trend was 
observed for the general fungal community structure and size, where the main difference 
seemed to be between the unfrozen controls and all the remaining cores (Fig .6-4C, D).  
 
Fungi are believed to be the main cellulose decomposers in the Antarctic, as compared to 
the Arctic where bacteria are believed to dominate this process (Walton, 1985). Thus, it was 
not surprising that patterns of cellulase activity across the treatments were also reflected in 
the general fungal community. In line with previous studies in the Antarctic (Bokhorst et 
al., 2007c; Walton, 1985; Yergeau et al., 2007b), we found that the main factor affecting 
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cellulase activity was the presence of overlying vegetation. Furthermore, high cellulase 
activity was generally found in cores submitted to high incubation temperatures or to low 
FTC frequencies. A similar positive relationship between cellulase and temperature in 
Antarctic soils was reported previously (Kerry, 1990; Pugh and Allsopp, 1982; Yergeau et 
al., 2007b). Generally, the enzymatic assays described here predict an increase in 
decomposition rates in Antarctic soils following global warming. 

Conclusions and perspective 
The results of our microcosm studies generally showed that fungi and bacteria respond 
differently to changes in soil temperature regimes. Fungal parameters were only influenced 
by the freeze-thaw regime and by the presence of vegetation, whereas bacterial parameters 
were more consistently influenced by changes in temperature. This conclusion is in good 
agreement with one of our previous studies that monitored both bacteria and fungi along an 
Antarctic latitudinal gradient, including Signy Island, which concluded that fungi were less 
affected than bacteria by latitude (thus temperature) but more by the presence and 
composition of the vegetation cover (Yergeau et al., 2007a). 
 
Interestingly, even though bacterial communities were affected by incubation temperature, 
no concomitant changes were recorded in associated functional genes. Inversely, although 
no consistent changes were observed in the structure of the total bacterial community 
following freezing and thawing, some of the associated functional genes were affected. 
This indicates that studies looking only at broad parameters of bacterial communities 
following climate change might overlook important changes in key nutrient cycle functions. 
In contrast, the changes in laccase and cellulase activities were well mirrored by general 
fungal community parameters. 
 
The results outlined here demonstrated that following global warming, changes in FTC 
frequency and increases in average temperature might have strong influences on Antarctic 
soil-borne microbial communities. Vegetation was also reported to influence significantly 
many microbial parameters, highlighting the potential for indirect effects of global warming 
on soil microbes. 
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Abstract 

The Antarctic Peninsula is one of the most rapidly warming regions in the world, and the 
relative simplicity of its terrestrial habitats makes it an ideal testing ground for the impacts 
of perturbation on soil-borne microbes and fauna. However, few studies have addressed the 
effects of the ongoing warming on Antarctic soil microorganisms and nematodes. To 
address the impact of global warming, in situ artificial warming experiments were 
conducted for three years along a southern polar gradient, with a total of six environments 
representing two vegetation types. PCR-denaturing gradient gel electrophoresis (PCR-
DGGE) was used to follow bacterial, and fungal community structure responses. Real-time 
PCR methods were employed to examine the bacterial and fungal community sizes, as well 
as the density of several microbial functional gene families associated with nutrient cycling 
(bacterial amoA, chiA, nirS, nirK, pmoA and archaeal amoA and mcrA). Nematode 
community responses were determined by direct extraction and counting methods. The 
effects of warming appeared to be highly environment-specific. For instance, we recorded 
large increases in bacterial and fungal densities in the most southerly vegetated soils, 
whereas bare fell-field soils at this latitude and more temperate soils did not show this 
response to the warming treatments. Low trophic complexity, as well as high water and 
nutrient availability, characterized the soils that responded quickly to warming. Similar 
environment-specific changes were observed in the density of several functional gene 
families, and concomitant changes in soil nutrient content following warming highlighted 
potential shifts in soil nutrient cycling. Our results demonstrate that, in nutrient-rich moist 
soils, bacteria, fungi and associated functional genes may respond rapidly to soil warming. 
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Introduction 

The Antarctic Peninsula is one of the regions in the world that has experienced the largest 
increase in temperature in recent decades (0.56ºC per decade for 1951-2000) (Turner et al., 
2002). This trend is predicted to persist over the following century (IPCC, 2007), and will 
affect Antarctic soil ecosystems both directly and indirectly. Direct effects obviously 
include increases in temperatures, but also include decreases in freeze-thaw cycle frequency 
and an extended growth season. Indirect effects include, among others, changes in litter 
quality and quantity, increases in water availability through melting of glacier and 
permafrost, changes in predator pressure (Wall and Virginia, 1999) and increases in soil 
nutrient availability. Some indirect changes might already be manifest, given the increase 
of vascular plant distribution observed over the past four decades (Convey and Smith, 
2006; Fowbert and Smith, 1994; Frenot et al., 2005; Smith, 1994b). However, relatively 
little information is available concerning the possible consequences of global warming on 
Antarctic soil-borne organisms. A recent microcosm study reported significant effects of 
warming and of freeze-thaw cycle frequency on Antarctic bacterial and fungal communities 
and associated functions (Yergeau and Kowalchuk, 2008). Previous field studies along an 
Antarctic latitudinal gradient have also provided implicit indications that microbial 
community size, structure, diversity and functions might react both directly and indirectly 
to global warming (Yergeau et al., 2007a; Yergeau et al., 2007b; Yergeau et al., 2007c). 
 
Although only 0.35% of the Antarctic continent is ice-free (BAS, 2004), a relatively large 
number of contrasting environments are available for terrestrial life. Based on a range of 
abiotic and biotic factors, soils can generally be divided into two main categories: nutrient-
poor, dry, bare mineral soils and moist, nutrient-rich, vegetated soils (Bölter, 1990). 
Antarctic mineral soils generally harbor lower bacterial diversity than what would be 
expected for similar soils at temperate latitudes (Smith et al., 2006; Yergeau et al., 2007c). 
Indeed these soils were reported to be dominated by relatively narrow, location-specific 
groups of bacteria (Aislabie et al., 2006; Smith et al., 2006; Yergeau et al., 2007c). In 
contrast, Antarctic soils under vegetation offer a relatively stable and nutrient-rich 
environment (Harris and Tibbles, 1997; Yergeau et al., 2007a), and bacterial diversity and 
community composition in these environments were reported to be rather similar to soils 
from temperate environments (Yergeau et al., 2007c). However, the vegetation of 
Antarctica is characterised by low coverage and low productivity, being mainly composed 
of mosses and lichens. Consequently, even in densely vegetated soils, Antarctic food webs 
are relatively simple and are characterized by the absence of insect and mammalian 
herbivores, thereby channeling most of the energy and materials assimilated by primary 
production into a detritus, rather than a grazing, trophic pathway (Davis, 1981; Heal and 
Block, 1987).  
 
The combination of known regional climatic trends and simplified trophic structure makes 
Antarctica a potential testing ground for identifying the biological consequences of climate 
change. Two contrasting hypotheses have been formulated in regard to the responses of 
Antarctic soil microorganisms to global warming. On the one hand, global warming is 
expected to rapidly and directly increase soil-borne microbial activities, for the following 
three main reasons: 1) the simplicity of Antarctic soil ecosystems (Convey and Smith, 
2006; Smith, 1996), 2) the relatively high increase in positive degree-days that an increase 
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of a few degrees causes in such an extreme environment and 3) the presence of a propagule 
bank in soils ready to exploit milder conditions (Kennedy, 1996). Also, since most of the 
microorganisms in Antarctic soils have been shown to have optimal growing temperatures 
far above what they are currently experiencing (Kerry, 1990; Robinson, 2001; Zucconi et 
al., 1996), it is expected that they would be able to rapidly and directly benefit from 
increased temperatures. On the other hand, global warming is hypothesized to have only 
indirect effects on soil-borne microorganisms mainly through changes in plant 
communities, litter, predator pressure and soil chemistry (Panikov, 1999; Vishniac, 1993; 
Yergeau et al., 2007a). The main facts supporting this hypothesis are that microorganisms 
react quickly to environmental changes, and seasonal changes are far greater than those 
expected via global warming (Panikov, 1999). Furthermore, high latitude soil environments 
have been reported to be N-limited (Marion et al., 1989; Mataloni et al., 2000; Shaver and 
Chapin, 1980), and warming without concomitant increases in nutrient availability might 
therefore not result in significant impacts on most soil microbes.  
 
These two hypotheses are not necessarily mutually exclusive, as local environmental 
conditions could impact the responsiveness of soil microorganisms to global warming. 
Indeed, the main hypothesis we address here is that global warming will have direct and 
significant effects on soil organisms, but only in environments where there is no nutrient or 
water limitation (i.e. where temperature is the main limiting factor). We also hypothesize 
that global warming will act indirectly on soil microorganisms through 1) bottom-up 
controls, i.e. increases in soil C, N or water content following changes in vegetation, 
melting and nutrient-cycling, and 2) top-down controls, i.e. increases in trophic complexity 
and changes in predator pressure. Indirect effects through bottom-up controls will probably 
have more impact than through top-down controls since Antarctic ecosystems were deemed 
to be mainly limited by abiotic factors, with little influence of biotic interactions like 
predation and competition (Convey, 1996; Kennedy, 1995; Wall and Virginia, 1999).  
 
Field warming experiments at sites contrasting in their environmental condition and trophic 
complexity could help to test these hypotheses. In remote areas, such as polar regions, 
open-top chambers (OTC) have been shown to be a viable method for conducting field 
warming (Arft et al., 1999). OTCs significantly increase soil temperature, yet typically keep 
other unwanted effects to a minimum (Hollister and Webber, 2000; Marion et al., 1997). 
We therefore designed a field warming experiment using OTCs at one southern cold 
temperate (Falkland Island, 52ºS) and at two different Antarctic (Signy and Anchorage 
Islands, 60ºS and 67ºS respectively) locations along a gradient of increasing environmental 
harshness and decreasing trophic complexity. At each of these locations, we included 
densely vegetated and bare fell-field soils in the experimental design. Using real-time PCR, 
PCR-denaturing gradient gel electrophoresis (DGGE) and direct counts we compared 
bacterial, fungal and nematode community structure and density as well as the density of 
various functional genes involved in C- and N-cycles after 3 years of warming. Resulting 
data were analyzed with respect to environmental conditions and other data retrieved from 
these sites via previous surveys. 
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Material and methods 

Site descriptions 
One cold temperate site and two Antarctic sites were chosen at the following locations: 
Falklands Islands (cold temperate zone; 51°76’S 59°03’W), Signy Island (South Orkney 
Islands, maritime Antarctic; 60°43’S, 45°38’W) and Anchorage Island (near Rothera 
Research station, western Antarctic Peninsula; 67°34’S, 68°08’W). At each location, two 
types of environments were selected: 1) “vegetated”, where dense vegetation cover was 
present with retention of underlying soil, and 2) “fell-field”, represented as rocky or gravel 
terrain with scarce vegetation or cryptogam coverage, for a total of six contrasting 
environments. The dominant species in these plots at the start of the experiment were as 
follow: Falkland-vegetated: Empetrum rubrum (vascular plant, mean cover 68.3%); 
Falkland-fell-field: Poa annua (vascular plant, 25.6%); Signy-vegetated: Chorisodontium 
aciphyllum (moss, 76.2%); Signy-fell-field: Usnea antarctica (lichen, 52.9%); Anchorage-
vegetated: Sanionia uncinata (moss, 47.8%); Anchorage-fell-field: Buellia latemarginata 
(lichen, 30.0%) (Bokhorst et al., 2007a). More details regarding vegetation cover are 
provided by Bokhorst et al. (2007a). Table 7-1 summarizes soil characteristics as measured 
adjacent to the control plots one year after the beginning of the experiment. More complete 
analyses have been previously published for these soils (Bokhorst et al., 2007c; Yergeau et 
al., 2007a). 
 
Table 7-1. Mean soil characteristics measured adjacent to control plots of the 
Falkland, Signy and Anchorage Islands one year after the beginning of the 
experiment. 

  Water content Organic 
C 

NH4 NO3 Total N 

  % % mg kg-1 mg kg-1 % 
Falkland Vegetated 74 a 16.6 b 12.0 ab 0.08 a 0.84 ab 
 Fell-field 68 a 11.4 ab 2.2 ab 58.3 b 0.81 abc 
Signy Vegetated 400 b 36.4 c 2.8 a 0.2 a 1.55 c 
 Fell-field 22 c 4.11 d 4.5 ab 2.7 a 0.43 a 
Anchorage Vegetated 296 b 31.4 c 73.1 b 114.5 b 2.98 d 
 Fell-field 48 a 9.8 a 10.3 ab 81.5 b 1.15 bc 

Different letters within a column indicate significant difference (at P<0.05) following 
Tukey HSD post-hoc test. Adapted from Yergeau et al. (2007a). 
 
 

Experimental design 
The experiment was established during the 2003-2004 austral summer. The design 
consisted of twelve 2m × 2m plots per environment. Half the plots were covered with open-
top chambers (OTC), warming underlying plants and soils passively, while the other half 
served as control plots. The Falkland Islands fell-field habitat was not sufficiently extensive 
at the study site to allow for such a design, and only 6 plots (3 OTCs and 3 controls) were 
delineated in this environment. The remaining OTCs and controls were placed in the 
vegetated environment, resulting into 18 vegetated plots (9 OTCs and 9 controls). Soil 
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moisture and temperature were monitored hourly (Fig. 7-1), along with wind speed and 
direction, photosynthetically active radiation and precipitation. Detailed trends in 
temperature and other environmental factors modified by the OTCs are provided by 
Bokhorst et al. (2007c). 

Soil sampling and analysis 
Soil sampling for molecular analyses was carried out in October 2006 at the Falkland 
Islands, in January 2007 at Signy Island and in February 2007 at Anchorage Island. 
Experimental warming was therefore in place for 3 years at the times of sampling. At all 
sites, five 1 cm-diameter (from 2-3 cm to up to 15 cm deep, depending on soil depth) cores 
were sampled from each plot. Soil samples were frozen at -20°C within 24 hours and kept 
at this temperature until used in molecular analyses. Soil sampling for soil analyses and 
nematode extractions was carried out in 2005-2006, in the same months as above. To this 
end, 10 cm-diameter cores (for soil analyses) and 2 cm-diameter, 5 cm-deep cores (0.0157 
dm3; for nematodes analyses) were sampled from each plot and kept at -20ºC until use for 
nematode extractions and soil analysis. Data on Collembolans (springtails) and Acari 
(mites) have been published separately (Bokhorst et al., 2008). Soil physical and chemical 
analyses were carried using standard methods (Carter, 1993). 

Nematode counts 
After slowly thawing soil samples  at 4°C, nematodes were collected by centrifuging at 
1800 × g and identified using an inverted microscope (10 × 40 magnification) according to 
Andrássy (1998), Holovachov (2003) and Ryss et al. (2005). Nematode feeding types were 
classified according to Yeates et al. (1993). Nematode numbers were reported per gram of 
soil (dry weight) using average volumetric masses of each soil environment. 

Nucleic acid extractions, PCR-DGGE and real-time PCR 
Nucleic acids were extracted from 500 mg soil sub-samples following bead-beating 
disruption in a CTAB buffer and subsequent phenol-chloroform purification (Yergeau et 
al., 2007a). After extraction and confirmation of low intra-plot variability of resulting 
bacterial PCR-DGGE profiles  (see Yergeau et al., 2007a), nucleic acids coming from the 
same plot were pooled to provide a single representative DNA sample. DNA was amplified 
by PCR using bacterial 16S or fungal 18S rRNA gene-specific primers and subjected to 
DGGE on a D-Code Universal Mutation Detection System (Bio-Rad, Hercules, CA), as 
detailed in Yergeau et al. (2007a). Real-time PCR was carried out as previously described 
(Yergeau and Kowalchuk, 2008) using ABsolute QPCR SYBR green mixes (AbGene, 
Epsom, UK) on a Rotor-Gene 3000 (Corbett Research, Sydney, Australia) with the primers 
and amplification conditions described in Table 7-2. A 10-15s reading step with a 
temperature above 72ºC was sometimes added right after elongation as a means of 
removing the contribution of primer dimers and unspecific amplification to the total 
fluorescence. The reading temperatures (Table 7-2) were determined following melt curve 
analysis. Known template standards for real-time PCR were made from whole genome 
extracts from pure bacterial isolates or from cloned gene fragments (see Table 7-2). 
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Table 7-2. Primers, standards, and real-time PCR conditions used in this study 
Target  Enzyme Primers Anneal. 

Tº. 
Read. 
Tº 

Standard Ref. 

rRNA 
genes 

      

Bact. 
16S 

- Eub338/ 
Eub518 

53ºC - unidentified 
16S clone 

(Fierer et al., 
2005) 

Fungal 
18S 

- Fung5f/ 
FF390r 

48ºC - unidentified 
18S clone 

(Lueders et 
al., 2004a) 

Funct. 
genes 

      

Arch. 
amoA 

ammonia 
monooxygenase 

amoA19F/ 
Crenamo
A616r48x 

50ºC - unidentified 
amoA clone 

(Le Roux et 
al., 2008) 

Bact. 
amoA 

ammonia 
monooxygenase 

amoA-1F/ 
amoA-2R-
TC 

57°C 81ºC Nitrosomonas 
europaea 

(Nicolaisen 
and 
Ramsing, 
2002) 

chiA Chitinase GA1F/ 
GA1R 

63ºC - Streptomyces 
sp. 

(Williamson 
et al., 2000) 

mcrA methyl-
coenzyme M 
reductase 

mcraF/ 
mcraR 

52ºC 81ºC unidentified 
mrcA clone 

(Radl et al., 
2007) 

nirK Cu-containing 
nitrite reductase 
 

F1aCu/ 
R3Cu 

57ºC 85ºC Pseudomonas 
sp. 

(Throbäck et 
al., 2004) 

 nirS cd1-containing 
nitrite reductase 
 

cd3aF/ 
R3cd 

57°C 83ºC Pseudomonas 
fluorescens 

(Throbäck et 
al., 2004) 

pmoA particulate 
methane 
monooxygenase 

mb661/ 
A189 

55ºC 82ºC Methylocystis 
parvus 

(Kolb et al., 
2003) 

Statistical analyses 
DGGE banding patterns were analyzed using the Image Master 1D program (Amersham 
Biosciences, Roosendaal, the Netherlands). The resulting binary data were exported and 
used in statistical analyses as “species” presence-absence matrices. Ordination of samples 
resulting from image analysis of DGGE profiles or from nematode counts were carried out 
using principal coordinates analysis (PCoA), based on Jaccard’s similarity (bacterial and 
fungal DGGE) or Bray-Curtis distance (nematodes counts). Multivariate tests for 
significance of experimental treatment effects on DGGE patterns or nematode community 
structure were performed using db-RDA (Legendre and Anderson, 1999), based on 
Jaccard’s similarity (bacterial and fungal DGGE) or Bray-Curtis distance (nematodes) in 
Canoco 4.5 (ter Braak and Šmilauer, 2002). Real-time PCR, nematode,  Acari and 
Collembolan counts, as well as weather and soil data were analysed using ANOVA in 
Statistica 7.1 (Statsoft, Tulsa, OK), and appropriate normalising transformations (log, 
square root or cubic root) were carried as required. When transformation failed to normalise 
data, Kruskal-Wallis ANOVA was used instead of parametric ANOVA. One-way ANOVA 
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was used to highlight significant differences between control and OTC plots, while nested 
ANOVA (with warming treatment and vegetation nested in location) was used to analyse 
the relative influences of location, vegetation and warming treatments. Data is presented in 
most cases as “relative change as percentage of control”, which was calculated as follows: 
(average value in OTC plots – average value in control plots)/average value in control plots 
× 100. Partial correlations were carried out using Pearson’s correlation r in Statistica, while 
controlling for the effects of latitude and the presence of vegetation cover. Significance 
level was set at P<0.05; but, for one-way ANOVA tests, we also present P values between 
0.05 and 0.10 as nearly significant results. 
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Results 

Environmental and soil chemical data 
The environmental data are presented for 2005, since it was the most complete dataset, but 
highly similar trends were observed for other years (2004 and 2006; results not shown). 
OTC treatments resulted in an amelioration of the climatic conditions (higher positive 
degree-days and fewer freeze-thaw cycles) for both Antarctic environments (Signy and 
Anchorage Islands, Fig. 7-1). Individual OTC plots were always warmer and subjected to 
fewer freeze-thaw cycles than their adjacent control plots. However, these differences were 
not always significant in one-way ANOVA because of the relatively large plot-to-plot 
variation, and the limited number of weather sensors available (only 3 sensors per 
environment). The changes in the annual mean soil humidity caused by OTC deployment in 
the Antarctic environments were relatively small (<10%). For the temperate location 
(Falkland Islands), we observed a relatively smaller increase in positive degree-days, an 
increase in the frequency of freeze-thaw cycles and a relatively larger decrease in soil 
moisture (Fig. 7-1). However, the large relative increase in the frequency of freeze-thaw 
cycles in the vegetated plots of the Falkland Island was minor in absolute terms: a total of 5 
freeze-thaw cycles per year vs. a total of 1 freeze-thaw cycle per year. 
 
To minimize destructive sampling, soil data were measured directly in the plots only after 
the second year of warming (2005-2006), and sufficient material for analysis could only be 
collected in vegetated plots. General soil characteristics (collected adjacent to the control 
plots after the first year of warming) of each environment are also presented in Table 7-1. 
Soil respiration was also measured after the first year of warming. Soil total N did not vary 
significantly between control and warmed plots for the two Antarctic locations, but a nearly 
significant increase of 6% was observed following warming in the Falkland Islands 
vegetated environments. No significant effect of the OTC treatment was recorded for NH4 
content, even for the Anchorage Island vegetated environments, for which NH4 decreased 
by nearly 40% (Fig. 7-1). Soil NO3 significantly increased by 350% in Anchorage Island 
vegetated soils following warming, yet showed no significant trends for other locations 
(Fig. 7-1). C:N ratio was slightly higher (<10% higher, mainly caused by increases in C 
content) in warmed plots for all locations, and this change was nearly significant for 
Anchorage and Signy Islands. Soil organic matter and soil respiration also increased 
following warming at all locations, but was only significant in the case of soil respiration at 
the Falkland Islands vegetated site (Fig. 7-1).  
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Figure 7-1. Relative change between OTC and control plots for the annual number of 
positive degree-days, annual number of freeze-thaw cycles and mean annual soil 
moisture at 5 cm depth and NH4, NO3 and respiration in soils from Falkland, Signy 
and Anchorage Islands. ����: vegetated plots; ����: fell-field plots. Soil characterizations 
were only performed for vegetated soils, thus there are no white bars in the right 
panels. Percentage change was calculated using the means of 3, 6 or 9 replicates for 
both OTC and control plots. *: P<0.05, **: P<0.01, following one-way ANOVA 
between control and OTC samples. NA: not available. 

Density of soil organisms  
When considering all environments together, the density of bacteria, fungi and nematodes 
were largely dependent on the location and vegetation cover. Three years of climatic 
amelioration via OTC manipulation led to large and significant increases in both bacterial 
and fungal density in the vegetated plots of Anchorage Island (Fig. 7-2). In contrast, 
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bacterial and fungal densities in all other environments did not show any significant 
responses to warming, with the exception of a nearly significant increase of bacterial 
density in the Signy Island vegetated plots (Fig. 7-2).  
 

 
Figure 7-2. Relative change between OTC and control plots for the density of bacterial 
16S and fungal 18S rRNA genes, as measured by real-time PCR in soils from 
Falkland, Signy and Anchorage Islands. ����: vegetated plots; ����: fell-field plots. 
Percentage change was calculated using the means of 3, 6 or 9 replicates for both OTC 
and control plots. +: P<0.10, *: P<0.05, **: P<0.01, following one-way ANOVA 
between control and OTC samples. 
 
In the Antarctic soils, no significant changes in nematode density were recorded in response 
to warming, but warming did induce a significant decrease in total nematode density for the 
Falkland Islands vegetated plots (Fig. 7-3). Nematode diversity was not significantly 
influenced by the warming treatments (data not shown). There was a general decrease in 
bacterial-feeding nematodes following warming in the Antarctic environments (Fig. 7-3). 
Only two fungal-feeding nematodes (from the genus Aphelenchoides) were detected in one 
Anchorage Island OTC fell-field plot. All other Anchorage Island plots were devoid of 
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fungal-feeding nematodes. Anchorage Island environments and Signy Island fell-field 
environments showed significantly lower nematode diversity as compared to the Falkland 
Islands environments, as well as the Signy Island vegetated plots. Collembolan abundance 
showed a significant decrease of 63% when comparing OTCs to controls for vegetated 
environments at Anchorage Island (Fig. 7-3). Acari and Collembolan responses to warming 
in other environments showed insignificant trends, with a nearly significant decrease in 
response to warming for Collembolan density in Signy Island fell-field plots. 
 

 
Figure 7-3. Relative change between OTC and control plots for total, bacterial- and 
fungal-feeding nematodes, Acari and Collembolan counts in soils from Falkland, 
Signy and Anchorage Islands. ����: vegetated plots; ����: fell-field plots. Percentage 
change was calculated using the means of 3, 6 or 9 replicates for both OTC and 
control plots. +: P<0.10, *: P<0.05, following one-way ANOVA between control and 
OTC samples. ND: not detected. 
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Partial correlation analyses, controlling for the effects of latitude and vegetation, were also 
carried out between bacterial, fungal and nematode densities and soil and environmental 
variables (Table 7-3). Many of the correlations obtained in this analysis matched the trends 
described above. For instance, bacterial and fungal densities were significantly correlated 
with soil respiration, while bacterial and nematode densities were significantly correlated 
with positive degree-days. Bacterial and fungal densities were also significantly and 
negatively correlated with the frequency of freeze-thaw cycles. Soil moisture showed a 
significant positive correlation with fungal density, yet was negatively correlated with 
nematode density. Bacterivorous nematode density was not significantly correlated with 
bacterial density, and, similarly, fungivorous nematode density was not significantly 
correlated with fungal density. 
 
Table 7-3. Partial correlation of weather and soil data with bacterial, fungal, 
nematode, and functional gene density data. 

 C:N NH4 NO3 resp. PDD FTC Moist 
Soil organisms       
Bact. 
16S 
 

r =-0.456 
P=0.004 
N=42 

r =0.027 
P=0.886 
N=32 

r =0.500 
P=0.005 
N=32 

r =0.638 
P<0.001 
N=34 

r =0.862 
P<0.001 
N=33 

r =-0.642 
P<0.001 
N=33 

NA 

Fung. 
18S 
 

r =-0.159 
P=0.334 
N=43 

r =0.019 
P=0.918 
N=34 

r =-0.015 
P=0.937 
N=34 

r =0.430 
P=0.013 
N=35 

r =0.306 
P=0.089 
N=34 

r =-0.362 
P=0.042 
N=34 

r =0.872 
P<0.001 
N=20 

nem. r =-0.121 
P=0.465 
N=46 

r =-0.147 
P=0.424 
N=36 

r =0.569 
P=0.001 
N=36 

r =-0.338 
P=0.054 
N=38 

r =0.945 
P<0.001 
N=36 

r =-0.066 
P=0.722 
N=36 

r =-0.542 
P=0.016 
N=22 

       
Functional genes       
Arch. 
amoA 
 

r =-0.018 
P=0.918 
N=38 

r =-0.055 
P=0.768 
N=33 

r =0.011 
P=0.952 
N=33 

r =0.638 
P<0.001 
N=31 

r =0.9371 
P<0.001 
N=29 

r =-0.276 
P=0.164 
N=29 

r =-0.360 
P=0.899 
N=17 

Bact. 
amoA 
 

r =-0.602 
P<0.001 
N=45 

r =0.361 
P=0.042 
N=35 

r =0.370 
P=0.037 
N=35 

r =0.151 
P=0.401 
N=37 

r =-0.411 
P=0.022 
N=33 

r =0.981 
P<0.001 
N=12 

NA 

chiA 
 

r =-0.496 
P=0.001 
N=46 

r =0.284 
P=0.115 
N=36 

r =0.567 
P=0.001 
N=36 

r =0.568 
P=0.001 
N=38 

r =0.666 
P<0.001 
N=36 

r =-0.300 
P=0.095 
N=36 

NA 

mcrA 
 

r =-0.195 
P=0.253 
N=38 

r =0.3221 
P=0.095 
N=30 

r =0.606 
P=0.001 
N=30 

r =0.138 
P=0.483 
N=30 

r =-0.140 
P=0.497 
N=28 

r =0.541 
P=0.166 
N=10 

r =0.057 
P=0.783 
N=28 

nirK 
 

r =-0.762 
P<0.001 
N=37 

r =0.359 
P=0.061 
N=30 

r =0.7429 
P<0.001 
N=30 

r =0.014 
P=0.943 
N=32 

r =-0.069 
P=0.772 
N=22 

r =-0.278 
P=0.235 
N=22 

r =0.687 
P=0.007 
N=16 

nirS 
 

r =0.050 
P=0.763 
N=41 

r =-0.431 
P=0.016 
N=33 

r =0.012 
P=0.947 
N=33 

NA r =0.506 
P=0.004 
N=32 

r =-0.278 
P=0.136 
N=32 

NA 

pmoA 
 

r =-0.006 
P=0.973 
N=40 

r =-0.006 
P=0.976 
N=32 

r =-0.453 
P=0.012 
N=32 

r =0.694 
P<0.001 
N=32 

r =0.264 
P=0.166 
N=33 

r =-0.530 
P=0.003 
N=33 

r =0.490 
P=0.046 
N=19 

Significant correlations (P<0.05) are in boldface, NA: not available. 

Community structure of soil organisms 
No changes were apparent in the bacterial, fungal and nematode community structures 
between control and OTC plots, with location and vegetation being the main determinants 
of community structures (Fig. 7-4). Distance-based redundancy analyses (db-RDA) 
confirmed that warming was not significantly affecting community structure. 
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Figure 7-4. Principal coordinate analysis (PCoA) based on Jaccard similarity 
(bacteria and fungi) or Bray-Curtis distance (nematodes) calculated from DGGE 
patterns obtained from PCR-amplified bacterial 16S or fungal 18S rRNA genes or 
from direct nematode counts in soils from Falkland, Signy and Anchorage Islands. 
Position of the symbols is the mean position for 3, 6 or 9 replicates. Solid symbols: 
OTC plots; empty symbols: control plots. 
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Density of microbial genes associated to the N- and C-cycles 
In order to determine if the changes observed in general microbial communities were also 
reflected in associated functional communities, we quantified the density of several genes 
related to key steps in the N- (bacterial amoA, nirS, nirK and archaeal amoA) and C- (chiA, 
pmoA and mcrA) cycles. The densities of these genes were significantly affected in some 
environments following experimental warming. For instance, in Anchorage Island 
vegetated environments, significant increases were recorded following warming in archaeal 
amoA and bacterial pmoA gene densities, and nearly significant increases were observed in 
bacterial amoA and chiA gene densities (Fig. 7-5). A nearly significant increase in nirS gene 
density was also observed in Signy Island vegetated environments. In contrast, significant 
decreases were observed following warming in pmoA gene density in the Falkland Islands 
vegetated environments, and nearly significant decreases were recorded in bacterial amoA 
and nirK gene densities in Signy Island fell-field environments. 
 
When taking all environments into account, we observed a significant response of 
functional genes to warming that was highly dependent on the environment sampled. 
Furthermore, when controlling for the large differences between vegetation types and 
locations, several interesting correlations became apparent. Bacterial amoA, nirK and chiA 
gene densities were significantly and negatively correlated with C:N ratio, and bacterial 
amoA gene density was correlated to NH4 and NO3 concentrations in soil (Table 7-3). nirS 
gene density was negatively correlated to soil NH4, and chiA gene density was positively 
correlated to soil respiration. chiA, nirS, and Archaeal amoA gene densities were positively 
correlated with positive degree-days, and nirK gene density was positively correlated with 
soil moisture. 
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Figure 7-5. Relative change between OTC and control plots for the density of amoA 
(bacterial and archaeal), nirS, nirK, pmoA, mcrA and chiA genes as measured by real-
time PCR in soils from Falkland, Signy and Anchorage Islands. ����: vegetated plots; ����: 
fell-field plots. Percentage change was calculated using the means of 3, 6 or 9 
replicates for both OTC and control plots. +: P<0.10, *: P<0.05, following one-way 
ANOVA between control and OTC samples, ND: not detected. 
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Discussion 

Open-Top Chamber (OTC) effects 
Open-top chambers at our sampling sites passively increased annual soil temperature by 
approximately 0.8ºC at a soil depth of 5 cm (Bokhorst et al., 2007c). This increase was 
however not constant throughout the year, and varied between the different location 
sampled (Bokhorst et al., 2007c). Warming in Antarctica is expected to not only increase 
average temperatures, but also reduce the frequency of freeze-thaw events, and our OTC 
treatments mimicked this scenario for the Antarctic environments studied. It is 
unfortunately not possible to discriminate between the effects of temperature and freeze-
thaw frequency using the present experimental design. However, a recent microcosm study 
using soil cores from Signy Island suggested that changes in freeze-thaw frequency may 
have stronger effects than changes in average temperature on soil-borne communities 
(Yergeau and Kowalchuk, 2008). Freeze-thaw cycles are indeed believed to play an 
important role in nutrient cycling in the Antarctic, not only due to the stress imposed on 
microbial communities, but also because they induce changes in exudation patterns of 
cryptogams (Melick and Seppelt, 1992; Melick et al., 1994; Tearle, 1987). It must be noted 
that OTCs can affect numerous environmental variables besides temperature including 
wind speed, snow cover and relative humidity. However, previous studies have estimated 
that these unwanted effects are generally small (Hollister and Webber, 2000; Marion et al., 
1997).  

Effects of resource availability on the responses of microbes to 
warming (bottom-up controls) 
It was previously reported that the density, diversity, community structure and functions of 
Antarctic soil bacteria and fungi were largely dependent on the specific environmental 
conditions at a particular sampling location (Yergeau et al., 2007a; Yergeau et al., 2007b; 
Yergeau et al., 2007c). We therefore expected microbial responses to warming to also 
depend on the local environmental conditions. Indeed, OTC deployment affected the 
density of soil microorganisms and associated functional genes, but this was highly variable 
for the different environments. The bacteria and fungi inhabiting the densely vegetated soils 
of Anchorage Island showed the strongest response to the OTC treatments. In contrast, no 
significant change in nematode density was observed for Antarctic sites following 
warming, in line with previous reports from the Antarctic Dry Valleys (Treonis et al., 
2002). 
 
We hypothesized that the responses of soil organisms to warming would only be visible in 
environments not subjected to nutrient and water limitations. Some of our plots, especially 
the Falkland Islands environments and the Antarctic fell-fields, exhibit relatively low (and 
perhaps limiting) nutrient and water contents, which might explain the general lack of 
response to increasing temperatures. Interestingly, NH4 addition field experiments in 
Falkland, Signy and Anchorage Island densely vegetated environments showed that soil 
microbial communities and functional gene densities only responded significantly to NH4 
addition at the Falkland Islands (M. Janssens et al., unpublished results). This suggests that, 
for vegetated environments, only the Falkland Islands site experienced N limitation. 
Accordingly, in the Arctic, where growth is generally limited by nitrogen or phosphorus 
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deficiency (Jonasson et al., 1999a), experiments with nutrient additions normally induce 
much larger changes in microbial communities than warming (Rinnan et al., 2007; Ruess et 
al., 1999). Water limitation was also reported to override the effects of higher temperatures 
on Antarctic soil micro-algae (Wynn-Williams, 1996b). Similarly, the main limiting factors 
in the Antarctic Dry Valleys were reported to be water and carbon (Hopkins et al., 2006), 
and soil warming without concomitant increase in water and nutrient availability did not 
result in significant changes in soil communities (Treonis et al., 2002). 
 
Vegetated plots of Anchorage and Signy Islands are naturally rich in nutrients (largely via 
bird input for Anchorage Island, Bokhorst et al., 2007b) and available water, and the only 
obvious limiting factor for microbial growth is temperature. The partial release of this 
temperature constraint by the OTCs might have directly induced bacteria and fungi to 
increase in density, since most Antarctic microorganisms are recognized to have 
temperature optima well above what they are normally experiencing (Aislabie et al., 2006; 
Kerry, 1990; Robinson, 2001; Zucconi et al., 1996). However, very rapid responses of 
mosses, nematodes, soil algae and cyanobacteria were also previously observed in nutrient-
poor Antarctic mineral soils (Convey and Wynn-Williams, 2002; Kennedy, 1996; Wynn-
Williams, 1993; Wynn-Williams, 1996b). These responses were however obtained using 
cloches that, unlike the OTCs used in the present study, also impose large changes in 
humidity and CO2 above soils (Marion et al., 1997). 
 
Antarctic trophic simplicity is typified by the lack of insect and mammalian herbivores and 
detritivores at most locations (Smith and Steenkamp, 1992). Consequently, most of 
Antarctic vegetation biomass is channeled to soil microorganisms, especially through 
leaching during freezing and thawing (Melick and Seppelt, 1992; Melick et al., 1994; 
Tearle, 1987). We therefore hypothesized that warming would have indirect effects on soil 
microorganisms via changes in vegetation. Although no changes in vegetation cover and 
diversity were visible after 2 years of warming for the vegetated environments of the 
present study (Bokhorst et al., 2007a), it cannot be excluded that qualitative changes in 
vegetation, C-turnover and C-transfers to soil organisms might have occurred. The increase 
in microbial density recorded in the vegetated sites of Anchorage Island might therefore 
have been partly mediated through changes in vegetation that have eluded detection. 

Effects of higher trophic levels on the responses of microbes to 
warming (top-down controls) 
Limited influence or absence of higher trophic levels could have played a role in boosting 
the response of microbes to warming. For example, no fungal-feeding nematodes could be 
extracted from vegetated soils at Anchorage Island where warming effects were most 
pronounced. Additionally, indirect effects of warming through reduced predator pressure 
may have contributed to the large increases in bacterial and fungal density recorded in 
Anchorage Island vegetated environments. Indeed, the number of Acari and Collembolan, 
which are also fungal-feeders, decreased by 46% and 63%, respectively, while there was a 
31% decrease in bacterial-feeding nematodes when comparing OTCs to controls in this 
environment. Our results suggest that the sensitivity of higher trophic level organisms to 
warming may have disrupted trophic interactions, which is a commonly observed 
community responses to climate warming (van der Putten et al., 2004).  
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In good agreement with our hypothesis, the results presented here suggest that warming 
indirectly affected soil microbes via changes in both resource availability (bottom-up) and 
predation (top-down) controls. Although it is difficult with the present experimental design 
to precisely identify which of these two controls was more important, examination of the 
differences between similarly located vegetated and fell-field environments provides some 
insight. For instance, the responses of microbes inhabiting Anchorage Island densely 
vegetated and fell-field environments were highly contrasting. When comparing these 
environments, the main differences seemed to be the availability of water and nutrients, yet 
nematode communities seemed to be relatively similar (see Fig. 7-4). This may indicate that 
water and nutrient availability (bottom-up controls) are probably the main factors 
explaining the differences between the responses of these vegetated and fell-field soils and 
that, consequently, the responses of microbes to global warming in this environment may 
be mostly bottom-up controlled. Furthermore, the fact that microbial abundances were often 
correlated to resource availability, but never to predator abundance, may be indicative of a 
relatively larger contribution of bottom-up controls. This agrees well with previous studies 
that suggested that Antarctic soil ecosystems were mainly limited by abiotic factors and that 
predation and competition played relatively minor roles (Convey, 1996; Kennedy, 1995; 
Wall and Virginia, 1999). 

Changes in bacterial, fungal and nematodes community structures 
No change was apparent in the bacterial, fungal and nematode community structures 
between control and OTC plots, and, as previously observed, specific environment type was 
most important for determining belowground community structure (Yergeau et al., 2007a; 
Yergeau et al., 2007c). Similarly, the plant and soil micro-arthropod community 
composition did not change consistently following warming (Bokhorst et al., 2007a; 
Bokhorst et al., 2008). Using Signy Island soil cores, it was recently reported that 
increasing temperatures did not influence bacterial and fungal community structure 
(Yergeau and Kowalchuk, 2008). Changes in freeze-thaw cycle frequency, however, did 
influence fungal community structure, with the main difference being between the unfrozen 
controls and all the other freeze-thaw treatments (Yergeau and Kowalchuk, 2008). 

Changes in soil C- and N-cycles functional genes 
Similar to measures of microbial community size and structure, the effects on C- and N-
cycle-related functional gene densities depended on the environment. Again, several 
significant or nearly significant effects were recorded in Anchorage vegetated 
environments, and few effects in other environments. This is in good agreement with a 
previous microcosm study that used soil cores from Signy Island and revealed that these 
functional genes densities were not affected by warming of up to 12ºC after 6 months of 
incubation at constant temperature (Yergeau and Kowalchuk, 2008). The densities of 
several of the functional genes assessed in the present study were also positively correlated 
to positive degree-days, suggesting that warming may increase the density of these genes in 
the long term for some environments. From these results, it would be expected that soil 
nutrient cycling will change following warming, which might in turn have feedback 
consequences on further responses of soil microorganisms. Again, this is in good agreement 
with our hypothesis that global warming would have indirect effects on soil 
microorganisms through changes in nutrient cycling. In fact, in the most responsive 
environment (Anchorage Island vegetated soils), a significant increase in soil NO3 content 
was recorded with a concomitant decrease in soil NH4. These results correspond well with 
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the observed increases in both bacterial and archaeal amoA gene densities. Furthermore, 
fungi are a major source of chitin in soils and, accordingly, chitinase gene density 
significantly increased in the same environment where fungal density increased. There was, 
however, no significant change in soil organic matter content and soil respiration following 
warming in the Antarctic environments, and it is not known if the other major 
decomposition functions were equally unaffected by warming. The results concerning 
functional gene densities should however be interpreted with caution, since the density of a 
gene family in soil may not reflect actual levels of the given activity. 

Conclusions 
In conclusion, our data show for the very first time that Antarctic soil microorganisms and 
associated functional genes have the potential to respond rapidly to increases in 
temperatures. However, increasing temperatures will not have the same impact on all 
terrestrial Antarctic ecosystems. Our results suggested that Antarctic soil-borne 
microorganisms are mainly controlled by resource availability and, to a smaller degree, by 
predator pressure. Therefore, warming will have its strongest and fastest effects in moist 
nutrient-rich soils that have low predator pressure, like the vegetated soils of Anchorage 
Island. Our results also suggested that warming could indirectly affect soil microorganisms 
via 1) increases in soil nutrients caused by increases in primary production and nutrient 
cycling and 2) reduction in predator pressure caused by decreases in nematode and micro-
arthropod abundances. In most ecosystems, these indirect effects of warming will probably 
have stronger effects on microbial processes than the direct effects induced by moderate 
increases in average temperature. 
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Chapter 8:  General discussion and synthesis 

The main goal of this thesis was to gain insights into the effects of global warming on 
Antarctic soil microorganisms. To this end, we used three complementary experimental 
approaches: 1) a latitudinal gradient study, 2) microcosm experiments and 3) a field 
warming experiment. These three approaches were chosen to help distinguish between the 
short-term and transient effects of climate change vs. long-term and lasting effects. This last 
chapter summarizes and put in a broader context the results presented in this thesis and 
integrates the cumulative results of the different experimental approaches. 

Latitudinal gradient 

In Chapters 2-5, a latitudinal gradient was used as a proxy for the long-term effects of large 
changes in climatic conditions on soil microorganisms. Another purpose of these chapters 
was to describe in detail soil-borne microbial communities and their associated functions, 
thereby providing a baseline for the experimental studies of Chapters 6 and 7. Indeed, very 
few studies have described microbial diversity, structure, functions and abundance in 
Antarctic soil environments using modern molecular methods.  
 
In Chapter 2, nematodes, bacterial and fungal communities were reported to be influenced 
differently by latitude, vegetation cover and soil characteristics, highlighting potential 
differences in responses to global changes. Indeed, with increasing latitudes, the fungi-to-
bacteria ratio usually increased, indicating that bacteria were relatively more dominant at 
more moderate temperatures. Fungi seemed to be more sensitive to the composition of the 
overlying vegetation, whereas bacteria were influenced by the presence of vegetation, 
independently of the composition. This is in line with the results of Chapter 3 and of Harris 
and Tibbles (1997) that reported bacteria to be more diverse and more productive under 
vegetation because they created more stable and favourable soil environments. Different 
microbial indicators were also influenced differently by latitude and vegetation. Generally, 
community structure was shaped by latitude and associated soil factors, with abundance 
influenced mostly by vegetation.  
 
Chapter 3 reported that bacterial diversity decreased with latitude, but only in environments 
that lacked a dense vegetation cover. These trends in bacterial diversity were in opposition 
to what was previously reported for northern latitude soils, where bacterial diversity 
increased with latitude (Neufeld and Mohn, 2005) or was mostly influenced by soil pH 
(Fierer and Jackson, 2006). Decreasing diversity with increasing latitudes is one of 
ecology’s most fundamental patterns (Willig et al., 2003), and it is surprising that is was not 
previously reported for soil bacteria. This trend was further confirmed independently in 
Chapter 4 using 16S rRNA gene microarrays. Chapter 3 and 4 also reported large 
differences in microbial community composition between the environments located at the 
base of the Antarctic Peninsula, compared to the maritime Antarctic environments. This 
biogeographical boundary seems to be similar to the “Gressit line” proposed recently by 
Chown and Convey (2007) for Antarctic terrestrial organisms. A similar discontinuity was 
also reported for microbial abundance in Chapter 2. 
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Chapter 5 identified several N- and C-cycles functional genes, whose densities varied with 
latitude and vegetation cover. This demonstrated that the trends observed in general 
community structure were also visible at the functional gene level. Nitrite reductase gene 
abundance decreased with increasing latitude along the main part of our latitudinal gradient. 
Nitrite reduction is a key step in the denitrification pathway since it is the first step that 
leads to gaseous intermediates (Zumft, 1997). Similarly, cellulase gene density decreased 
with increasing latitude, in agreement with previous results that identified temperature as a 
key determinant of cellulase activity and decomposition rates, particularly in nutrient poor 
regions such as Antarctica (Kerry, 1990; Pugh and Allsopp, 1982). In contrast, microbial C-
fixation gene density was mainly influenced by vegetation and was higher in fell-field 
environments. Autotrophic organisms might indeed have a selective advantage in nutrient 
poor environments like the fell-field sites of the present thesis. In these environments, 
microbial C-fixation might be an important input of C to the soils (Hopkins et al., 2006; 
Vincent, 1988). 
 
To the best of my knowledge, the combined analysis if the GeoChip and the PhyloChip 
presented in Chapter 4 is the first such attempt. This was made possible through a statistical 
method specifically developed for combining large microarray datasets. Several 
ecologically meaningful associations between OTUs and functional genes were derived 
from this analysis. For example, several environment-specific associations between 
Actinobacteria OTUs and individual cellulase genes were highlighted, providing evidence 
that cellulose-degradation might be carried by different Actinobacteria OTUs in different 
environments.  

Microcosms 

The microcosm studies presented in Chapter 6 used soil cores sampled in Signy Island 
vegetated environments. This environment was selected because it is more or less a mid-
point in our gradient and a typical maritime Antarctic environment. Warming of a few 
degrees (in the range of what is predicted in the following decades for the region, IPCC, 
2007) did not provoke any significant changes in bacterial and fungal density and 
community structure in our microcosm experiments, as previously reported for Arctic 
(Larsen et al., 2002) and Antarctic (Bokhorst et al., 2007c) soil microcosms. In contrast, 
changes in freeze-thaw cycle frequency generally had a strong impact on bacterial and 
fungal communities and associated functions. Vegetation was also shown to strongly 
influence the responses of soil organisms to freeze-thaw cycles. Furthermore, fungi and 
bacteria responded differently to changes in soil temperature regimes, just as they were 
responding differently to the environmental factors examined in Chapter 2. Cellulolytic and 
lignolytic activities were also enhanced by increasing temperatures, indicating increases in 
decomposition rates in Antarctic soils following global warming, in line with previous 
reports for Antarctic soils (Chapter 5, Kerry, 1990; Pugh and Allsopp, 1982). The large 
variability in the responses of soil microorganisms to treatments indicated that annual 
variation in temperature and spatial structure might override the short-term effects of small 
environmental changes on soil microbes. 
 
 



  ��������#��������������	������

 �� �

Field warming experiment 

Chapter 7 reported results from field warming manipulations carried out at three different 
sites along the latitudinal gradient studied in Chapter 2-5. Rapid responses were observed 
for bacterial and fungal densities in the most southerly nutrient- and water-rich 
environment. In contrast, no significant effects were recorded in more temperate locations 
and in nutrient- and water-limited environments. This led to the hypothesis that the effects 
of global warming on soil microorganisms would be rapidly visible only in environments 
where temperature is the main limitation. In nutrient- or water-limited environments, 
indirect effects of global warming, like increases in water and nutrient availability, are 
expected to have stronger effects than rather small increases in temperature. Chapter 7 also 
provided evidence that the natural trophic simplicity of Antarctic terrestrial environments 
might make such habitats particularly vulnerable to large responses of soil microorganisms 
to global warming. Lower abundance of organisms belonging to higher trophic levels (like 
nematodes and arthropods) following warming probably also boosted the responses of 
bacteria and fungi. 

Global warming, Antarctica and soil microorganisms 

Global warming could affect Antarctic soil microorganisms in two ways: 1) directly, by 
increasing average temperature and decreasing the frequency of freeze-thaw cycles, and 2) 
indirectly, through changes in vegetation, soil nutrient cycling and water availability. Both 
direct and indirect effects of global warming could be different in the short-term and in the 
long-term. Integrating experimental and gradient studies might help to distinguish between 
the short-term and transient effects of climate change vs. long-term and lasting effects 
(Dunne et al., 2004; Kennedy, 1996). The latitudinal gradient used in Chapters 2-5 of this 
thesis was thought to represent adequately the potential long-term effects of global 
warming on Antarctic environments. Indeed, the ongoing climatic changes were suggested 
to steer existing terrestrial communities of the maritime Antarctic towards a more 
Magellanic or Patagonian composition (Kennedy, 1996). The rapid warming rate of this 
region (2.8°C since 1950, Turner et al., 2002) combined with the presence of a propagule 
bank in soils (Kennedy, 1996), might speed up this shift in community composition. It 
could be thought that, after prolonged warming, the maritime Antarctic environments 
would be more similar to the Falkland Islands environments while the most southerly 
environments of the peninsula would start looking more like maritime Antarctic sites. It 
should however be recognized that the use of such a gradient along the Antarctic Peninsula 
region is not straightforward due to parallel variations in the severity of the thermal and 
hydric environments, differences in precipitation balance and disparate geological histories 
across the study range (Kennedy, 1993). With these limitations in mind, several general 
conclusions can still be made concerning the effects of global warming on Antarctic soil 
microorganisms.  

Long-term effects  
The comparison of several sites along a latitudinal gradient (Chapters 2-5) have led to the 
following conclusions: 1) bacterial diversity will probably increase following long-term 
warming, both directly and through increases in vegetation coverage; 2) warming is likely 
to decrease the fungal:bacterial ratio by creating conditions relatively more favourable for 
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bacteria; 3) long-term global warming is likely to cause large changes in bacterial, fungal 
and nematode community compositions; 4) long-term warming will probably increase 
directly the density of cellulase and nitrite reductase genes and decrease the density of 
microbial C-fixation genes, through increases in vegetation coverage, and also changes in 
the main players performing these functions.  

Short-term effects  
The microcosm and the field warming experiments (Chapters 6 and 7) generated the 
following conclusions: 1) local environmental conditions (like the presence of vegetation) 
will probably have strong steering effects on the responses of microbial communities, with 
short-term effects of warming being mainly visible for microorganisms inhabiting soil 
environments where there is no nutrient or water limitation; 2) reduction in freeze-thaw 
cycle frequency is likely to have a stronger effect on soil microorganisms than increases in 
average temperature; 3) annual variation in temperature and spatial structure might override 
the short-term effects of small increases in temperature on soil microbes. 

Transient vs. lasting effects 
Some results from the microcosm and field warming experiments (representing short-term 
effects of global warming) were reflected in the latitudinal gradient (representing long-term 
effects of global warming). For example, nitrite reductase and cellulase genes were denser 
in warmer environments of the latitudinal gradient and, accordingly, large increases in 
nitrite reductase and chitinase gene densities and in laccase and cellulase activities were 
observed with increasing temperature in the field warming and microcosm experiments. 
Large year-to-year and spatial variations in the responses of soil microorganisms to global 
warming were observed for all three approaches, probably precluding the identification of 
consistent trends in some experiments and making it more difficult to predict the effects of 
global warming. 
 
However, some other results of the microcosm and field warming experiments were not 
reflected in the results from the latitudinal gradient. For instance, the fungal:bacterial ratio 
was decreasing in warmer environments of our latitudinal gradient, but in the field warming 
experiment, it appeared that warming was increasing more strongly fungal density than 
bacterial density, which increased the fungal:bacterial ratio. Another example is the density 
of amoA genes: no trend was recorded for this gene family along the latitudinal gradient 
and in the microcosm experiments, but we observed significant increases in both archaeal 
and bacterial amoA in the field warming experiment.  
 
Such mixed results highlight the importance of the integrated approach used in this thesis. 
Indeed, the short-term effects of global warming might be transient and very different from 
the long-term effects (Arft et al., 1999). The short-term microbial responses to warming 
appeared to be highly environment-specific and to vary widely between the different groups 
of soil microorganisms examined. The short-term responses of microorganisms will 
probably depend on the main limiting factor of their environment. For instance, soil 
microorganisms in Anchorage Island vegetated environments responded rapidly to warming 
since they enjoyed high nutrient and water content (Chapter 7). This is in line with several 
studies in polar environments that also reported that the responses of soil microorganisms to 
warming were limited by nutrient or water availability (Rinnan et al., 2007; Ruess et al., 
1999; Treonis et al., 2002; Wynn-Williams, 1996b). In contrast, the long-term responses of 
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Antarctic soil microorganisms to global warming are probably not so environment specific, 
since vegetation, microfauna, water availability and soil nutrient cycling are also expected 
to undergo substantial changes, ameliorating thereby environmental conditions drastically. 
For instance, the increasing distribution of vascular plants (Convey, 2003; Fowbert and 
Smith, 1994; Smith, 1994b) will probably change the dynamics of several Antarctic 
terrestrial ecosystems dramatically. However, long-term responses to global warming might 
be influenced by founder effects, with different communities developing depending on the 
propagules that are already present in the soil (Kennedy, 1996).  
 
In summary, despite the interesting findings of our studies, it is difficult to predict exactly 
the effects of warming on soil microorganisms. Some interesting approaches could be 
useful to further increase the knowledge that was presented in this thesis: 1) A longer-term 
(more than 10 years) field experiment with factorial manipulation of temperature, nitrogen 
and water would help disentangling the relative effects of nutrient limitations vs. warming; 
2) Monitoring soil microbial communities in a range of Antarctic environments using 
microarrays for a long period of time would be helpful to reveal shifts in natural microbial 
communities due to the ongoing global warming, analogous to what has been done for 
vascular plant communities (Convey, 2003; Fowbert and Smith, 1994; Smith, 1994b); 3) 
Using other high-resolution state-of-the-art molecular methods like deep-sequencing 
(Roesch et al., 2007), metatranscriptomic (Bailly et al., 2007) and metagenomics 
(Kowalchuk et al., 2007) may reveal subtle changes in microbial communities that would 
otherwise be undetectable. However, following the evidence presented in this thesis, it can 
already be said quite confidently that in the longer-term, global warming will have 
profound effects on Antarctic soil microorganisms. 
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Samenvatting 
Effecten van de Opwarming van de Aarde op Samenstelling en Functioneren van 
Micro-organismen in Antarctische Bodems 
 
Bodem-microorganismen spelen een sleutelrol in alle nutriënten kringlopen op aarde. Er is 
echter weinig bekend over de effecten van broeikas-gerelateerde klimaatsveranderingen op 
deze organismen en op hun functioneren in de bodem. De omstandigheden op Antarctica 
lenen zich bij uitstek om dit te onderzoeken. Door de extreme omstandigheden die daar 
heersen zijn de bodemvoedselwebstructuren relatief eenvoudig en worden nutriënten cycli 
nagenoeg volledig door microorganismen gedomineerd en gereguleerd. Het Antarctische 
Schiereiland is een van de meest snel opwarmende gebieden op aarde. Over het effect van 
deze opwarming op de activiteiten van de Antarctische bodem-microorganismen en de 
gevolgen daarvan voor de nutriënten cycli is nauwelijks iets bekend.  
 
De belangrijkste doelstelling van dit promotie-onderzoek was het vaststellen van de 
effecten van opwarming van de aarde op de samenstelling en het functioneren van 
Antarctische bodem-microorganismen. Om deze doelstelling te kunnen verwezenlijken is er 
voor een drievoudige, complementaire, experimentele benadering gekozen: 
1.  Een inschatting maken van lange termijn klimaatsveranderingen op Antarctische 

bodem-microbiële gemeenschappen en hun functioneren via een gedetailleerde 
beschrijving van deze gemeenschappen langs een Noord-Zuid transect (Chapters 2–5). 

2.  Een lab-onderzoek (microcosmos-benadering) naar de korte termijn respons van 
Antarctische bodem microorganismen en hun functioneren op verhoging van de 
bodemtemperatuur en veranderingen in de frequenties van vries-dooi cycli (Chapter 6). 

3.  Een veld-onderzoek naar de respons van Antarctische bodem microorganismen en hun 
functioneren op een drie-jaar durende verhoging van de bodemtemperatuur, 
gerealiseerd door het plaatsen van “open-top chambers” op drie locaties (Chapter 7). 

Een dergelijke veelzijdige benadering is belangrijk om de inherent beperkingen (methodiek, 
tijd, ruimte) die zijn aan dit soort onderzoek te minimaliseren. Hierdoor kan onderscheid 
gemaakt worden tussen algemene en context-afhankelijke effecten van opwarming van de 
aarde op Antarctische ecosystemen.  
 
Met het Noord- Zuid transect onderzoek werd aangetoond dat klimatologische 
omstandigheden een sterk effect hebben op de structuur en diversiteit van de microbiële 
gemeenschap, de aantallen microorganismen en de microbiële functies. Daarnaast werd 
vastgesteld dat de aanwezigheid en samenstelling van de vegetatie ook een dergelijke sterk 
effect heeft. Dit duidt erop dat uitbreiding van vegetatie door opwarming van de aarde 
resulteert in een drastische verandering van microbieel-gerelateerde ecosysteem processen. 
Microcosmos onderzoek openbaarde dat schimmels en bacteriën verschillend reageren op 
temperatuurs-verhoging en verandering van de frequentie van vries-dooi cycli. Dit 
onderzoek liet ook zien dat verschillende genen die een rol spelen in de N-kringloop 
gevoeliger waren voor verandering in vries-dooi frequenties dan voor verhoging van de 
bodemtemperatuur. Veldexperimenten toonden aan dat de effecten van opwarming op 
microorganismen in Antarctische bodems in sterke mate worden bepaald door de locaal 
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heersende condities. Grote effecten van opwarming werden alleen gevonden in vochtige, 
nutrient-rijke ecosystemen, terwijl de effecten in nutrient- of water-beperkte ecosystemen 
gering waren. Ook in de bodems van de meer gematigde klimaatzones waren de effecten 
van opwarming gering.  
 
Samenvattend kan gezegd worden dat de resultaten wijzen op uitgesproken effecten van de 
opwarming van de aarde op de samenstelling en functioneren van Antarctische 
bodemmicrorganismen. Korte termijn effecten zijn zeer variabel en worden voor een groot 
deel bepaald door locale condities, maar sterke directe en indirecte effecten op lange 
termijn zijn evident.
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Résumé 
Les microorganismes du sol sont impliqués dans tous les cycles biogéochimiques 
d’importance planétaire, mais peu de choses sont connues à propos des conséquences des 
changements climatiques en cours sur ces organismes et les fonctions qui leurs sont 
associées. Les environnements terrestres de l’Antarctique sont idéaux pour tester les 
impacts des perturbations sur les microbes du sol ainsi que leurs fonctions. En effet, les 
conditions environnementales particulièrement difficiles font en sorte que les écosystèmes 
terrestres de l’Antarctique ont une structure trophique simplifiée, où les processus 
microbiens sont particulièrement dominants dans les cycles des éléments nutritifs. La 
péninsule Antarctique est l’une des régions du monde qui se réchauffe le plus rapidement 
mais, à ce jour, peu d’études se sont penchées sur les impacts du réchauffement climatique 
sur les microorganismes du sol dans ces environnements simples et vulnérables. 
 
Le principal objectif de cette thèse est d’évaluer les effets du réchauffement climatique sur 
les microorganismes et les fonctions des sols Antarctiques. Afin d’atteindre cet objectif, 
trois approches complémentaires ont été utilisées : 
4. Une description détaillée des communautés et des fonctions microbiennes dans des sols 

de l’Antarctique distribués au long d’un gradient latitudinal, en tant qu’approximation 
des changements climatiques à long terme et à large échelle. (Chapitres 2–5). 

5. Une étude en microcosme des réponses à court terme des communautés et des 
fonctions microbiennes du sol à une augmentation de la température et à une altération 
de la fréquence des cycles de gel-dégel (Chapitre 6). 

6. Une évaluation des réponses des fonctions et des communautés microbiennes du sol à 
une manipulation expérimentale sur le terrain impliquant une augmentation de la 
température du sol durant trois ans et à trois sites différents (Chapitre 7). 

L’étude du gradient latitudinal a révélé que les importantes différences entre les conditions 
climatiques rencontrées aux différents sites d’échantillonnage ont influencé profondément 
la structure de communauté, la diversité, l’abondance ainsi que les fonctions microbiennes. 
De plus, la végétation a aussi influencé fortement les communautés microbiennes, indiquant 
que les effets indirects des changements climatiques via la végétation auront aussi 
d’importantes conséquences sur les écosystèmes. Les études en microcosme ont indiquées 
que les bactéries et les champignons répondent différemment aux hausses de températures 
et aux changements dans la fréquence des cycles de gel-dégel. Ces expériences ont aussi 
démontré que les gènes impliqués dans le cycle de l’azote étaient plus sensibles à des 
changements dans la fréquence des cycles de gel-dégel qu’à une augmentation de la 
température. Les expériences sur le terrain ont démontrées que les réponses à court-terme 
des microbes du sol et de leurs fonctions à une augmentation de quelques degrés sont 
fortement dépendantes des conditions environnementales locales. Des changements 
significatifs ont été observés seulement dans les sols Antarctiques humides et riches en 
nutriments, tandis que peu de changements ont été observés dans les sols limités en eau ou 
en éléments nutritifs, de même que dans les sols plus tempérés. 
 
Les résultats présentés dans cette thèse suggèrent que le réchauffement climatique aura des 
effets profonds sur les microbes et les fonctions des sols Antarctiques. Les effets à court 
terme seront très variables et façonnés par les conditions environnementales locales, tandis 
qu’à plus long terme le réchauffement climatique affectera fortement les microorganismes 
et les cycles des éléments nutritifs du sol, autant directement qu’indirectement. 
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