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Abstract 

The invertebrates that inhabit Antarctica’s terrestrial ice-free areas are a 
unique resource for the study of adaptations to extreme conditions and 
illustrate the limits to which physiology can be stretched by evolution to allow 
life to continue. 

Perhaps the most exciting result of past studies of these adaptations in 
the Antarctic’s terrestrial fauna was the discovery by Wharton and Ferns in 
1995 of the survival of extensive intracellular freezing in the nematode 
Panagrolaimus davidi.  Intracellular ice formation is generally considered fatal, 
and as the first and, so far, unique example of this adaptation in a multicellular 
organism, it has remained contentious.  Understanding this adaptation could 
have important applications for cryopreservation, but research has currently 
been limited to this one species and based on a laboratory culture that have 
been isolated from its environment for over 20 years.  There has been little 
research into the thermal tolerances of other Antarctic nematode species. 

This thesis explores three broad research themes in order to contribute to 
the understanding of adaptation in Antarctic nematodes generally, and the 
survival of intracellular freezing specifically. 

Firstly, to place their adaptations in an environmental context, the 
distribution of the nematode species found in two ice-free areas, around Cape 
Hallett in Northern Victoria Land and Gondwana station in Terra Nova Bay, is 
described and factors underlying their distribution patterns are investigated 
using regression models.  Four nematode species were found: Panagrolaimus 
davidi, Scottnema lindsayae, Plectus murrayi and Eudorylaimus antarcticus.  Their 
distribution patterns are correlated to both broad-scale habitat descriptors and 
to soil geochemistry, revealing species-specific differences in distribution 
patterns that are broadly consistent with other studies of these species in soils 
from the Dry Valleys and penguin rookeries on Ross Island.  The importance of 
soil conductivity (as a measure of salinity) in predicting the distribution 
patterns of all four species supports the hypothesis that salinity plays a primary 
role in determining invertebrate distribution in the terrestrial Antarctic.  The 



  iii 

current environmental challenges faced by these Antarctic nematodes in their 
habitats are then described, providing context for laboratory investigations of 
their adaptations. 

Secondly, the survival strategies employed by these nematodes are 
investigated.  For P. davidi the survival of intracellular freezing was found to be 
strongly correlated with its nutritional status, explaining some of the variation 
in survival rates reported in previous studies.  Plectus murrayi was also found to 
survive intracellular ice formation, providing a second example of an organism 
able to employ this survival strategy.  The appearance of internal ice differed 
markedly between these two nematode species and that in a temperate species, 
Panagrellus redivivus, suggesting that adaptations enabling the survival of 
intracellular freezing involve the control of internal ice.  Further evidence was 
also provided for the use of a cryoprotective dehydration survival strategy in 
response to slow freezing rates in these Antarctic nematodes. 

Thirdly, to provide a historical context for their adaptations, and in order 
to distinguish between the Antarctic species and show their relation to 
nematode species worldwide, genetic techniques and phylogenetic analyses 
were employed.  Genetic sequencing of the 18S and D3 expansion ribosomal 
RNA regions and comparisons with published phylogenies for the phylum 
Nematoda revealed that the Antarctic species do not form a discrete Antarctic 
clade, but rather are spread over the phylum.  This supports current hypotheses 
of endemism and a long Antarctic history for these species.  However, the 
laboratory culture of P. davidi (referred to now as P. sp. nov.) was found to be a 
distinct species from the wild populations of P. davidi that were sequenced in 
this study.  The surprising lack of sequence divergence between P. sp. nov. and 
some Californian Panagrolaimus species brings its origin into question, and 
suggests that it may represent a relatively recent invasive species to the Ross 
Sea Region.  This finding calls for further research to address the possibility that 
it is the first example of a successful animal invasion of Continental Antarctica 
and to investigate the origins of its remarkable adaptations to freezing. 
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Chapter 1   General introduction 

1.1 Adaptation and extreme environments 

Adaptation is the process of evolutionary change, through natural 
selection, by which organisms become better suited to their environment over 
time (Willmer et al., 2005).  Studies that investigate adaptations to the extreme 
conditions found on Earth can deepen our understanding of the extent to which 
evolution can stretch physiology to enable life to continue.  Such studies often 
challenge our theoretical understanding of what life can withstand – and even 
how to define life – as well as leading to discoveries that have important 
applications for other scientific fields and for industry (Wharton, 2002a).  

Defining extreme environments is not straightforward however.  The 
process of adaptation means that the concept of an extreme environment is 
dynamic: as organisms evolve, the tolerable range of environmental conditions 
for any particular organism can increase or decrease.  Considering that all life 
has adapted to its surroundings and is continuously adapting to environmental 
change, how can extreme environments best be defined?  

In his book investigating “Life at the Limits”, Wharton (2002a) 
introduces the concept of the ‘life box’ - the range of physical conditions that an 
organism can tolerate - as a tool for defining what can be considered extreme 
for organisms.  Thus, for any single species, an extreme environment is one that 
lies at the outer edge or outside the life box for the majority of species with 
regards to any of the physical parameters that were used to define their life box: 
for example, salinity, pH, temperature, nutrient availability or oxygen 
concentration. Wharton (2002a) defines extreme environments or habitats as 
“those whose physical conditions lie outside those experienced by the majority 
of organisms”.  Adaptation as a process therefore is important in defining 
current extreme environments and, over time, in allowing life to adjust to 
extreme conditions, such that they can no longer be considered extreme. 

Another approach to defining extreme environments looks at patterns in 
the distribution of species richness.  General ecological principles suggest that 
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the more ‘extreme’ (stressful) an environment, the less its biodiversity (Lawley 
et al., 2004).  Taking this approach, there is a general trend for species richness 
to decrease from the equator to the poles and with increasing altitude in 
mountain ranges (Begon et al., 1996). 

Trends in productivity in response to the harshness of an environment 
are more complex than trends in diversity.  An initial increase in productivity 
(biomass) is predicted as environmental stress increases, due to a reduction in 
trophic levels, followed by a final decrease in productivity when conditions 
become so harsh that they are outside the life box of all organisms (Wharton, 
2002a). 

Extreme environments can therefore be predicted to have reduced 
diversity, simple food webs dominated by primary producers, and be home to 
organisms displaying rare adaptations to the atypical, extreme physical 
conditions. 

Adaptations to extreme environments can be classified into three broad 
types.  Firstly, some organisms evolve migratory responses, developing the 
ability to sense or predict extreme conditions and to move away from them for 
their duration.  Such migratory responses vary from large-scale seasonal 
migrations to track temperature conditions (as seen in many bird species) and 
food sources (for many whale species), to smaller scale migrations into 
sheltered microhabitats (such as desert insects burrowing into the sand to avoid 
desiccation and excessive heat) (Wharton, 2002a, 2004). 

Secondly, organisms can display capacity adaptations: physiological and 
behavioural adaptations that enable life to continue under ‘extreme’ conditions 
(Precht, 1958; Wharton, 2002b).  Examples of capacity adaptation are seen in the 
life-history characteristics and enzyme stabilities of ‘extremophiles’, such as 
Pyrococcus furiosus, a bacterium originally isolated from geothermally heated 
marine sediments that grows optimally at 100°C and produces heat-stable 
enzymes (Fiala and Stetter, 1986).  Such capacity adaptations therefore result in 
‘extreme’ conditions no longer being extreme from that species’ perspective. 
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The third type of adaptation to extreme environments, resistance 
adaptation, is the ability of organisms to survive extreme conditions in a 
dormant state until suitable conditions for growth and reproduction return 
(Precht, 1958; Wharton, 2002b).  These types of adaptations involve some form 
of dormancy, which can vary from winter hibernations (as seen in many 
mammals) to the inclusion of a resting stage (such as seeds or cysts) in an 
organism’s life cycle.  If an organism is able to reduce its metabolic rate to zero 
in response to adverse conditions, it is said to enter cryptobiosis, literally a state 
of ‘hidden life’.  Cryptobiotic survival strategies are seen in a range of animals 
(such as crustaceans, insects, nematodes, rotifers and tardigrades) in response 
to a range of extreme conditions (cold, heat, osmotic stress, anoxic conditions 
and desiccation) (Wharton, 2002a).   

Since these three forms of adaptation are not mutually exclusive, it is 
possible for organisms to display survival strategies involving all three types of 
adaptation. Fully understanding adaptation in any particular organism would 
require identifying all the current and past conditions that the organism has 
faced and adapted to, which is generally an impossible challenge.  However, 
Wharton (2002a) classifies three potential scenarios to simplify understanding 
of how extreme environments and extreme organisms can change over time.  If 
the extreme organisms are the first pioneer species to colonise an extreme but 
widespread habitat, these species may eventually no longer appear extreme.  
This is because once adaptations to enable survival have evolved, the 
colonisation of this habitat will become widespread and it will no longer be 
outside the ‘normal’ range of global habitats.  An example of this scenario is the 
initial migration of life from marine to terrestrial habitats, a migration which 
would originally have appeared extreme when all life was aquatic.  Secondly, if 
the extreme organisms are pioneer species colonising an extreme habitat that is 
also a rare habitat, they are likely to continue to appear extreme over time, as 
they will remain outside the typical range of conditions experienced by most 
organisms.  Here an example is the extremophiles that have adapted to live in 
highly saline lakes, which were thought to have been rare habitats throughout 
the Earth’s history and remain rare today.  Finally, if the average conditions in a 
large habitat change dramatically over time, those organisms that appear 
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extreme today will be those that did not adapt to the new conditions, but 
instead continued to inhabit the now rare and extreme environments that 
retained the old conditions.  For example, much of the extreme fauna found on 
the Antarctic continent today is thought to be composed of remnant species 
originally adapted to a warmer Gondwana climate, some of which maintain 
life-history characteristics that reflect their warm past (for example an optimal 
growth temperature of above 25°C is seen in the nematode Panagrolaimus davidi; 
Brown et al., 2004). 

A broad approach is therefore required for the identification and 
investigation of extreme adaptations.  Firstly, we need to know about the 
ecology of the species, and the challenges it faces in its habitat (biotic and 
abiotic).  Then we need to understand its physiology and behaviour to know 
how it interacts with its environment.  Thirdly, we must look at its evolutionary 
history to be able to put the adaptations in context. 

Understanding how life survives at the extremes is a prerequisite for 
understanding what the limits of life are, and such studies have also resulted in 
important practical applications.  Examples of these applications have been as 
diverse as improvements to house-hold laundry powder and to genetic analytic 
techniques (through heat-stable enzymes), to cryopreservation of food and 
biological materials (through cryoprotectants and antifreeze proteins), and to 
crop viability under extreme conditions (Wharton, 2002a). 

 

1.1.1 Terrestrial Antarctica as an extreme environment 

It is hard to find a publication on the Antarctic that does not refer to it as 
extreme in some aspect.  As the only continent with no history of human 
occupation, it is clearly extreme for our species.  Taking a wider perspective, 
however, Antarctic terrestrial diversity is also at the low end for many, if not 
most, organisms globally (Chown and Convey, 2007; Convey, 2001).  There are 
other good reasons for the extreme reputation of the Antarctic: it is the coldest 
and windiest of all the continents, and as the average ice thickness is about 2 
km, it also has the highest average altitude (Peck et al., 2005).  The coldest air 

5



 

temperature recorded on Earth was -89.2°C measured near Vostok station in 
1983 (Budretski, 1984) and the mean air temperatures are below 0°C even in 
warmer summer months on continental Antarctica (Convey and Smith, 2006).  
Precipitation in the Antarctic is also at the low extreme for much of the 
continent, with large areas, such as the Dry Valleys, classified as cold deserts. 

Antarctica is bigger than Australia, although over 99% of the land mass 
is permanently covered by snow or ice, reducing the patches of terrestrial 
habitat to a total area approximately half the size of the United Kingdom (Peck 
et al., 2005; British Antarctic Survey, 2004).  This fragmented habitat is 
characterised by the linked environmental factors of low temperatures and lack 
of available water, as well as high levels of UV radiation and high wind speeds.  
Although the average air temperatures remain permanently below freezing, the 
microhabitat temperatures in the ice-free areas depart significantly from the air 
temperature due to the absorption of solar radiation by exposed rock and soils 
in summer, and the insulating effects of snow cover in winter (exposed soil will, 
however, track the air temperature during the permanent darkness in winter).  
There is consequently much greater variation in microhabitat temperature than 
air temperature, with soils experiencing short-term exposure to maxima of 
>35°C in summer, and long periods between -40 to -60°C in winter (Peck et al., 
2005).  In addition to periodic seasonal exposure to these thermal extremes, 
diurnal variation in soil temperatures can exceed 30°C, with rapid rates of 
temperature change and freeze-thaw cycles occurring almost on a daily basis in 
summer (Peck et al., 2005; Sinclair et al., 2006).  

A further challenge to life in the terrestrial Antarctic is the low 
environmental predictability (Peck et al., 2005).  While the microhabitat 
temperatures keep organisms in a dormant state for much of the year, in 
summer organisms are exposed to uncertainty in the timing of resource 
availability due to the dramatic variations in temperature and liquid water 
availability in their surroundings.  This causes variation in the salinities that 
organisms are exposed to, and hence also in osmotic stress and freezing rates, 
further limiting the periods when organisms are able to consume and 
reproduce.  Taken together, these factors mean that diversity and population 
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sizes are maintained at such low levels that biotic interactions, such as 
competition, are considered essentially insignificant in the terrestrial Antarctic 
context (Hogg et al., 2006; Peck et al., 2005). 

Despite the typically low diversity and the relatively simple food webs of 
the terrestrial Antarctic, the ecosystems are highly variable across time and 
space.  On a broad scale, studies have shown that as latitude increases, many 
Antarctic organisms, including higher plants, mosses, algae, fungi, arthropods, 
and lichens, become less diverse (Convey, 2001; Lawley et al., 2004).  However, 
more detailed analyses are beginning to address the mechanisms underlying 
this variability on finer scales (recently reviewed by Chown and Convey, 2007).  
Molecular methods are enabling Antarctica’s geological history to be 
considered in the interpretation of the current distribution patterns of the 
terrestrial organisms.  While many terrestrial areas remain unsurveyed, 
hindering the identification of biogeographic patterns over much of the 
Antarctic, sufficient data has been compiled to enable the recent identification 
of the ‘Gressitt Line’: a major biogeographic discontinuity between the Antarctic 
Peninsula and Continental Antarctica (Chown and Convey, 2007).  Molecular 
studies have also confirmed the high levels of endemism in Antarctic biota.  For 
some taxa this is not surprising, given Antarctica’s history of isolation and 
glaciation cycles, but for certain small organisms this is challenging the current 
theories that their distribution is likely to be generally global (cosmopolitan 
species; (Chown and Convey, 2007; Convey et al., 2008; Lawley et al., 2004; 
Wilkinson, 2001). 

On a more local level, it is hypothesised that while the biogeographic 
history and regional species pool will define the range of species that are 
potentially present in a site, the extreme environmental characteristics of the 
terrestrial Antarctic are likely to be the major factors in establishing site 
suitability, and hence will underlie the variation in actual species’ occurrence 
(Chown and Convey, 2007; Hogg et al., 2006).  Studies of determinants of local 
scale occurrence and abundance in the terrestrial Antarctic have highlighted the 
importance of the abiotic factors (such as water availability, temperature, wind 
shelter, availability of nutrients, and soil movement) over the biotic stressors 
(such as predation and competition) as a distinguishing feature of these extreme 
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environments (Chown and Convey, 2007; Hogg et al., 2006; Virginia and Wall, 
1999).  

Because the terrestrial Antarctic is so distinctive in terms of its ‘extreme’ 
environmental characteristics, its lack of environmental predictability, its 
relatively simple ecosystems and food webs, its geographic and geological 
isolation, its high levels of endemism, and its comparatively low levels of 
human influence, it continues to be a setting for discovery and a natural 
laboratory for investigating the impacts of environmental extremes on life’s 
ability to adapt.  

 

1.1.2 Adaptation in terrestrial Antarctic nematodes 

The fauna of the terrestrial Antarctic is restricted to protozoa, rotifers, 
tardigrades, springtails, mites and nematodes, with only a few more insects 
present in the maritime Antarctic (species of midge and lice) (Convey, 2001; 
Rogers, 2007).  Nematodes are one of the better represented groups, with 54 
described Antarctic species, all of which are thought to be endemic (Andrassy, 
2008).  In some of the simple terrestrial Antarctic ecosystems, nematodes can be 
the only invertebrates found in the soil, and in others they occupy the highest 
trophic level (Freckman and Virginia, 1997).  However, their distribution 
remains very patchy, even on a scale of metres and centimetres, suggesting that 
these nematode species frequently face environmental limitations in Antarctic 
soils (Adams et al., 2006).   

The biological adaptations that enable nematodes to survive in the 
‘extreme’ Antarctic soils have been studied over the past 20 years by two main 
research groups: one led by Wharton (for example: Wharton and Brown, 1989; 
Wharton and Ferns, 1995; Wharton and Marshall, 2009) and the other by Wall: 
aka Freckman (for example: Adhikari et al., 2009; Nkem et al., 2006a; Treonis et 
al., 2000).  In addition to their broad distribution in the terrestrial Antarctic, 
nematodes have several characteristics that make them good model organisms 
for use in such environmental physiology studies.  Some species can be easily 
cultured in the laboratory, enabling large sample sizes to be generated for 

8



 

experiments.  Nematodes have also been used extensively in molecular studies, 
with Caenorhabditis elegans being the first organism to have its complete genome 
sequenced, providing reference points for the design of molecular studies and 
the interpretation of their results. 

As with all adaptations to extreme conditions, the potential adaptations 
of Antarctic nematodes to the physical stresses in their environment can be 
theoretically classified into three groups previously described (1.1: migratory 
responses, capacity adaptations and resistance adaptations) (Wharton, 2002b).  

The scale of migration that can be envisaged for the free-living Antarctic 
nematodes is necessarily small, but migration could still assist them in finding 
more favourable habitats, for example by burrowing deeper into the soil to 
avoid desiccation or to reduce their rate of temperature change.  Currently the 
only evidence of migration in Antarctic nematodes is of a seasonal migration 
into the deeper layers of moss carpets during autumn and back to the surface 
again during spring (Caldwell, 1981; Maslen, 1981). 

Many of the examples of capacity adaptation come from organisms 
living in environments where temperature is constantly near 0°C (for example 
deep oceans or the polar seas) (Johnston, 2003; Margesin et al., 2007; Somero, 
2004).  Despite the extreme fluctuations in their habitat temperature, some 
evidence for capacity adaptation to low temperatures has been found in a 
couple of Antarctic nematode species.  Plectus antarcticus from the Antarctic 
Peninsula has been shown to lay eggs and complete its life cycle at lower 
temperatures than temperate nematode species (Caldwell, 1981) and Scottnema 
lindsayae from Victoria Land survives better, and has higher fecundity and 
growth and reproduction rates, at 10°C than at 15°C (Overhoff et al., 1993).  In 
contrast, Panagrolaimus davidi from Ross Island shows no evidence for capacity 
adaptation, with an optimal temperature for all life-history parameters of 
between 25 and 30°C, suggesting it is more like temperate species than the other 
Antarctic species (Brown et al., 2004). 

Resistance adaptation is a common feature of nematode survival 
strategies in response to low temperatures and desiccation, and there is good 
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evidence for resistance adaptations in the few terrestrial Antarctic species in 
which adaptation has been studied (Wharton, 2002a).  As nematodes are 
essentially aquatic organisms, living in films of water between soil particles, 
they are constantly at risk of internal freezing in the terrestrial Antarctic.  
Freezing can damage physiological functions in numerous ways: the internal 
growth of ice crystals can cause physical damage, by pushing cells apart or 
rupturing them; cold temperatures can cause phase changes in membranes 
leading to leakage; circulatory stasis can lead to anoxia; and ice formation in the 
extracellular compartments will make solute concentrations rise, resulting in 
osmotic gradients that can cause cells to shrink via dehydration (Brown et al., 
2004; Diamond, 1989; Wharton, 2002a). 

While mechanisms that enable freeze-avoidance at sub-zero 
temperatures are a common survival strategy in many insects, the ability to 
resist inoculative freezing appears to be limited to certain life-stages in 
nematodes (Block, 1991; Duman et al., 1991; Sinclair et al., 2003; Wharton, 
2002b).  Eggs of P. davidi have been shown to survive exposure to sub-zero 
temperatures by freeze-avoidance, as the egg shell creates a barrier to 
inoculative freezing allowing the contents of the egg to supercool (staying 
liquid below its melting point) (Wharton, 1994).  Another cold-tolerance 
mechanism that has been described in P. davidi occurs when freezing of the 
medium surrounding an individual nematode is initiated at a relatively high 
sub-zero temperature.  Under these conditions, the nematode can resist 
inoculative freezing and will dehydrate instead (via the cryoprotective 
dehydration mechanism, first described in earthworms; (Holmstrup and Westh, 
1994)), with the water loss being caused by the vapour pressure difference 
between the surrounding ice and the unfrozen supercooled internal water at the 
same temperature (Wharton et al., 2003).  Antarctic nematodes have also been 
shown to survive desiccation induced by a loss of water from their 
surroundings at positive temperatures.  Once desiccated, nematodes are able to 
survive exposure to sub-zero temperatures without the risk of internal freezing 
due to the lack of internal water.  This strategy has been observed in Plectus 
murrayi, Scottnema lindsayae and Eudorylaimus antarcticus in the Dry Valleys 
(Nkem et al., 2006a; Treonis and Wall, 2005; Treonis et al., 2000), as well as in P. 
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davidi that can survive anhydrobiosis (exposure to 0% relative humidity) when 
dried slowly at a higher relative humidity (Wharton and Barclay, 1993).  
Recently, an analysis of expressed sequence tags in desiccated P. murrayi 
provided an interesting first glimpse of the complex range of pathways that are 
likely to be involved in conferring desiccation tolerance (Adhikari et al., 2009). 

Arguably the most exciting result of the study of adaptations to the 
extreme terrestrial Antarctic has been the discovery of the survival of extensive 
intracellular freezing by the nematode P. davidi (Wharton and Ferns, 1995).  
Freezing-tolerance is a survival strategy used by many insects, several intertidal 
marine invertebrates, and some hibernating amphibians and reptiles (Block, 
2003; Costanzo et al., 1995; Duman et al., 1991; Margesin et al., 2007; Storey and 
Storey, 2004).  Typically, freeze-tolerant organisms are capable of surviving ice 
formation in the extracellular fluid spaces, but defend the liquid state of the 
cytoplasm, avoiding intracellular ice formation (Margesin et al., 2007).  Fifteen 
years after the report of the survival of intracellular freezing in P. davidi, it 
remains the only known multicellular organism to survive extensive 
intracellular freezing (Wharton and Ferns, 1995).  This unique adaptation 
therefore contributes a new survival strategy to the knowledge of cold-tolerance 
mechanisms; one that could have important applications to industry, in the 
preservation of biological materials for example (Wharton and Ferns, 1995). 

Since its isolation from Ross Island in 1989, P. davidi has been 
successfully maintained in laboratory culture enabling much progress to be 
made in the understanding of intracellular freezing survival (Wharton and 
Brown, 1989).  Recent work has led to the isolation of an ice-active protein that 
stabilises ice within the nematode by preventing recrystallization (Ramløv et al., 
1996; Wharton et al., 2003).  This recrystallization-inhibiting protein is thought 
to be critical to the freezing survival of this nematode and is an area of 
continuing study. 

However, the survival of intracellular freezing has remained contentious, 
and research has been limited to this single species, while the abilities of the 
other Antarctic nematode species to survive freezing remain largely 
uninvestigated.  Furthermore, research has been based on the laboratory culture 
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of P. davidi, which has now been separated from its ‘extreme’ environment for 
20 years and therefore may have diverged significantly from the wild 
populations on Antarctica.  A study comparing field and culture samples of P. 
davidi in 1998 found them to have roughly similar abilities to survive freezing, 
although a major difference in reproductive strategies was identified, with field 
samples containing 50% males whilst the laboratory strain contains only 
parthenogenetic females (Wharton, 1998).  Very little is known about the 
variation in this nematode either within or among the areas where it is found. 

Currently all the Antarctic nematode species have been described on the 
basis of their morphology, and there have been numerous suggestions that 
some may actually represent groups of cryptic species (Barrett et al., 2006; 
Courtright et al., 2000).  Molecular studies are needed not only to support 
morphological species descriptions but also to provide greater insight into the 
origins of the Antarctic nematode fauna, which is currently hypothesised to be 
entirely endemic and most likely composed of Gondwana relics rather than 
recent invaders (Andrassy, 1998).  Molecular studies will therefore be important 
in providing a historical context within which to interpret the adaptations seen 
in the terrestrial Antarctic nematodes.  

 

1.2 Research aims and thesis overview 

This thesis aims to contribute to the understanding of adaptation in 
Antarctic nematodes by exploring three research themes.  Further detail on the 
aims of the research presented in this thesis is provided in each of the chapter 
introductions.  The overall structure of the thesis is as follows. 

The first theme addresses the general ecology of the Antarctic nematodes 
found in the terrestrial habitats on the Victoria Land coast.  As part of the 
Latitudinal Gradient Project (Peterson and Howard-Williams, 2000), fieldwork 
was based at two sites: Cape Hallett and Gondwana Station.  This research aims 
to describe the distribution of the nematode species found in these two sites on 
the Victoria Land coast and to identify the factors underlying their distribution 
patterns using regression modelling.  This work also describes the current 
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environmental challenges faced by these Antarctic nematodes in their habitats, 
providing context for investigating their adaptations (Chapters 2 and 3). 

The second theme focuses on the survival strategies employed by the 
nematodes found in the two fieldwork sites in response to the environmental 
challenges identified.  Research under this theme firstly aims to explore and 
provide further evidence for intracellular freezing in Panagrolaimus davidi 
(Chapter 4), and secondly to investigate the survival strategies in other 
terrestrial Antarctic nematode species exposed to similar environmental 
challenges (Chapter 5). 

The third theme focuses on the evolutionary context to the adaptations 
seen in the Antarctic nematodes.  The research aims are first to provide a way of 
distinguishing the different species of Antarctic nematodes found in the study 
sites using molecular markers, and secondly to place them on a phylogenetic 
tree to show their relation to other nematode species worldwide (Chapter 6).  
This also provides the opportunity to identify any cryptic or cosmopolitan 
species.  Finally this research provides additional evidence to test whether the 
Antarctic nematode species are more likely to represent Gondwanan relicts or 
more recent invaders, which has important implications for the potential 
origins of their adaptations. 
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Chapter 2   Modelling the distribution of Antarctic nematodes 

2.1 Introduction 

2.1.1 Distribution of life across terrestrial Antarctica 

Of the 14 million square kilometres of the Antarctic continent, only 0.32% 
is currently ice-free (British Antarctic Survey, 2004) and the terrestrial 
ecosystems isolated in these ice-free patches are among the most species-poor in 
the world.  The flora is mostly mosses, liverworts and lichens, with only two 
flowering plants present, while the fauna is composed mainly of nematodes, 
tardigrades, rotifers, mites and springtails, with only a few higher insects 
(Convey, 2001; Rogers, 2007).  As a result of isolated evolution in this 
increasingly extreme environment over the last 100 million years, the highly 
endemic Antarctic biota is considered unique in a global context with regards to 
the diversity and abundance of the represented taxa (Rogers, 2007).  

While the earlier focus of research in these terrestrial habitats has been 
on the severe limits to terrestrial diversity and the simplified food-webs, 
increasing attention is now being given to the spatial and temporal variation in 
species distributions across the continent, with research moving away from the 
simplified view of the terrestrial habitats as homogeneously depauperate 
(recently reviewed by Chown and Convey, 2007).  It appears that as more data 
become available, contrasts across all scales of Antarctic terrestrial life are being 
revealed.  For example, for some phyla (Nematoda) all Antarctic species are 
considered endemic (Andrassy, 1998), while other phyla appear to be composed 
of relatively recent invaders (mosses; Rogers, 2007), or mostly cosmopolitan, 
globally distributed taxa (yeasts and filamentous fungi; Adams et al., 2006).  
Furthermore, while on a broad scale species richness appears to decrease with 
latitude, spatial complexity on a finer scale is now becoming apparent (Maslen 
and Convey, 2006). 

In the last few years, particular emphasis has been placed on the striking 
divide between the Antarctic Peninsula and the rest of Continental Antarctica, 
recently named the ‘Gressitt Line’ (Chown and Convey, 2007; Convey et al., 
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2008).  This is based on the observation that these two regions share no 
nematode or free-living mite species, and only one springtail species (Andrassy, 
1998; Greenslade, 1995; Pugh, 1993).  Bryophytes, however, show a different 
biogeographic pattern and it is possible that there are no endemic bryophyte 
species across the entire Antarctic Continent (Chown and Convey, 2007; Peat et 
al., 2007). 

The importance of historic factors in explaining the current distribution 
of Antarctic animals and plants has received considerable recent attention (see 
review by Rogers, 2007).  The impact of repeated severe habitat fragmentation 
and isolation of populations in refugia during the glacial maxima, followed by 
gradual range expansion during glaciation cycles, is considered critical in 
explaining the evolution of Antarctica’s terrestrial species (Pugh and Convey, 
2008).  However, dispersal and vicariance have been shown to have very 
different effects on Antarctica’s fauna and flora.  In general, post-Gondwanan 
dispersal, mainly mediated by the prevailing winds, is thought to play a greater 
role in explaining the current flora, whilst animals are more often reported to 
show distributions that reflect vicariance (Munoz et al., 2004; Rogers, 2007).   

The regional species pool (often drawn from the survivors from glacial 
refugia) determines the broad-scale distribution of species and those that could 
potentially be found in a given habitat, while the local-level occurrence is 
determined by site suitability and dispersal opportunities (Chown and Convey, 
2007).  The study of species occurrence on the local scale has investigated a 
range of potential determinants, such as water availability (and its links to 
temperature), wind shelter and nutrient availability (including historic carbon 
sources: Courtright et al., 2001; Sinclair, 2001; Virginia and Wall, 1999).  These 
studies have generally concluded that for Continental Antarctica, the extreme 
abiotic conditions exert such a strong effect on the species’ life histories that 
biotic interactions play virtually no role in determining distribution (Hogg et 
al., 2006).  On a local scale, aerial dispersal of resistant life stages in the strong 
winds is considered the main dispersal mechanism of importance for both flora 
and fauna (Chown and Convey, 2007; Hawes et al., 2007; Nkem et al., 2006b). 
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Finally, a recent review has emphasised the importance of considering 
timing when investigating how resource limitation and the extreme abiotic 
conditions influence the distribution of life in the terrestrial Antarctic (Peck et 
al., 2005).  This review also called for caution in interpreting current physiology 
and adaptations seen in Antarctic species as mechanisms for explaining their 
distribution patterns; the significance of rare extreme environmental events on 
setting the distributional limits of polar taxa remains poorly understood (Peck 
et al., 2005). 

 

2.1.2 Victoria Land terrestrial habitats 

Of the terrestrial habitats in Continental Antarctica, the most studied 
area is the Victoria Land Coast on the west side of the Ross Sea (Figure 2-1).  
This area encompasses a variety of habitats ranging from moist coastal areas 
and penguin rookeries to the McMurdo Dry Valleys: approximately 400 km2 of 
polar desert and the largest ice-free area on Antarctica.  These terrestrial 
habitats completely lack vascular plants, but have a biota comprising bacteria, 
fungi, protozoa, lichens, mosses, cyanobacteria, algae, rotifers, tardigrades, 
nematodes, mites and springtails, recently reviewed by Adams et al. (2006).   

Much of the work on these Victoria Land terrestrial systems has focused 
on the McMurdo Dry Valleys, which are the site of the McMurdo Dry Valleys 
Long-Term Ecological Research programme, and are thought to have the lowest 
species diversity of any ecosystem on Earth (Adams et al., 2006; Wall, 2006).  
These habitats are recognised as one of the planet’s most extreme environments 
and are generally considered extreme even by Antarctic standards (Poage et al., 
2008).  The valleys are characterised by a mosaic of glaciers, lakes, melt streams 
and vast expanses of bare ground ranging from sand, to soil with pebbles, to 
boulders (Wall et al., 2006).  Nematodes are the dominant soil fauna in the Dry 
Valleys, with springtails and mites being limited in their distribution to moss 
and algae-covered areas near the glacial melt streams, and tardigrades and 
rotifers also occurring much more rarely than nematodes (Courtright et al., 
2001; Freckman and Virginia, 1997).   
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Some Victoria Land studies have gone beyond investigating the 
distribution of terrestrial species in localised populations (such as in the Dry 
Valley soils or the soils around various penguin rookeries), and have 
investigated distribution patterns across numerous sites along the Victoria Land 
Coast as a latitudinal gradient (under the Latitudinal Gradient Project: Peterson 
and Howard-Williams, 2000).  This has revealed a general trend for diversity to 
vary from high to low along the latitudinal gradient from Northern Victoria 
Land to Southern Victoria Land, although no latitudinal effect has been 
observed in penguin rookery soils (Adams et al., 2006; Barrett et al., 2006a).  
Studies on the microarthropods (mites and springtails) have identified a distinct 
biogeographic break corresponding to the location of the Drygalski ice tongue, 
with different species compositions found on either side (Fanciulli et al., 2004; 
Frati et al., 2001; Stevens et al., 2007; Stevens and Hogg, 2003).  The distribution 
of the microarthropods has been linked to the presence of historical glacial 
refugia in many of these recent investigations, with general conclusions of 
limited dispersal and gene flow between populations underlying these 
distribution patterns.   

Nevertheless, many of the ice-free areas of Victoria Land remain 
unsampled for either fauna or flora, hindering the identification of broad trends 
or species-level habitat preferences (Adams et al., 2006).  This also presents 
difficulties in the development of conservation strategies and the identification 
of suitable protected areas in Victoria Land.  The need to conserve these rare 
terrestrial habitats, whilst enabling research to continue in Antarctica, has been 
identified as a major objective in the literature and the science strategy of 
Antarctica New Zealand, 2004-2009, therefore calling for better knowledge of 
the current range of habitats and species present.  A thorough knowledge of the 
Victoria Land biota will also be required to anticipate climate change impacts 
on these habitats, which may be particularly severe as low diversity ecosystems 
are expected to be the most vulnerable (Wall, 2006). 
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2.1.3 Factors affecting the distribution of Antarctic nematodes 

Nematodes have been found almost everywhere people have thought to 
look, and often in great abundance and diversity: they parasitize vertebrates 
and invertebrates, and live in habitats as diverse as deserts and deep-sea 
trenches.  In the terrestrial Antarctic, their diversity is limited to 54 described 
species, including just 22 from the whole of Continental (East) Antarctica 
(Andrassy, 2008).  All these Antarctic species are thought to be endemic and 
therefore most likely Gondwanan relics, as opposed to post-Gondwanan 
colonists (Andrassy, 1998; Chown and Convey, 2007).  Studies of the 
environmental physiology of some of these Antarctic nematode species have 
revealed a range of adaptations and strategies to enable their survival of 
freezing, desiccation and exposure to a large range of salinities, amongst other 
stresses in this ‘extreme’ habitat (1.1.2) (Wharton, 2002b).  Other studies have 
investigated the dispersal abilities of Antarctic nematodes and have confirmed 
the role of Aeolian transport by the observation of live nematodes in cryoconite 
holes on glaciers and the trapping of anhydrobiotic nematodes in wind traps 
(Christner et al., 2003; Nkem et al., 2006b; Porazinska et al., 2004).  Despite their 
long Antarctic history, and their impressive range of adaptations, nematode 
distribution within the ice-free areas of Antarctica is often reported as very 
patchy, with species compositions and densities varying dramatically over 
scales of a few metres (Porazinska et al., 2002; Sinclair and Sjursen, 2001; 
Wharton, 1998).  

The most detailed studies of factors underlying Antarctic nematode 
distribution have taken place in the McMurdo Dry Valleys, where nematodes 
have been continuously studied since the early 1990s (Freckman and Virginia, 
1991; Poage et al., 2008).  In these Valleys the dominant nematode species with 
the broadest distribution is Scottnema lindsayae; whilst the two other commonly 
reported species Plectus murrayi and Eudorylaimus antarcticus are only present in 
the more moist areas, for example around glacial meltwater (Freckman and 
Virginia, 1997; Moorhead et al., 2003).  Numerous studies have investigated the 
influence of soil geochemistry on the distribution of the Dry Valley nematode 
populations, on scales ranging from centimetres (across polygons), to metres 
(across transects), to tens of kilometres (between Valleys and along 
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environmental gradients) (Barrett et al., 2004; Courtright et al., 2001; Gooseff et 
al., 2003; Powers et al., 1998; Treonis et al., 1999).  These studies have 
consistently shown that soil geochemical characteristics, such as salinity, 
moisture and carbon content, predict a large proportion of the variance in 
nematode distribution between sample sites (Barrett et al., 2004; Freckman and 
Virginia, 1997; Poage et al., 2008).  The results are also consistent with the 
predictions of a qualitative conceptual model of habitat suitability for soil 
nematodes (Freckman and Virginia, 1998), and have highlighted the importance 
of legacy sources of nutrients from past ecosystems in generating current-day 
habitat suitability (Virginia and Wall, 1999).   

Beyond predicting the overall presence or absence of nematodes in soil 
samples, the studies on the distribution of the Dry Valley nematode 
populations have also suggested that soil geochemistry has different effects on 
the individual (S. lindsayae, P. murrayi and E. antarcticus) nematode species’ 
distributions, and that each species has specific habitat requirements (Poage et 
al., 2008).  Such models have been most successfully developed for predicting 
the presence of S. lindsayae, as this nematode is more widespread in the Dry 
Valleys yielding more presence data for inclusion in the models (Poage et al., 
2008).  These habitat differences have also been broadly related to the species’ 
relative abilities to survive the various environmental stressors, with particular 
focus on desiccation and salt tolerance (Barrett et al., 2006b; Nkem et al., 2006a; 
Treonis et al., 2000). 

Overall, the results of these extensive studies on nematode distribution 
in the Dry Valleys have echoed the conclusion reached from studies on 
Antarctic taxa more generally: namely that distribution is mainly, if not entirely, 
determined by abiotic factors (Hogg et al., 2006).  The unique nature of the 
Antarctic terrestrial ecosystems (in terms of the environmental ‘extremes’ and 
the simplicity of the ecosystems, including their limited trophic structure) 
suggest a disproportionally high influence of abiotic factors.  However, there 
have been very few specific studies of biotic interactions in these ecosystems 
and consequently the role of biotic interactions is poorly understood (Hogg et 
al., 2006).  In their recent review addressing the relative importance of biotic 
and abiotic interactions in Antarctic terrestrial ecosystems, Hogg et al. (2006) 
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stressed the need to increase our knowledge of “what is there” in order to be 
able to address this question effectively (Hogg et al., 2006).   

A better understanding of where nematodes are found in the terrestrial 
Antarctic and what represents ‘available habitat’ for them will be important in 
addressing many topical questions.  For example, to what extent does their 
current distribution reflect historical isolation of populations in glacial refugia 
followed by more recent dispersal into available habitat?  How will these 
species be affected by a changing climate and changes in habitat availability, 
and what impact will this have on ecosystem functioning?  How should we 
select protected areas in order to ensure the conservation of these species?  (See 
recent reviews by Rogers 2007, Chown and Convey, 2007).  Although these 
questions will need to be addressed for numerous Antarctic organisms, 
nematodes are good first candidates for studies addressing these topical issues, 
due to their suspected high degree of endemism and their broad distribution: in 
some areas they may be the only invertebrate found in the soil.   

 

2.1.4 Aims 

This study, based on collections made as part of the Latitudinal Gradient 
Project’s field camps from 2005 -2007, investigates the distribution of Antarctic 
nematodes in two Victoria Land coastal sites: the areas around Cape Hallett in 
Northern Victoria Land and Gondwana Station in Terra Nova Bay.  The ice-free 
areas at these locations range from sandy beaches, to exposed hilltops, to Adelie 
penguin (Pygoscelis adeliae) rookeries, to moss beds and to moraines, enabling a 
broad range of potential habitats to be sampled and their nematode populations 
compared. 

This nematode survey firstly aims to describe the individual habitat 
characteristics for the different species of Antarctic nematode found in the Cape 
Hallett and Gondwana Station areas.  By comparing distributions between the 
sites in this study and with the detailed models available for the McMurdo Dry 
Valleys, the prediction that Antarctic nematodes exhibit species-specific 
distribution patterns based on habitat tolerance can be tested. 
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Secondly, this study investigates whether the abiotic geochemical 
properties of the soils that explain nematode distribution in the extreme Dry 
Valley soils are also able to predict nematode distribution in other Antarctic 
terrestrial habitats, where water and nutrient availability are likely to be less 
limited.   

Finally, using logistic regression models, this study attempts to identify 
any evidence for biotic interactions between Antarctic nematode species, going 
beyond simple trends of co-occurrence. 
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2.2 Methods 

2.2.1 Study sites 

This study was conducted over three summers in Antarctica from 2005-
2007 as part of the Latitudinal Gradient Project (LGP) (Peterson and Howard-
Williams, 2000) Event KO66, with support from Antarctica New Zealand.  In 
2005, the LGP field camp was located at Cape Hallett, Northern Victoria Land, 
and for the following two seasons it was located at Gondwana Station, Terra 
Nova Bay (Figure 2-1).   

 

 
Figure 2-1  Overview map of the Victoria Land Coast showing the location of Cape 

Hallett and Gondwana station.  Map produced by Gateway Antarctica (2006) and provided by 
the Latitudinal Gradient Project (www.lgp.aq). 
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Cape Hallett (72.31º’S, 170.27ºE, Antarctic Specially Protected Area No. 
106) is located on the northern tip of the Hallett Peninsula and has an ice-free 
area of approximately 74 hectares (2-2).  This ice-free area includes steep scree 
slopes that descend from the Hallett Peninsula (from about 300m on the 
western side) to a low-lying beach area and Seabee Hook, a low curved spit of 
coarse volcanic material, which is home to an Adelie penguin (Pygoscelis adeliae) 
rookery. 

The Cape Hallett area has previously been surveyed for invertebrates 
(Sinclair et al., 2006a).  In their study of collembolans at Cape Hallett, Sinclair et 
al. (2006a) divided the main ice-free area into three broad habitat types: moss 
and algal flats, the scree slopes, and the penguin colony, and found distinct 
faunal assemblages in each.  The moss and algal flats are low-lying undulating 
moraines and disused penguin mounds with abundant water supply from 
snow melt, and abundant plant communities composed of five species of moss 
and algae (Sinclair et al., 2006b).  The scree slopes are steep, unstable slopes 
with lichens (18 species reported) and some moss and algal communities at the 
lower levels (Sinclair et al., 2006b).  The penguin rookery has an area of 
approximately 41.1 hectares and consists of ornithogenic soils of guano, pebbles 
and penguin debris (Harrington and McKellar, 1958; Sinclair et al., 2006a).  All 
three habitat-types are used by a South Polar skua colony (Stercorarius 
maccormicki). 

Four other sites in the vicinity of Cape Hallett, located around Edisto 
Inlet and the Hallett Peninsula were also included in this study.  The ice-free 
area at the base of Redcastle Ridge (72.43ºS, 169.94ºE) is composed of fans and 
raised beaches (Campbell and Claridge, 1966), with no bird communities and 
few algae or lichens present.  The low-lying beach area at the base of Salmon 
Cliffs (72.37ºS, 170.09ºE) is occasionally used by skuas, receives water supply 
from snowmelt in summer and is covered in thick algal mats.  The large ice-free 
area around Luther Lakes (72.34ºS, 169.92ºE, also known as Luther Vale, at the 
base of Luther Peak) is used by snow petrels and skuas, and has large amounts 
of algae, mosses and lichens present.  The ridge at Cape Christy (72.29ºS, 
169.94ºE) is an exposed and relatively dry site, with limited water becoming 
available from snowmelt in summer.  The site consists of unstable scree slopes, 
with several lichen species and some mosses present on the top of the ridge.  
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Figure 2-2  Map of the Cape Hallett area showing the location of Seabee Hook, Salmon 

Cliffs, Redcastle ridge and the Edisto inlet.  Luther lakes are located along side the Manhaul 
Glacier.  Map accessed via the Latitudinal Gradient Project website (www.lgp.aq).   
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Gondwana Station (74.63ºS, 164.22ºE), which is situated on the coast of 
Terra Nova Bay across the Gerlache Inlet from the Italian Mario Zucchelli 
Station, is on a large ice-free area close to several ponds and a South Polar skua 
colony (Figure 2-3).  The Terra Nova Bay area, which is approximately 80 by 30 
kilometres wide, is relatively ice-free in summer and is estimated to contain 
more than 100 small lakes and ponds, as well as meltwater and periglacial lakes 
(Malandrino et al., 2008). 

 

 
Figure 2-3  Map showing the location of Gondwana Station.  Accessed from the 

Latitudinal Gradient Project website (www.lgp.aq). 
 
To my knowledge, the Gondwana Station area had not previously been 

sampled for nematodes, although it has been sampled for collembolans 
(Fanciulli et al., 2004).   Examples of habitats identified in the Gondwana Station 
area include recently disturbed lateral moraines of the Campbell Ice Tongue, 
lakebeds, exposed ridge sites, moss beds, and skua colony nesting areas.  Other 
areas in the vicinity that were included in this study are Enigma Lake, the 
Adelie Cove Adelie penguin (Pygoscelis adeliae) rookery (74.76ºS; 164.05ºE), and 
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more exposed sites near Mario Zucchelli Station (74.7°S, 164.1°E) receiving large 
amounts of sea spray in summer. 

 

2.2.2 Transect sampling 

At Cape Hallett, sampling of the ice-free area was carried out in the three 
broad habitat areas described above (2.1.1), with approximately equal sampling 
effort assigned to each area.  Additional sampling trips were made to as many 
other neighbouring ice-free areas as possible.  In these, distinct habitat types 
were roughly identified and sampling carried out in each.  The same strategy of 
identifying distinct habitat types was employed in the Gondwana Station area, 
although sampling effort was greater overall, as two seasons were available in 
which to sample. 

Once a habitat area had been selected, transect lines were run through it, 
avoiding disruption to fragile vegetation or nesting penguins and skuas.  
Transect lines were positioned to attempt to cover as much obvious variation in 
the habitat area as possible (for example by crossing melt-water streams). 
Transect lines were either 100 m long with samples taken every 10 m, or 10 m 
long with samples taken every 1 m, depending on the size of the habitat area 
selected.  Random sampling was carried out along these lines: every 10 m/1 m 
a dice was rolled twice to determine the direction and number of paces to move 
away from the transect line before sampling.  A 1 m x 1 m quadrat was then 
placed on the ground and two soil samples of approximately 100 g were taken 
from the centre of the quadrat.  Soil was collected into zip-lock bags from the 
surface to a depth of about 10 cm.  Stones larger than 5 cm in diameter were 
excluded from the samples. 

The GPS coordinates were recorded for each of the soil sampling points, 
along with a range of descriptive habitat characteristics using the quadrats 
(similar to those recorded in Sinclair and Sjursen, 2001): elevation, aspect, 
presence/absence of moss, algae and lichen, distance to and type of water 
source, surface stability (scale based on stone diameters), any evidence of bird 
use, distance to a bird site, and presence or absence of salt crusts.  
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2.2.3 Nematode extraction and identification 

The two soil samples collected at each point were put into clean new zip-
lock bags.  One sample was processed in the field and the other was kept frozen 
and returned to New Zealand (the samples were kept as close to -20ºC as 
possible).  Nematodes were extracted from the soil in the field using a modified 
Baermann funnel technique (similar to that described in Sinclair and Sjursen, 
2001; Figure 2-4).  Soil samples were placed on two layers of tissue paper 
covering a fine sieve.  The soil and sieve were then placed in a large glass Petri 
dish and soaked in water allowing the nematodes (and other small soil 
invertebrates such as tardigrades and rotifers) to migrate out through the pores 
in the tissue paper and into the surrounding water.  Extractions were 
performed on 100 g soil samples (wet weight), and were sieved for 24 hours 
before the water from the extraction was examined for nematodes.  The 
nematodes were concentrated by centrifugation using a hand-crank centrifuge, 
after which they were identified and the numbers of individuals in four 
replicate sub-samples were counted under a dissecting microscope.  Nematodes 
were identified using the species descriptions in Timm (1970) and Andrassy 
(1998).  In the field, nematode identification was not always possible to the 
species-level and some were only identified to the genus-level (Plectus sp.).  On 
return to New Zealand, identification to the species-level was possible using 
Differential Interference Contrast Microscopy on a Zeiss-Axiophot microscope 
(Chapter 6). 

 

28



 

 
Figure 2-4  Diagram illustrating the apparatus used in the modified Baermann funnel 

technique for separating nematodes from the soil samples.  Soil was sieved for approximately 
24 hours and the nematodes were retrieved from the water and concentrated by centrifugation. 

 

2.2.4 Soil geochemical analysis 

Soil geochemical analysis was performed on the soil samples on return to 
New Zealand using previously described methods (Barrett et al., 2002; Barrett et 
al., 2004; Poage et al., 2008).  Soil moisture was determined gravimetrically from 
a 10 g subsample dried in an oven for 24 hours at 100ºC.  Organic carbon 
content was assessed by the combustion method: after dry weight assessment, 
the same soil sample was combusted at 500ºC for 8 hours and reweighed to 
estimate the organic content.  Soil pH and conductivity were measured on a 
slurry made from a 1:2 (w/v) solution of the <2 mm soil to milliQ water (7 g 
soil to 14 ml milliQ).  These methods were used to enable comparisons to be 
made between this study and distribution models from other studies on 
Antarctic nematodes (Poage et al., 2008). 
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2.2.5 Distribution modelling 

Logistic regression models were generated from the complete dataset (of 
presence and absence data from Cape Hallett and Gondwana Station over all 
three field seasons) using the statistical software programme SPSS (SPSS, 2007).  
Models were made predicting the presence of nematode species from the basic 
soil geochemical parameters measured and the habitat descriptive data 
recorded at the time of sampling.  These models follow the general form: 

log(P/[1-P]) = α + β1x1 + β2x2 + β3x3 + β4x4 …, 
where P is the probability of the presence of the nematode species in question, α 
is the intercept and β is the slope parameter of the explanatory variable x.  

The explanatory variable ‘soil conductivity’ was log10 transformed before 
analysis.  The variables were entered manually and the resulting changes in the 
model parameters were recorded.  Only the variables that were significant 
(measured as p ≤ 0.05) were included in the final models presented. 
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2.3 Results 

2.3.1 Nematode distribution in the Cape Hallett area 

The nematodes identified from the Cape Hallett area were classified as 
Panagrolaimus davidi, Scottnema lindsayae, Eudorylaimus antarcticus and Plectus sp. 
(see Chapter 6 for phylogenetic considerations).  In general, across all sites 
sampled in the Cape Hallett area, P. davidi was more abundant than the other 
species.  There was also a tendency for P. davidi to be the dominant species 
(make up the greatest percentage of the species distribution) if present in a 
sample.  Figure 2-5 shows the Cape Hallett ice-free area with the field camp 
visible for scale. 

 
 

 
Figure 2-5  Cape Hallett ice-free area.  Photo taken from the scree slopes overlooking 

Seabee Spit. 
 
Soil sampling from the three broadly defined habitat types (moss beds, 

scree slopes and the penguin rookery) revealed a very patchy distribution, with 
both species’ assemblages and nematode abundance varying dramatically over 
small distances, although nematodes were found in all three of the habitat types 
(Table 2-1).   
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Table 2-1  Sampling transect locations and average nematode abundance (± S.D.) in the 
Cape Hallett area 2005. 
Tran
-sect 
no. 

Site description GPS 
coordinates 

Elev-
ation 

Average E. 
antarcticus 
per 100g 
w/w 

Average S. 
lindsayae 
per 100g 
w/w 

Average P. 
davidi per 
100g w/w 

Average 
Plectus 
sp. per 
100g w/w 

1 Moss beds S72.32150 
E170.22527 

0.5 m 2 ± 3.08 1 ± 3.64 10 ± 14.54 3 ± 7.60 

2 Scree slope S72.32174 
E170.22787 

25 m 1 ± 0.30 1 ± 0.58 1 ± 1.14 43 ± 79.47 

3 Scree slope S72.32071 
E170.23172 

18 m 4 ± 5.86 27 ± 27.01 138 ± 
239.02 

11 ± 18.48 

4 Penguin colony 
run-off 

S72.31888 
E170.23102 

2 m 0 0 127 ± 
210.37 

0 

5 Red Castle ridge S72.43362 
E169.94009 

28 m 1 ± 1.63 0 7 ± 12.46 0 

6 Red Castle beach S72.43102 
E169.94763 

4 m 0 0 0 0 

7 Salmon Cliffs 
algal beds 

S72.37321 
E170.09062 

5 m 1 ± 0.89 2 ± 2.07 0 2 ± 1.14 

8 Luther Lakes wet 
moss beds 

S72.34608 
E169.92073 

8 m 16 ± 16.17 0 0 4 ± 5.39 

9 Luther lakes dry 
moraine  

S72.34588 
E169.92091 

6 m 0 13 ± 29.41 0 0 

 

The moss beds appeared to be the most productive habitat sampled at 
Cape Hallett and were the most diverse habitat in terms of the nematode 
species present (Figure 2-6).  However, the nematode distribution remained 
patchy along the transect sampled in this area, with nematodes completely 
absent from some of the soil samples taken.  Figure 2-7 and Figure 2-8 show the 
appearance of these habitats, with extensive moss coverage and algal mats. 
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Figure 2-6  Total abundance and species composition of nematodes per 100 g wet 

weight soil along a transect across the moss and algal flats at Cape Hallett. 

 

 
Figure 2-7  Moss beds and algae from the Cape Hallett area. 
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 Figure 2-8  Extensive moss beds from the Cape Hallett area. 

 

Due to the difficulties accessing higher sites on the scree slopes, transects 
were sampled starting from the bottom of the slope and running up.  For both 
transects sampled on the scree slopes, nematode abundance was greater in sites 
at the base (where the habitat included moss beds receiving considerable run-
off from the slopes) than those further up (Figure 2-9).  However, S. lindsayae 
was found in soil samples collected from some of the higher sites, where surface 
stability was low and neither moss nor algae were present (Figure 2-10). 

 

34



 

 
Figure 2-9  Total abundance and species composition of nematodes per 100 g wet 

weight soil along a transect running up the scree slopes at Cape Hallett. 

 

 

 
Figure 2-10  Location of a 1 m x 1 m quadrat on the scree slope at Cape Hallett.  

Scottnema lindsayae was found in this habitat. 
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Soil samples taken from the Adelie penguin rookery located on Seabee 
Spit only contained P. davidi, but at very high numbers (maximum of 222 
individuals per 100 g ww, Figure 2-11).  The transect was positioned to start at 
the penguin nesting mounds, then cross an area where melt-water from higher 
snow banks flowed through the penguin colony (Figure 2-12).  The soil was 
ornithogenic containing much guano and debris from the penguins and some 
algae were present in samples from the centre of the transect (Figure 2-13).   

 

 

 
Figure 2-11  Total abundance and species composition of nematodes per 100 g wet 

weight soil along a transect across a run-off site in the Adelie penguin rookery at Cape Hallett. 
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Figure 2-12  Position of the transect in the Adelie penguin rookery at Cape Hallett, 

showing the availability of free water. 

 

 
Figure 2-13  Appearance of the ornithogenic soil from the penguin rookery at Cape 

Hallett.  
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Nematodes were also found in other sites sampled around Cape Hallett, 
including Salmon Cliffs, Luther Lakes and Red Castle.  Figures 2-14 to 2-18 
show the appearance of these sites.  The only site where none of the samples 
contained nematodes was the beach site at Red Castle (Table 2-1).  Here the 
samples taken were sand rather than soil (Figure 2-18). 

 

 
Figure 2-14  Extensive algae at Salmon Cliffs. 
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Figure 2-15  Moss beds and free water at Luther Lakes. 

 

 

 
Figure 2-16  Transect sampling on the moraine site at Luther Lakes. 
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Figure 2-17  Extent of the ice-free area at Red Castle, beach in foreground and scree 

slopes behind. 

 

 
Figure 2-18  Sandy soil at the beach at Red Castle. No nematodes were found here. 
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2.3.2 Nematode distribution in the Gondwana Station area 

The same nematode species that were found around Cape Hallett were 
also found in the Gondwana Station area: Panagrolaimus davidi, Scottnema 
lindsayae, Eudorylaimus antarcticus and Plectus sp.  Extensive soil sampling over 
the two field trips to Gondwana Station revealed a similar patchy distribution 
of nematodes, with both species composition and abundance of individuals 
varying over very small distances and over the greater area (Table 2-2 and 
Table 2-3).  Figure 2-19 shows the appearance of the ice-free area around 
Gondwana Station from the top of one of the hills in the area and Figures 2-20 
to 2-22 show the appearance of some of the habitats sampled in the Gondwana 
Station area. 

 

 
Figure 2-19  Gondwana Station ice-free area.  Photo taken from the top of a hill at about 

675m above sea level.  S. lindsayae was found in the soils from this exposed hilltop. 
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The longer duration of the field trips to Gondwana Station enabled a 
larger variety of habitats to be sampled than was possible at Cape Hallett.  This 
revealed more sites from which nematodes were absent and provided adequate 
numbers of data points to enable nematode distribution modelling (2.3.3). 

 

Table 2-2  Sampling transect locations and average nematode abundance (± S.D.) in the 
Gondwana Station area 2006. 
Tran
-sect 
no. 

Site description GPS 
coordinates 

Eleva-
tion 

Average E. 
antarcticus 
per 100g 
w/w 

Average S. 
lindsayae 
per 100g 
w/w 

Average P. 
davidi per 
100g w/w 

Average 
Plectus sp. 
per 100g 
w/w 

1 Low ridge S74.62613 
E164.19848 

90 m 1 ± 3.16 68 ± 69.25 6 ± 18.97 3 ± 9.49 

2 Alongside small 
lake (Lake 17) 

S74.61374 
E164.21658 

86 m 0 10 ± 14.91 350 ± 409.77 50 ± 65.62 

3 Run-off gully in 
AC penguin 
rookery 

S74.76723 
E164.02540 

39 m 0 0 186 ± 332.00 3 ± 6.75 

4 Slope in AC 
penguin rookery 

S74.76767 
E164.02322 

40 m 0 0 69 ± 163.47 0 

5 Low-lying coastal 
site 

S74.62354 
E164.23413 

17 m 10 ± 14.91 24 ± 18.97 0 79 ± 54.46 

6 Gully near MZS 
used for fuel 
pipeline 

S74.69794 
E164.09056 

30 m 0 0 3 ± 6.75 1 ± 3.16 

7 Small moraine by 
CIT 

S74.61547 
E164.25167 

9 m 0 35 ± 31.00 0 45 ± 61.87 

8 Larger moraine 
by CIT 

S74.61140 
E164.24738 

12 m 9 ± 7.38 47 ± 63.60 0 106 ± 51.68 

9 Run-off from 
Skua colony area 

S74.63252 
E164.22368 

23 m 0 21 ± 28.46 44 ± 81.27 82 ± 60.33 

10 Gully near MZS S74.69671 
E164.09466 

41 m 0 3 ± 6.75 1 ± 3.16 4 ± 6.99 

11 Slip-site near 
MZS 

S74.70056 
E164.08694 

10 m 0 0 0 0 

12 Hillside directly 
above moraines 

S74.60672 
E164.23928 

43 m 3 ± 6.75 45 ±19.58 0 29 ± 28.07 

13 Exposed site on 
hilltop  

S74.60901 
E164.08825 

660 m 0 6 ± 10.75 0 0 

14 Elevated flat site S74.61980 
E164.12148 

301 m 1 ± 3.16 37 ± 38.31 0 17 ± 23.59 

15 Low-lying flat 
site with 
extensive moss 
beds 

S74.62247 
E164.19914 
 

62 m 1 ± 3.16 26 ± 35.65 0 78 ± 60.52 

16 Exposed site on 
lower hilltop  

S74.59759 
E164.19167 

345 m 1 ± 3.16 32 ± 27.41 0 6 ± 10.75 

17 Exposed site on 
second hilltop  

S74.59446 
E164.12778 

645 m 0 28 ± 24.90 0 6 ± 13.42 
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Figure 2-20  Location of the transect at Adelie Cove in 2007, showing the Adelie 

penguin rookery in the background.  Photo taken by Glenn Powell. 

 
Figure 2-21  Lake 17 near Gondwana Station with Mt Melbourne in the background. 

This area was used extensively by skuas once the lake had melted.  Plectus sp. and P. davidi and 
S. lindsayae were found in the soils around this lake.  
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Table 2-3  Sampling transect locations and average nematode abundance (± S.D.) in the 
Gondwana Station area 2007 
Tran
-sect 
no. 

Site description GPS 
coordinates 

Eleva-
tion 

Average E. 
antarcticus 
per 100g 
w/w 

Average S. 
lindsayae 
per 100g 
w/w 

Average P. 
davidi per 
100g w/w 

Average 
Plectus sp. 
per 100g 
w/w 

1 Near Lake 17 S74.61346 
E164.21661 

86 m 0 0 480 ± 685.40 62 ± 122.11 

2 Low ridge S74.6314 
E164.20766 

52 m 0 138 ± 105.15 0 1 ± 1.69 

3 Higher tarn S74.59441 
E164.19582 

388 m 0 0 0 1 ± 1.97 

4 Ridge above 
MZS 

S74.70178 
E164.09232 

123 m 0 169 ± 173.10 0 2 ± 2.80 

5 Slope in AC 
Penguin colony 

S74.76686 
E164.02638 

42 m 0 0 33 ± 72.01 1 ± 2.70 

6 Small moraine 
by CIT 

S74.61529 
E164.25118 

9 m 2 ± 3.37 96 ± 73.23 0 47 ± 60.23 

7 Enigma Lake  S74.71251 
E164.02178 

169 m 0 0 0 2 ± 2.80 

8 Moss beds near 
Enigma Lake  

S74.71268 
E164.02694 

182 m 3 ± 4.00 152 ± 58.93 0 27 ± 38.97 

9 Ridge S74.61618 
E164.18886 

115 m 2 ± 3.60 32 ± 33.54 0 3 ± 7.19 

10 Hilltop above 
MZS 

S74.70842 
E164.07314 

272 m 2 ± 2.83 97 ± 86.66 0 4 ± 4.83 

11 Hill above MZS S74.74701 
E164.07539 

262 m 1 ± 1.26 45 ± 53.75 0 11 ± 9.02 

12 Hill above MZS S74.70470 
E164.07755 

209 m 0 131 ± 89.53 0 74 ± 114.16 

13 Flat area in skua 
colony 

S74.63312 
E164.22390 

27 m 1 ± 1.26 53 ± 28.14 0 92 ± 132.73 

14 Exposed site on 
hill top 

S74.60897 
E164.08841 

650 m 0 63 ± 114.06 0 0 

15 Trampled area 
near GS 1 

S74.63417 
E164.22038 

25 m 0 66 ± 117.08 0 0 

16 Moss bed area 
receiving run-
off  

S74.62318 
E164.19769 

62 m 3 ± 2.50 5 ± 4.10 0 19 ± 16.01 

17 Trampled area 
near GS 2 

S74.63388 
E164.22126 

25 m 0 3 ± 6.32 0 1 ± 1.93 

18 Moss bed area 
near Lake 17 

S74.61347 
E164.21761 

83 m 3 ± 4.51 1 ± 1.25 92 ± 84.42 111 ± 79.88 

19 Trampled area 
near GS 3 

S74.63355 
E164.22157 

26 m 0 5 ± 7.13 0 2 ± 2.8 

20 High ridge 
behind GS 

S74.60278 
E164.12717 

507 m 1 ± 1.93 127 ± 115.99 0 1 ± 1.69 

21 Ridge behind 
GS 

S74.63169 
E164.20948 

41 m 0 83 ± 58.08 0 0 
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Figure 2-22  Small moraine alongside the Campbell Ice Tongue with Mt Melbourne in 

the background.  E. antarcticus, S. lindsayae and Plectus sp. were found in the soils sampled here. 

 

2.3.3 Factors affecting nematode distribution: habitat characteristics 

The habitat characteristics recorded when soil was sampled at both Cape 
Hallett and Gondwana Station were related to the presence of each nematode 
species individually using logistic regression models (Table 2-4).  These models 
give an indication of which field-identifiable habitat characteristics are 
correlated with the presence of each nematode species and show some of the 
differences between the habitats of the four species identified from both Cape 
Hallett and Gondwana Station.  

All the species were strongly positively correlated with the presence of 
moss in the quadrat from which the soil was sampled (p<0.001 to p=0.005), with 
the effect being strongest for Eudorylaimus antarcticus, which was over six times 
as likely to be found in soil samples taken from areas where moss was present.  
E. antarcticus was also weakly positively correlated to the presence of lichen in 
the quadrat from which the soil samples were taken.  A stronger positive 
correlation was found between the presence of lichen and Scottnema lindsayae, 
with the presence of lichen increasing the chance of S. lindsayae also being 
present by over five times.  A strong negative correlation was seen between the 
presence of lichen and Panagrolaimus davidi.  P. davidi was about five times less 

45



 

likely to be found in a sample where lichen was present.  S. lindsayae was about 
five times less likely to be found in soils from areas which were regularly used 
by birds (penguins, skuas or snow petrels), while bird use of an area increased 
the likelihood of P. davidi being present by almost 10 times.  The elevation of the 
sites where soils were sampled had a significant effect only on the presence of 
Plectus sp., the correlation being weakly negative. 

 

Table 2-4  Logistic regression models predicting the presence/absence of Antarctic 
nematodes from field measurable predictors (presence/absence of moss, lichen, algae; area 
used by penguins/skuas/snow petrels, elevation (m)). 

 Predictor p Odds ratio Correlation 95%CI 
Eudorylaimus  
antarcticus 

Moss <0.001 6.788 + 2.860-16.110 

 Lichen 0.231 1.685 + 0.717-3.960 
Scottnema 
lindsayae 

Moss 0.005 2.345 + 1.292-4.258 

 Lichen <0.001 5.329 + 2.990-9.498 
 Bird Use <0.001 0.270 - 0.162-0.449 
Panagrolaimus 
davidi 

Moss 0.002 3.983 + 1.648-9.629 

 Lichen 0.001 0.206 - 0.082-0.517 
 Bird Use <0.001 9.652 + 4.908-18.985 
Plectus sp. Moss <0.001 8.246 + 4.976-13.664 
 Algae 0.003 2.138 + 1.298-3.522 
 Elevation 0.006 0.998 - 0.996-0.999 

 

2.3.4 Factors affecting nematode distribution: soil geochemistry 

Basic soil geochemical analysis enabled the presence or absence of 
nematodes from Cape Hallett and Gondwana Station to be related to the pH, 
conductivity, water content and organic content of the soil samples.  Figure 2-23 
shows the percentage of soil samples of a given pH in which each nematode 
species was present.  No nematodes were present in the soil samples with a 
very low pH (between pH 2 and 3).  Eudorylaimus antarcticus, Panagrolaimus 
davidi and Plectus sp. were found in soils with a large range in pH, although 
their distribution did not show a linear correlation to the pH of the soil.  The 
presence of Scottnema lindsayae showed a weak linear correlation to the pH of 
the soil with it being present in a greater percentage of the soils with a high pH 
than those with a low pH, although this was not a significant predictor in the 
logistic regression models (Table 2-5). 
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Figure 2-23  Presence of nematodes in soil samples of varying pH.  Data are the 
percentage of soil samples of a given pH in which nematodes of each species were present. 

 

The soil water content was calculated as a percentage of the total weight 
of the sample.  These data give an indication of the amount of water available in 
the habitats sampled, although it should be noted that these measures do not 
necessarily represent the amount of water available in the habitats over the 
whole summer season and are influenced by the inconsistency in the sampling 
dates (with some samples being sampled later in the season after more snow-
melt and with 2007 being a warmer summer with more snow-melt than 2006).  
Figure 2-24 shows the percentage of soil samples within a range of water 
contents in which each nematode species was present.  In general, E. antarcticus, 
P. davidi and Plectus sp. were found more often in wetter soils.  In direct contrast 
to this trend, S. lindsayae was more often found in the drier sites. 
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Figure 2-24  Presence of nematodes in soil samples of varying water content.  Data are 

the percentage of soil samples with given water content in which nematodes of each species 
were present. 

 

The soil combustible carbon content was also calculated and is related to 
the presence of the four nematode species in Figure 2-25.  The organic content 
was typically very low in most of the soil samples from both the Cape Hallett 
and Gondwana Station areas.  Nematodes were found in soils with very low 
organic content and the presence of E. antarcticus and that of Plectus sp. were 
not correlated to the organic content of the soil.  However, the presence of S. 
lindsayae was negatively correlated to soil organic content, while the presence of 
P. davidi showed the opposite positive trend.  
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Figure 2-25  Presence of nematodes in soil samples of varying organic content.  Data are 

the percentage of soil samples with a given organic content in which nematodes of each species 
were present. 

 

The conductivity of the soil was calculated to give an indication of its salt 
content.  Figure 2-26 shows the percentage of soil samples of varying 
conductivities in which nematodes were present.  E. antarcticus, S. lindsayae and 
Plectus sp. were all more likely to be present in soils of lower conductivity, 
while the trend was reversed for P. davidi.   
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Figure 2-26  Presence of nematodes in soil samples of varying conductivity.  Data are 

the percentage of soil samples with a given conductivity in which nematodes of each species 
were present. 

 

The trends observed in Figure 2-23 to Figure 2-26 were tested using 
multiple logistic regression models to adjust for interdependencies between the 
variables (Table 2-5).  In these models, the presence of E. antarcticus was 
positively correlated to the water content and negatively correlated to the 
conductivity of the soil.  The presence of S. lindsayae was negatively correlated 
to the water content, conductivity and organic carbon content of the soil.  
Organic content was also a significant predictor of the presence of P. davidi, 
although in this case a positive correlation was found.  The presence of P. davidi 
was also positively correlated to the conductivity of the soil.  Finally, the 
presence of Plectus sp. was weakly positively correlated to the soil water 
content, and strongly negatively correlated to the conductivity of the soil.
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Table 2-5  Logistic regression models predicting the presence/absence of Antarctic 
nematodes from soil biochemistry variables (water content (%), pH, conductivity (log10), 
combustible organic C content (%)). 

  p Odds ratio Correlation 95%CI 
Eudorylaimus 
antarcticus 

Water Content 0.007 1.080 + 1.021-1.142 

 Conductivity 
(log10) 

<0.001 0.267 - 0.163-0.438 

Scottnema 
lindsayae 

Water Content <0.001 0.871 - 0.811-0.937 

 Conductivity 
(log10) 

<0.001 0.168 - 0.113-0.249 

 Organic C Content 0.036 0.696 - 0.496-0.977 
Panagrolaimus 
davidi 

Organic C Content <0.001 2.202 + 1.643-2.951 

 Conductivity 
(log10) 

0.002 1.978 + 1.298-3.014 

Plectus sp. Water Content 0.001 1.100 + 1.042-1.162 
 Conductivity 

(log10) 
<0.001 0.357 - 0.266-0.480 

 

2.3.5 Factors affecting nematode distribution: species interactions 

To look for possible interactions between the nematode species identified 
in this study, the presence of each species was related to the others using 
logistic regression models.  Two correlations were observed between the species 
found at Cape Hallett and Gondwana Station: firstly the presence of 
Panagrolaimus davidi was negatively correlated to the presence of Scottnema 
lindsayae and secondly the presence of Eudorylaimus antarcticus was positively 
correlated to the presence of Plectus sp.  

There are two potential causes of the correlations observed between 
species presence.  Firstly the correlation could be due to two species having 
similar or opposite habitat requirements.  Secondly, there could be a biotic 
interaction occurring between the species, such as predation or competition.  To 
try to distinguish between these causes of the observed correlations between E. 
antarcticus and Plectus sp., and between S. lindsayae and P. davidi, logistic 
regression models were run. 

Table 2 6 shows logistic regression models predicting the presence of P. 
davidi.  The first model shows the presence of P. davidi to be significantly 
negatively correlated to the presence of S. lindsayae, with P. davidi about four 
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times less likely to be found in samples if S. lindsayae was also present.  
However, the presence of S. lindsayae is no longer a significant predictor once 
the habitat characteristics (the presence of moss, lichen and bird use of the area) 
are controlled for in model two.  The same effect is seen in model three, when 
controlling for the soil biochemistry.  

Table 2 7 shows logistic regression models predicting the presence of E. 
antarcticus.  The first model shows the significant positive correlation between 
the E. antarcticus and Plectus sp., with E. antarcticus over five times more likely 
to be present in samples in which Plectus sp. was also present.  In the second 
model, the habitat characteristics are controlled for.  This decreases the 
explanatory power of the presence of Plectus sp., but it remains a significant 
predictor with E. antarcticus about two times more likely to be found in samples 
in which Plectus sp. was present.  Model three controls for the soil biochemistry, 
which also reduces the explanatory power of the presence of Plectus sp., but 
again it remains a significant predictor of the presence of E. antarcticus.  
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Table 2-6  Logistic regression models predicting the presence of Panagrolaimus davidi 
from the presence of Scottnema lindsayae and habitat characteristics (presence/absence of moss, 
lichen; area used by penguins/skuas/snow petrels) and from soil biochemistry variables (water 
content (%), pH, conductivity (log10), combustible organic C content (%)). 

  p Odds ratio Correlation 95%CI 
Panagrolaimus 
davidi 

Scottnema lindsayae <0.001 0.254 - 0.1430-0.453 

Panagrolaimus 
davidi 

Scottnema lindsayae 0.095 0.540 - 0.261-1.114 

 Moss 0.002 4.189 + 1.726-10.162 

 Lichen 0.005 0.254 - 0.098-0.656 
 Bird Use <0.001 8.417 + 4.220-16.787 

Panagrolaimus 
davidi 

Scottnema lindsayae 0.109 0.535 - 0.249-1.149 

 Conductivity (log10) 0.038 1.643 - 1.027-2.629 

 Organic C Content <0.001 2.114 + 1.582-2.825 

 

 

Table 2-7  Logistic regression models predicting the presence of Eudorylaimus antarcticus 
from the presence of Plectus sp. and habitat characteristics (presence/absence of moss, lichen; 
area used by penguins/skuas/snow petrels) and from soil biochemistry variables (water 
content (%), pH, conductivity (log10), combustible organic C content (%)). 

  p Odds ratio Correlation 95%CI 
Eudorylaimus 
antarcticus 

Plectus sp.  <0.001 5.105 + 2.769-9.411 

Eudorylaimus 
antarcticus 

Plectus sp. 0.024 2.277 + 1.116-4.643 

 Moss 0.016 3.582 + 1.266-10.132 

 Lichen 0.147 2.152 + 0.765-6.058 
 Algae 0.435 0.783 - 0.423-1.449 

 Elevation 0.125 0.998 - 0.996-1.000 

Eudorylaimus 
antarcticus 

Plectus sp. 0.001 2.971 + 1.525-5.788 

 Water Content 
 

0.047 1.059 + 1.001-1.120 

 Conductivity (log10) <0.001 0.297 - 0.174-0.506 

 

2.3.6 Comparisons between Cape Hallett and Gondwana Station 

While the focus of the sampling efforts at both Cape Hallett and 
Gondwana Station was on identifying species distributions and collecting 
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samples for laboratory studies, broad scale comparisons between these sites in 
terms of the soil geochemistry and the relative species abundances were also 
performed.  Table 2-8 shows an overview of the soil geochemistry at Cape 
Hallett, Gondwana Station and data reported in the literature from the 
McMurdo Dry Valleys area.  These data cover a trend in latitude from Cape 
Hallett in the north, to Gondwana Station, and then to the Dry Valleys further 
south.  Due to the large differences in sampling effort, and the differing 
methods used for the selection of sampling sites, it is not considered 
appropriate to attempt statistical analysis of the differences in soil geochemistry 
across sites with these data.  However, the general trend for the soils in the Dry 
Valleys to be drier than the other sites is apparent, and it also appears that the 
pH is generally lower in the two sites sampled in this study than in the Dry 
Valleys, possibly as a result of the ornithogenic soils.  
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Table 2-8  Comparisons between soil geochemistry parameters measured at Cape 
Hallett and Gondwana Station in this study, with data from the McMurdo Dry Valleys area 
reported in literature.  

 N Minimum Maximum Mean ± S.E. 
Gravimetric soil moisture (%)     
All sites in this study 413 0.12 43.32 3.93 ± 0.23 
Gondwana area 363 0.12 28.07 3.77 ± 0.21 
Cape Hallett area 47 0.21 43.32 5.25 ± 1.09 
     
Bull Pass1 24 0.16 2.86 1.17 ± 0.19 
Lakes Hoare and Fryxell2 4   0.84 ± 0.12 
Beacon Valley3 1   1.97 
Lake Bonney3 1   0.56 
Organic content (g kg-1)     
All sites in this study 411 0.01 0.78 0.108 ± 0.005 
Gondwana area 363 0.01 0.72 0.095 ± 0.004 
Cape Hallett area 47 0.04 0.78 0.207 ± 0.025 
     
Bull Pass1 17 0.12 0.33 0.231 ± 0.012 
Conductivity (µS cm-1)     
All sites in this study 412 3 22700 1093.29 ± 110.83 
Gondwana area 363 3 22700 1149.04 ± 123.57 
Cape Hallett area 47 24 5270 689.22 ± 171.82 
     
Bull Pass1 24 19 7000 1635.23 ± 368.84 
Beacon Valley3 1   2850.00 
Lake Bonney3 1   82.2 
pH     
All sites in this study 413 2.88 9.93 7.61 ± 0.06 
Gondwana area 363 2.88 9.93 7.72 ± 0.06 
Cape Hallett area 47 3.81 9.93 6.77 ± 0.25 
     
Bull Pass1 24 7.87 9.63 8.54 ± 0.10 
Beacon Valley3 1   8.02 
Lake Bonney3 1   8.87 

1 Dry Valleys area data from Poage et al., 2008.  
2 Dry Valleys area data from Treonis et al., 2002.  
3 Dry Valleys area data from Nkem et al., 2006b. 

 

 

Table 2-9 shows the relative abundances of each species measured at 
Cape Hallett, Gondwana Station and in some reports from the literature on the 
Dry Valleys.  Due to the methods used in the present study, the numbers of 
nematodes per 100 g of soil (wet weight) are extrapolated from replicate counts 
on sub-samples in order to enable comparisons with the Dry Valleys studies 
(and therefore should not be interpreted as absolute counts). 
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Table 2-9  Comparisons between nematode abundance measured at Cape Hallett and 
Gondwana Station in this study, with data from the McMurdo Dry Valleys area reported in 
literature. 

 N Minimum Maximum Mean ± S.D. 
Cape Hallett     
Eudorylaimus antarcticus / 100 g ww  60 0 44 6.38 ± 6.381a 
Scottnema lindsayae / 100 g ww 60 0 66 11.38 ± 11.40 
Panagrolaimus davidi / 100 g ww 60 0 584 28.46 ± 95.14a 
Plectus sp. / 100 g ww 60 0 34 6.51 ± 6.51 
Gondwana Station     
Eudorylaimus antarcticus / 100 g ww  367 0 50 1.14 ± 3.97 
Scottnema lindsayae / 100 g ww 367 0 596 44.19 ± 75.45 
Panagrolaimus davidi / 100 g ww 367 0 1856 34.21 ± 171.91 
Plectus sp. / 100 g ww 367 0 439 26.69 ± 56.48 
Dry Valleys     
Taylor Valley1     
Eudorylaimus antarcticus / 100 g ww  30 0 57.7 29.5 
Scottnema lindsayae / 100 g ww 30 0 64.5 59.7 
Panagrolaimus davidi / 100 g ww n/a n/a n/a n/a 
Plectus sp. / 100 g ww 30 0 59.1 18.3 
     
Bull Pass2     
Eudorylaimus antarcticus / 100 g ww  25 0 5.1 0.28 ± 1.04 
Scottnema lindsayae / 100 g ww 25 0 516.5 50.82 ± 137.32 
Panagrolaimus davidi / 100 g ww n/a n/a n/a n/a 
Plectus sp. / 100 g ww n/a n/a n/a n/a 

a  Significantly different from Gondwana Station samples: two-tailed t-test, unequal 
variance assumed, p<0.05 

  b  Significantly different from Dry Valleys samples: two-tailed t-test, unequal variance 
assumed, p<0.05 

1  Dry Valleys data from (Treonis et al., 1999) 
2  Dry Valleys data from (Poage et al., 2008) 
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2.4 Discussion 

2.4.1 Nematode distribution at Cape Hallett and the Gondwana Station area 

Nematodes were found in all the habitats sampled in the Cape Hallett 
area, although species’ assemblages and total nematode abundance varied 
dramatically over a range of scales.  In general, Plectus sp. and Eudorylaimus 
antarcticus were found in wetter sites, Scottnema lindsayae in the drier and higher 
sites, while Panagrolaimus davidi was found in sites used by birds and was the 
only nematode found in the Adelie penguin rookeries.  Of these four species, P. 
davidi was found in the greatest abundance and E. antarcticus the lowest 
abundance.   

These general distribution trends are in line with recent observations by 
Yeates et al. (2009), who found P. davidi in the penguin rookery soils at Cape 
Hallett and Plectus murrayi in the moss beds adjacent to the penguin rookery.  It 
is highly probable that the Plectus sp. identified in this study is also P. murrayi 
(Chapter 6).  Barrett et al. (2006a) also reported observations of P. davidi in the 
Cape Hallett penguin rookery, as well as Plectus antarcticus (later corrected to P. 
murrayi) and a Eudorylaimus sp. at a site in Willett Cove (near the moss beds 
sampled in this study), and S. lindsayae, Eudorylaimus sp., and P. antarcticus 
(murrayi) at Luther Vale. 

The same species as those found at Cape Hallett were found in the 
Gondwana Station area, with a similarly patchy distribution.  This is the first 
time this area had been sampled for nematodes, and these observations 
contribute to the knowledge of nematode distribution on the Victoria Land 
coast. 

The more intense sampling over the two summers based at Gondwana 
Station enabled a broad range of potential nematode habitats to be sampled.  
Similar general trends were observed to those in the Cape Hallett area: S. 
lindsayae was more often found in drier and higher sites, Plectus sp. and E. 
antarcticus were found in wetter sites, often in moss or algal beds, while P. 
davidi was found in the Adelie penguin rookery soils or other areas used by the 
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South Polar Skua colony.  S. lindsayae was found in exposed sites up to an 
elevation of 650m in the Gondwana Station area and generally in greater 
numbers than in the Cape Hallett soils.  E. antarcticus was rarest and was never 
found in isolation from other species.   

The only sites in which nematodes were absent were the disturbed areas 
around the Italian Mario Zucchelli Station that appeared to receive some 
pollution from the road used to transport fuel to the station.  While pollution of 
the marine environment around the station has been studied previously 
(Bargagli et al., 1997; Bruni et al., 1997), the impacts of the station on the 
terrestrial biota have not been reported in the literature.  The studies of marine 
pollution from the station have generally concluded that the impacts are 
confined to a minimal zone (Bargagli et al., 1997; Bruni et al., 1997), and the 
presence of nematode populations within about 200m of the station would 
imply that the terrestrial impact was also minimal and confined to the main 
transport routes. 

The observation of the same nematode species at Cape Hallett and Terra 
Nova Bay is not surprising given that both sites are within the boundaries of the 
reported ranges for these species (Andrassy, 1998; Timm, 1971), and that their 
cold and desiccation tolerance (Chapters 4 and 5) should enable significant 
wind dispersal.  All the species reported in this study have also been reported 
further south (for example, P. davidi from penguin rookeries on Ross Island; S. 
lindsayae, P. murrayi and E. antarcticus from the Dry Valleys; (Freckman and 
Virginia, 1991; Porazinska et al., 2002; Wharton and Brown, 1989).  While 
nematodes are mostly found beneath the soil surface, which is likely to decrease 
their ability to be dispersed by wind, Nkem et al. (2006b) were able to 
demonstrate Aeolian transport of live nematodes across the Dry Valleys using 
Bunt pans and open top chamber traps.  Aeolian dispersal of Antarctic 
nematodes has further been confirmed by their presence (sometimes alive) in 
cryoconite holes on glaciers and frozen lakes (Christner et al., 2003; Nkem et al., 
2006b; Porazinska et al., 2004).  The study by Nkem et al. (2006b) indicated that 
survival rates of wind-transported nematodes were low, but they concluded 
from the recovery of live S. lindsayae, P. antarcticus (corrected to P. murrayi) and 
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E. antarcticus in their traps that anhydrobiosis is an important survival strategy 
for these Antarctic nematodes, allowing them to be dispersed by the wind. 

Significant population-level differences have been observed in 
Gomphiocephalus hodgsoni springtail populations north and south of the 
Campbell glacier (just to the north of Gondwana Station); these are thought to 
be a result of genetic isolation and divergence during the extensive Pleistocene 
glaciations (Stevens and Hogg, 2003).  In this study similar nematode species 
assemblages were found north and south of the Campbell glacier, suggesting 
that it might not have been a significant barrier to dispersal between nematode 
populations in the same way as it had been for springtails (although genetic 
analysis is needed to test this hypothesis; Chapter 6).  The low desiccation 
tolerance of Antarctic springtails is thought to reduce their wind dispersal 
capabilities, thereby resulting in greater population level differentiation than is 
seen in flora and fauna capable of Aeolian transport (Chown and Convey, 2007; 
Munoz et al., 2004).  

The recently discovered “southernmost worm”, a population of S. 
lindsayae at the Beardmore Glacier in the Transantarctic mountains (83.48°S), 
was compared to populations of S. lindsayae in the Dry Valleys by sequencing 
the ITS1 rDNA tandem repeat unit (Adams et al., 2007).  No differences were 
found between these populations despite the large geographic distance between 
them (around 713km), and the authors concluded that broadcast dispersal of 
nematodes may explain this lack of population structure (Adams et al., 2007).  
However, previous studies using different rDNA genetic markers were able to 
show significant population structure between S. lindsayae populations across 
different Valleys in the McMurdo Dry Valleys, indicating population structure 
on a much smaller scale (tens to hundreds of kilometres), similar to the scale 
reported for springtails (Courtright et al., 2000).  The choice of appropriate 
genetic markers for phylogeographic studies on Antarctic nematodes is 
discussed in Chapter 6, and the markers used may explain some of the disparity 
in these findings.  However, the dispersal abilities of nematodes across the vast 
ice-free areas of Antarctica and their contribution to maintaining distribution 
patterns and colonising new areas are topics that would benefit from further 
study. 
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2.4.2 Species-level habitat differences observed with simple field-measurable 
indicators 

The use of multiple logistic regression models enabled the quantification 
of the trends observed in the distribution patterns of the nematode species 
found at Cape Hallett and Gondwana Station.  This analysis was chosen due to 
the high incidence of co-linearity in the various habitat characteristics that were 
used as predictors of nematode presence or absence. 

An overall positive association between the presence of moss and the 
presence of nematodes was found for all the species present and was most 
pronounced for Plectus sp. and Eudorylaimus antarcticus.  While the presence of 
nematodes in moss beds has been reported previously (Sohlenius et al., 2004; 
Wharton and Brown, 1989), this positive association had not yet been 
quantified.  It is possible that this association simply represents similar habitat 
requirements in terms of soil geochemistry for moss and nematodes.  However, 
Sohlenius and Boström, in their study of moss patches and their invertebrate 
populations on East Antarctic Nunataks, hypothesised that moss cushions may 
provide suitable microhabitats for nematodes and other invertebrates by having 
an insulating effect on microhabitat temperature and reducing desiccation rates 
(Hogg et al., 2006; Sohlenius and Boström, 2006).   

The presence of lichen within the habitat from which soil was sampled 
was significantly positively associated with the presence of Scottnema lindsayae 
and negatively associated with the presence of Panagrolaimus davidi.  This effect 
is probably due to the presence of lichen being an indicator of the drier habitat 
areas, rather than any biotic interaction between lichens and nematodes in these 
habitats (although see Pickup 1988).  The negative association between the 
occurrence of S. lindsayae and soil moisture content that was found in this study 
has been previously well documented in the Dry Valleys (Courtright et al., 
2001; Poage et al., 2008) and more also in a study including samples from Cape 
Hallett and the Dry Valleys (Barrett et al., 2006b). 

The negative association between the presence of lichen and the presence 
of P. davidi is interesting because it remained highly significant when 
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controlling for the effect of bird use (i.e. penguin/skua occupation) of the area.  
This suggests that the negative effect of the presence of lichen on the chances of 
P. davidi being present in a sample cannot be entirely explained by the absence 
of lichen from penguin rookeries, where P. davidi was found in greatest 
abundance.  The mediating factor is again hypothesised to be soil moisture 
content, with which P. davidi had a positive association while lichens were 
found mainly in the drier sites.  This hypothesis is supported by an opposite 
strongly negative association found between bird use of the habitat and the 
presence of S. lindsayae, which remained significant when controlling for the 
strong positive association between the presence of lichen and the presence of S. 
lindsayae. 

Other studies that have looked at the distribution of Antarctic nematodes 
in ornithogenic soils further south (on Ross Island) have reported that while P. 
murrayi and E. antarcticus may be found on the margins of penguin rookeries, P. 
davidi is the only species to be found in the soils from within the rookeries 
(Porazinska et al., 2002; Sinclair and Sjursen, 2001; Wharton and Brown, 1989).  
From the observation that the higher nutrient levels, organic matter and 
moisture levels in ornithogenic soils compared to Dry Valley soils have not 
resulted in a greater diversity of nematode species present, it has been 
suggested that the high salinity of the soil created by the accumulation of 
nutrients might be limiting the presence of soil invertebrates within penguin 
rookeries (Porazinska et al., 2002).  In particular, the high concentrations of 
ammonium, found in soils from penguin rookeries, can be toxic to many 
microbes and nematodes, indicating that P. davidi must have special 
adaptations to enable it to survive in these habitats (Porazinska et al., 2002; 
Wharton and To, 1996).  The presence of P. davidi was found to be weakly 
positively correlated to the conductivity of the soil in this study, but much more 
strongly correlated to the soil’s organic content.  Both these correlations are 
considered to reflect P. davidi’s strong dependence on ornithogenic input to the 
soil.  This effect could be mediated by the need for a constant supply of a 
bacterial food source that is linked to the presence of penguins or skuas.  

The presence of algae in a habitat was only weakly correlated with the 
presence of Plectus sp. in this study.  The co-occurrence of P. murrayi and algae 
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in the wetter sites around glacial melt water has been reported in the Dry 
Valleys (Courtright et al., 2001; Treonis et al., 1999).  This correlation is likely to 
be mediated through the positive associations between algae and water content, 
and water content and Plectus sp.  The correlation between the occurrence of P. 
antarcticus (murrayi) and soil moisture content has been reported from soil 
samples in the Dry Valleys (Treonis et al., 1999) and from Cape Hallett (Barrett 
et al., 2006b).  

A weak negative correlation between site elevation and the occurrence of 
Plectus sp. was also reported in this study, although elevation was not a 
significant predictor of any of the other nematode species.  The range of 
elevations included in this study was small in an Antarctic context, ranging 
from sea level to 650m above sea level.  The higher sites sampled were often 
drier and more exposed, with less surface stability.  It is therefore likely that the 
lower soil moisture content and absence of algae and moss were mediating 
factors in this correlation, and that inclusion of samples from more stable 
habitats at higher elevations (for example, melt water communities at the heads 
of the Dry Valleys from which P. murrayi has been reported) would negate this 
correlation (Barrett et al., 2006b).  

The simple field-measurable predictors used in the models of nematode 
presence in this study could provide a useful tool for future nematode sampling 
trips in Victoria Land, although the correlations between the presence or 
absence of nematode species and these predictors do not necessarily imply 
causation or provide ways to explain the patchy distribution of the nematode 
species.  They could also be useful as broad-scale indicators of terrestrial 
diversity for setting conservation priorities in these habitats.  For example, the 
positive correlation observed between the presence of moss and the presence of 
all the nematode species suggest that the moss beds in Victoria Land should be 
included in the protected areas.   

Most terrestrial ecosystems host a large diversity of organisms and 
therefore the degree of functional redundancy is thought to be great enough for 
the effects of the loss of individual species to be low (Andrén and Balandreau, 
1999).  However, the role of nematodes in ecosystem functioning has been 
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shown to be particularly important in the Antarctic context (Barrett et al., 2008; 
Wall, 2005).  In such low-diversity ecosystems, a decline in the abundance of S. 
lindsayae as a result of the decrease in average summer temperatures from 1993 
to 2005 (thought to be linked to global climate change) has already been shown 
to have direct impacts on soil carbon cycling and thus ecosystem functioning 
(Barrett et al., 2008).  It is therefore reasonable to suggest that soil biodiversity, 
including the presence of nematodes, be taken into account when selecting 
protected areas for conservation in Victoria Land. 

 

2.4.3 Habitat specialisation at the species level correlated to soil geochemistry 

Multiple logistic regression models enabled the correlations between soil 
geochemistry and the presence of each nematode species to be investigated for 
the soil samples from Cape Hallett and Gondwana Station.  To enable models to 
be compared, the soil geochemistry variables included in this study were based 
on a conceptual model (Freckman and Virginia, 1998) and measured using the 
same methods as the studies on the impacts of soil geochemistry on nematode 
distribution in the Dry Valleys (Barrett et al., 2004). 

Soil pH varied considerably across the samples included in this study, 
but was not a significant predictor of the occurrence of any of the species in the 
models.  This is likely to be due to a non-linear relationship between pH and 
nematode presence.  All nematodes were absent in the most acidic soil samples 
(pH 2-3), although they were found in samples ranging from pH 3 to pH 10 
showing tolerance of both acidic and alkaline soils.  The pH of soils measured 
in the same way has been reported for some Dry Valleys surveys, where it 
ranged from around 7.8 to 9.7 in one study (Poage et al., 2008) and 8.0 to 9.9 in 
another (Courtright et al., 2001).  While pH was significantly related to the 
presence of Scottnema lindsayae in Dry Valleys soils, this correlation was 
attributed to the systematic variation in pH measurements associated with 
conductivity (Poage et al., 2008), which is likely to be the case in this study too.  
While pH and conductivity are highly correlated in these soils, the conductivity 
appears to have more of an effect over nematode presence than pH, although 
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low conductivity alone does not indicate abundant or species-rich nematode 
populations in either this study or those in the Dry Valleys (Courtright et al., 
2001). 

The conductivity of the soil (used as a measure of salinity) varied greatly 
across the soil samples and was a significant predictor for the occurrence of all 
the nematode species in this study.  The strongest correlation was found for S. 
lindsayae, which was negatively correlated to the conductivity of the soil.  Both 
Plectus sp. and Eudorylaimus antarcticus were also negatively correlated to the 
conductivity of the soil, but only weakly, while Panagrolaimus davidi was 
slightly positively correlated to conductivity.  Similar trends have been reported 
from studies of the Dry Valleys soils, in which S. lindsayae, E. antarcticus and 
Plectus antarcticus (murrayi) have been reported as significantly negatively 
correlated to the conductivity of soils (Treonis et al., 1999), with this single 
variable accounting for 60% of the total variation in the distribution of S. 
lindsayae (Poage et al., 2008).  The actual range of soil salinities that the 
nematodes were found to inhabit also varied considerably between species in 
this study, with Plectus sp. only found at salinities below 40 µS cm-1, while the 
other species were found at salinities over 50 µS cm-1 and P. davidi at salinities 
over 100 µS cm-1.  In the Dry Valleys, S. lindsayae has been reported in soils of 
conductivities up to 8130 µS cm-1, although one study reported that it occurred 
predominantly below 700 µS cm-1 (Courtright et al., 2001), and another study 
below 250 µS cm-1 (Poage et al., 2008).  The threshold soil salinities reported for 
E. antarcticus and P. murrayi are always lower than those reported for S. 
lindsayae (Courtright et al., 2001; Poage et al., 2008; Treonis et al., 1999), with 
Plectus antarcticus (murrayi) also reported to be associated with low conductivity 
in the study that included data from Cape Hallett (Barrett et al., 2006b).  The 
high salt tolerance of P. davidi has been previously noted, although the 
conductivity of the soil was not reported (Porazinska et al., 2002).  A study 
comparing the salt tolerance of S. lindsayae and P. antarcticus (murrayi) 
suggested that some species are better adapted to survival across a larger range 
of salinities than others, which may explain species-level distribution patterns 
(Nkem et al., 2006a).   
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Soil water content was also found to be a significant predictor of 
distribution patterns for E. antarcticus, S. lindsayae, and Plectus sp. in this study.  
The soil moisture content variable gives an indication of the summer water 
availability in the habitat, although it should only be seen as a general indicator. 
As in the studies from the Dry Valleys, not all samples were taken at the same 
time of day, month or year, which will have introduced considerable variation.  
Furthermore, the methods used only provide an estimate of soil moisture 
content without measuring the soil water potential.  Soil water potential would 
likely be a stronger and more accurate predictor of the distribution of 
nematodes, as it would give an indication of the availability of water to diffuse 
into biological tissues (for example, Forge and MacGuidwin, 1992).  The models 
do however show the general trend that E. antarcticus and Plectus sp. were more 
often found in wetter sites, while the opposite trend was observed for S. 
lindsayae, which was strongly negatively correlated to soil moisture.  This trend 
has been previously reported from the Dry Valleys (Courtright et al., 2001; 
Poage et al., 2008) and in models including Cape Hallett samples (Barrett et al., 
2006b), in which soil moisture content was calculated in the same way on 
samples collected over several seasons.  

Soil organic content was only a significant predictor of the distribution of 
P. davidi and S. lindsayae in the models presented in this study, with opposite 
trends observed for each species (positive for P. davidi and negative for S. 
lindsayae).  These trends were previously reported in distribution models based 
on Dry Valleys’ and Cape Hallett data (Barrett et al., 2006b).  It should be noted 
that while the maximum organic content reported in soil samples in this study 
(0.78 g kg-1) was considerably higher than in those reported in the Dry Valleys’ 
soils (Poage et al., 2008), the averages did not appear particularly different 
(although it is not possible to compare the raw data as these were not 
published).   

The general conclusion from all studies investigating the impacts of soil 
geochemistry on the distribution of nematodes in Victoria Land has been that 
soil salinity is the primary determining factor of nematode habitat suitability 
(Poage et al., 2008).  In the models presented in this study, conductivity was the 
strongest predictor of the distribution of S. lindsayae, Plectus sp. and E. 
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antarcticus and was the only factor that was a significant predictor for all the 
species.  Despite the average conductivity of soil samples in this study being 
lower than that reported in the Dry Valleys (Nkem et al., 2006a; Poage et al., 
2008; Treonis et al., 2002), the range of salinities appeared to be greater, with 
exceptionally saline soils described in the Gondwana Station area (probably a 
result of marine spray after coastal storms).  The data presented in this study 
therefore suggest that soil salinity is not only a primary determining factor of 
habitat suitability for these nematode species in the Dry Valleys context, but 
also for the entire Victoria Land coast range. 

 

2.4.4 Biotic interactions or co-occurrence? 

The four nematode species investigated in this study had clear, distinct 
distribution patterns, which were strongly influenced by abiotic habitat 
characteristics.  In general, the ‘extreme’ conditions in terrestrial Antarctic 
habitats, as well as the reports of highly simplified ecosystems with limited 
trophic levels, have led to the broad conclusion that organisms’ distributions 
are almost entirely a function of abiotic factors (Chown and Convey, 2007).  For 
example, the co-occurrence of nematodes with moss and algae, reported in this 
study and others, has generally been interpreted as a by-product of matching 
requirements for habitats with sufficient water content, as opposed to species 
interaction (Hogg et al., 2006).   

Examples of predation in terrestrial Antarctic communities are rare, and 
the data reported so far on studies of mites from the maritime Antarctic have 
failed to identify a functional response, indicating that natural predator 
densities are not high enough to have an impact on even the lowest recorded 
prey densities (Lister et al., 1988).  Barrett et al. (2006b) also failed to identify a 
correlation between the diversity of bacteria and invertebrates and their 
abundance, suggesting that bacterial diversity is not mediated by higher trophic 
levels in Victoria Land soils.   

From the perspective of nematode distribution patterns, Barrett et al. 
(2006b) have commented on the implications of species’ feeding preferences, 
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suggesting that as a bacterial feeder, P. davidi may favour ornithogenic soils, 
whereas S. lindsayae might be at an advantage in Dry Valleys soils as a yeast 
and bacterial feeder, since fungi are more abundant in the Dry Valleys’ soils 
(Adams et al., 2006; Barrett et al., 2006b).  The data presented in this study have 
confirmed Panagrolaimus davidi’s very strong dependence on ornithogenic input 
to soils, with its distribution being restricted to penguin rookeries and areas 
used regularly by skuas.   

In an attempt to identify any biotic interactions between the nematode 
species reported in this study, multiple logistic regression models were used to 
distinguish between variation in distribution caused by species habitat 
requirements and other co-variations that could be a result of a biotic 
interaction between species.  Interactions were found between the distributions 
of two pairs of species.  The significant negative correlation found between the 
presence of P. davidi and Scottnema lindsayae could be reduced to an insignificant 
level by controlling for habitat characteristics.  This result implies that the 
correlation was mediated through opposing habitat preferences for these two 
species, as opposed to any biotic interaction between them.  However, the 
strong positive correlation between the occurrence of Eudorylaimus antarcticus 
and Plectus sp. could not be fully explained by the abiotic habitat characteristics 
measured in this study.  Furthermore, E. antarcticus was never found to be the 
only nematode species in a soil sample.  E. antarcticus is the largest of the 
species recorded in this study and has been previously reported to feed on 
algae, although as a eudorylaimid it is considered likely that it is an 
omnivorous nematode species (Barrett et al., 2008).  The data presented in this 
study indicate that E. antarcticus may be dependent on availability of a prey 
nematode species, most likely to be Plectus murrayi, thereby indicating that its 
distribution pattern is restricted by this interaction. 

 

2.4.5 Conclusions 

The nematode distribution across the ice-free areas at Cape Hallett and 
Gondwana Station was patchy, even on a scale of metres.  Broad-scale habitat 
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preferences could be identified for each of the species present that were 
consistent between sites.  These trends had been previously noted for the same 
species in the Dry Valleys’ soils and the penguin rookeries further south on 
Ross Island (Poage et al., 2008; Porazinska et al., 2002), thereby indicating that 
these species-level habitat preferences are consistent across large scales and 
may also play a role in determining the limits of their range.  Field-identifiable 
habitat features, such as the presence of moss, could be used to identify likely 
nematode habitats for each species, which should provide useful information 
for future sampling trips and potentially help with the selection of terrestrial 
conservation areas.  

Soil geochemistry was found to have a strong impact on the distribution 
patterns of the nematodes identified in this study.  In particular, the salinity of 
the soil had a strongly significant effect in determining the distribution of the 
species investigated, which supports studies from the Dry Valleys that indicate 
that salinity plays a primary role in determining invertebrate distribution 
(Courtright et al., 2001). 

The distinct distribution patterns for the four nematode species indicate 
that they have specialised to different niches.  P. davidi is the only nematode 
that can survive within the penguin rookeries, where salinity is high, but 
bacterial food is plentiful.  S. lindsayae was found across the greatest range of 
habitats, including the driest sites and a large range of salinities.  It has been 
reported to feed on both yeast and bacteria, making it unlikely to be food 
limited in these sites either.  Plectus sp. was found in the most ‘mild’ sites: the 
wettest sites, with reasonably high organic content and fairly low salinity.  E. 
antarcticus was always found at low densities and only in sites where other 
nematodes were present (most often Plectus sp.) indicating that it might depend 
on the availability of a prey nematode species, providing an example of a biotic 
interaction of importance in structuring even these simplest ecosystems. 
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Chapter 3   Thermal conditions in the habitats of terrestrial Antarctic 
nematodes 

3.3 Introduction 

3.3.1 Impacts of thermal variability 

Temperature is a critically important environmental factor for all forms 
of life because of its direct effects on rates of reaction and biological processes 
(Portner et al., 2006).  Both direct responses and evolutionary adaptations to 
changes in temperature have been observed at many levels: from the molecular, 
to the physiological and behavioural (Portner et al., 2006).  Cold temperatures 
influence all organisms in numerous ways, such as by causing reductions in 
biochemical reaction rates, changes in membrane fluidity, changes in protein 
conformation, and increased viscosity of body fluids (Margesin et al., 2007).  In 
the case of freezing, additional physiological changes can occur including the 
possibility of internal physical damage from the growth of ice crystals, 
circulatory stasis and anoxia as well as changes in osmotic gradients and the 
risk of dehydration (Diamond, 1989; Wharton, 2002a). 

The Polar Regions represent the ‘extreme’ cold end of global 
temperatures, with Antarctica holding the record for the lowest recorded 
temperatures on Earth (1.1.1; Budretski, 1984).  Only 0.3% of the Antarctic 
Continent is currently ice-free (British Antarctic Survey, 2004) and the 
distribution of life within these restricted areas remains patchy on all scales 
(Chapter 2).  The terrestrial systems in these habitats are one of the few 
environments in which extreme abiotic conditions have reduced diversity to a 
level where biotic interactions are considered to be largely insignificant (Hogg 
et al., 2006).  Two main aspects of the thermal conditions in these habitats are 
likely to be of importance in regulating biological processes: the short period of 
the year when temperatures rise above freezing and the low average 
temperatures even during this period (Moorhead et al., 2002).  The thermal 
conditions are also unavoidably linked with the availability of water for 
biological activity in the Antarctic.  In addition to keeping water in a frozen 
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state for most of the year, as there is low precipitation over much of the 
terrestrial Antarctic, the influence of temperature on determining rates of 
evaporation and sublimation can have significant impacts on organisms that are 
often at risk of both freezing and desiccation (Moorhead et al., 2002).  Overall, 
the low thermal input and the interactions between temperature and water 
availability, combined with a low level of environmental predictability of these 
factors (Peck et al., 2005), are key abiotic drivers that maintain simple 
ecosystems in the terrestrial Antarctic (Peck et al., 2005). 

On a local scale, soil temperatures in these terrestrial Antarctic habitats 
can be dramatically different from the ambient temperatures (Sinclair et al., 
2006) with the soil providing some degree of insulation from the air 
temperature extremes that are recorded for the Antarctic.  There is, however, 
considerable variation in soil temperatures between sites, even on a scale of 
centimetres (Davey et al., 1992).  Antarctic soil temperatures are influenced by 
the level of solar radiation, which varies with orientation, albedo, snow cover, 
the presence of vegetation and other factors (Moorhead et al., 2002).  The 
insulating effect of snow cover keeps soil temperatures lower than those in 
exposed soils during summer, but higher than in exposed soils during the 
constant darkness during winter (Davey et al., 1992).  Soil water content is also 
known to strongly affect the local variation in temperatures, with drier sites 
more closely following the variation in ambient temperature than wetter sites 
(Davey et al., 1992). 

Organisms in their habitats are predicted to respond to temperatures in a 
dynamic and cumulative way, because thresholds are more important than 
averages to the underlying biological processes (Sinclair, 2001a).  In particular, 
the number of freeze-thaw cycles that organisms are exposed to in their 
environment will have implications for their need for adaptations.  In many 
instances, cooling or warming rates can also determine whether organisms are 
able to acclimate prior to exposure to thermal extremes.  Microclimate studies 
that characterise the temperatures experienced by organisms in their habitats 
are therefore important both in the design of ecophysiological experiments and 
in the interpretation of their results (Sinclair, 2001a).  
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3.3.2 Terrestrial Antarctic nematode life histories 

The ‘extreme’ thermal conditions in the terrestrial Antarctic can be 
predicted to impact on the life history strategies of organisms found there; 
growth and reproduction in Antarctic organisms are often limited by the low 
temperatures, resulting in very long life histories (Brown et al., 2004; Convey, 
1996).  The resistance adaptations seen in a number of Antarctic nematode 
species enable them to survive the extended periods below 0°C in a cryptobiotic 
state (either anhydrobiosis or cryobiosis; Chapters 4 and 5).  However, there is 
mixed evidence for the existence of capacity adaptations in Antarctic nematodes 
(such as adaptation to a lower thermal window).  The life histories of only four 
terrestrial polar nematodes have been described, of which three showed some 
adaptation to lower temperatures.  A Chiloplacus species from the high 
Canadian Arctic was found to grow and reproduce at lower temperatures than 
many other temperate nematode species, and also had shorter generation times 
at low temperatures (Procter, 1984).  Plectus antarcticus from the Maritime 
Antarctic was found to have greater fecundity at 10°C than at 2°C, and 10°C 
was considered to be the optimum temperature for this species (Caldwell, 
1981).  Increasing temperatures from 10°C to 15°C had negative effects on the 
life cycle of Scottnema lindsayae from the Dry Valleys, which was found to have 
an exceptionally long life cycle of 218 days at 10°C (Overhoff et al., 1993).  In 
contrast, the life history of Panagrolaimus davidi was found to be more similar to 
temperate species (such as Panagrolaimus rigidus) than the other polar species, 
with an optimal temperature range of 17-26°C (Brown et al., 2004).  Thus, while 
three of these species present a relatively consistent picture of capacity 
adaptation, P. davidi appears to employ a different strategy based on higher 
threshold temperatures for growth, combined with higher growth rates at 
higher temperatures and a dependence on resistance adaptations to survive the 
low temperatures (Brown et al., 2004).  This disparity indicates that there are 
several adaptive strategies to the extreme thermal variability experienced by 
terrestrial Antarctic nematodes. 
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3.3.3 Aims 

This study aimed to collect microclimate data during the field trips to 
Cape Hallett and Gondwana Station in order to describe the thermal 
characteristics of terrestrial Antarctic nematode habitats during the summer 
season.  These data were analysed using a series of macros previously 
developed by Sinclair (2001a) to collate maximum and minimum temperatures, 
investigate the number and frequency of freeze-thaw cycles that nematodes can 
be expected to experience, calculate the duration and frequency of exposure to 
temperatures above the threshold temperatures for growth and reproduction 
reported for Antarctic nematode species, and finally record the cooling and 
thawing rates experienced.  These data will provide useful context information 
for interpreting the results of freezing tolerance studies (Chapters 4 and 5). 
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3.3 Methods 

3.3.1 Study sites and habitats 

The field sites for this study have been described previously (2.2).  
Microclimate recordings were made during the 2005 summer season at Cape 
Hallett and the 2006 summer season at Gondwana station.  The locations of the 
data loggers are given in Table 3.1 and Table 3.2.  
 

Table 3-1  Position and recording dates of data loggers recording microclimate data 
representative of nematode habitats at Cape Hallett, summer 2005.  
Data logger Site 

description 
Aspect Recording 

dates 
Recording 

interval 
GPS 

coordinates 
Moss 1 2 cm depth in 

the soil beneath 
moss beds 

Flat 29 Nov –  
13 Dec 2005 

Every 30 
minutes 

S 72.32116 
E170.22638 

Moss 2 2 cm depth in 
the soil beneath 
moss beds 

Flat 29 Nov –  
13 Dec 2005 

Every 30 
minutes 

S72.32047 
E170.23010 

Penguin 1 2 cm depth in 
the soil near 
penguin 
mounds 

NW aspect 29 Nov –  
13 Dec 2005 

Every 30 
minutes 

S72.31886; 
E170.23206 

Penguin 2 2 cm depth in 
the soil near 
penguin 
mounds 

NW aspect 29 Nov –  
13 Dec 2005 

Every 30 
minutes 

S72.31878; 
E170.23087 

Scree 1 2 cm depth in 
the soil on scree 
slopes 

Flat  29 Nov –  
13 Dec 2005 

Every 30 
minutes 

S72.32063; 
E170.23221 

Scree 2 2 cm depth in 
the soil on scree 
slopes 

NW aspect 29 Nov –  
13 Dec 2005 

Every 30 
minutes 

S72.32076; 
E170.23206 

 
Sites were chosen to be representative of nematode habitats.  At Cape 

Hallett, two data loggers were deployed in each of the three broadly defined 
habitat types (moss beds, penguin rookery and scree slopes; Chapter 2).  In the 
Gondwana Station area, four data loggers were deployed in sites with variable 
water content and snow cover, representative of habitats for different nematode 
species. 
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Table 3-2  Position and recording dates of data loggers recording microclimate data 
representative of nematode habitats around Gondwana Station, summer 2006.  
Data logger Site 

description 
Aspect Recording 

dates 
Recording 

interval 
GPS 

coordinates 
Data logger 1 Exposed dry 

ridge site, 0 cm, 
2 cm and 5 cm 
depth 

Flat 10 Nov –  
4 Dec 2006 

Every 30 
seconds 

S7437.607 
E16411.924 

Data logger 2 Snow covered 
site, 0 cm, 2 cm 
and 5 cm 

Flat 10 Nov –  
4 Dec 2006 

Every 30 
seconds 

S7406.901 
E16412.071 

Data logger 3 Wet site near 
Lake 17, 0 cm, 2 
cm and 5 cm 

Flat 10 Nov –  
4 Dec 2006 

Every 30 
seconds 

S7436.806; 
E16412.935 

Data logger 4 Run-off slope 
receiving snow 
melt, 0 cm, 2 cm 
and 5 cm 

Flat 10 Nov –  
4 Dec 2006 

Every 30 
seconds 

S7437.182; 
E16413.085 

  

3.3.2 Microclimate recordings 

At Cape Hallett, six ‘Stowaway’ data loggers with a single external 
thermistor probe each (Onset Computer Corporation, Pocasset MA, USA) were 
used to record the temperature every 30 minutes at the locations described in 
Table 3.1.  These recorded data from the 29 November to 13 December 2005 (a 
total of 332 hours, or 13 days and 20 hours).  The sampling interval used was 
limited by the memory of the data loggers and hence it was only possible to 
record the temperature every 30 minutes over the recording period.  

In the Gondwana Station area, four ‘Hobo’ data loggers (Onset 
Computer Corporation, Pocasset MA, USA), each with three external thermistor 
probes, were deployed to record the temperature every 30 seconds at the 
locations described in Table 3.2.  Data were recorded from 10 November to 4 

December 2006 (a total of 554 hours, or 23 days and 2 hours).  These data 
loggers had greater memory capacity enabling data to be collected more 
frequently (every 30 seconds).  The data collected by the loggers could be 
downloaded using a ‘shuttle’ (Onset Computer Corporation, Pocasset MA, 
USA) every three days to avoid overwriting the data previously collected, 
without needing to move the data logger.  This is shown in Figure 3-1. 
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Figure 3-1  Photograph showing a ‘Hobo’ data logger deployed in the field and the 

attached ‘shuttle’ for downloading data.  The probes were placed at 5 cm and 2 cm depth and 
one probe measured the exposed surface temperature (not shown). 
 

 

3.3.3 Analysis of microclimate data 

Microclimate data were exported from the BoxCar application in tab 
delimited format for analysis using Microsoft Excel (2000).  Analyses were run 
using Macros provided by Sinclair and described in Sinclair (2001a).  The 
maxima and minima were calculated using Macro 1.  The numbers of freeze-
thaw cycles across 0°C and -3°C were calculated using Macro 2.  The duration 
of periods above 6.8°C, and below 0°C and -3°C were also calculated using 
Macro 2.  Finally, the cooling rates across 0°C and -3°C were calculated using 
Macro 1. 
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3.3 Results 

3.3.1 Microclimate data from Cape Hallett 

The microclimate data from the six data loggers in the Cape Hallett area 
showed considerable variation in soil temperature over the 13 days of data 
collection.  There was a distinct diurnal rhythm linked to solar radiation, with 
temperatures dropping overnight when the sun went behind the mountains 
and cast shadows over the ice-free area (Figure 3-2).  A storm from 2 December 
to 4 December 2005 caused soil temperatures to drop and the diurnal variation 
to be less dramatic.  

There was some variation in the temperature extremes and the 
amplitude of the fluctuations between the six data loggers, although the overall 
temperature trends were consistent.  The maximum temperatures were 
surprisingly high (up to 35°C) and dependent on the amount of solar radiation 
received, with sites with a west or northwest aspect (penguin 1 and 2, and scree 
2) receiving more sun than those on the flat (moss 1 and 2, scree 1) (Table 3-3).  

 
Table 3-3  Comparisons of soil temperatures recorded in six locations in the Cape 

Hallett ice-free area during November-December 2005. 
 Moss 1 Moss 2  Penguin 1 Penguin 2 Scree 1 Scree 2 

Mean  3.08 ºC 1.84 ºC 4.75 ºC 5.02 ºC 3.03 ºC 3.14 ºC 
Maximum 19.80 ºC 19.86 ºC 27.93 ºC 35.25 ºC 19.13 ºC 33.91 ºC 
Minimum -6.49 ºC -5.21 ºC -5.13 ºC -7.08 ºC -5.11 ºC -5.08 ºC 

 
 
Soil temperatures in all sites frequently dropped below 0ºC, with freeze-

thaw cycles occurring on most days (Table 3-4).  Despite these recordings being 
taken from the Antarctic summer season, a relatively high percentage of the 
total time was spent below 0ºC (from 36-50%), illustrating the very short 
periods available for growth for nematodes in these habitats. 
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Table 3-4  Freeze-thaw cycles across 0ºC and total periods spent below 0ºC for soil 
nematodes in the Cape Hallett ice-free area. Data from six data loggers in three habitat types 
were collected for a total of 332 hours from 29 November to 13 December 2005. 

 Moss 1 Moss 2  Penguin 1 Penguin 2 Scree 1 Scree 2 
Total freeze-thaw 
cycles across 0ºC 

13 14 18 15 9 12 

Freeze-thaw cycles 
across 0ºC per 24h 

0.940 1.012 1.301 1.084 0.651 0.867 

Total period <0ºC 
(hours) 

129.5 165 120 135.5 122.5 150 

Percentage time 
spent <0ºC 

39.0% 49.7% 36.1% 40.8% 36.9% 45.2% 

 
 
Complete freezing of the soil is not expected to occur if soil temperatures 

fall below 0ºC for only a short period.  The sensitivity of the data loggers and 
the interval of temperature measurement did not allow for the measurement of 
exothermic heat release as a result of soil freezing.  For this reason, the number 
of freeze-thaw cycles across -3°C were also calculated, since both soil and 
nematodes are more likely to have frozen at this temperature (Table 3-5).  
Freeze-thaw cycles across -3°C were less frequent than across 0°C, but still 
occurred either daily or every-other-day in these sites.  Using the -3°C threshold 
temperature as indicative of soil freezing, these sites were frozen between 5 and 
23% of the total time measured. 

 
Table 3-5  Freeze-thaw cycles across -3ºC (at which soil and nematodes can be expected 

to have frozen) and total periods spent below -3ºC for soil nematodes in the Cape Hallett ice-
free area. Data from six data loggers in three habitat types were collected for a total of 332 hours 
from 29 November to 13 December 2005. 

 Moss 1 Moss 2  Penguin 1 Penguin 2 Scree 1 Scree 2 
Total freeze-thaw 
cycles across -3ºC 

9 9 15 14 5 9 

Freeze-thaw cycles 
across -3ºC per 24h 

0.651 0.651 1.084 1.012 0.361 0.651 

Total period <-3ºC 
(hours) 

17.5 57.5 39 76.5 62.5 55.5 

Percentage time 
spent <-3ºC 

5.3% 17.3% 11.7% 23.0% 18.8% 16.7% 
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Figure 3-2  Soil temperatures at a depth of 2 cm (representative of nematode habitat) 

during summer in the Cape Hallett ice-free area.  Two data loggers were placed in each of three 
broad habitat types (the penguin colony, the moss and algal flats, and the scree slopes).  Data 
were collected every 30 minutes from 29 November to 13 December 2005. 

 
 
Studies on the life history of Panagrolaimus davidi have estimated the 

optimal temperature for population growth to be 26ºC, which results in high 
fecundity and productivity, and a short developmental period for this 
nematode (Brown et al., 2004).  The study also estimated the threshold 
temperature for growth as 6.8ºC, below which population growth ceased 
(Brown et al., 2004).  Using 6.8ºC as a threshold temperature for growth, 
analysis of the microclimate data shows that although soil temperatures 
frequently rose above this temperature (about once a day), the total time spent 
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above this threshold was relatively short at all the sites (19% to 36% of the total 
time measured over the 14 days in summer) (Table 3-6).  The mean duration of 
the periods for which soil temperatures were above this threshold was also 
relatively short (4.5 to 7.7 hours) with most periods lasting only half an hour 
(Figure 3-3). 

 
Table 3-6  Number of cycles when soil temperatures rose above 6.8ºC (the threshold for 

population growth in Panagrolaimus davidi (Brown et al., 2004)) and duration of periods above 
6.8ºC for six data loggers in the Cape Hallett ice-free area.  Data from six data loggers in three 
habitat types were collected for a total of 332 hours from 29 November to 13 December 2005. 

 Moss 1 Moss 2  Penguin 1 Penguin 2 Scree 1 Scree 2 
Number of cycles 
>6.8ºC 

15 8 21 18 12 19 

Number of cycles 
>6.8ºC per 24h 

1.084 0.578 1.518 1.301 0.867 1.373 

Total period >6.8ºC 
(hours) 

78.5 61.5 107.5 119 81 85 

Percentage time 
spent >6.8ºC 

23.6% 18.5% 32.4% 35.8% 24.4% 25.6% 

Mean duration of 
the periods >6.8ºC 
(hours) 

5.23 7.69 5.12 6.61 6.67 4.47 

 

 
Figure 3-3  Distribution of the durations of periods when soil temperature was above 

the threshold for growth (6.8ºC) from all six data loggers. Mode = 0.5 hours. 
 
Scottnema lindsayae has been shown to have lower reproductive success at 

15°C than at 10°C, indicating that warmer temperatures have a negative effect 
on this species’ lifecycle (Overhoff et al., 1993).  Studies on the Maritime 
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Antarctic nematode species, Plectus antarcticus, also found 10°C to be its optimal 
temperature (Caldwell, 1981).  Table 3-8 shows the frequency of cycles and 
duration of periods over 10°C at this site.  Soil temperatures got above 10°C 
almost daily in most of these sites, with between 12% and 27% of the total time 
spent above this threshold.  While many of the periods over 10°C were short in 
duration, some longer periods were experienced in all sites, with the average 
duration ranging from around 2 to 6 hours. 

 
Table 3-7  Number of cycles when soil temperatures went above 10ºC (estimated 

optimum temperature for Scottnema lindsayae (Overhoff et al. 1993)) and duration of periods 
above 10ºC for six data loggers in the Cape Hallett ice-free area.  Data from six data loggers in 
three habitat types were collected for a total of 332 hours from 29 November to 13 December 
2005. 

 Moss 1 Moss 2  Penguin 1 Penguin 2 Scree 1 Scree 2 
Number of cycles 
across 10ºC 

13 9 13 20 9 19 

Number of cycles 
across 10ºC per 24h 

0.94 0.65 0.94 1.45 0.65 1.37 

Total period >10ºC 
(hours) 

50.5 38.5 80.5 89.5 49.5 50.5 

Percentage time 
spent >10ºC 

15.2% 11.6% 24.3% 27.0% 14.9% 15.2% 

Mean duration of 
the periods >10ºC 
(hours) 

2.01 4.28 6.19 4.48 5.5 2.66 

 

3.3.2 Microclimate data from the Gondwana Station area 

The data recorded from the four data loggers deployed in the Gondwana 
Station area from 10 November to 4 December 2006 also showed distinct 
diurnal rhythms (Figure 3-4 to Figure 3-7).  These data loggers recorded the 
temperature at three depths simultaneously, revealing an insulating effect of 
the soil at all four recording sites.  At five centimetres depth, the temperature 
was more stable than at the surface, with lower maxima and higher minima. 

The four data loggers were deployed in a range of sites representative of 
nematode habitats.  The first data logger (Figure 3-4) was positioned in a 
relatively dry site on an exposed ridge, typical of Scottnema lindsayae habitat.  
The second data logger (Figure 3-5) was deployed in a site near the moss beds 
that was typical of the habitat of S. lindsayae, Eudorylaimus antarcticus and 
Plectus sp..  This site was covered by snow for the duration of the measuring 
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period.  The snow cover had an insulating effect on temperature resulting in 
less variation than the exposed sites, although the site remained permanently 
frozen.  The snow cover reduced in thickness over the last two days of 
recording, which is reflected in the higher maxima recorded by the probe 
measuring the surface temperature.  The third data logger (Figure 3-6) was 
positioned in a wet site on the edge of Lake 17, where Panagrolaimus davidi, S. 
lindsayae and Plectus sp. were found.  This site was frequently used by South 
Polar skuas and the data logger was attacked by the birds midway through the 
recording, causing a break in the data.  Finally, the fourth data logger was 
deployed on a site receiving considerable run off from snow melt further up the 
scree slopes.  This site was habitat for S. lindsayae, E. antarcticus and Plectus sp.  

Analysis of the average temperatures and the amount of time spent 
below 0°C and -3°C revealed that temperatures in these sites were considerably 
lower than those recorded further north at Cape Hallett the previous year 
(Table 3-8 and Table 3-9).  The temperatures were more variable in the driest 
exposed site (data logger 1) than in the other wetter sites.  The temperatures 
recorded by the four data loggers were below 0°C for between 100% and 62% of 
time measured during these summer months and, in those sites where 
temperatures did get above freezing, there were very frequent freeze-thaw 
cycles.  At five centimetres depth, none of the sites recorded ever got above the 
threshold temperature for growth in P. davidi (6.8°C) during the recording 
period (Table 3-10).  At 2cm depth, the maximum percentage of total time above 
6.8°C was 6.28%, and the periods spent above this threshold were typically very 
short in duration with means between 0 and 3.4 hours.  Only surface 
temperatures frequently got above 10°C at these sites (Figure 3-4 to Figure 3-7). 

Cooling rates were calculated from the data logger recordings over the 
10 minutes prior to crossing the -3°C temperature threshold, likely to be 
representative of freezing in the soil (Sinclair, 2001a).  These varied 
considerably from a maximum temperature decrease of 0.7°C per minute on 
average over the 10 minutes, to a minimum cooling rate of 0.047°C per minute.  
The consistently measured minimum cooling rate is likely to represent the 
sensitivity limit of the data loggers.  
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Table 3-8  Comparisons of soil temperatures recorded in six locations in the Gondwana Station area during November-December 2006. * Note 
that the probes measuring temperature at 5 cm and 0 cm depths were damaged and did not record data for the last 3 days of data collection for Data 
logger 3. ** The probe at 2 cm depth appeared to malfunction during the last days of recording and these data should therefore be treated with caution. 

 Data logger 1: exposed dry 
ridge site 

Data logger 2: snow 
covered site 

Data logger 3: wet site by 
Lake 17 

Data logger 4: run-off slope 
receiving snow melt 

Probe depth 5 cm  2 cm  0 cm 5 cm  2 cm  0 cm 5 cm * 2 cm ** 0 cm * 5 cm  2 cm  0 cm 
Mean (ºC) -3.91 -2.92 -0.09 -11.88 -10.69 -8.80 -7.12 -5.33 -7.19 -5.14 -4.91 -2.26 
Maximum (ºC) 6.22 12.16 27.16 -0.61 -0.16 21.71 3.31 17.52 10.21 4.57 7.03 19.81 
Minimum (ºC) -12.29 -14.10 -16.68 -16.68 -17.36 -17.36 -15.36 -17.36 -19.49 -16.02 -16.68 -18.76 
Total hours of 
data collection 

554 554 554 547 547 522 467 538 467 450 450 450 

 
Table 3-9  Freeze-thaw cycles across 0ºC and -3°C, and total periods spent below 0ºC and -3°C for soil nematodes in the Gondwana Station ice-

free area. Data from four data loggers in four different habitat types were collected in November-December 2006. * Note that the probes measuring 
temperature at 5 cm and 0 cm depths were damaged and did not record data for the last 3 days of data collection for Data logger 3. ** The probe at 2 cm 
depth appeared to malfunction during the last days of recording and these data should therefore be treated with caution. 

 Data logger 1: exposed dry 
ridge site 

Data logger 2: snow 
covered site 

Data logger 3: wet site by 
Lake 17 

Data logger 4: run-off slope 
receiving snow melt 

Probe depth 5 cm  2 cm  0 cm 5 cm  2 cm  0 cm 5 cm *  2 cm ** 0 cm * 5 cm  2 cm  0 cm 
Freeze-thaw 
cycles across 
0ºC per 24h  

0.48 0.78 1.52 0 0 0.22 0.41 0.85 1.08 0.32 0.48 1.70 

Percentage time 
spent <0ºC 

79.1% 72.3% 62.1% 100% 100% 95.5% 94.9% 78.0% 91.3% 88.9% 79.9% 67.9% 

Freeze-thaw 
cycles across  
-3ºC per 24h 

0.35 0.74 1.60 0.04 0.22 0.44 0.31 1.20 1.28 0.43 0.37 1.39 

Percentage time 
spent <-3ºC 

52.2% 46.4% 47.2% 99.4% 95.0% 85.9% 69.9% 67.6% 73.9% 58.7% 60.6% 49.0% 
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Table 3-10  Number of cycles when soil temperatures went above 6.8ºC (threshold for population growth in Panagrolaimus davidi (Brown et al., 
2004)) and above 10ºC (estimated optimal temperature for Scottnema lindsayae (Overhoff et al. 1993)), and duration of periods above 6.8ºC and 10°C for 
four data loggers in the Gondwana station area. * Note that the probes measuring temperature at 5 cm and 0 cm depths were damaged and did not 
record data for the last 3 days of data collection for Data logger 3. ** The probe at 2 cm depth appeared to malfunction during the last days of recording 
and these data should therefore be treated with caution. 

 Data logger 1: exposed dry 
ridge site 

Data logger 2: snow 
covered site 

Data logger 3: wet site by 
Lake 17 

Data logger 4: run-off slope 
receiving snow melt 

Probe depth 5 cm  2 cm  0 cm 5 cm  2 cm  0 cm 5 cm * 2 cm ** 0 cm* 5 cm  2 cm  0 cm 
Freeze-thaw 
cycles across 
6.8ºC per 24h  

0 0.43 1.26 0 0 0.18 0 1.51 0.05 0 0.05 1.39 

Percentage time 
spent >6.8ºC 

0% 6.1% 22.8% 0% 0% 2.1% 0% 6.3% 0.1% 0% 0.5% 12.6% 

Mean duration 
of the periods 
>6.8ºC (hours) 

0 3.40 4.35 0 0 2.83 0 1.00 0.17 0 1.17 2.18 

Freeze-thaw 
cycles across 
10ºC per 24h  

0 0.13 1.90 0 0 0.18 0 0.62 0.05 0 0 1.39 

Percentage time 
spent >10ºC 

0% 1.7% 17.7% 0% 0% 1.8% 0% 1.3% <0.1% 0% 0% 7.4% 

Mean duration 
of the periods 
>10ºC (hours) 

0 3.11 2.23 0 0 2.42 0 0.49 0.17 0 0 1.28 
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Table 3-11  Cooling rates calculated from data logger data in the Gondwana Station area.  Cooling rates are calculated from change in 
temperature over the two temperature readings (representing a period of 10 minutes) prior to a threshold temperature of -3°C. * Note that the probes 
measuring temperature at 5 cm and 0 cm depths were damaged and did not record data for the last 3 days of data collection for Data logger 3. ** The 
probe at 2 cm depth appeared to malfunction during the last days of recording and these data should therefore be treated with caution. 

 Data logger 1: exposed dry 
ridge site 

Data logger 2: snow 
covered site 

Data logger 3: wet site by 
Lake 17 

Data logger 4: run-off slope 
receiving snow melt 

Probe depth 5 cm  2 cm  0 cm 5 cm  2 cm  0 cm 5 cm * 2 cm ** 0 cm* 5 cm  2 cm  0 cm 
Maximum 
cooling rate 
(°C/min)  

0.047 0.141 0.438 0.047 0.047 0.095 0.047 0.231 0.711 0.047 0.047 0.231 

Minimum 
cooling rate 
(°C/min) 

0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 

Mean cooling 
rate (°C/min) 

0.047 0.068 0.1245 0.047 0.047 0.052 0.047 0.085 0.132 0.047 0.047 0.079 
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Figure 3-4  Data logger 1: Data logger reading temperature every 10 minutes at 2 cm 

and 5 cm depth in the soil, and on the soil surface near Gondwana Station in Terra Nova Bay 
from 10 November to 4 December 2006. (Dry ridge site – Scottnema lindsayae habitat). 

 
 

 
Figure 3-5  Data logger 2: Data logger reading temperature every 10 minutes at 2 cm 

and 5 cm depth in the soil and on the soil surface near Gondwana Station in Terra Nova Bay 
from 10 November to 4 December 2006. (Snow cover by big boulder – remained snow covered 
for duration of measurements). 
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Figure 3-6  Data logger 3: Data logger reading temperature every 10 minutes at 2 cm 

and 5 cm depth in the soil and on the soil surface near Gondwana Station in Terra Nova Bay 
from 10 November to 4 December 2006. (Lake 17 – Note that the probes measuring temperature 
at 5 cm and 0 cm depths were damaged and did not record data for the last 3 days of data 
collection.  The probe at 2 cm depth also appeared to malfunction around 24 November). 
 

 
Figure 3-7  Data logger 4: Data logger reading temperature every 10 minutes at 2 cm 

and 5 cm depth in the soil and on the soil surface near Gondwana Station in Terra Nova Bay 
from 10 November to 4 December 2006. (Run-off site).  
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3.4 Discussion 

3.4.1 Variability in Antarctic nematode habitat temperatures 

The microclimate temperatures recorded in this study showed 
considerable variation across all scales measured (between sites, at differing 
depths and over time).  The temperatures recorded at Cape Hallett were 
warmer on average than those measured the following year at Gondwana 
Station further south, although how much of this variation was due to latitude 
was not clear from this data set.  Considerable variation was recorded between 
the data logger sites at both Cape Hallett and Gondwana Station.  Variations in 
solar radiation affected all temperature records (both as a diurnal cycle and in 
variations between sites with different aspects), as did the amount of snow 
cover and the depth at which temperatures were measured in the soil.  There 
was also some indication of greater variation in temperatures at the drier sites 
than at the wetter sites, as reported previously in soils from the maritime 
Antarctic (Davey et al., 1992).   

The large range of temperatures recorded at 2 cm depth in the soils at 
Cape Hallett (35°C to -7°C) and Gondwana Station (18°C to -17°C) were 
striking, but were in line with previous reports of summer soil temperatures 
under rocks measured at Cape Hallett (37°C to -13°C; Sinclair et al., 2006).  The 
range of soil temperatures in nematode habitats further south at Lake Fryxell in 
the McMurdo Dry Valleys is reported to be -2°C to 12°C at 5 cm depth for the 
austral summer (Treonis et al., 2002).  The frequency of exposure to freeze-thaw 
cycles reported here also appears to be typical for the soils on the Victoria Land 
coast during summer, although there is a reduction in the duration of the 
summer season further south (Sinclair and Sjursen, 2001; Sinclair et al., 2006). 

There are four main aspects of the variation in habitat temperatures 
recorded in this study that are likely to be of importance for the nematode 
fauna found there.  Firstly the frequency of the freeze-thaw cycles observed at 
all the sites indicates that even during the summer growth season, the 
nematode species require adaptations to survive exposure to sub-zero 
temperatures and surrounding ice.  The frequency of the freeze-thaw cycles (as 
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often as daily in some locations) suggests very limited periods for acclimation 
or recovery from exposure to soil freezing before the next freezing event.  These 
conditions contrast to the temperatures in the maritime Antarctic where 
relatively few freeze-thaw cycles were measured in the soils, suggesting that 
organisms there experienced a relatively stable summer growth season with the 
possibility of gradual acclimation during April and May in preparation for the 
severe cold temperatures of winter (Davey et al., 1992).   

The second notable characteristic of the temperatures recorded in the 
soils was the short duration of periods spent above the threshold temperature 
for growth and reproduction for one of the nematode species present 
(Panagrolaimus davidi (laboratory strain): 6.8°C; Brown et al., 2004).  The average 
duration of periods spent above this temperature ranged from 1-7 hours over 
the 332 hours recorded across all the sites investigated.  At 5 cm depth in the 
soil, several sites around Gondwana Station never got above this temperature 
threshold during the recording period.  This indicates that, even during the 
summer growth season, nematodes in these habitats only experience very short 
periods of activity between their regular periods of dormancy (cryptobiosis).  
This is likely to extend the lifecycle over several months or even years in some 
species, with a further dependence on the availability of water during the 
periods of positive temperatures.  Laboratory studies of Scottnema lindsayae 
isolated from the Dry Valleys found that the completion of its lifecycle at 10°C 
takes 218 days (Overhoff et al., 1993), and this result was later combined with 
field measurements to suggest that this species might take as long as 20 years to 
complete a lifecycle in its habitat in the Dry Valleys (Moorhead et al., 2002).  In 
contrast, studies on changes in nematode populations at Cape Hallett have 
indicated that both P. davidi and Plectus murrayi are able to complete an annual 
lifecycle in that habitat (Yeates et al., 2009).   

Thirdly, many of the sites investigated, particularly at Cape Hallett, 
reached relatively high temperatures that were above the optimal temperature 
for one of the nematode species present (Scottnema lindsayae: 10°C; Overhoff et 
al., 1993).  The mean duration of periods above 10°C ranged from 0.5 to 6 hours 
across the sites measured (although these temperatures were not measured at 

89



all sites, particularly deeper in the soil).  Although nematodes are likely to 
migrate in the soil enabling them to avoid exposure to extremes in temperature 
to some extent, these findings suggest that nematodes may experience regular 
thermal stress in their habitats, not only as a result of exposure to low 
temperatures and freezing, but also resulting from exposure to high 
temperatures, above 30°C in some cases.  

Finally, the cooling rates measured in this study were highly variable 
and showed that nematodes will at least occasionally be exposed to rapid rates 
of temperature change of between 0.5 to 0.7°C per minute.  The cooling rates 
presented in this study were the average rate of temperature decrease over 10 
minutes prior to the threshold temperature of -3°C.  Other studies calculating 
cooling rates from microclimate data have taken the approach of measuring the 
average cooling rates over longer periods (3 hours for example; Sinclair, 2001).  
However, as the temperature changes measured in nature are non-linear (often 
falling some degrees, then rising by a few degrees again, before falling again to 
the threshold temperature), increasing the period over which the cooling rate is 
calculated can make the average cooling rates difficult to interpret because of 
the biasing effect of short thawing periods.  Increasing the time span over 
which the average cooling rate is calculated generates much slower average 
cooling rates (data not shown).  I chose to calculate cooling rates as an average 
rate of change between two data logger recordings (spanning 10 minutes prior 
to the threshold temperature of -3°C) in order to get a more representative 
estimation of temperature change experienced by the nematodes in their 
natural settings.  All the recorded cooling rates are likely to be strongly limited 
by the sensitivity of the data loggers.  This effect was apparent in the results of 
this study, in which the minimum cooling rate that could be recorded was a 
decrease of 0.047°C per minute over the 10 minutes before falling to -3°C.  All 
field measured average cooling rates therefore need to be interpreted with 
caution.  Laboratory experiments on the freezing tolerance of Antarctic 
nematodes have typically used a cooling and thawing rate of 0.5°C per minute 
from 1°C to the target sub-zero temperature (for example: Smith et al., 2008; 
Wharton and Ferns, 1995; Chapters 4 and 5).  The results of this study suggest 
that nematodes are unlikely to be exposed to such consistently rapid cooling 
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rates over sustained periods in their natural setting, because the temperature 
changes were not consistently linear.  However, the results do show that such 
rapid cooling rates are experienced in some sites and are therefore not outside 
the natural range experienced by the nematode species in this study. 

 

3.4.2 Implications of habitat thermal variability on Antarctic nematode survival 
strategies 

The characteristics of the temperature profiles experienced by Antarctic 
nematodes in their natural habitats described in this study can be hypothesised 
to exert strong selective pressure on the evolution of survival strategies in these 
species.  As the sites investigated in this study are representative of the ‘milder’ 
northern-end of the ranges for these species (Andrassy, 1998), it is clear that the 
nematode species studied in this thesis will frequently be exposed to sub-zero 
temperatures and soil freezing in their habitats and will therefore require 
resistance adaptations.  Due to the frequency of freezing events and the rapid 
rates of temperature change in their habitats, there is likely to be selection for 
resistance adaptations that enable the survival of sub-zero temperatures 
without the need for extensive repair after the freezing stress.  Furthermore, as 
the species are at risk of freezing year round, these adaptations are likely to be 
expressed constitutively, rather than being dependent on the gradual 
accumulation of cryoprotectants, for example over an autumn.  Finally, the 
results suggest that the nematode species that are most often found in exposed 
drier habitats (Scottnema lindsayae; Chapter 2) may be more frequently exposed 
to greater variation in temperatures than the species that prefer wetter soils 
with a better ability to buffer the temperature changes (Panagrolaimus davidi, 
Plectus murrayi, Eudorylaimus antarcticus; Chapter 2). 

It is not clear, however, from the temperatures recorded in the habitats in 
this study to what extent capacity adaptations would be an advantage to 
nematodes.  Capacity adaptations enabling specialisation to a specific thermal 
window are often seen in the lifecycles of organisms that have evolved in very 
stable thermal environments, such as in the marine environment (Portner et al., 
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2006).  The temperature ranges described in this study show that while 
adaptations that enable growth and reproduction at lower temperatures would 
be an advantage for nematodes due to the low average temperatures in these 
habitats, they may not be adaptive if they involve a trade-off resulting in 
increased sensitivity to warmer temperatures.  This is particularly true for the 
Cape Hallett populations that were frequently exposed to high temperatures 
over 30°C.  The role of trade-offs in the evolution of capacity adaptations to cold 
temperatures is not fully understood and is an area of ongoing study (Portner et 
al., 2006).  The data presented in this study suggest that adaptations that enable 
growth and reproduction over a large thermal window would be favoured in 
the evolution of survival strategies of these Antarctic nematodes. 
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Chapter 4   Adaptations in Panagrolaimus davidi: factors affecting 
survival of intracellular freezing 

4.1 Introduction 

4.1.1 The focus on Panagrolaimus davidi as a model organism 

Panagrolaimus davidi is one of the most extensively studied Antarctic 
nematodes from an environmental physiology perspective (Chapters 1 and 5).  
The laboratory culture on which this work has been based was maintained from 
nematodes originally isolated in 1989 from moss beds at Cape Bird, Ross Island 
Antarctica (Wharton and Brown, 1989) and has since been used by Wharton 
and collaborators for research into its adaptations to survive the ‘extreme’ 
conditions in the terrestrial Antarctic.  One of the most intriguing results of the 
studies on P. davidi is the ability of this organism to survive extensive 
intracellular freezing (Wharton and Ferns, 1995).  P. davidi remains the unique 
example of a multi-cellular organism able to survive such extensive intracellular 
ice formation. 

The principal reasons for the focus on P. davidi by Wharton and his 
collaborators were its ability to grow rapidly in laboratory culture, with a 
relatively short life cycle in comparison to the other terrestrial Antarctic 
nematode species from Victoria Land (Chapter 3; (Brown et al., 2004), and its 
high levels of freezing tolerance (Wharton, personal communication).  The 
major results of the research by Wharton et al. are summarised in this 
introduction (4.1.2 to 4.1.5).  This thesis has pursued these investigations into 
the freezing tolerance of the laboratory culture of P. davidi, the results of which 
are presented in this chapter.  

 

4.1.2 Freeze-avoidance in Panagrolaimus davidi 

Initial studies investigating the physiology of Antarctic nematodes were 
based on the assumption that they would be either freeze-tolerant or freeze-
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avoiding, and used techniques taken directly from studies of the cold-tolerance 
strategies in arthropods (Pickup, 1990a, b; Wharton, 2003; Wharton and Brown, 
1991).  Such studies investigated the ability of nematodes to survive exposure to 
sub-zero temperatures by removing all surface water from specimens and 
cooling them in liquid paraffin to prevent desiccation or in the air directly.  
When treated in this way, nematodes avoided inoculative freezing and three 
Maritime Antarctic species, Teratocephalus tilbrooki (Maslen), Plectus antarcticus 
(de Man) and Ditylenchus sp. B (Pickup, 1990a; Wharton and Brown, 1991), as 
well as Panagrolaimus davidi (Wharton and Brown, 1991), were found to employ 
a freeze-avoiding strategy.  However, it was concluded that these experiments 
were not representative of the situation in nature, where nematodes are 
essentially aquatic, living in films of water between soil particles or in moss 
cushions, making inoculative freezing difficult to avoid (Wharton, 2002; 
Wharton and Brown, 1991).  

Freeze-avoidance has been shown to be an important strategy for the 
survival of P. davidi eggs after exposure to sub-zero temperatures (Wharton, 
1994).  The eggshell provides a barrier to inoculative freezing, allowing the cell 
contents to supercool when the egg is in contact with external ice.  Survival 
rates of the eggs were stable (at around 80% hatching) after exposure to 
temperatures from -1°C to -20°C, after which hatching rates declined rapidly.  
Freezing of the egg contents was always lethal, but as P. davidi does not lay eggs 
below 7°C, it is assumed that their supercooling abilities would be sufficient to 
survive the soil temperatures during summer and that the species would 
overwinter as adults and larvae (Wharton, 1994).   

Because Antarctic terrestrial habitats, in addition to their ‘extreme’ 
temperatures, often lack unfrozen water, the ability of P. davidi to survive 
desiccation has also been investigated (Wharton and Barclay, 1993).  P. davidi is 
able to survive anhydrobiotically at 0% relative humidity, but only if it is first 
desiccated gradually at a higher relative humidity.  This was considered to be 
the most likely situation in nature, where nematodes might desiccate slowly in 
moss cushions for example (Wharton and Barclay, 1993).  If nematodes are 
desiccated in this way at positive temperatures, it is assumed that they would 
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also be able to survive subsequent exposure to sub-zero temperatures, as they 
would no longer be at risk of internal freezing (Wharton, 1995). 

 

4.1.3 Freeze-tolerance in Panagrolaimus davidi 

Early studies of the cold-tolerance of Panagrolaimus davidi demonstrated 
its ability to survive freezing in water, although the internal ice was thought to 
be restricted to the pseudocoel and therefore extracellular (Wharton and Brown, 
1991).  Further studies based on extensive observations of freezing events in 
nematodes in drops of water on a microscope cold-stage led to a 
reinterpretation of these results, and it was concluded that P. davidi was able to 
survive freezing and melting in all body compartments including the 
intracellular spaces (Wharton and Ferns, 1995).  Freezing was observed to start 
in the nematodes via the body openings (most frequently the excretory pore).  
The survival of P. davidi was confirmed to be biologically relevant by 
transferring individual nematodes in which freezing had been observed on the 
microscope cold-stage, to agar plates and observing subsequent reproduction 
and hatching of eggs to ensure their viability (Wharton and Ferns, 1995).  The 
time taken for an individual nematode to freeze was measured using video 
recordings taken with the microscope cold-stage and was found to be extremely 
rapid, lasting only 0.21 seconds (Wharton and Ferns, 1995).  This rapid freezing 
is thought to be of importance in allowing the nematodes to survive 
intracellular freezing, reducing the time for exposure to osmotic stresses that 
would occur if freezing took place more slowly, as in other freeze-tolerant 
animals, with different body compartments freezing at different rates (Wharton 
and Ferns, 1995). 

The location of ice within the cells was further confirmed using freeze-
fracture techniques, in which platinum/carbon replicas were made of the 
fractured surface of frozen nematodes and then viewed with transmission 
electron microscopy (Wharton and Ferns, 1995).  Samples of nematodes 
prepared using this technique were slowly lowered into the cooled nitrogen gas 
curtain of the cryofixation unit before being plunged into liquid nitrogen.  The 
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freeze-fracture images show ice clearly visible within the cells, and this result 
was related to a survival rate of 49.6% in samples recovered after having been 
frozen in the same way in the gas curtain of the cryofixation apparatus 
(Wharton and Ferns, 1995). 

Based on the observation that thermal hysteresis proteins (THPs) and ice 
nucleating agents (INAs) produced by other freeze-tolerant animals are 
important for their freezing survival, it was hypothesised that these might also 
play a role in the survival of intracellular freezing in P. davidi (Wharton and 
Block, 1997).  INAs produced in insects act to initiate freezing in the 
haemolymph at high sub-zero temperatures, which is thought to reduce the risk 
of lethal intracellular freezing (Duman et al., 1991; Wharton and Block, 1997), 
while THPs are thought to inhibit the recrysallization of ice which can cause 
internal structural damage (Knight and Duman, 1986; Wharton and Block, 
1997).  Differential scanning calorimetry studies on P. davidi did not detect any 
thermal hysteresis activity, or the presence of any ice nucleating activity.  
However, these studies showed the rapid freezing of 82% of the nematodes’ 
body water, which was a much greater amount of internal ice formation than 
can be tolerated by other freeze-tolerant organisms (Wharton and Block, 1997).  
Evidence for the production of a THP in P. davidi was later provided by the 
results of an ice nucleation spectrometry study, which found ice nucleation 
inhibition activity inside the nematodes and which also appeared to be released 
by the nematodes into the surrounding medium (Wharton and Worland, 1998). 

The modification of a technique originally used by metallurgists enabled 
the demonstration of recrysallization inhibition (RI), first in fish antifreeze 
proteins (Knight et al., 1984), then insects (Knight et al., 1988) and later in P. 
davidi (Ramløv et al., 1996).  This ‘splat-freezing technique’ showed the ability of 
nematode homogenate to prevent growth in ice crystals as compared with the 
recrysallization (ice crystal growth over time) observed in a standard buffer 
solution.  Heating the sample of nematode homogenate destroyed the RI 
activity, indicating that a protein was involved in this ability.  The RI activity is 
assumed to be important in enabling the nematodes to survive intracellular ice 
formation by stabilising the internal ice and preventing the growth of internal 
ice crystals over time (Ramløv et al., 1996). 
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Many freeze-tolerant animals produce cryoprotectants, in the form of 
low-weight molecular compounds such as polyols, which act by reducing the 
total amount of ice formed internally.  This reduces cellular dehydration as a 
result of the freeze concentration effect and slows down the rate of ice crystal 
growth (Lee, 1991).  If the cryoprotectants are able to pass through cell 
membranes they can also act to reduce the osmotic gradients resulting from the 
freeze concentration effect (Lee, 1991).  Some cryoprotectants may also help 
stabilise membranes by replacing water associated with their structure and 
preventing phase transitions and denaturation (Storey, 1997).  Using gas 
chromatography, an accumulation of trehalose in response to acclimation was 
observed in P. davidi and this was concluded to act as a cryoprotectant in the 
survival of intracellular freezing (Wharton et al., 2000). 

 

4.1.4 Cryoprotective dehydration in Panagrolaimus davidi 

Panagrolaimus davidi was more recently found to employ a third survival 
strategy in response to exposure to sub-zero temperatures.  Using 
cryomicroscopy the nematodes were observed to dehydrate rather than freeze 
when freezing of the external medium was initiated at relatively high sub-zero 
temperatures (-1°C) (Wharton et al., 2003a).  Wharton et al. (2003a) commented 
on two potential mechanisms by which nematodes could dehydrate in response 
to decreasing temperature.  Firstly, the nematodes could dehydrate as a result 
of the freeze concentration effect, whereby ice formation in the surrounding 
medium would concentrate solutes in the remaining unfrozen water around the 
nematodes, causing water to leave the nematodes via osmosis.  Secondly, the 
nematodes could use a “protective dehydration mechanism”, originally 
described in earthworm cocoons, which occurs when water leaves a 
supercooled organism because of the vapour pressure difference between the 
supercooled body fluids and the surrounding ice (Holmstrup and Zachariassen, 
1996).  As inoculative freezing had been observed in P. davidi in solutions of 
very high osmolalities (up to 1130 mosmol l-1), it was concluded that the first 
mechanism would be very unlikely to occur in nature (Wharton et al., 2003a; 
Wharton and To, 1996).  The observation of dehydration in P. davidi in frozen 
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deionised water, in which the freeze concentration effect is not possible, 
provided further support for dehydration via the “cryoprotective dehydration 
mechanism”.  Using this mechanism, if freezing of the external medium 
occurred at a temperature above the nucleation temperature of the nematodes, 
they were able to lose enough internal water to avoid freezing on exposure to 
lower temperatures, making this an alternative survival strategy to the freeze-
tolerance previously described (Wharton et al., 2005b; Wharton et al., 2003b). 

 

4.1.5 Factors affecting cold-tolerance in Panagrolaimus davidi 

The results of all these studies, together with a similar picture emerging 
from experiments on other organisms (Pedersen and Holmstrup, 2003), have 
led to a change in approach from understanding cold-tolerance as a dichotomy 
between freeze-tolerance and freeze-avoidance mechanisms to a complex range 
of physiological adaptations and resulting survival strategies in response to 
cold exposure.  Understanding which factors determine the ‘choice’ of survival 
strategy employed by Panagrolaimus davidi in response to sub-zero temperatures 
and their associated chances of survival (as expressed by relative survival rates) 
is likely to be very challenging.  There are clearly many variables interacting, 
not all of which can be controlled in laboratory experiments.  The various 
factors which have been investigated and correlated with survival rates after 
cold exposure in P. davidi have been previously summarised by Raymond 
(2004) and include: acclimation temperature (Wharton and Brown, 1991; 
Wharton et al., 2000), duration of exposure to sub-zero temperatures (Wharton 
and Brown, 1991), relative humidity (Wharton and Barclay, 1993), life history 
stage (Wharton, 1994), cooling and warming rates (Wharton and Ferns, 1995), 
osmotic concentration of solutions (Wharton and To, 1996), nucleation 
temperature (Wharton and Block, 1997; Wharton and Worland, 1998), sub-zero 
temperature, and culture conditions (Wharton and Brown, 1991; Wharton et al., 
2000).  The summary table (Raymond, 2004) of the variation in reported 
survival rates after exposure to sub-zero temperatures in P. davidi is given as an 
appendix (Appendix 1). 
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Wharton et al. (2005) more recently investigated the effect of the freezing 
rate on the survival strategies and subsequent survival rates in P. davidi using a 
freeze-substitution technique to visualise the pattern of internal ice formation.  
Two freezing regimes were investigated: a fast-freezing regime (in which the 
nematodes were cooled to -4°C at 0.5°C/min, seeded with an ice crystal, held at 
-4°C for 30 minutes then warmed to 1°C at 1°C/min) and a slow-freezing 
regime (in which the nematodes were cooled to -1°C at 0.5°C/min, seeded with 
an ice crystal, held at -1°C for 30 minutes, cooled to -4°C at 0.5°C/min, held at -
4°C for 30 minutes, then warmed to 1°C at 1°C/min).  Very different patterns of 
ice formation were observed in the nematodes from these two treatments.  The 
nematodes frozen using the slow-freezing regime mostly showed extracellular 
ice formation (70%), with some (25%) having no internal ice but appearing to 
have undergone extensive dehydration (assumed to be the result of 
cryoprotective dehydration).  The fast-freezing regime resulted in high levels of 
intracellular ice formation (55%), with less extracellular freezing observed 
(42%).  Differences in the survival rates of these freezing regimes were also 
observed: 92% survival after the slow-freezing regime and only 53% survival 
after the fast-freezing regime.  The similarity between the number of nematodes 
in which intracellular freezing was observed in the fast-freezing regime (55%) 
and the associated mortality (47%) reported in the study could suggest that 
intracellular freezing was lethal, in contrast to previous work.  Earlier results 
(Wharton and Ferns, 1995) found no difference in the survival rates or freezing 
patterns in nematodes cooled at different rates (5°C/min, 2°C/min, 1°C/min 
and 0.1°C/min), and reported an overall survival rate of 73% after intracellular 
freezing. 

Based on these observations, a previous study investigated the effects of 
the culture process and temperature on the survival of freezing in P. davidi 
(Raymond, 2004).  The culture age (the time that the nematodes had spent in 
liquid culture) was found to have a very strong effect on the ability of P. davidi 
to survive freezing (explaining about 75% of the variance in observed survival 
rates after freezing) compared with a much smaller effect of the temperature at 
which the nematodes were frozen (8%).  The strong effect of culture age was 
largely attributed to starvation of the nematodes, rather than a build-up of 
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toxins in the cultures over time, as a correlated decline in the food source 
(measured as bacterial counts) was also observed.  It was therefore concluded 
that much of the variance in survival rates reported in previous studies on P. 
davidi may have been a result of differences in their nutritional status 
(Raymond, 2004).  Similar declines in freezing survival over time were reported 
for P. davidi grown on agar plates, although the bacterial concentrations were 
not monitored (Wharton and Brown, 1991).  Very high survival rates (78%) after 
exposure to conditions shown to induce freezing in P. davidi using 
cryomicroscopy (freezing at -10°C, assumed to be intracellular) were observed 
in nematodes from fresh cultures, lending further support to the ability of P. 
davidi to survive intracellular ice formation and the dependence of this ability 
on nutritional status (Raymond, 2004). 

 

4.1.6 Aims 

This study investigates the ability of the laboratory culture of 
Panagrolaimus davidi to survive freezing in general, while focusing on providing 
clearer evidence for the survival of intracellular freezing, which remains a 
unique phenomenon in a multicellular organism.  Following on from previous 
work, this study begins by investigating the effect of nutritional status on the 
ability of P. davidi to survive freezing under different freezing regimes by 
directly manipulating food availability.  The aim was to develop methods for 
manipulation of survival rates to enable the production of samples of P. davidi 
with either a high (>80%) or low (<50%) ability to survive freezing.  If 
successful, this would then provide a tool for experiments aiming to compare 
the pattern of internal ice formation between samples of P. davidi that are 
known to survive freezing with a high or low survival rate.  

The methods that have been used to visualise the location of ice within 
frozen P. davidi all have different advantages and drawbacks.  Cryomicroscopy 
provides the advantage that both the freezing event and the subsequent 
reanimation of the nematodes can be observed, making the survival rates more 
accurate.  However, the difference in appearance of intracellular and 
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extracellular freezing viewed in this way is not very clear, and the darkening 
(freezing) of cellular compartments such as the posterior bulb of the 
oesophagus can only be observed occasionally.  The freeze-substitution 
technique allows a much clearer view of the pattern of internal ice formation, 
but requires survival rates to be calculated on separate samples of nematodes 
frozen under the same conditions.  This study therefore used a combination of 
these methods, and also tested the use of fluorescent vital stains and Field 
Emission Scanning Electron Microscopy. 

Finally, the effect of nutritional status on the ability of the nematodes to 
prevent recrystallization was investigated using the splat-freezing technique.  If 
a loss of recrystallization inhibition activity is observed in starved nematodes, 
this could provide a potential mechanism to explain how nutritional status 
affects the survival of intracellular freezing in P. davidi. 
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4.2 Methods 

4.2.1 Investigating the impact of nutritional status on the survival of 
intracellular freezing in Panagrolaimus davidi 

Eight Panagrolaimus davidi liquid cultures were set up from the existing 
laboratory cultures maintained by Wharton et al. since 1989 using similar 
methods (Wharton et al., 2000).  The nematodes were cultured in flasks on a 
sterile medium (S-medium; Appendix 2) with concentrated Escherichia coli as a 
food source.  The flasks were kept in an incubator at 20°C on a shaker at 300 
rpm to ensure they remained aerated (Figure 4-1).   

 

Figure 4-1  Photograph showing P. davidi liquid cultures maintained on a shaker in an 
incubator at 20°C.  The flasks each contain > 100,000 individuals. 

 

 

These eight cultures were allowed to stabilise for four days, after which 
the freeze-tolerance of the nematodes to -10°C was tested to ensure no 
significant differences between culture flasks. 

103



 

Freeze-tolerance testing was carried out using a specialised computer-
controlled cooling device and protocol developed by Wharton and McCormick 
(1993).  This protocol enables replicate samples of nematodes in Eppendorf 
tubes to be cooled and thawed at a set rate to a target freezing temperature, 
while the temperature of each sample is monitored on a computer via 
thermocouples inserted into the tubes.  In this study, unless otherwise stated, a 
standard cooling and thawing rate of 0.5°C/min and a standard sub-sample 
volume of 10 µl were used. 

In brief, the following steps were followed for freeze-tolerance testing.  
Four replicate 10 µl sub-samples of nematodes in culture medium (each 
containing approximately 100 individuals) from each culture flask were 
transferred to Eppendorf tubes and placed in the cooling block.  Fluid cooled 
using a programmable Haake F8-C35 refrigerated circulator was then passed 
through the cooling block to control the temperature.  NiCr/NiAl 
thermocouples were inserted into each nematode sample and interfaced to a 
Macintosh computer using a Maclab A/D interface (Analogue Digital 
Instruments Ltd., London) enabling the temperature change in each sample to 
be recorded over time.  The sample temperature could also be viewed on the 
screen using the computer programme Chart (v. 3.2.7, Analogue Digital 
Instruments Ltd., London).  The samples were cooled from 1°C to -10°C at a 
rate of 0.5°C/min.  Once the samples had reached -10°C, an ice crystal was 
inserted into each sample using a mounted needle to nucleate the freezing of 
the samples.  The resulting exotherm (the latent heat released during the 
freezing) could be monitored on the computer to ensure that the samples had 
frozen.  The samples were then kept at -10°C for 30 minutes before thawing to 
1°C at 0.5°C/min.  After the samples had thawed, they were transferred into 
Artificial Tap Water (ATW; Appendix 2) in watchglasses and kept at room 
temperature for 24 hours.  Survival of the nematodes was then assessed by 
counting the number of live nematodes (those that moved in response to a 
mechanical stimulus: stirring with a pipette) and the number of dead 
nematodes viewed under a compound microscope.  Survival rates are 
expressed as mean percentage survival for the four replicates from each culture 
flask. 
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After ensuring there were no significant differences between the survival 
rates at -10°C between the eight liquid culture flasks (ANOVA, results not 
shown), four of the liquid cultures were randomly assigned to a ‘Fed’ protocol 
and the other four to a ‘Starved’ protocol. 

The liquid cultures assigned to the ‘Fed’ protocol were provided with 0.5 
ml of concentrated Escherichia coli stock solution (Appendix 2) every fifth day.  
The nematodes from the four liquid cultures assigned to the ‘Starved’ protocol 
were first removed from the culture medium by Baermann funnelling (Hooper, 
1986), and then transferred to four sterile culture flasks containing S-medium 
only.  The nematodes were washed in S-medium before transfer to remove as 
much bacteria as possible.  No E. coli was added to the ‘Starved’ cultures at any 
stage during the protocol.  

The experiment ran for 21 days.  Four replicate 10 µl sub-samples of 
nematodes from each of the eight cultures were tested for survival of freezing at 
-10°C every other day.  The incubation temperature of the liquid cultures was 
20°C throughout the experiment. 

After 21 days of exposure to the ‘Fed’ and ‘Starved’ protocols, the freeze-
tolerance of sub-samples of P. davidi was tested at a range of sub-zero 
temperatures.  Four replicate 10 µl sub-samples from each of the four ‘Fed’ 
cultures and each of the four ‘Starved’ cultures were frozen at -1°C, -3°C, -5°C, -
7°C and -10°C.  The samples were cooled from 1°C to the target temperature at 
0.5°C/min, seeded with an ice crystal, held at the target temperature for 30 
minutes, then warmed to 1°C at 0.5°C/min.  

Analysis of co-variance (ANCOVA/GLM) was performed using the 
statistical software programme SPSS (SPSS, 2007) to compare the effects of 
culture age in days and the nutritional status (‘Fed’ or ‘Starved’) on the survival 
of freezing at -10°C.  Further ANCOVA analysis compared the effect of the 
freezing temperature and the nutritional status on the survival of P. davidi. 
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4.2.2 Microscope cold-stage observations of freezing events in ‘Fed’ and 
‘Starved’ Panagrolaimus davidi 

Using a temperature controlled cold-stage on a light microscope, 
repeated observations of freezing events in both ‘Fed’ and ‘Starved’ 
Panagrolaimus davidi enabled qualitative comparisons of the appearance of 
freezing, thawing and recovery in the nematodes.  Similar apparatus and 
methods were used to those reported in Wharton and Rowland (1984) and 
Wharton and Ferns (1995), thus enabling the temperature of small samples of 
nematodes to be controlled whilst viewing the samples under a microscope.  
Concentrated samples of nematodes in approximately 10 µl volumes were 
mounted onto a temperature-controlled cold-stage on a Zeiss Axiophot 
photomicroscope.  Samples were transferred onto a coverslip on the specimen 
holder of the cold-stage and then covered with a second coverslip.  The 
temperature was then lowered to the target temperature at a rate of 
approximately 0.5°C/min and the freezing of the sample was observed directly. 

These qualitative observations were first made with the microscope 
interfaced to a digital camera to enable photos of the nematodes to be taken.  
The microscope was then interfaced to a video camera to enable recordings of 
freezing events to be replayed frame-by-frame for more detailed analysis.  
Video recordings of 24 freezing events were considered clear enough to be 
included in the analysis (the recordings not included in analysis were those in 
which the ice layer was too thick, obscuring the nematodes, or the ice front had 
moved the nematodes outside the field of view).  The recordings of freezing 
events in the ‘Fed’ and ‘Starved’ nematodes were replayed frame-by-frame, and 
the section of the nematode in which freezing was first observed was recorded 
(anterior oesophagus, posterior bulb, intestine or pseudocoel).  Other details, 
such as the appearance of gas bubbles during thawing, were also noted. 
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4.2.3 Observing cellular damage after freezing in ‘Fed’ and ‘Starved’ 
Panagrolaimus davidi using vital dyes and fluorescence microscopy 

Propidium iodide and acridine orange dyes were used to stain 
Panagrolaimus davidi in order to observe cellular damage.  Using these stains in 
combination with fluorescent light microscopy causes the nuclei of live cells to 
appear green, while dead cells that have sustained damage to the nuclear 
membrane show a red nucleus, thus enabling a crude estimation of the amount 
and location of cellular damage.  This technique is usually used on tissues 
rather than whole organisms (for example: Yi and Lee, 2003), but due to the 
small size of nematodes (around 1000 cells in total) and their transparent 
cuticle, this technique was trialled on whole nematodes. 

Samples of between 50 and 100 nematodes were suspended in Artificial 
Tap Water (ATW; Appendix 2) in Eppendorf tubes to a total volume of 0.5 ml. 
Propidium iodide (60 µl of 0.2 mg ml-1 in phosphate buffered saline: PBS) was 
then added to each tube and the sample was mixed gently and left to stain for 2 
minutes.  The sample was washed 3 times with ATW before adding 60 µl of 
acridine orange (0.2 mg ml-1 in PBS), gently mixing and leaving the sample to 
stain for a further 2 minutes.  Finally, samples were washed 3 more times with 
ATW after which they were mounted on slides, covered with coverslips and 
viewed under UV light with a Zeiss-Axiphot microscope. 

Two ‘Fed’ and two ‘Starved’ P. davidi liquid cultures were set up using 
the methods described above (4.2.1).  These treatments were maintained until a 
significant difference between the treatments was observed in the survival rates 
of subsamples frozen at -10°C (such that the ‘Fed’ nematodes had an average 
survival rate of around 70-80% compared with the ‘Starved’ nematodes at 
below 50%).   

Four 10 µl subsamples of nematodes from each of these cultures were 
stained as an unfrozen control.  All nematodes in each sample (including adults 
and juveniles) were counted and photographed using a digital camera 
interfaced to the microscope.  For each nematode the overall appearance was 
recorded as either containing only green nuclei, only red nuclei, or a mix of 
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both.  The location of red nuclei (indicating damage) was also recorded for each 
nematode (head region, mid region, tail region). 

For both the ‘Fed’ and ‘Starved’ nematode cultures, four 10 µl 
subsamples were then taken and frozen at -10°C following the normal protocol 
(4.2.1).  The nematodes were then immediately stained and observed using 
fluorescent light microscopy to determine their appearance directly after 
freezing with no recovery period.  This experiment was then repeated for both 
the ‘Fed’ and ‘Starved’ nematode cultures, but with the introduction of a 24 
hour recovery period in ATW after freezing and before staining with the vital 
dyes.  The same observations were then made, enabling comparison of the 
appearance of ‘Fed’ and ‘Starved’ treatments before and after freezing, and with 
or without a recovery period. 

 

4.2.4 Visualising the location of ice within the cells of ‘Fed’ and ‘Starved’ 
Panagrolaimus davidi using freeze-substitution and Transmission Electron 
Microscopy 

Freeze-substitution followed by Transmission Electron Microscopy 
(TEM) has been successfully used to visualise the location and pattern of ice 
formation within the cells of Panagrolaimus davidi by Wharton et al. (2005).  
These techniques were used to visualise the location of ice in samples of ‘Fed’ 
and ‘Starved’ P. davidi after freezing at -10°C. 

‘Fed’ and ‘Starved’ treatments (4.2.1) were maintained for approximately 
three weeks before samples were processed.  The survival rates after freezing at 
-10°C were tested for four 10 µl subsamples of the ‘Fed’ and ‘Starved’ 
nematodes prior to the preparation of samples for freeze-substitution. 

Four replicate 10 µl samples of both the ‘Fed’ and ‘Starved’ nematodes 
were frozen at -10°C, held for 30 minutes, after which the normal protocol 
(4.2.1) was interrupted and the samples were transferred to liquid nitrogen to 
begin the freeze-substitution process.  The 10 µl samples of concentrated 
nematodes (100-200 nematodes per sample) were placed in Eppendorf tubes in 
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a cooling block and their temperature was controlled using a refrigerated 
circulator.  The samples were cooled from 1.5°C to -10°C at a rate of 0.5°C/min 
and freezing was initiated in the samples at -10°C by inserting small ice crystals 
using a mounted needle.  The samples were then held at -10°C for 30 minutes to 
ensure completion of the exotherm, after which they were transferred directly 
to liquid nitrogen.  Two control samples (one ‘Fed’ sample and one ‘Starved’ 
sample) were also prepared by plunging 10 µl samples of nematodes in 
Eppendorf tubes directly into liquid nitrogen.   

Samples were prepared for Transmission Electron Microscopy (TEM) by 
freeze substitution in a Reichert Automatic freeze substitution apparatus using 
the same technique as used previously on nematodes (Wharton et al., 2005; 
Wharton and Lemmon, 1998). 

The nematode samples in the original Eppendorf tubes were placed in 
the Reichert automatic freeze substitution apparatus at -90°C.  Approximately 
0.5ml of substitution fluid was added to each tube (3% glutaraldehyde, 1% 
osmium tetroxide, and 0.5% uranyl acetate in methanol) and the samples were 
left for 8 hours at -90°C to enable ‘substitution’ to occur (the ice inside the 
nematodes is dissolved into the substitution fluid).  The temperature was then 
raised to -60°C over 8 hours, and then from -60°C to -30°C over 6 hours, and 
finally left at -30°C for a further 8 hours, during which the substitution fluid 
was replaced three times.  The samples were then washed in methanol at -30°C 
three times to remove the substitution fluid, after which they were transferred 
to room temperature for processing into resin.   

To process the samples into resin, they were first transferred into ethanol 
and then into a series of resin:ethanol solutions of increasing resin 
concentration.  Spurr resin was used, as in previous studies (Wharton et al., 
2005).  The samples were left for 1 hour in a 15:1 solution, 1 hour in a 10:1 
solution, 1 hour in a 2:1 solution, overnight in a 1:1 solution, and then 3 x 5 
hours in 100% Spurr resin.  The samples were polymerised for 8 hours at 60°C 
in conical beem capsules, after which ultrathin sections were cut on a Reichert 
ultratome.  These sections for each of the four ‘Fed’ and four ‘Starved’ samples 
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and two controls were picked up on Formvar-coated copper slot grids and 
stained with uranyl acetate and lead citrate.  

To provide images of the ‘Fed’ and ‘Starved’ nematodes before freezing, 
unfrozen samples were prepared for TEM using conventional chemical fixation 
(2% glutaraldehyde, 1% osmium tetoxide, dehydration in ethanols and 
embedding in Spurr resin; Wharton et al. 2005).  These were removed from the 
culture medium by Baermann funnelling (Hooper, 1986) and then washed three 
times in Artificial Tap Water (ATW; Appendix 2) to ensure samples were as 
clean as possible.  Sections were prepared as for the freeze-substitution samples. 

All sections were viewed on a Philips 410 Transmission Electron 
Microscope operated at 80kV.  For the freeze-substituted samples, the patterns 
of ice formation were quantified as follows.  To ensure the nematode cross-
sections included in the quantification process were comparable, nematodes 
were selected only if they were transversally sectioned (resulting in a round 
rather than oblique profile) through the intestine, ignoring other differences in 
specimen size, age and sex.  For each of the four replicates of the ‘Fed’ and 
‘Starved’ treatments and the two liquid nitrogen controls, micrographs were 
taken of the first ten nematode cross-sections meeting these criteria, resulting in 
100 images for analysis.  Close-up images were also taken of interesting features 
for qualitative analysis.  Ten additional images were taken of the unfrozen 
samples of ‘Fed’ and ‘Starved’ nematodes, selecting sections according to the 
criteria described above. 

Measurements were made from the micrographs using the image-
analysis programme image-J (Rasband, 1997-2005), calibrated to the 
magnification of the micrographs.  For each nematode cross-section, the five 
largest continuously ice-filled spaces were identified visually and their areas 
were calculated.  The total cross-sectional body area was also calculated for 
each nematode, and the ice-filled areas were then expressed proportionally to 
this total area.  These measurements were taken for the 40 ‘Fed’ micrographs 
and the 40 ‘Starved’ micrographs (10 from each of the 4 replicates for each 
treatment) and for the 20 liquid nitrogen control micrographs.  This technique 
was a modification of the areal fractions that were calculated from the 
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micrographs using a point counting method in the previous studies (Gundersen 
et al., 1988; Wharton and Lemmon, 1998), which enabled an estimation of the 
amount of potentially damaging large ice-filled spaces observed within the 
nematodes.   

The proportional body area occupied by the five largest ice-filled spaces 
was compared between ‘Fed’ and ‘Starved’ nematodes using the statistical 
software package SPSS (SPSS, 2007) to perform analysis of covariance 
(ANCOVA/GLM) adjusting for nematode body area, in line with the 
recommended approach by Packard and Boardman (1988).  

 

4.2.5 Visualising the location of ice within the cells of Panagrolaimus davidi using 
Field Emission Scanning Electron Microscopy 

Samples of ‘Fed’ Panagrolaimus davidi were generated and the freeze-
tolerance at -10°C was tested on four 10 µl subsamples (4.2.1).  To prepare 
samples for visualisation using Field Emission Scanning Electron Microscopy 
(FESEM), 1 ml samples were first centrifuged gently using a bench top 
centrifuge to generate a very concentrated sample of nematodes.  A metal rivet 
(approximately 3 mm long x 1 mm diameter) was sealed off at one end using 
Critoseal and placed upright in sticky tack in the lid of an Eppendorf tube 
(Figure 4-2).  The concentrated mass of nematodes was inserted into the rivet 
using a square-ended syringe creating a positive meniscus.  Holes were then 
made in the body of the Eppendorf tube using a heated needle.  The lid was 
then placed on the Eppendorf tube and the assembly was placed in the cooling 
block, ensuring the drop of nematodes had not fallen off. 

 

 

111



 

 

Figure 4-2  Diagram showing the setup for sample preparation for Field Emission 
Scanning Electron Microscopy on samples of P. davidi. 

The normal freezing protocol (4.2.1) was then interrupted after 30 
minutes at -10°C, and the frozen tube was transferred directly to liquid 
nitrogen.  The holes in the tube allowed the liquid nitrogen to enter into contact 
with the drop of nematodes directly and prevented the tube from floating.  The 
sample on the rivet was then transferred to the FESEM for fracturing and 
visualisation.  

The rivet was first transferred to the cryopreparation chamber (Gatan 
Alto 2500) of a JEOL FE-SEM 6700.  The frozen drop of concentrated nematodes 
was then fractured using a scalpel blade and then transferred to the cryostage in 
the chamber of the microscope.  The fractured surface was then visualised (at -
130°C) and images were taken of the fractured nematodes.  As the nematodes 
were difficult to visualise against the frozen background, some sublimation at 
temperatures between -100°C and -90°C was first undertaken. 

 

4.2.6 Measuring recrystallization in ‘Fed’ and ‘Starved’ Panagrolaimus davidi 
using the splat-freezing technique 

The splat-freezing technique enables the growth of ice crystals over time 
to be visualised in samples viewed using cold-stage light microscopy and has 
been previously used to show the presence of a recrystallization inhibition 
protein in Panagrolaimus davidi (Ramløv et al., 1996).  It was used in the 
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following experiments to compare recrystallization in samples of homogenated 
‘Fed’ and ‘Starved’ P. davidi. 

Two ‘Fed’ and two ‘Starved’ cultures of P. davidi were prepared over 
approximately three weeks prior to the experiment (4.2.1).  The protocol for the 
splat-freezing assay was then adapted from that described in Smith et al. (2008).  
The nematodes were extracted from the cultures by Baermann funnelling 
(Hooper, 1986) after which the nematodes were washed three times in S-
medium (Appendix 2).  The concentrated nematodes were then transferred to 
1.5 ml Eppendorf tubes to make stock samples (in replicate for both the ‘Fed’ 
and ‘Starved’ treatments).  These were then washed in homogenisation solution 
(which contains a protease inhibitor; Appendix 2) removing as much as possible 
of the supernatant.  The dry weight was calculated on subsamples to estimate 
the concentration of nematodes in the stock samples and to allow these to be 
standardised.  Small aluminium foil pans were made (0.5 cm x 0.5 cm) and pre-
weighed on a microbalance.  Four 10 µl subsamples were taken of the stock 
solution for each of the two ‘Fed’ and two ‘Starved’ stock solutions, and these 
were placed on the prepared aluminium pans and allowed to dry for 1 hour at 
70°C in a drying oven.  After this, the pans and the dry nematodes were re-
weighed and the dry weight extrapolated to the total volume of the stock 
solutions.  Appropriate volumes were transferred to new tubes so that the dry 
weight of each solution was the same, and then all the tubes were made up to 
1ml total volume with homogenisation solution.  The solutions were then 
transferred to a glass homogeniser and homogenised on ice for 15 minutes each 
in total (3 rounds of 5 minutes, each followed by a 5 minute break).  After 
homogenisation, a small drop of the homogenate was transferred to a glass 
slide and the appearance of the nematodes was checked under a dissecting 
microscope to ensure that the nematodes had been properly homogenised.  If 
intact nematodes remained in the sample, the samples were homogenised for a 
further 10 minutes.  The homogenate was then transferred to a new Eppendorf 
tube and centrifuged at 10,000g for 5 minutes at 5°C.  The supernatant was then 
transferred to a fresh Eppendorf tube.  The precipitate was washed once in 
supernatant and then pooled with the previous supernatant.  If the supernatant 
appeared cloudy, it was further centrifuged at 18,000g for 10 minutes, and then 

113



 

again removed and transferred to a fresh Eppendorf tube.  These homogenates 
were then stored at -20°C before the splat-freezing assay. 

In preparation for the splat-freezing assay, a polished aluminium block 
was placed in a small polystyrene chilly-bin filled with dry ice and allowed to 
cool so that the surface temperature of the block was around -78°C.  Subsamples 
of 10 µl of the homogenates were used for the assay.  These were loaded into a 
pipette and dropped onto the aluminium block from a height of two metres.  
This produced a very thin frozen ‘splat’, which was transferred to a microscope 
cold-stage pre-cooled to -20°C (4.2.2).  To facilitate this process and reduce 
condensation, two coverslips were placed on the aluminium block and a section 
of splat was transferred using cooled forceps to one of these, before placing the 
other on top.  The resulting ‘sandwich’ was then transferred to the cold stage.  
Once the sample was on the cold stage, the temperature was raised to -8°C 
(which was designated time = 0; T0) and a photo was taken using cross 
polaroids.  The sample was then left for a 30-minute annealing period at -8°C, 
after which a second photo was taken (T30).  This process was replicated for 
each of the four solutions (two ‘Fed’ and two ‘Starved’) and using Tris buffer 
and homogenisation solution as controls (Appendix 2). 

The presence or absence of recrystallization inhibition was assessed by 
comparing the change in crystal size over the 30-minute annealing period.  The 
maximum diameter of the 10 largest crystals in the photographs was measured 
using the image analysis software image-J (Rasband, 1997-2005) in the photos 
taken before and after the annealing period.  

Multiple linear regression models were used to compare the effects of 
nutritional status (‘Fed’ or ‘Starved’), the T0 crystal size, and the experimental 
run on the final crystal size.  These were generated using the statistical software 
package SPSS (SPSS, 2007).  Further models compared the effects of survival 
rate after freezing at -10°C, the T0 crystal size, and the experimental run on the 
final crystal size. 
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4.3 Results 

4.3.1 Investigating the impact of nutritional status on the survival of 
intracellular freezing in Panagrolaimus davidi 

After the four-day stabilisation period, the average survival rate after 
freezing at -10°C of Panagrolaimus davidi samples from the eight liquid cultures 
was approximately 70% for all samples (Figure 4-3).  The freeze-tolerance of the 
nematodes exposed to the ‘Starved’ treatment, in which they were not provided 
with any bacterial food source (beyond the bacteria that entered the culture 
flask along with the nematodes, for example in their gut contents), decreased 
over time (Figure 4-3).  After one week, the survival rate after freezing at -10°C 
was below 60%, after two weeks it was below 50%, and after three weeks it was 
below 40%.  In contrast, the survival rates after freezing at -10°C for nematodes 
in the ‘Fed’ treatment, which received an addition of Escherichia coli to the 
culture flask every fifth day, rose slightly over the course of the three weeks to 
approximately 75-80% (Figure 4-3). 
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Figure 4-3  Survival of ‘Fed’ and ‘Starved’ P. davidi after freezing at –10°C, with 
increasing time in treatment (in days).  Data points are means of four replicates with standard 
error bars shown.  ANCOVA (GLM) estimating the effect of time on survival rate in ‘Fed’ 
nematodes: B=0.64, 95%CI: 0.36; 93, p<0.001.  ANCOVA (GLM) estimating the effect of time on 
survival rate in ‘Starved’ nematodes: B=-1.57, 95%CI: -1.87; -1.27, p<0.001. 

 

Analysis of co-variance (ANCOVA) was used to investigate the effect of 
time on survival rate after freezing at -10°C for the two treatments (‘Fed’ or 
‘Starved’) when adjusting for the effect of culture flask.  The interaction term 
between time and treatment was significant at p<0.001 (df=1, F=108.14), 
indicating that the effect of culture age on the survival rate was different for 
‘Fed’ and ‘Starved’ nematodes.  For ‘Fed’ nematodes, a significant positive 
effect of culture age in days on survival rate was found at p<0.001 (B=0.64; 
95%CI: 0.36; 93) when controlling for the effect of culture flask.  For ‘Starved’ 
nematodes, a significant negative effect of culture age in days on survival rate 
was found at p<0.001 (B= -1.57; 95%CI: -1.87; -1.27) when controlling for the 
effect of culture flask.  

After three weeks exposure to the ‘Fed’ and ‘Starved’ treatments, 
samples of P. davidi were frozen at a range of sub-zero temperatures.  A 
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difference in the survival rates of ‘Fed’ and ‘Starved’ nematodes was observed 
across all the temperatures tested (Figure 4-4).  The temperature at which the 
nematodes were frozen had an effect on the survival rates of both ‘Fed’ and 
‘Starved’ P. davidi, with survival rates decreasing with temperature.  ANCOVA 
showed that the interaction term between treatment and temperature was 
significantly associated to survival rate after freezing at p=0.005 (df=1, F=9.13) 
when adjusting for the effect of culture flask.  This indicates that the effect of 
temperature on survival rate was different for ‘Fed’ and ‘Starved’ nematodes.  
For ‘Fed’ nematodes, the freezing temperature was positively related to the 
survival rate at p<0.001 (B=2.31; 95%CI: 1.56; 3.05) when adjusting for culture 
flask.  For ‘Starved’ nematodes, the positive effect of freezing temperature on 
survival rate, when adjusting for culture flask, was even stronger than in the 
‘Fed’ nematodes (p<0.001; B=4.57; 95%CI: 3.09; 6.05). 

 

Figure 4-4  Survival of freezing at a range of temperatures in ‘Fed’ and ‘Starved’ P. 
davidi.  Data are mean of four replicates with standard error bars shown.  ANCOVA (GLM) 
estimating the effect of temperature on survival rate in ‘Fed’ nematodes: B=2.31, 95%CI: 1.56; 
3.05, p<0.001.  ANCOVA (GLM) estimating the effect of time on survival rate in ‘Starved’ 
nematodes: B=-4.57, 95%CI: 3.09; 6.05, p<0.001. 
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4.3.2 Microscope cold-stage observations of freezing events in ‘Fed’ and 
‘Starved’ Panagrolaimus davidi 

A difference in the pre-freezing appearance of ‘Fed’ and ‘Starved’ 
Panagrolaimus davidi was noted.  The intestines in ‘Starved’ nematodes often had 
a shrunken appearance, with a notably narrower lumen (Figure 4-5).  Structures 
resembling lipid granules were often observed in the tail region of ‘Starved’ 
nematodes, although in some individuals these structures were observed 
throughout the nematode.  These were more often seen in the ‘Starved’ 
nematodes than in the ‘Fed’ nematodes (Table 4-1). 

 

 

Figure 4-5  Appearance of P. davidi before freezing.  Left: ‘Fed’ nematode with wide 
lumen of the intestine. Right: ‘Starved’ nematode with empty intestine and lipid-granule-like 
structures. 
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Table 4-1  Lipid-granule-like structures were significantly more frequently observed in 
‘Starved’ P. davidi (meaningful statistical analyses were not possible given the small sample 
size). 

 Lipid granules 
present 

Lipid granules 
absent 

Total 

‘Fed’ 1  12  13  

‘Starved’ 5  7  12  

Total 6  19  25  

 

Due to their transparency, it is possible to observe freezing occurring in 
nematodes under a light microscope with a temperature-controlled cold stage.  
Freezing inside the nematodes appears as a sudden darkening, because the ice 
changes the refractive index of the light being transmitted through the samples 
(Wharton and Ferns, 1995).  In all cold-stage observations, supercooling of the 
nematodes occurred, such that they remained unfrozen at temperatures below 
zero until freezing of the external medium was complete.  From microscope 
cold-stage observations of freezing events in P. davidi at a range of sub-zero 
temperatures, two distinct survival strategies employed by both ‘Fed’ and 
‘Starved’ nematodes were identified.  When the external medium froze at 
relatively high sub-zero temperatures (–1°C to –2°C), most of the nematodes 
were seen to dehydrate via the cryoprotective dehydration mechanism (Figure 
4-6).  However, some nematodes underwent cryoprotective dehydration when 
freezing occurred at lower temperatures (as low as –12°C in one instance).  
Typically when freezing in the medium occurred at lower sub-zero 
temperatures (such as –10°C to –12°C), the majority of nematodes were seen to 
freeze (Figure 4-6). 
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Figure 4-6  Appearance of cryoprotective dehydration (left) and intracellular freezing 
(right) in P. davidi on the microscope cold-stage. 

 

In general, nematodes were more frequently observed to undergo 
freezing than cryoprotective dehydration.  However, there was a tendency for 
nematodes to survive dehydration better than freezing, although the sample 
size was small to test for the significance of this trend (Table 4-2). 

 

Table 4-2  Survival after freezing or cryoprotective dehydration in P. davidi, based on 
cold-stage microscope observations.  Survival in this context was measured by sustained 
movement in the nematodes in the 10 minutes following the freezing event.  Meaningful 
statistical analyses were not possible given the small sample size. 

 Survived Dead Total 

Dehydration 4  2  6  

Freezing 5  13  18  

Total 9  15  24  

 

A difference in the survival of the ‘Fed’ and ‘Starved’ nematodes 
observed to undergo internal freezing was observed, although the sample size 
was too small for this to be analysed statistically (Table 4-4).  For the six 
nematodes observed to undergo cryoprotective dehydration, nutritional status 
did not appear to have an effect. 
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When internal ice formation was observed, the section of the nematode 
in which the ice first appeared was recorded.  In general, ice often appeared to 
enter the nematodes through the mouth from the external medium, although it 
was also observed to enter the nematodes through other openings or nucleate 
within the nematodes (Table 4-3).  There was no clear difference between the 
initiation of freezing observed in ‘Fed’ and ‘Starved’ nematodes. 

 

Table 4-3 Area in which ice was observed to enter the nematode in cold-stage 
observations of freezing events in ‘Fed’ and ‘Starved’ P. davidi.  Meaningful statistical analyses 
were not possible given the small sample size. 

 Anterior 
Oesophagus 

Posterior 
Bulb 

Intestine Pseudocoel Total 

‘Fed’ 6  1  0  2  9  

‘Starved’ 4  0  1  4  9  

Total 10  1  1 6 18  

 

During thawing events, structures resembling gas bubbles were 
occasionally observed to form inside the nematodes and remain after all the 
internal and external ice had melted (Figure 4-7).  In the five instances when 
bubble formation was observed, the nematode did not survive, suggesting that 
bubble formation may be lethal.  There was a tendency for these bubbles to 
form more frequently in ‘Starved’ nematodes than ‘Fed’ nematodes after 
freezing, although sample size was too small to see if this was a significant 
trend (Table 4-4). 
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Figure 4-7  Appearance of gas bubbles inside P. davidi during thawing taken from video 
footage of intracellular freezing events on the microscope cold-stage.  In all instances in which 
gas bubbles were observed to form, the nematode did not survive. 

 

Table 4-4  Observation of gas bubble formation during thawing following intracellular 
freezing events viewed on a microscope cold-stage in ‘Fed’ and ‘Starved’ P. davidi. Meaningful 
statistical analyses were not possible given the small sample size. 

 Bubbles present Bubbles absent Total 

‘Fed’ 1  6  7  

‘Starved’ 4  5  9  

Total 5  11  16 

 

4.3.3 Observing cellular damage after freezing in ‘Fed’ and ‘Starved’ 
Panagrolaimus davidi using vital dyes and fluorescence microscopy 

Significant differences were observed between the survival rates after 
freezing at -10°C in the ‘Fed’ and ‘Starved’ Panagrolaimus davidi before staining 
(Figure 4-8), with the survival rates of ‘Fed’ nematodes on average three times 
higher than that of ‘Starved’ nematodes.  
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Figure 4-8  Survival rates of ‘Fed’ and ‘Starved’ P. davidi after freezing at -10ºC.  Data 
are mean of four replicates, with standard error bars shown.  Two-tailed t-test assuming equal 
variances:  t=21.59, df=6, p<0.001. 

 

This trend was reflected in the number of damaged cells after freezing at 
-10°C observed in nematodes stained with vital dyes.  A significantly greater 
proportion of the ‘Starved’ nematodes were partially damaged (those with 
some green and some red staining nuclei) or completely damaged (those 
staining completely red), compared to the ‘Fed’ nematodes (Figure 4-9).  In 
general, very little difference was observed between the nematodes stained 
immediately after freezing and those left for 24 hours for recovery before 
staining.  However, there was some indication of the potential for recovery 
occurring in the ‘Fed’ nematodes (with fewer partially and completely damaged 
nematodes in the sample allowed 24 hours recovery before staining), whereas 
the trend was reversed in the ‘Starved’ nematodes (with more partially and 
completely damaged nematodes in the sample allowed 24 hours recovery).  No 
significant difference was observed in the minor amount of damage seen in 
‘Fed’ and ‘Starved’ nematodes before freezing (control groups). 
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Figure 4-9  Proportion of undamaged (green), completely damaged (red) and partially 
damaged (green/red) nematodes after freezing at -10ºC.  Control groups were nematodes 
stained before freezing.  n=100 for each treatment group. 

 

In the nematodes that had sustained some damage after freezing at -
10°C, this was most frequently observed in the mid region of the nematode.  
Damage was also fairly frequently observed in the head region, whereas less 
damage occurred in the tail region (Table 4-5). 
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Figure 4-10  Location of damaged cells (observed as red nuclei) in nematodes sustaining 
partial damage after freezing at -10°C.  Data show the proportion of individuals having some 
damage in each of the three sections.  n=113. 

 

The relative frequency of damage occurring in the different tissue types 
was also recorded for the partially damaged nematodes, highlighting muscle 
cells and the intestinal regions as particularly susceptible to damage (Figure 
4-11).  However, damage was rarely confined to one tissue type (Figure 4-12). 

 

125



 

 

Figure 4-11  Location of damage in partially damaged nematodes after freezing at -
10°C. The proportion of those nematodes that sustained partial damage with damage in each 
tissue type is shown.  N=113.  

 

 

Figure 4-12  Number of tissue types (oesophagus, posterior bulb, muscle cells, intestine 
(fore, mid, hind)) showing some amount of damage in nematodes partially damaged after 
freezing at -10°C.  N= 113. 
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Nematodes were often observed to have suffered extensive damage in 
the intestinal region, resembling gut rupture (Figure 4-13 and Figure 4-14). 

 

Figure 4-13  P. davidi stained with vital dyes after freezing at -10ºC showing extensive 
intestinal damage. 

 

 

Figure 4-14  Close up of the intestinal region in a P. davidi individual stained with vital 
dyes after freezing at -10°C showing extensive damage. 

 

Extensive damage to the intestinal region was more commonly observed 
in the adult nematodes than juveniles (Table 4-5), but was not significantly 
correlated with the nutritional status of the nematodes (data not shown). 
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Table 4-5  Observations of extensive damage to the intestine region of juvenile and 
adult P. davidi after freezing at -10°C.  Gamma test: Gamma coefficient=0.863, p<0.001. 

 Extensive damage 
to intestinal region 

No damage to 
intestinal region 

Total 

Juvenile 6 (12%) 46 (88%) 52 (100%) 

Adult 39 (64%) 22 (36%) 61 (100%) 

Total 45 (40%) 68 (60%) 113 (100%) 

 

4.3.4 Visualising the location of ice within the cells of ‘Fed’ and ‘Starved’ 
Panagrolaimus davidi using freeze-substitution and Transmission Electron 
Microscopy 

The survival rates of Panagrolaimus davidi from the ‘Fed’ and ‘Starved’ 
treatments were tested prior to setting up samples for freeze-substitution.  The 
survival rates were found to be significantly different (p<0.001), with the 
average survival rate for the ‘Fed’ nematodes (78.8%) over twice as high as that 
for the ‘Starved’ nematodes (38.6%) (Figure 4-15). 

 

Figure 4-15  Survival rates of ‘Fed’ and ‘Starved’ P. davidi after freezing at -10°C.  Data 
are mean of four replicates, with standard error bars shown.  Two-tailed t-test assuming equal 
variances: t=8.86, df=6, p<0.001.  
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Transmission Electron Microscopy (TEM) micrographs of chemically 
fixed unfrozen ‘Fed’ and ‘Starved’ nematodes revealed some striking 
differences in the internal appearance of these two treatment groups (Figure 
4-16 to Figure 4-19).  ‘Starved’ nematodes often had large indistinct areas that 
appeared to be lipid dense (often poorly embedded in the resin resulting in 
gaps).  These areas were not observed in the ‘Fed’ nematodes. 
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Figure 4-16  Electron micrograph showing the typical appearance of cross-section 
through intestinal region in ‘Fed’ P. davidi after chemical fixation.   

 

Figure 4-17  Electron micrograph showing the typical appearance of cross-section 
through intestinal region in ‘Starved’ P. davidi after chemical fixation. 
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Figure 4-18  Electron micrograph showing the typical appearance of a section through 

intestinal region in ‘Fed’ P. davidi after chemical fixation. 

 
Figure 4-19  Electron micrograph showing the typical appearance of a section through 

intestinal region in ‘Starved’ P. davidi after chemical fixation. 
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To compare the appearance of ‘Fed’ and ‘Starved’ P. davidi frozen at -
10°C, TEM micrographs were taken after freeze-substitution, selecting only 
nematodes that were in cross-section through the intestine to ensure these were 
comparable.  The general appearance of the nematodes was classified into three 
broad categories based on Wharton et al. (2005b).  Figure 4-20 shows the 
percentage of ‘Fed’ and ‘Starved’ nematodes that were either not frozen 
(dehydrated), had extracellular ice only, or had both extra- and intracellular ice.  
There was no difference between the proportion of nematodes in each of these 
three categories between the ‘Fed’ and ‘Starved’ nematodes, with most 
nematodes having both extra- and intracellular ice present, a few having 
dehydrated and not frozen, and none having only extracellular ice present. 

 

Figure 4-20  The percentage of ‘Fed’ and ‘Starved’ P. davidi that were either not frozen 
(dehydrated), contained only extracellular ice, or contained both extra- and intracellular ice.  
Data are mean of 4 replicates with standard error bars shown. 

 

In general, the Transmission Electron Microscopy (TEM) images revealed 
a trend for ‘Starved’ nematodes to have fewer, larger ice filled areas than the 
‘Fed’ nematodes.  The internal structures more often appeared to be damaged 
or disrupted in ‘Starved’ P. davidi than in ‘Fed’ individuals (Figure 4-21 to 
Figure 4-24). 
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Figure 4-21  Electron micrograph showing the typical appearance of a cross-section 

through intestinal region in ‘Fed’ P. davidi frozen at -10°C after freeze-substitution.  Gaps appear 
where ice was present in the frozen nematode.  

 
Figure 4-22  Electron micrograph showing the typical appearance of a cross-section 

through intestinal region in ‘Starved’ P. davidi frozen at -10°C after freeze-substitution.  Gaps 
appear where ice was present in the frozen nematode. 
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Figure 4-23  Electron micrograph showing the appearance of previously ice-filled gaps 

and intact cellular structures in ‘Fed’ P. davidi frozen at -10°C after freeze-substitution.  
Mitochondria, cell membranes, ribosomes and intestinal villi can be seen. 

 
Figure 4-24  Electron micrograph showing the appearance of previously ice-filled gaps 

and disrupted cell contents in ‘Starved’ P. davidi frozen at -10°C after freeze-substitution. 
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As a control, ‘Fed’ and ‘Starved’ nematodes that had been plunged 
directly into liquid nitrogen without pre-freezing at -10°C were also viewed 
after freeze-substitution.  For both treatment groups, the ice in these nematodes 
had a very different appearance to the ice in those frozen at -10°C (Figure 4-25 
to Figure 4-27).  The control specimens had many tiny ice-filled gaps, some of 
which were even observed within cell organelles, making them clearly 
distinguishable from the pattern of ice formation in both ‘Fed’ and ‘Starved’ P. 
davidi pre-frozen at -10°C.   
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Figure 4-25  Electron micrograph showing the typical appearance of a cross-section 

through intestinal region in ‘Fed’ P. davidi, frozen by plunging the specimen directly into liquid 
nitrogen, after freeze-substitution.  Gaps appear where ice was present in the frozen nematode. 

 
Figure 4-26  Electron micrograph showing the typical appearance of a cross-section 

through intestinal region in ‘Starved’ P. davidi, frozen by plunging the specimen directly into 
liquid nitrogen, after freeze-substitution.  Gaps appear where ice was present in the frozen 
nematode. 
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Figure 4-27  Electron micrograph showing the typical appearance of small previously 
ice-filled gaps in ‘Starved’ P. davidi, frozen by plunging the specimen directly into liquid 
nitrogen, after freeze-substitution. 

 

To quantify these observations, the area of five largest continuously ice-
filled spaces was calculated for each image.  The total cross-sectional body area 
was also calculated for each nematode, and the ice-filled areas were expressed 
as a proportion of this total area.  The mean proportional area of the five largest 
ice-filled spaces was significantly higher in the ‘Starved’ nematodes (23.3%) 
than the ‘Fed’ nematodes (15.4%) (Figure 4-28).  
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Figure 4-28  Proportion of body area occupied by the five largest ice-filled spaces in 
‘Fed’ and ‘Starved’ P. davidi after freezing at -10°C. Data are mean of 40 individuals, with 
standard error bars shown.  Analysis of covariance (ANCOVA/GLM) revealed significant 
difference between ‘Fed’ and ‘Starved’ nematodes at p=0.003 (df=1, F=9.17) after adjusting for 
nematode body area. 

 

There was also greater range in the proportion of the total body area 
filled by the five largest ice-filled areas in the ‘Starved’ nematodes than in the 
‘Fed’ nematodes, with this measure reaching up to 73.6% in one ‘Starved’ 
individual, compared to a maximum of 41.8% in the ‘Fed’ nematodes (Figure 
4-29). 
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Figure 4-29  Frequency histogram showing the percentage distribution of the varying 
proportion of body area taken up by the five largest ice-filled spaces in ‘Fed’ and ‘Starved’ P. 
davidi after freezing at -10°C. ‘Starved’: n = 40; ‘Fed’: n = 40. 

 

This trend could also be seen when only the single largest ice-filled space 
per individual (expressed as a proportion of the total body area) was compared 
between ‘Fed’ and ‘Starved’ P. davidi.  Again, the proportion of body area 
occupied by the largest ice-filled space was significantly greater in the ‘Starved’ 
individuals (10.9% body area) than in the ‘Fed’ individuals (6.0% body area) 
(Figure 4-30).  There was also a greater range in the proportion of the total body 
area filled by the largest ice-filled area in the ‘Starved’ nematodes than in the 
‘Fed’ nematodes, with this measure reaching 15.4% in the ‘Starved’ nematodes 
(Figure 4-31). 
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Figure 4-30  Proportion of body area occupied by the largest continuously ice-filled 
space in ‘Fed’ and ‘Starved’ P. davidi after freezing at -10°C.  Data are mean of 40 individuals, 
with standard error bars shown.  Analysis of covariance (ANCOVA/GLM) revealed significant 
difference between ‘Fed’ and ‘Starved’ nematodes at p=0.017 (df=1, F=5.92) after adjusting for 
nematode body area. 

 

 

Figure 4-31  Frequency histogram showing the percentage distribution of the varying 
proportion of body area taken up by the single largest ice-filled space in ‘Fed’ and ‘Starved’ P. 
davidi after freezing at -10°C. ‘Starved’: n = 40; ‘Fed’: n = 40.  
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4.3.5 Visualising the location of ice within the cells of Panagrolaimus davidi using 
Field Emission Scanning Electron Microscopy 

Another view of the appearance of ice within Panagrolaimus davidi frozen 
at -10°C was provided by using freeze-fracture Field Emission Scanning 
Electron Microscopy (FESEM).  Samples of ‘Fed’ P. davidi that were pre-frozen 
at -10°C were visualised using this technique. Figure 4-32 to Figure 4-35 show 
the appearance of nematodes treated in this way.   

 

Figure 4-32  Appearance of a cross-section through ‘Fed’ P. davidi frozen at -10°C then 
visualised using Freeze-Fracture Field Emission Scanning Electron Microscopy.  A short period 
of sublimation has enabled the fractured nematode to stand out from the ice in the background 
and has removed the internal ice leaving gaps where it would have been present. 

141



 

 

 

Figure 4-33  Appearance of a cross-section through ‘Fed’ P. davidi frozen at -10°C then 
visualised using Freeze-Fracture Field Emission Scanning Electron Microscopy.  A short period 
of sublimation has enabled the fractured nematode to stand out from the ice in the background 
and has removed the internal ice leaving gaps where it would have been present. 
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Figure 4-34  Appearance of a cross-section through ‘Fed’ P. davidi frozen at -10°C then 
visualised using Freeze-Fracture Field Emission Scanning Electron Microscopy.  A short period 
of sublimation has enabled the fractured nematode to stand out from the ice in the background 
and has removed the internal ice leaving gaps where it would have been present. 
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Figure 4-35  Appearance of the internal structure ‘Fed’ P. davidi frozen at -10°C then 
visualised using Freeze-Fracture Field Emission Scanning Electron Microscopy.  The internal ice 
has been removed by sublimation leaving gaps where it would have been present. 

 

The images generated using this technique showed that internal ice was 
clearly intracellular and extensive, but overall the results were considered 
difficult to interpret and the technique was not pursued.  
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4.3.6 Measuring recrystallization in ‘Fed’ and ‘Starved’ Panagrolaimus davidi 
using the splat-freezing technique 

A series of splat-freezing assays comparing the recrystallization-
inhibition (RI) activity in samples of ‘Fed’ and ‘Starved’ Panagrolaimus davidi 
were performed over several months.  For each assay, samples of ‘Fed’ and 
‘Starved’ P. davidi were prepared and their freezing survival was tested at -
10°C.  Homogenates of the ‘Fed’ and ‘Starved’ P. davidi were then prepared by 
standardising the dry weights in 1ml of homogenisation solution (in each case, 
there was less total dry weight of the ‘Starved’ nematodes than the ‘Fed’ 
nematodes, so the ‘Fed’ samples were standardised to the same concentration 
as the ‘Starved’ samples).  Table 4-6 shows the survival rates and dry weights of 
each of the pairs of samples prepared. 

 

Table 4-6  Samples of ‘Fed’ and ‘Starved’ P. davidi prepared for the splat-freezing assay 
to compare RI properties.  Survival rates are from sub-samples frozen at -10°C and are mean of 
four replicates. 

 Date of 
sample 

preparation 

Average 
survival 
rate (%) 

Total dry 
weight 

(mg) 

Concentration  
(mg/ml) 

‘Fed’ I 27.3.08 92.2 0.9 0.9 

‘Starved’ I 27.3.08 28.2 0.9 0.9 

‘Fed’ II 2.5.08 86.0 6.1 6.1 

‘Starved’ II 2.5.08 43.8 6.1 6.1 

‘Fed’ III 8.7.08 89.1 3.7 3.7 

‘Starved’ III 8.7.08 26.9 3.7 3.7 

‘Fed’ IV 10.7.08 76.65 3.7 3.7 

 

In each of these assays, the general trend was that the final crystal size 
after 30 minutes annealing time was always smaller for the ‘Fed’ than the 
‘Starved’ homogenates within each pair of samples (Figure 4-36).  
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Figure 4-36  Crystal diameters after 30 minutes annealing time at -8°C in samples of 
‘Fed’ and ‘Starved’ P. davidi, and Tris buffer (negative control) in the splat-freezing assay. 
Values are mean ± 1SD (n = 10) 

 

However, the variation in final crystal size between each experimental 
run (I, II, III and IV) was greater than any differences seen between ‘Fed’ and 
‘Starved’ homogenates within sample pairs (Figure 4-36).  

Grass extract (known to have strong RI activity) was then tested as a 
positive control, and the homogenisation solution used in the homogenisation 
process was tested as a negative control (in addition to Tris buffer commonly 
used as a negative control; Appendix 2 (Wharton et al., 2005a)).  The final 
crystal size for the grass extract was small, as expected.  However, the 
homogenisation solution used for making ‘Fed’ II and ‘Starved’ II samples was 
found to have strong RI activity, probably the result of contamination after 
producing the ‘Fed’ II and ‘Starved’ II homogenates (either from pipetting, or 
from storage in the fridge with other samples of nematode and grass extract).  
Fresh homogenisation solution did not show RI activity, nor did Tris buffer or 
protease inhibitor stock solution (the two component solutions of the 
homogenisation solution; Appendix 2) (Figure 4-37).  
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Figure 4-37  Crystal diameters after 30 minutes annealing time at -8°C in grass extract 
(positive control), homogenisation solution, and the components of homogenisation solution 
(Tris buffer and protease inhibitor solution) in the splat-freezing assay. Values are mean ± 1SD 
(n = 10). 

 

‘Fed’ and ‘Starved’ P. davidi homogenates and grass extract samples were 
then diluted by a ratio of 1:10 with fresh homogenisation solution.  Figure 4-38 
shows the final crystal diameter in diluted and undiluted samples.  Dilution 
only resulted in an increase in final crystal diameter in the grass extract sample, 
and resulted in a small decrease in crystal diameter for both the ‘Fed’ III and 
‘Starved’ III homogenates. 

 

147



 

 

 

Figure 4-38  Crystal diameters after 30 minutes annealing time at -8°C in 
homogenisation solution (negative control), grass extract (positive control), ‘Fed’ and ‘Starved’ 
P. davidi homogenates, and the same samples diluted 1:10 with homogenisation solution in the 
splat-freezing assay. Values are mean ± 1SD (n = 10). 

 

The results of the splat-freezing assay can also be visualised by 
comparing the slopes of the change in crystal size over the 30 minutes of 
annealing time.  Splat samples were transferred to the microscope cold-stage 
and heated to -8°C, at which point an image was taken (T0).  The samples were 
then left to anneal for 30 minutes before a second image was taken (T30).  
Figure 4-39 shows the change in crystal size over these 30 minutes in the 
samples of ‘Fed’ and ‘Starved’ P. davidi and the positive and negative controls.  
Flatter slopes in the grass extract sample and one of the ‘Fed’ nematode 
homogenates, indicate the presence of strong recrystallization inhibition 
activity.  
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Figure 4-39  Change in mean ice crystal diameter over 30 minutes annealing time at -
8°C in the splat-freezing assay (n = 10). Samples of ‘Fed’ and ‘Starved’ P. davidi homogenate 
were prepared on four different dates (I, II, III and IV).  Grass extract was tested as a positive 
control and homogenisation solution (buffer) as a negative control.  Diluted samples were 
diluted 1:10 with homogenisation solution. 

 

To isolate the effect of nutritional status on the final crystal size across 
the various experimental trials, multiple linear regression analysis was 
performed with the final crystal diameters after 30 minutes annealing time as 
the dependent variable (Table 4-7).  Controlling for the effect of experiment trial 
number (sample number I, II, III, and IV) revealed a small but significant effect 
of nutritional status on final crystal size (treatment: partial r=0.252, p=0.001; 
assay no.: partial r=0.494, p<0.001, model 2).  This effect could also be seen 
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when using the average survival rates of the nematodes after freezing at -10°C 
for each sample as a predictor of final crystal size (survival rate: partial r= -
0.253, p<0.001; assay no.: partial r=0.480, p<0.001; Table 4-8).  In both these 
analyses, the effect of experimental trial number predicted a larger proportion 
of the variation in final crystal size than the other variables (nutritional status 
and survival rate). 

Table 4-7  Multiple linear regression models predicting final crystal diameter after 30 
minutes annealing of P. davidi homogenates from assay number, crystal diameter at the start of 
the assay, and/or nutritional status treatment (‘Fed’ or ‘Starved’) of the nematodes in the splat-
freezing assay. 

Model Variable B Std. 
Error 

Sig. 
(p) 

Partial 
r 

Total R2 
of 

model 

S.E.E. 

1. (Constant) 62.776 3.598 <.001  -.002 15.114910 

 Treatment (‘Fed’ or 
‘Starved’) 

2.021 2.468 .414 .065   

2. (Constant) 32.949 5.231 <.001  .238 13.180298 

 Treatment (‘Fed’ or 
‘Starved’) 

7.444 2.283 .001 .252   

 Assay No. 8.135 1.141 <.001 .494   

3 (Constant) 24.013 5.454 <.001  .306 12.574230 

 Treatment (‘Fed’ or 
‘Starved’) 

7.382 2.178 .001 .262   

 Assay No. 5.306 1.293 <.001 .312   

 Crystal diameter T0 .467 .115 <.001 .309   

4 (Constant) 23.238 5.641 <.001  .303 12.602153 

 Treatment (‘Fed’ or 
‘Starved’) 

7.251 2.195 .001 .256   

 Assay No. 4.961 1.436 .001 .267   

 Crystal diameter T0 .470 .115 <.001 .311   

 Dilution 1.303 2.343 .579 .045   
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Table 4-8  Multiple linear regression models predicting final crystal diameter after 30 
minutes annealing of P. davidi homogenates from assay number, crystal diameter at the start of 
the assay, and/or the survival rates after freezing at -10°C of the nematodes in the splat-
freezing assay. 

Model Variable B Std. 
Error 

Sig. 
(p) 

Partial 
r 

Total R2 
of model 

S.E.E. 

1 (Constant) 71.216 3.187 <.001  .023 .016 

 Survival Rate -.087 .045 .058 -.150   

2 (Constant) 53.623 3.801 <.001  .248 .238 

 Survival Rate -.133 .041 .001 -.253   

 Assay No. 7.482 1.091 <.001 .480   

3 (Constant) 44.450 4.371 <.001  .312 .299 

 Survival Rate -.121 .039 .002 -.241   

 Assay No. 4.765 1.267 <.001 .288   

 Crystal diameter T0 .441 .116 <.001 .292   

4 (Constant) 43.137 4.822 <.001  .314 .296 

 Survival Rate -.119 .039 .003 -.237   

 Assay No. 4.375 1.404 .002 .243   

 Crystal diameter T0 .445 .116 <.001 .294   

 Dilution 1.527 2.350 .517 .052   
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4.4 Discussion 

4.4.1 Starvation effects on the cold-tolerance of Panagrolaimus davidi 

Starvation had a very strong negative impact on the ability of the 
laboratory culture of Panagrolaimus davidi to survive freezing at a range of sub-
zero temperatures from -1°C to -10°C.  This result supports previous findings 
that the ability of P. davidi to survive freezing at -20°C declined sharply over a 
17-day starvation period in S-medium (Appendix 2; Wharton et al., 2000).  In 
the present study, ‘Fed’ nematodes with sufficient food supply were able to 
maintain, and even increase, high freezing survival rates over three weeks in 
the same culture flasks, while the survival rate of ‘Starved’ nematodes 
decreased strongly over time.  This indicates that previous reports of declines in 
freezing survival rates of P. davidi over time spent in culture (Raymond, 2004; 
Wharton and Brown, 1991) are more likely to be a result of declining food 
supplies than any other factor related to culture age, such as a build-up of 
toxins over time or a change in population structure.  This emphasises the 
importance of controlling for the nutritional status of nematodes in all future 
studies to ensure that any significant differences in survival rates between 
treatments can be attributed to the independent variable being investigated.  

The negative impact of starvation on freezing survival observed across a 
range of freezing temperatures (-1°C to -10°C) was strongest at the lower 
temperatures.  The amount of intracellular freezing increased in P. davidi at 
faster freezing rates induced by freezing initiated at lower sub-zero 
temperatures, while a greater proportion of nematodes underwent 
cryoprotective dehydration when freezing was initiated at a higher sub-zero 
temperature (Wharton et al., 2005b).  This finding therefore suggests that 
starvation has a stronger negative effect on the survival of intracellular freezing 
than on the survival of cryoprotective dehydration.  This hypothesis is 
supported by microscope cold-stage observations suggesting that survival of 
cryoprotective dehydration to be independent of the nutritional status of the 
nematodes, although the sample size was too small for this to be conclusive. 
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In its natural habitat, P. davidi is found in ornithogenic soils around 
Adelie penguin rookeries (Wharton and Brown, 1989).  Although these soils are 
an extreme habitat in terms of the high nitrogen input and salinity, they are also 
very rich in bacteria, and P. davidi is therefore unlikely to be food-limited in its 
natural habitat (Chapter 2).  In contrast to some other polar nematode species 
that show some degree of capacity adaptation, P. davidi has been found to grow 
best at higher temperatures (Brown et al., 2004).  It has therefore been suggested 
that P. davidi has a life history that is r-A selected, showing strong resistance 
adaptations in response to the unpredictable conditions in its habitat, as well as 
the ability to grow rapidly in its nutrient-rich habitat during the brief periods of 
exposure to favourable conditions during the summer (Brown et al., 2004).  
Under these conditions, P. davidi could have evolved a survival strategy that 
depends on adaptations with relatively high energetic costs. 

The technique for generating ‘Fed’ and ‘Starved’ P. davidi consistently 
produced significant differences in freezing survival rates in all the experiments 
presented in this study.  However, the methods used introduced an additional 
physical stressor to the ‘Starved’ treatment, due to the Baermann funnelling and 
washing of the nematodes before their transfer to sterile S-medium, that was 
not applied to the ‘Fed’ treatment.  The high survival rates observed in the 
‘Starved’ nematodes at the start of the treatment (the first three days) that were 
consistent with the survival rates seen in the ‘Fed’ treatment (Figure 4-3) 
indirectly suggest that this physical stressor did not have strong effect.  
However, future studies should apply the Baermann funnelling and washing 
treatment to both ‘Fed’ and ‘Starved’ cultures to control for any effects that this 
may have.  Overall, the ability to manipulate the freezing survival rates of P. 
davidi relatively quickly and easily provides a useful tool for further 
comparative studies. 
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4.4.2 Microscope cold-stage observations of freezing events in ‘Fed’ and 
‘Starved’ Panagrolaimus davidi 

The effect of starvation on the appearance of Panagrolaimus davidi was 
noticeable even before freezing, confirming that ‘Starved’ nematodes were 
under considerable physiological stress.  Wharton and Brown (1991) also 
previously noted changes in the appearance of P. davidi linked with culture age.  
However, whereas I found an increase in the number of structures resembling 
lipid granules in ‘Starved’ nematodes, Wharton and Brown (1991) found lipid 
granules to be present only in P. davidi from fresh cultures, and not older ones.  
The granules stained intensely for lipid using Oil Red-O and their absence in 
the nematodes from old cultures was therefore attributed to a depletion of food 
stores (Wharton and Brown, 1991).  As the opposite trend was seen in this 
study, it is possible that the structures observed in the ‘Starved’ nematodes 
were not actually lipid granules (as the presence of lipid in these structures was 
not confirmed in this study by staining) and their significance in relation to the 
‘Starvation’ process is therefore unclear.   

Microscope cold-stage observations of freezing in P. davidi have shown 
that when freezing of a sample is initiated at -5°C or below, most of the 
nematodes will freeze rather than dehydrate (Raymond, 2004; Wharton et al., 
2003).  Despite the significant differences in their survival rates after freezing, 
cold-stage observations showed no obvious differences in the appearance of 
freezing patterns in ‘Fed’ and ‘Starved’ nematodes.  Internal freezing started at 
least once in each of the body compartments investigated, with no significant 
indication for it to start in one place more often than another.  While Wharton 
and Ferns (1995) reported that freezing in P. davidi was most often initiated in 
the pseudocoel (52.9%), they also observed freezing to be initiated in other body 
compartments suggesting that internal freezing may be initiated by inoculation 
from ice in the surrounding medium, rather than being a controlled process. 

When freezing of the surrounding medium occurred at relatively high 
sub-zero temperatures (-1°C or -2°C), most of the nematodes dehydrated rather 
than froze.  This observation was consistent with previous work describing the 
use of a cryoprotective dehydration mechanism in P. davidi (Wharton et al., 
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2005b), and no differences in appearance or survival after dehydration were 
noticed between the ‘Fed’ and ‘Starved’ nematodes.   

Across all the experiments, survival rates were often higher for both 
‘Fed’ and ‘Starved’ nematodes at temperatures that were more likely to result in 
cryoprotective dehydration than internal freezing.  This result, which confirmed 
that of the more detailed study of the relationship between freezing rate and the 
survival of short-term freezing by Wharton, Goodall et al. (2002), could indicate 
that dehydration is a lesser stress for P. davidi than internal freezing.  As P. 
davidi inhabits wetter soils (Chapter 2), the nematodes will usually be in contact 
with large amounts of water and plentiful ice nucleators when exposed to 
freezing.  These conditions are hypothesised to most often produce a slow rate 
of freezing that should therefore enhance survival in this species (Wharton et 
al., 2002).  

The formation of large internal bubbles in nematodes during thawing 
has not been reported previously.  This phenomenon was always lethal for the 
nematodes, with some indication that it may occur more often in ‘Starved’ than 
‘Fed’ P. davidi.  As liquids at low temperatures can contain more dissolved 
gases than liquids at warmer temperatures, gas bubbles could be produced 
during rapid thawing, particularly if the nematodes had been supercooled for 
some time before freezing enabling increased amounts of gas to go into 
solution.  Although thawing rates were set to 0.5°C/min during the freeze-
tolerance tests, they were not controlled on the microscope cold-stage and were 
much faster than would be expected in nature (Sinclair and Sjursen, 2001).  This 
observation may therefore be a result of the experimental process and of little 
relevance to P. davidi in its natural habitat.  

 

4.4.3 Observing cellular damage after freezing in ‘Fed’ and ‘Starved’ 
Panagrolaimus davidi using vital stains 

Freezing injuries frequently occur due to a disruption of cell membranes.  
Vital dyes that assess cell viability based on membrane integrity are therefore 
often used to test the viability of spermatozoa and oocytes preserved by 
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freezing (Garner and Johnson, 1995).  Two recent studies have shown 
fluorescent vital dyes to be useful for studying freezing injuries at the cellular 
level in insects by staining various dissected tissues after cold exposure of the 
insects (Yi and Lee, 2003, 2004).  This technique had not, however, previously 
been trialled on whole organisms.  The use of vital dyes on whole nematodes 
successfully enabled cell damage after freezing to be visualised in Panagrolaimus 
davidi, proving a useful technique for future studies on freezing injuries in 
nematodes generally.   

Perhaps the most striking observation of this study was the lack of 
cellular damage in ‘Fed’ P. davidi after freezing, even when the nematodes were 
stained directly after thawing and had no time to recover from the freezing 
stress.  The use of vital dyes only provides a crude estimate of internal damage, 
and does not give an impression of osmotic stress for example.  However, these 
results together with the microscope cold-stage observations of ice spreading 
through the entire nematode at these temperatures, suggest that even non-
acclimated P. davidi have mechanisms that enable the prevention of cellular-
level freezing damage throughout all their tissues.  These observations are in 
line with the requirements for a survival strategy that would be predicted from 
P. davidi’s natural habitat: temperature readings from Antarctic soils have 
shown that freeze-thaw cycles occur almost diurnally during summer implying 
that nematodes are exposed to repeated freezing stresses, often with very little 
time between freezing events (Chapter 3).  

A very different trend was observed for the ‘Starved’ nematodes: about 
50% of the nematodes stained using vital dyes had sustained cellular damage 
after freezing at -10°C, and the proportion of damaged nematodes increased 
slightly after a 24 hour recovery period.  The location of the damaged cells was 
recorded and although damage was rarely restricted to one tissue type, the 
intestinal region appeared to be particularly vulnerable to damage.  The 
observation of intestinal damage after freezing could indicate severe physical 
disruption (or rupture of the intestine) as a result of loss of control over the 
internal ice formation in this region. 
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4.4.4 Observations of internal freezing in ‘Fed’ and ‘Starved’ Panagrolaimus 
davidi using the freeze-substitution technique and Field Emission Scanning 
Electron Microscopy 

Differences in the structure of ‘Fed’ and ‘Starved’ Panagrolaimus davidi 
were apparent from the micrographs of chemically fixed unfrozen nematodes, 
which supported the observations made using light microscopy.  In their study 
showing the appearance of freezing and cryoprotective dehydration, Wharton 
et al. (2005b) reported surprisingly low survival rates (53%) in the fast-freezing 
regime, which was associated with the greatest proportion (54%) of intracellular 
ice formation.  Comparing the images of unfrozen controls provided in their 
study with the images of ‘Fed’ and ‘Starved’ P. davidi, their unfrozen control 
more closely matches the appearance of the ‘Starved’ nematodes than the ‘Fed’ 
nematodes, with a less dense appearance to the cytoplasm and poor penetration 
of the embedding medium in lipid-dense areas.  In their study, after 7 days 
growth in liquid culture at 20°C, the nematodes were acclimated at 5°C for 14 
days prior to their preparation for the freeze-substitution technique (Wharton et 
al., 2005b).  As the growth of the Escherichia coli food source is considerably 
reduced at 5°C, it is likely that the nematodes used in the study by Wharton et 
al. (2005b) were beginning to starve, which would explain their low freezing 
survival rate. 

Overall, this study found that most of the ‘Fed’ and ‘Starved’ nematodes 
frozen at -10°C had frozen internally with both extra- and intracellular ice 
present, and only a few nematodes (7.5%) had undergone cryoprotective 
dehydration.  This is in line with previous findings that have shown a greater 
proportion of intracellular freezing in fast-frozen samples than slow-frozen 
samples (Wharton et al., 2003).  However, in their study of nematodes frozen at 
either -1°C or -5°C visualised using the same technique, Wharton et al. (2005b) 
found three patterns in P. davidi: not-frozen, extracellular ice only, and extra- 
and intracellular ice.  Only two of these patterns were seen for the ‘Fed’ and 
‘Starved’ nematodes in the present study.  No nematodes were observed with 
only extracellular ice, suggesting that this type of freezing does not occur at -
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10°C when freezing rates are presumably too fast to allow water loss from the 
cells to the extracellular compartment (Wharton et al., 2005b).   

Although there was considerable variation in the appearance of the 
nematodes after freezing at -10°C, the pattern observed in ‘Fed’ nematodes 
appeared much more consistent than that observed in ‘Starved’ nematodes.  
There were generally more small ice-filled spaces in the ‘Fed’ nematodes than in 
the ‘Starved’ nematodes.  The proportional body area occupied by the largest 
ice-filled spaces was significantly greater in the ‘Starved’ nematodes and more 
internal damage was apparent. 

The appearance of both ‘Fed’ and ‘Starved’ nematodes that had been 
frozen at -10°C was clearly different to the controls that had been plunged 
directly into liquid nitrogen without pre-freezing (a process that P. davidi does 
not survive).  In the controls, numerous tiny ice crystals had formed, some 
inside cell organelles.  The appearance of these controls was consistent both 
with the previous study and the observation that cooling rates for nematodes 
immersed in liquid nitrogen are not fast enough to cause vitrification of the 
samples (Wharton et al., 2005b).  A recent study using the freeze-substitution 
technique found that while the presence of ice in the cytoplasm of oyster 
oocytes did not affect their viability, ice formation within organelles was fatal 
(Salinas-Flores et al., 2007).  These tiny crystals were not observed in either the 
‘Fed’ or ‘Starved’ nematodes frozen at -10°C.  

The appearance of ice formation in ‘Fed’ P. davidi, frozen at -10°C and 
with a high survival rate (78.8%), suggests that the nematodes are exhibiting 
some control over the pattern of ice formation, maintaining many small ice-
filled spaces within the cytoplasm and extracellular compartments, but not 
allowing ice to rupture membranes or enter organelles.  In contrast, the 
‘Starved’ nematodes with a much lower survival rate (38.6%) appeared to have 
lost some control over the pattern of internal ice, with much larger ice-filled 
areas present that appeared to have caused serious internal damage.   

The freeze-substitution technique provides a two-dimensional view of 
internal ice formation.  To attempt to visualise internal ice in three dimensions, 
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fractured frozen nematode samples were imaged using cold-stage Field 
Emission Scanning Electron Microscopy.  The immediate problem encountered 
was that it was not possible to see the frozen nematodes against the frozen 
matrix without considerable sublimation.  After sublimation, the nematodes 
were revealed giving a 3D view of the gaps where the ice had been.  However, 
the appearance revealed resembled freezing caused by direct immersion of 
nematodes into liquid nitrogen, with numerous small crystals present.  This is 
thought to be due to the handling of the nematodes inside the metal rivets 
(4.2.5), in which freezing could not be seeded with an ice crystal.  It is therefore 
likely that the nematodes had not completed the freezing before transfer to 
liquid nitrogen and that these images were not representative of the appearance 
of survivable intracellular freezing at -10°C. 

 

4.4.5 Recrystallization inhibition properties in ‘Fed’ and ‘Starved’ Panagrolaimus 
davidi 

A recrystallization-inhibition protein (RIP) in P. davidi was first 
demonstrated using the splat-freezing technique, with nematode homogenate 
exhibiting strong recrystallization inhibition (RI) activity compared to a buffer 
control and weta (Hemideina maori) haemolymph (Ramløv et al., 1996; Wharton 
et al., 2005a).  Nematode homogenate had an average crystal diameter after 30 
minutes at -8°C of around 40 µm (compared with 80 µm in buffer controls), but 
could be reduced by dilution of the nematode extracts (104 dilution) or by 
heating the nematode extract above 60°C (Ramløv et al., 1996; Wharton et al., 
2005a).  As there was no associated thermal hysteresis activity, this protein was 
concluded to be an ice active protein with RI properties that could play an 
important role in the ability of P. davidi to survive intracellular freezing 
(Ramløv et al., 1996; Wharton et al., 2005a). 

The experiments presented here attempted to use the splat-freezing 
technique to quantify differences in RI activity between ‘Fed’ and ‘Starved’ 
nematode homogenate.  While there was some tendency for less RI activity to 
be present in the ‘Starved’ nematode samples than the ‘Fed’ samples, more 
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variation was observed between replicates than between the treatments.  The 
dry weights of the nematodes used to produce the homogenates were rather 
low (0.9 – 3.7 mg), so it is possible that the samples were too dilute to show 
clear differences in activity levels.  This would also explain why further dilution 
did not have a very significant effect on the crystal diameters.  The dry weight 
of nematodes used to generate homogenates for the splat-freezing technique is 
not reported in the original studies (Ramløv et al., 1996; Wharton et al., 2005a) 
making comparisons difficult.  However, RI activity was detected in P. davidi in 
a study by Smith et al. (2008) in extracts containing 0.18 mg dry weight/ml.  

A reduced ability to produce the RIP as a result of starvation remains 
one possible mechanism that could explain the differences in the survival rates 
of ‘Fed’ and ‘Starved’ P. davidi, although it is likely that starvation would affect 
the nematodes in many ways.  The splat-freezing technique may not be a 
sensitive enough assay to be able to detect this difference, as there are many 
factors involved in the process that are difficult to control (for example, the 
production of nematode homogenates of standard concentrations, the time 
taken to transfer the ‘splats’ to the microscope cold stage and the amount of 
condensation that forms on the ‘splats’).  Future attempts should focus on the 
bulk production of ‘Fed’ and ‘Starved’ nematodes to enable much higher dry 
weights to be used in the production of the homogenates.  Alternatively, 
molecular techniques such as subtractive hybridization using cDNAs from ‘Fed’ 
and ‘Starved’ nematodes could be used once the RIP has been successfully 
sequenced. 

 

4.4.6 Conclusions 

The laboratory culture of Panagrolaimus davidi possesses remarkable 
resistance adaptations to cold-exposure, which include the ability to survive 
fast freezing rates that result in the formation of extensive intracellular ice 
(Wharton and Ferns, 1995).  The results presented in this study have confirmed 
that the ability to survive short-term exposure (30 minutes) to a freezing regime 
that induces high levels of intracellular freezing (in over >90% of P. davidi 
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individuals) does not require prior acclimation of the nematodes and causes 
little to no damage to cell membranes.  However, starvation of the nematodes 
has a very strong negative effect on the ability to survive intracellular freezing, 
causing a reduction of over 50% in survival rates after short-term freezing at -
10°C. 

The physiological mechanisms underlying the ability of P. davidi to 
survive intracellular freezing are not yet fully understood.  Previous studies 
have shown that the production of a recrystallization-inhibition protein may 
play an important role in this ability, by preventing internal ice crystal growth 
to sizes that would cause extensive physical damage (Ramløv et al., 1996; 
Wharton et al., 2005a).  Observations of much larger ice-filled spaces in 
‘Starved’ P. davidi compared with ‘Fed’ P. davidi frozen at -10°C suggest that a 
loss of control over the growth of internal ice may underlie their lower survival 
rates.  The accumulation of trehalose in response to acclimation in P. davidi has 
previously been shown to enhance survival of long-term exposure to freezing 
(Wharton et al., 2000).  Trehalose plays a cryoprotective role in many freeze-
tolerant organisms, including insects (Lee, 1991) and some other nematode 
species (Qiu and Bedding, 1999) and a protective role in anhydrobiosis by 
stabilising membranes during desiccation (Crowe et al., 1992).  Wharton et al. 
(2000) commented that its role in the survival of intracellular freezing might be 
to protect organelles from the effects of dehydration as a result of the freeze 
concentration effect when ice forms within the cytoplasm.  It seems possible 
that a decrease in levels of trehalose and glycerol would occur as a result of 
starvation, and that this may partially explain the increase in cell membrane 
damage observed after freezing in ‘Starved’ P. davidi.  However it has also been 
noted that while trehalose concentrations increased during cold acclimation in 
P. davidi, they remained relatively low in comparison to those reported in other 
cold-tolerant species, indicating that other factors must also play a role in the 
survival of intracellular freezing (Wharton and Ferns, 1995).  Comparisons 
between ‘Fed’ and ‘Starved’ P. davidi not only provide an explanation for some 
low survival rates reported earlier (Wharton et al., 2005b), further confirming 
the ability of this nematode to survive intracellular freezing with high survival 
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rates, but also provides a useful tool for investigating the mechanisms 
underlying this unique adaptation. 

While the microscope cold-stage technique has allowed the very rapid 
propagation of ice through the nematodes to be observed (taking only 0.12 
seconds; Wharton and Ferns 1995), the 3D structure of the ice within frozen P. 
davidi is still not clear.  It is thought that ice enters the nematodes from the 
external medium via inoculative freezing through body openings and then 
propagates through cell gap-junctions (Wharton and Ferns, 1995), as the plasma 
membrane is assumed to be a barrier to ice nucleation (Grout and Morris, 1987).  
Although the methods require improvement, visualisation of freeze-fractured 
specimens using Field Emission Scanning Electron Microscopy could be a 
useful technique in resolving the 3D pattern of ice formation within P. davidi in 
future studies, which would provide greater insight into how the survival of 
intracellular freezing is possible in a multicellular organism.  
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Chapter 5   Is the survival of intracellular freezing in Panagrolaimus 
davidi unique?  Investigating the cold tolerance of other Antarctic 
nematode species 

5.1 Introduction 

5.1.1 Survival strategies in terrestrial Antarctic nematodes 

Of the 54 species of terrestrial Antarctic nematodes currently described 
(Andrassy and Gibson, 2007), very few have yet been studied from an 
environmental physiological perspective.  The research on survival strategies in 
Antarctic nematodes has focused on investigating lifecycles (and any capacity 
adaptation), freeze-tolerance, salt-tolerance and desiccation-tolerance.  The 
results of this research will be summarised here. 

The extensive studies of the adaptations seen in P. davidi have shown it 
to employ several different survival strategies, based on resistance rather than 
capacity adaptations (reviewed in detail in Chapter 4).  The ‘choice’ of strategy 
varies according to the availability of water and the temperature at which 
freezing of the surrounding medium is initiated: internal freezing occurs when 
samples are frozen at lower temperatures (-5°C to 10°C), cryoprotective 
dehydration generally occurs when samples are frozen at relatively high sub-
zero temperatures (-1°C), while desiccation at temperatures above 0°C leads to 
survival via anhydrobiosis (Wharton et al., 2003b).  P. davidi  can survive both 
extracellular and intracellular freezing, with the pattern of internal ice 
formation dependent on the freezing rate (Wharton et al., 2005b).  It survives 
dehydration as a slow-desiccation strategist, requiring a period of acclimation 
at high relative humidity (RH) to survive subsequent exposure to low RH 
(Wharton and Barclay, 1993). 

In contrast to the resistance adaptation- based strategy seen in P. davidi, 
the lifecycle of S. lindsayae extracted from the Dry Valleys provides some 
evidence for capacity adaptation (Overhoff et al., 1993).  S. lindsayae grows 
better at 10°C than at 15°C, and the higher temperature had a negative effect on 
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the number of eggs per female and on juvenile development (Overhoff et al., 
1993).  The life history of P. murrayi has not yet been investigated so it is not 
known whether it displays capacity adaptations. 

Based on the observation that soil conductivity plays an important and 
species-specific role in determining the distribution of nematodes in Dry Valley 
soils, another study investigated salt tolerance in S. lindsayae and P. antarcticus 
(later corrected to murrayi) (Nkem et al., 2006a).  The species differed in their 
responses to exposure to salts, with S. lindsayae surviving better in mixtures of 
multiple salts, and P. murrayi having a higher tolerance to single or two-salt 
solutions (Nkem et al., 2006a).  However, the nematodes in the study were 
immersed in distilled water as a control solution prior to exposure to the salts, 
which probably caused them considerable osmotic stress before the salt 
treatments, making the results of the study difficult to interpret (Nkem et al., 
2006a). 

Anhydrobiosis appears to be a relatively common survival strategy for 
nematodes in the terrestrial Antarctic.  S. lindsayae, Plectus sp. (probably 
murrayi, sensu Maslen and Convey, 2006) and Eudorylaimus antarcticus from the 
Dry Valleys have been inferred to use an anhydrobiotic survival strategy after 
having been extracted from soils in a coiled state (Treonis and Wall, 2005).  Two 
species from Signy Island in the maritime Antarctic (Teratocephalus tilbrooki and 
Ditylenchus sp.) have also been shown to survive anhydrobiosis (Pickup and 
Rothery, 1991). 

Several studies have investigated in detail the use of anhydrobiosis as a 
survival strategy in S. lindsayae.  Various nematode species respond to 
desiccation by coiling their bodies: a behavioural adaptation that reduces the 
surface area of the nematode that is exposed to the environment and hence 
slows the rate of water loss (Demeure et al., 1979; Wharton, 1996; Wharton and 
Barclay, 1993; Womersley, 1987; Womersley and Ching, 1989).  Using an 
anhydrobiotic extraction technique of flotation and centrifugation with high-
molarity sucrose solutions, Treonis et al. found a strong inverse correlation in S. 
lindsayae between coiling (as a proxy for anhydrobiosis) and moisture content of 
Antarctic Dry Valley soils above 2% water content (Treonis and Wall, 2005; 
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Treonis et al., 2000).  Wetting of the dry soils resulted in uncoiling of the 
nematodes within 6 hours, suggesting an ability to rehydrate rapidly (Treonis et 
al., 2000).  The observation that between 30 and 80% of nematodes were coiled 
in the Dry Valley soils studied during the austral summer led to the conclusion 
that S. lindsayae uses anhydrobiosis extensively as a survival strategy, 
contributing to its wide geographic distribution throughout the Dry Valleys 
(Treonis et al., 2000).   

Using population-modelling techniques, Weicht and Moorhead (2004) 
were able to show the adaptive use of anhydrobiosis to populations of S. 
lindsayae in the Antarctic, which lowered the temperature requirements for 
establishing a stable population through the buffering of mortality at low 
temperatures.  Soil moisture conditions that produced anhydrobiosis in 5% of 
the population resulted in the lowest temperature requirements to establish 
stable populations of S. lindsayae in these models (Weicht and Moorhead, 2004).  
In the Antarctic, anhydrobiosis additionally functions as an adaptive strategy 
by enabling nematodes to disperse in a desiccated state in the strong winds, 
providing gene flow between populations and the possibility to colonise new 
areas (Doran et al., 2002; Nkem et al., 2006b; Weicht and Moorhead, 2004).   

A recent study used expressed sequence tag (EST) analysis and 
suppressive attractive hybridisation to describe the changes in gene expression 
in response to dehydration in an Antarctic nematode (P. murrayi), giving insight 
into the biochemical pathways involved in desiccation survival (Adhikari et al., 
2009).  The cDNA library generated from desiccated P. murrayi contained 2486 
ESTs, from which 1387 unique transcripts were generated.  When these unique 
transcripts were compared with known sequences, 38% had homologues in 
Caenorhabditis elegans, 7% had homologues in other nematode databases, 11% 
were similar to sequences from other non-nematode organisms, and the 
remaining 44% did not match any known sequence in current databases, 
potentially encoding components of new pathways important in desiccation 
resistance in this species (Adhikari et al., 2009; Wharton and Marshall, 2009).  
The functions of the known transcripts were analysed using Gene Ontology 
hierarchy and the Kyoto Encyclopedia of Genes and Genomes, and analysis of 
the abundant transcripts showed high expression rates of metabolic genes and 
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those associated with the processing of environmental information.  The library 
of differentially expressed genes in desiccated and hydrated P. murrayi 
contained 80 sequences specific to the desiccated sample, of which 23 were 
involved with genetic information processing, 22 were associated with 
metabolism, 17 were thought to encode new proteins, 15 were involved with 
environmental information processing, and the remaining three were matched 
with hypothetical proteins with unknown functions.   

Fourteen of these P. murrayi genes were further analysed with real-time 
PCR, showing the upregulation in response to desiccation of, amongst others, a 
late embryogenesis-abundant (LEA) protein, trehalose-6-phosphate synthase, 
genes associated with antioxidant production and an aquaporin, giving insight 
into some of the adaptations that may be important in desiccation survival.  
LEA proteins, first identified in plant seeds are thought to play a role in 
preventing protein aggregation during desiccation (Goyal et al., 2005).  
Trehalose has been found to act as a replacement for water in membranes and 
proteins in many desiccation-resistant organisms including nematodes (Madin 
and Crowe, 1975), although it is not produced in all anhydrobiotes (Tunnacliffe 
and Lapinski, 2003).  Water stress causes an increased formation of reactive 
oxygen species, suggesting that the production of antioxidants may play a role 
in the survival of desiccation (Wharton and Marshall, 2009).  Aquaporins are 
proteins that play a role in regulating the flow of water across cell membranes, 
and are hence assumed to be important in reducing osmotic stress during the 
changes associated with desiccation (Wharton and Marshall, 2009).   

One of the 15 sequences associated with environmental information 
processing expressed in desiccated P. murrayi but not in hydrated P. murrayi 
was a homologue of a type II antifreeze protein from Clupea harengus, the 
Atlantic herring.  This protein was downregulated in response to desiccation 
but upregulated in response to freezing (Adhikari (unpublished work) 
referenced in: Adhikari et al., 2009).  This indicates that the production of an ice-
active protein may form part of a cold-tolerance strategy in P. murrayi, (as is the 
case in P. davidi (Wharton et al., 2005a)), but was a surprising discovery since 
antifreeze proteins from the various organisms that produce them generally 
show little homology to each other (Adhikari et al., 2009).  The authors are 
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currently further investigating the origins and function of this protein in P. 
murrayi (Adhikari et al., 2009).  

In their recent review of how Antarctic organisms survive in their harsh 
environment, Wharton and Marshall (2009) comment extensively on the study 
by Adhikari et al. (2009), suggesting that while the use of subtractive 
hybridisation is an important first step in identifying potential pathways of 
importance in desiccation tolerance, this technique will also exclude the 
detection of genes that may be involved in desiccation resistance (and perhaps 
involved in freezing tolerance) that are constitutively expressed.  For example, 
heat-shock proteins (such as Hsp70) are constantly expressed at a high level in 
nototheniod fish (Buckley et al., 2004), and recrystallization inhibition activity is 
present in homogenate from non-acclimated P. davidi, indicating that it may 
also be linked to the production of a constitutively expressed recrystallization-
inhibiting protein (Ramløv et al., 1996).  Wharton and Marshall (2009) suggest 
that a better approach to identify mechanisms important for anhydrobiosis 
could be to compare responses to desiccation in species that cannot survive 
exposure to 0% relative humidity (RH), those known to survive anhydrobiosis 
if desiccated at a slow rate (such as P. davidi) and those that survive immediate 
exposure to 0% RH.  Further work to characterise the desiccation survival 
abilities and cold-tolerance of P. murrayi (as these are as yet ill defined) will help 
the interpretation of these results and provide a stronger context for future 
molecular studies of this kind (Wharton and Marshall, 2009). 

 

5.1.2 Linking cold and desiccation tolerance 

Increasingly, studies are investigating the survival of both freezing and 
cryoprotective dehydration in organisms exposed to sub-zero temperatures, as 
opposed to assuming organisms to be either exclusively freeze-tolerant or 
freeze-avoiding.  The Arctic enchytraeid Fridericia ratzeli employs either a 
freeze-tolerant or a cryoprotective dehydration strategy depending on factors 
including the rate of cooling, soil moisture and the size of the individual 
(Pedersen and Holmstrup, 2003).  A similar study of the larvae of the Antarctic 
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midge, Belgica antarctica, also reported their ability to survive both 
cryoprotective dehydration and inoculative freezing, providing the first report 
of cryoprotective dehydration survival in an insect (Elnitsky et al., 2008).  In 
both studies, the ecological relevance of these findings is discussed and it 
appears that both species could employ a cryoprotective dehydration strategy 
in their natural habitats, particularly in drier sites, as a greater proportion of 
individuals were able to resist inoculative freezing and therefore undergo 
cryoprotective dehydration when in contact with drier soils (Elnitsky et al., 
2008).  Furthermore, the survival rates for both organisms after freezing were 
not significantly different to survival rates after cryoprotective dehydration 
(Elnitsky et al., 2008).  Both studies report the importance of cryoprotectants 
(glucose in F. ratzeli; glucose and trehalose in B. antarctica), which are known to 
protect membranes and proteins during both freezing and dehydration (Crowe 
et al., 1992). 

The similarities between some of the adaptations required for survival of 
freezing and desiccation have received more attention from an evolutionary 
perspective in some recent articles.  Weicht and Moorhead (2004) have 
commented that the accumulation of low molecular-weight carbohydrates, a 
feature of both anhydrobiosis and cryobiosis, verifies earlier speculation by 
Grime (1974) that adaptations enabling tolerance of one environmental stress 
factor may increase tolerance of others.  In a study of the anhydrobiotic 
potential of the genus Panagrolaimus, which ranged from slow to fast 
desiccation strategists, Shannon et al. (2005) showed that while the strongly 
anhydrobiotic species formed a discrete phylogenetic clade, all the species 
investigated accumulated trehalose and exhibited coiling and clumping 
behaviour in response to low relative humidity (Shannon et al., 2005).  This 
suggested that there must be other mechanisms involved in conferring the 
differences in anhydrobiotic potential between the species, but that some 
degree of desiccation tolerance was ancestral to the group (Shannon et al., 2005).  
There has also been speculation that desiccation tolerance mechanisms may 
have evolved during the spread of life from the ocean sediments and soils to the 
land (Oliver et al., 2000), and that the ability of nematodes to employ an 

169



 

anhydrobiotic survival strategy might therefore be ancestral and partly explain 
the phylum’s widespread distribution today (Treonis and Wall, 2005).   

 

5.1.3 How unique is the survival of intracellular freezing in Panagrolaimus 
davidi? 

Considering the many reports of links between anhydrobiotic and 
cryobiotic survival strategies and adaptations, and the high incidence of 
anhydrobiotic survival strategies in nematodes and other organisms, it is 
perhaps surprising that more evidence for the survival of intracellular freezing 
has not emerged.  While the survival of intracellular freezing has been reported 
in distinct tissues, such as fat body and mid gut cells in the Alpine cockroach 
(Worland et al., 2004), and freezing-tolerance is hypothesised to be common 
among Antarctic nematodes (Convey and Worland, 2000; Wharton, 2003; 
Wharton and Block, 1993), Panagrolaimus davidi remains the only animal known 
to survive extensive intracellular freezing.  A recent comparison of the freezing-
tolerance of the laboratory culture of P. davidi to some other nematode species 
(Panagrolaimus rigidus, Rhabditophanes sp., Steinernema carpocapsae, Panagrellus 
redivivus and Ditylenchus dipsaci) concluded that the freezing survival of P. 
davidi was exceptional in this group (with the temperature at which 50% of the 
individuals in a sample survived being 40°C lower than for the next best 
survivor), and probably the result of adaptation to the terrestrial Antarctic 
(Smith et al., 2008).  It would seem unlikely that of the 54 terrestrial Antarctic 
nematode species (Andrassy and Gibson, 2007) only one has evolved the 
adaptations to survive intracellular freezing since this is clearly an 
advantageous strategy in this habitat. 

A recent study using the freeze-substitution technique was able to show 
that while ice formation within the cell organelles was always lethal, 
intracellular ice formation in the cytoplasm was non-lethal in oyster eggs 
(Salinas-Flores et al., 2007).  These findings suggest that intracellular ice 
formation may be more common than currently accepted (Salinas-Flores et al., 
2007) and confirm that the freeze-substitution technique is a useful tool to 
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provide greater resolution of the pattern of internal ice formation in freezing-
tolerant organisms. 

 

5.1.4 Aims 

This study firstly aimed to investigate the freezing tolerance of terrestrial 
Antarctic nematode species (Plectus sp., Scottnema lindsayae and Panagrolaimus 
davidi) extracted in the field from the Gondwana Station area, Terra Nova Bay, 
to provide comparisons to the laboratory culture of P. davidi. 

Plectus murrayi is an Antarctic nematode found in habitats similar to 
those of P. davidi, where it is frequently exposed to sub-zero temperatures and 
desiccation stress (Chapters 2 and 3).  It has been observed in a coiled state in 
Dry Valley soils and has been shown to survive desiccation in laboratory 
experiments (Treonis et al., 2000), but its cold tolerance has not previously been 
investigated.  This study then investigated the ability of P. murrayi to survive 
exposure to a range of sub-zero temperatures in more detail in the laboratory, 
and how this ability is affected by nucleation temperature and low-temperature 
acclimation.  The potential use of an intra- or extracellular freezing-tolerance 
strategy and/or cryoprotective dehydration was investigated using 
cryomicroscopy and the freeze-substitution technique. 

Panagrellus redivivus, the oatmeal nematode, is a temperate species with 
good desiccation resistance as a slow dehydration strategist (Wharton, pers. 
comm.) but with low freezing-tolerance (Smith et al., 2008).  The appearance of 
frozen P. redivivus was also investigated using the freeze-substitution technique 
to provide comparisons to the pattern of ice formation in the freezing-tolerant 
species.  It was hypothesised that the pattern of ice formation in P. redivivus will 
be dramatically different to that observed in P. davidi (Chapter 4), with a much 
less uniform pattern of the size and location of the ice crystals. 
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5.2 Methods 

5.2.1 Field cold-tolerance experiments on Antarctic nematodes 

Nematode freeze-tolerance experiments were attempted during the 
second field season at Gondwana Station in 2007.  Nematodes were removed 
from soil samples as part of the surveys on nematode distribution using the 
modified Baermann funnel technique (2.2.3).  The nematodes were then sorted 
by species under a dissecting microscope using a fine pipette to generate 
samples with the greatest number of individuals possible in a volume of 
approximately 10 µl. 

The freeze-tolerance tests were then carried out on replicate samples of 
nematodes of each species using a programmable refrigerated circulator (Haake 
F8-C35) and the cooling block described in Chapter 4 (4.2.1).  The temperature 
of the cooling block was monitored using a thermocouple and an electronic 
thermometer.  The temperature of one of the replicate samples was also 
monitored in this way with an additional electronic thermometer.  The power 
supply in this field camp was provided by a generator and was variable over 
time depending on the load from the whole camp.  The refrigerated circulator 
was able to compensate for some of this variation.  However, the cooling rates 
and target temperatures were not as constant as they were in the laboratory 
setting. 

Scottnema lindsayae, Plectus sp. and Panagrolaimus davidi were the only 
nematode species extracted from the soil in sufficient numbers to attempt 
freeze-tolerance testing.  Due to the extensive freeze-tolerance testing on P. 
davidi in the laboratory, experiments focused on S. lindsayae and P. sp..  Their 
freeze-tolerance was tested at a range of sub-zero temperatures from -1°C to -
17.5°C, with cooling and warming rates of approximately 0.5°C/min.  Freezing 
was either induced by adding an ice crystal on a mounted needle to each 
sample at the target temperature (target-freezing regime) or by adding an ice 
crystal at -1°C, holding the sample for 30 minutes before cooling to the target 
temperature (step-freezing regime) (see also 5.2.3).  All samples were then held 
at their target temperatures for 30 minutes.   
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Because experiments were carried out opportunistically on the 
nematodes that had been extracted from the soil that day using the Baermann 
funnel technique, this resulted in some variation in the density of individuals in 
the samples.  Nematodes were only used in experiments on the day of their 
extraction to ensure that they were as close as possible to their field state and to 
avoid introducing variation due to differences in the time in which individuals 
were maintained in the field camp conditions.  

After freeze-tolerance testing, nematodes were transferred to Artificial 
Tap Water (ATW; Appendix 2) in watchglasses for 24 hours.  Survival rates 
were then calculated by counting the numbers of live and dead individuals 
under a compound microscope after a mechanical stimulus (stirring with a 
pipette). 

The association between temperature and survival rate in S. lindsayae 
was tested for each freezing regime using a non-parametric test (Gamma test) 
due to the unequal variances.  Only two temperatures were successfully tested 
for P. sp. and the mean survival rates at these temperatures were compared 
using t-tests assuming unequal variances.  These analyses were performed 
using the statistical software package SPSS (SPSS, 2007). 

 

5.2.2 Establishing Antarctic nematode cultures 

During the first two field seasons in Antarctica, attempts were made in 
the field to establish cultures of the terrestrial nematode species present.  
Techniques were based on those previously described to have been successful 
for the culturing of Plectus murrayi and Plectus frigophilus (Wharton and Brown, 
1989).  Sterile nutrient agar (1% agar, 0,1% nutrient broth) was prepared using a 
pressure cooker and was poured to half-fill plastic Petrie dishes.  Live 
nematodes were extracted from the soil using the modified Baermann funnel 
technique (2.2.3), identified using a dissecting microscope and then transferred 
individually to the agar plates using a fine glass pipette.  Bacteria grown 
directly from the soil water provided the food source for the nematodes.  The 
agar plates were then kept in sealed plastic containers to prevent them from 
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drying out.  This technique was successful in enabling P. murrayi, Panagrolaimus 
davidi and Scottnema lindsayae to be transported to the laboratory in New 
Zealand alive. 

On return to the laboratory, nematode cultures from these original plates 
of field P. murrayi were maintained on nutrient agar by replating from the most 
successful plates.  Although they would stay alive for a few weeks, it was not 
possible to maintain cultures of S. lindsayae using this technique, as the 
nematodes would not reproduce.  The culturing of Eudorylaimus antarcticus was 
not attempted due to the extremely low numbers of individuals found, which 
were not deemed sufficient to establish cultures.  

An important observation from the culture process was that P. murrayi 
only appeared to feed when the nematodes were immersed in enough water to 
be able to anchor themselves to the substrate with their tails and feed from that 
fixed point.  If the plates became too dry and the nematodes needed to swim 
horizontally across the surface of the plates, they did not feed and would die 
after a few days.  In contrast, P. davidi preferred drier plates and would 
occasionally burrow under the surface of the agar.   

Some of the culture plates were discarded because of yeast or algal 
contamination, which did not appear to harm the nematodes but was a problem 
for creating clean samples for laboratory experiments.  In the laboratory, 
cultures of P. murrayi were replated approximately every 4 weeks by adding 
Artificial Tap Water (Appendix 2) and then pipetting the nematodes using a 
plastic transfer pipette onto new fresh nutrient agar plates.  The cultures were 
maintained in sealed plastic containers in an incubator at 20°C.  Growing them 
in the dark prevented algal growth and did not appear to affect the culture 
process in other ways. 

Frozen soil samples were also brought back from the field and kept in 
the freezer at -20°C before analysis.  Live nematodes could be extracted (using 
the modified Baermann funnel technique) from soil handled in this way for at 
least 3 years after it was collected.  This enabled additional culture plates to be 

174



 

set up back in the laboratory to speed up the process of generating large enough 
populations of P. murrayi to use in experiments. 

 

5.2.3 Investigating the cold-tolerance of Plectus murrayi 

Fresh cultures of Plectus murrayi were prepared on nutrient agar as 
described above.  Samples for freeze-tolerance testing were taken from 10-day-
old plates as a standard.  Nematodes were removed from their culture by 
washing off the surface of the agar plates with Artificial Tap Water (ATW; 
Appendix 2).  The nematodes were then washed 8 times in ATW to generate 
clean samples, which were concentrated by centrifugation on a bench-top 
centrifuge. 

The cold-tolerance of P. murrayi was investigated using similar methods 
to those used in experiments with Panagrolaimus davidi (4.2.1).  Samples 
containing approximately 100 nematodes in 10 µl volume were prepared and 
four replicate samples were frozen at each temperature investigated. 

Three freezing regimes were investigated.  First, the standard freezing 
regime used in previous experiments on P. davidi was used (which will be 
referred to as the “target-freezing” regime): nematode samples were cooled 
from 1°C to a target temperature (-1, -5, and -10°C) at 0.5°C/min.  At the target 
temperature, samples were seeded with an ice crystal to initiate freezing, then 
held for 30 minutes before the temperature was returned to 1°C at 0.5°C/min.  
In the second regime (referred to as the “step-freezing” regime), samples were 
cooled at 0.5ºC/min to -1°C, seeded with an ice crystal, held for 30 minutes and 
then further cooled to a target temperature (-1, -3, -5, -7 and -10°C) at the same 
cooling rate.  Samples were then held at the target temperature for a further 30 
minutes before raising the temperature back to 1°C at 0.5°C/min.  After 
freezing, samples were transferred to ATW for 24 hours before survival was 
assessed.  Survival was assessed by observing movement in the nematodes after 
stirring the sample with a pipette. 
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For these two freezing regimes, the effects of temperature acclimation 
were also investigated.  Three treatments were tested: warm-acclimated 
samples that had had 2 weeks growth on culture plates at 20°C, warm-
acclimated samples that had had 3 weeks growth on culture plates at 20°C, and 
cold-acclimated samples that had had 2 weeks growth at 20°C, followed by 1 
week on the same culture plates at 5°C.  

Finally, to enable direct comparisons to be made with a recent 
publication on the cold-tolerance of other nematode species, a third freezing 
regime was trialled (Smith et al., 2008).  This involved using 50 µl volume 
samples and cooling them at 0.5°C/min to the target temperature, but seeding 
the sample with an ice crystal when the temperature reached -1°C.  Samples 
were then held at the target temperature for 30 minutes before warming to 1°C 
at 0.5°C/min.  This freezing regime was used on non-acclimated nematodes (3 
weeks growth at 20°C) and acclimated nematodes (2 weeks growth at 20°C, 
followed by 1 week at 5°C). 

The effects of freezing regime and temperature acclimation on the 
survival rates in P. murrayi were analysed with analysis of covariance 
(ANCOVA/GLM) using the statistical software package SPSS (SPSS, 2007).   

Observations of freezing events in P. murrayi were made using a 
microscope cold-stage (4.2.1).  Samples of approximately 100 P. murrayi 
individuals were loaded onto the microscope and freezing events observed 
when freezing was initiated in the external medium at -1°C (n=4) and at -5°C 
(n=4).  For each observation, the number of frozen and dehydrated nematodes 
was recorded.  

 

5.2.4 Comparing the pattern of ice formation in Plectus murrayi and Panagrellus 
redivivus using freeze-substitution and Transmission Electron Microscopy 

Fresh culture plates of Plectus murrayi were prepared using the 
techniques described above.  Cultures of Panagrellus redivivus were prepared 
using standard culturing techniques for this species.  P. redivivus was cultured 
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on supermarket-brand porridge prepared in glass dishes at a depth of about 3 
cm.  Water was added to the porridge and the medium was autoclaved to 
ensure the porridge was sterile.  The nematodes were then added to this 
medium with plenty of water and the cultures stored in a sealed plastic 
container in an incubator. 

Both the P. murrayi and the P. redivivus cultures were maintained at 20°C 
for a two-week growth period.  The nematodes were then harvested from the 
cultures using the modified Baermann funnel technique (2.2.3) and washed in 
Artificial Tap Water (ATW; Appendix 2) three times to ensure clean samples.  
Two 30 µl samples of each nematode species were prepared for transmission 
electron microscopy (TEM) by standard chemical fixation (4.2.4) to provide 
unfrozen control images. 

For each species, four 10 µl concentrated nematode samples were 
prepared for the freeze-substitution process by pre-freezing at either -1°C or -
10°C.  The standard freezing regime (4.2.1) was used where the samples were 
cooled from 1°C to the target temperature (-1°C or -10°C) at 0.5°C/min, seeded 
with an ice crystal at the target temperature, held at -10°C for 30 minutes before 
transfer to liquid nitrogen to begin the freeze-substitution protocol.  This 
protocol was also used to assess the associated survival rates: four replicate 
samples were frozen at -1°C and -10°C for both species, after which they were 
warmed to 1°C at 0.5°C/min, and survival was assessed after 24 hours recovery 
in ATW.  

Samples were processed via the freeze-substitution technique for TEM as 
previously described (4.2.4). 

Sections were then viewed under the TEM, and the quantification of the 
resulting patterns of ice formation observed within the nematodes was carried 
out as follows (4.2.4): to ensure the nematode sections were comparable, these 
were selected for inclusion in the analysis only if they were transversally 
sectioned through the intestinal region (resulting in a round rather than oblique 
profile).  The first ten nematode sections meeting these criteria were selected at 
random from each sample under the TEM.  This was done for each of the four 
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replicates for each of the two freezing temperatures and each of the two species, 
yielding a total of 160 sections for analysis.  Images of these sections were taken 
at a standard magnification for subsequent analysis.  The areas of the five 
largest continually ice-filled spaces in each nematode cross-section were 
measured using image-J (Rasband, 1997-2005) and analysed using SPSS (SPSS, 
2007) as described previously (4.2.4).  
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5.3 Results 

5.3.1 Field cold-tolerance experiments on Antarctic nematodes 

Freeze-tolerance experiments were performed in the field on Antarctic 
nematodes removed from soil samples during surveys of nematode distribution 
in the Gondwana Station area, Terra Nova Bay (Chapter 2).  These results 
should be interpreted as preliminary data only since there were some technical 
difficulties in maintaining constant cooling rates and temperatures due to the 
variable power supply provided by the generator. 

Figure 5-1 shows the survival rate of samples of Scottnema lindsayae after 
freezing at a range of sub-zero temperatures from -1°C to -5°C following the 
target-freezing regime.  In general, survival rates were high (above 70%) after 
freezing at these temperatures and no significant difference was found between 
temperatures (Gamma test: p>0.05).  The survival rates after pre-freezing the 
samples at -1°C before exposure to lower sub-zero temperatures (the step-
freezing regime) are shown in Figure 5-2.  A significant decrease in survival 
rates with target temperature was observed (Gamma test: Gamma 
coefficient=0.49, p<0.001), although samples of S. lindsayae were still able to 
survive exposure to -17.5°C (46.7% mean survival rate). 
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Figure 5-1  Survival rates of 10 µl samples of S. lindsayae after exposure to sub-zero 
temperatures for 30 minutes using the target-freezing regime.  Cooling and warming rates were 
approximately 0.5°C/min and samples were nucleated with an ice crystal at the target 
temperature to ensure freezing of the sample.  Data are the mean of replicates with standard 
error bars shown.  The total sample size is shown for each group.  Gamma test: Gamma 
coefficient=0.17, p=0.118. 

 

Figure 5-2  Survival rates of 10 µl samples of S. lindsayae after exposure to sub-zero 
temperatures for 1 hour using the step-freezing regime.  Samples were nucleated with an ice 
crystal at -1°C and held for 30 minutes before cooling to the target temperature at which they 
were held for another 30 minutes.  Cooling and warming rates were approximately 0.5°C/min.  
Data are mean of replicates with standard error bars shown.  The total sample size is shown for 
each group.  Gamma test: Gamma coefficient=0.49, p<0.001. 
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Plectus sp. survived freezing at -1°C with similar high survival rates 
(89.1%) to those seen in S. lindsayae.  Survival rates after freezing at -5°C (target-
freezing regime) were significantly lower (57.6%; Figure 5-3). 

 

 

Figure 5-3  Survival rates of 10 µl samples of Plectus sp. after exposure to sub-zero 
temperatures for 30 minutes using the target-freezing regime.  Cooling and warming rates were 
approximately 0.5°C/min and samples were nucleated with an ice crystal at the target 
temperature to ensure freezing of the sample.  Data are the mean of four replicates with 
standard error bars shown.  The total sample size is shown for each group.  t-test assuming 
unequal variance: t= 6.18, df=6, p< 0.001. 

 

5.3.2 Laboratory experiments investigating the cold-tolerance of Plectus murrayi 

Laboratory experiments confirmed the trend observed in the field 
experiments (on Plectus sp.) that survival rate of Plectus murrayi decreased with 
the temperature at which samples were frozen (Figure 5-4).  Samples frozen 
using the target-freezing regime at -1°C had a high survival rate (above 90%), 
which declined to under 40% for samples frozen at -5°C and -10°C.  However, 
when samples were frozen at -1°C using the step-freezing regime, survival rates 
remained high (>70%) when samples were subsequently cooled to -5°C and -
10°C (Figure 5-4).  A decrease in survival rate with temperature was also 
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observed for samples frozen using the freezing regime presented in Smith et al. 
(2008), in which an ice crystal is inserted at -1°C as above, but the freezing 
process is not completed at that temperature before the samples are cooled to 
the target temperature.  High survival rates were observed after freezing to -1°C 
(>80%), with much lower survival rates at -5°C and -10°C (<40%)(Figure 5-4). 

Analysis of covariance (ANCOVA) revealed a significant interaction 
between temperature and freezing regime (p<0.001), indicating that the effect of 
temperature on survival rate was dependent on the freezing regime (Figure 
5-4).  The estimated effect of temperature on survival rate was strongest for the 
target-freezing regime (B=8.07), followed by Smith et al.’s protocol (B=6.27), 
and was relatively weak for the step-freezing regime (B=1.89).  However, the 
effect of temperature on survival rate was not significantly different for the 
target-freezing regime and Smith et al.’s protocol (p=0.267). 

 

Figure 5-4  Survival of P. murrayi in an unfrozen control and after exposure to sub-zero 
temperatures using three different freezing regimes: target-freezing, step-freezing and the 
protocol described in Smith et al. (2008).  Values are the mean of four replicates with standard 
error bars shown.  Analysis of covariance (ANCOVA/GLM) revealed that the effect of 
temperature was significantly dependent on freezing regime: interaction term p<0.001 (df=4, 
F=16.18).  The effect of temperature on survival rate using the step-freezing regime: B=1.89, 
95%CI: 0.032; 3.75, p=0.047.  The effect of temperature on survival rate using Smith et al.’s 
protocol: B=6.27, 95%CI: 3.81; 8.73, p<0.001.  The effect of temperature on survival rate using the 
target-freezing regime: B=8.07, 95%CI: 4.93; 11.20, p<0.001. 
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The effects of temperature acclimation on the cold-tolerance of P. murrayi 
were investigated using the three different freezing regimes (4.2.3).  Figure 5-5 
shows the survival rates of warm-acclimated and cold-acclimated P. murrayi 
after freezing at -1°C, -5°C and -10°C using the target-freezing regime.  Two 
warm-acclimated groups were compared: one which had had a two-week 
growth period at 20°C, and one which had had a three-week growth period at 
20°C.  These two warm-acclimated groups were compared to check that culture 
age was not having a negative effect on freezing survival in P. murrayi.  No 
significant differences in freezing survival were observed between cold-
acclimated and warm-acclimated nematodes at any temperature (Figure 5-5).  

 

Figure 5-5 The effects of temperature acclimation on the survival of P. murrayi after 
exposure to a range of sub-zero temperatures using the target-freezing regime.  Samples were 
cooled to the target temperature at which they were seeded with an ice crystal and then held for 
30 minutes before warming.  Values are the mean of four replicates with standard error bars 
shown.  Analysis of covariance (ANCOVA/GLM) revealed that acclimation group did not 
affect the association between temperature and survival rate: interaction term p=0.792 (df=1, 
F=0.72).  Neither did acclimation group have an overall effect on survival rate p=0.715 (df=12, 
F=0.72) when adjusting for temperature.   

 

Figure 5-6 shows the effect of temperature acclimation on P. murrayi 
frozen at -1°C and then exposed to -1°C, -5°C or -10°C for a further 30 minutes 
(step-freezing regime).  Survival rates remained high across all groups and no 
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significant differences were observed between the cold-acclimated and warm-
acclimated nematodes (Figure 5-6). 

 

 

Figure 5-6 The effects of acclimation on the survival of P. murrayi after exposure to a 
range of sub-zero temperatures using the step-freezing regime.  Samples were seeded with an 
ice crystal and held at -1°C for 30 minutes before cooling to the target temperature at which 
they were held for another 30 minutes.  Values are the mean of four replicates with standard 
error bars shown.  Analysis of covariance (ANCOVA/GLM) revealed that acclimation group 
did not affect the association between temperature and survival rate: interaction term p=0.723 
(df=1, F=0.13).  Neither did acclimation group have an overall effect on survival rate p=0.996 
(df=13, F=0.23) when adjusting for temperature. 

 

Figure 5-7 shows the effect of temperature acclimation on P. murrayi 
frozen using the freezing protocol suggested by Smith et al. (2008).  The 
survival rate decreased with temperature but no significant differences were 
observed in the survival rates of cold-acclimated and warm-acclimated 
nematodes (Figure 5-7). 
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Figure 5-7  The effects of acclimation on the survival of P. murrayi after exposure to sub-
zero temperatures using the same freezing regime as Smith et al. (2008).  Samples were cooled 
to the target temperature at 0.5°C/min, and seeded with an ice crystal at -1°C.  The samples 
were then held at their target temperatures for 30 minutes before warming at a rate of 
0.5°C/min.  Values are the mean of four replicates with standard error bars shown.  Analysis of 
covariance (ANCOVA/GLM) revealed that acclimation group did not affect the association 
between temperature and survival rate: interaction term p=0.854 (df=1, F=0.03).  Neither did 
acclimation group have an overall effect on survival rate p=0.520 (df=1, F=0.43) when adjusting 
for temperature. 

 

Microscope cold-stage observations enabled visual comparisons of 
freezing events at -1°C and at -5°C in P. murrayi.  When the water surrounding 
the nematodes froze at -1°C, the majority of nematodes were observed to 
dehydrate rather than freeze, but when the surrounding water froze at -5°C all 
the nematodes were seen to darken as a result of internal freezing (Figure 5-8).  
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Figure 5-8 Percentage of P. murrayi individuals observed to be frozen or dehydrated 
after freezing of samples at -1°C and -5°C on a microscope cold stage.  Data are the mean of four 
replicates, with standard error bars shown. 

 

Figure 5-9 shows a series of photographs taken on a digital camera 
interfaced to the microscope cold-stage.  The photos show the progressive 
dehydration and shrinkage in volume of a P. murrayi individual after freezing 
of the surrounding water occurred at -1°C.  In contrast, Figure 5-10 shows a 
sequence of photos of P. murrayi taken when the surrounding water had frozen 
at -5°C.  The darkening indicates that the internal content of the nematodes has 
frozen.  
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Figure 5-9 Sequence of images from the microscope cold-stage showing cryoprotective 
dehydration in P. murrayi.  Freezing of the surrounding medium occurred at -1°C.  The photo 
series took place over 3.5 minutes. 
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Figure 5-10  Sequence of images from the microscope cold-stage showing intracellular 
freezing in P. murrayi.  Freezing of the surrounding medium occurred at -5°C.  Arrows indicate 
the darkening (freezing) of the gut in one individual.  The photo series took place over 
approximately 3 seconds. 

 

5.3.3 Comparing the pattern of ice formation in Plectus murrayi and Panagrellus 
redivivus using Freeze-Substitution and Transmission Electron Microscopy 

The cold-tolerance of Panagrellus redivivus was tested to ensure that this 
species would provide a good comparison to Panagrolaimus davidi and Plectus 
murrayi.  Survival rates were found to be very low (<1%) when samples were 
frozen at -10°C using the target-freezing regime (5.2.3).  When samples were 
seeded at -1°C and held at that temperature for 30 minutes before cooling to -
10°C (the step-freezing regime), survival was significantly increased to 12% 
(Figure 5-11).  
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Figure 5-11  Survival rates of 10 µl samples of P. redivivus after exposure to -10°C for 30 
minutes with either the target-freezing or step-freezing regime. Data are the mean of four 
replicates, with standard error bars.  Total sample size for each group is shown.  t-test assuming 
unequal variance: t=3.14, df=6, p=0.02. 

 

The survival rates for P. murrayi after exposure to -10°C are shown in 
Figure 5-4.  The target-freezing regime resulted in survival rates of 8-16%, with 
survival significantly increased when the step-freezing regime was used, giving 
survival rates of 68-72%.  

The survival rates of both P. redivivus and P. murrayi were then assessed 
again on sub-samples taken directly from cultures used for the freeze-
substitution experiment.  These were similar to those reported previously (see 
above) (Figure 5-12).  Two-way analysis of variance (ANOVA/GLM) revealed 
that the effect of freezing regime was different for the two species (interaction 
term: p=0.001, df=1, F=18.29).  The effect of freezing regime on survival rate 
was stronger for P. murrayi  than for P. redivivus (difference in survival rate of 
32.3%; 95%CI: 15.85 to 48.75) (Figure 5-12). 
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Figure 5-12  Survival rates of P. redivivus and P. murrayi after exposure to -10°C. Two 
freezing regimes were used: a target-freezing regime where samples were seeded at -10°C and a 
step-freezing regime where samples were seeded at -1°C, held for 30 minutes and then cooled 
to -10°C.  Data are the mean of four replicates with standard error bars shown.  Two-way 
analysis of variance (ANOVA/GLM) revealed that the effect of freezing regime was 
significantly different for each species: interaction term p=0.001 (df=1, F=18.29).  The effect of 
freezing regime on survival rate for P. murrayi: B=40.28, 95%CI: 28.65; 58.92, p<0.001.  The effect 
of freezing regime on survival rate for P. redivivus: B=7.99, 95%CI: 36.08; 20.10, p<0.001. 

 

After 24 hour recovery in Artificial Tap Water (ATW; Appendix 2), 
samples were viewed on a light microscope to look for obvious cell damage.  
This was much more obvious in P. redivivus than in P. murrayi with samples of 
the former often showing severe damage such as ruptured cuticles and leakage 
of body contents, or a lack of distinguishable internal structures. 
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Figure 5-13  Appearance of P. redivivus after freezing at -10°C and 24 hours recovery in 
ATW.  The cuticle has been ruptured and the body contents have leaked out.  400x 
magnification. 

 

Transmission Electron Microscopy (TEM) micrographs were taken of P. 
redivivus and P. murrayi, using the same selection process that was used 
previously to compare the appearance of ice in ‘Fed’ and ‘Starved’ samples of 
Panagrolaimus davidi (4.2.4).  Overall, the most striking difference observed was 
the common occurrence of dehydrated nematodes in the samples of P. murrayi, 
while all the samples of P. redivivus were frozen with no dehydration observed.  
The pattern of ice was also different in the P. redivivus samples when compared 
to P. murrayi.  This was quantified (using the same method as for the P. davidi 
samples; 4.2.4) by measuring the area of five largest continuously ice-filled 
spaces for each image.  The total cross-sectional body area was also calculated 
for each nematode, and the ice-filled areas were expressed proportionally to 
this total area.  Figure 5-14 shows the general trend of larger crystals in P. 
redivivus compared to P. murrayi, when the different freezing regimes are not 
taken into account. 
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Figure 5-14  The proportion of body area occupied by the five largest ice-filled spaces in 
P. murrayi and P. redivivus after exposure to -10°C.  Data are the mean of 80 individuals, with 
standard error bars shown.  Analysis of covariance (ANCOVA/GLM) revealed significant 
difference between P. murrayi and P. redivivus at p<0.001 (df=2, F=31.34) after adjusting for 
nematode body area. 

 

When the proportion of the body area occupied by the five largest ice-
filled spaces was compared across species and freezing regimes using analysis 
of covariance (ANCOVA/GLM), the trend for larger crystals in P. redivivus 
compared to P. murrayi remained significant at p<0.001 (df=1, F=62.07) (Figure 
5-15).  There was some indication of larger crystals in P. redivivus seeded at -
10°C (target-freezing) compared to P. redivivus samples seeded at -1°C (step-
freezing), although this trend was not significant (Figure 5-15).  No significant 
difference in crystal area was observed between the two freezing regimes in the 
P. murrayi samples either (Figure 5-15). 
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Figure 5-15  The proportion of body area occupied by the five largest ice-filled spaces in 
samples of P. murrayi and P. redivivus after exposure to -10°C.  Two freezing regimes were used: 
a fast freezing regime where samples were seeded at -10°C, and a slow freezing regime where 
samples were seeded at -1°C, held for 30 minutes and then cooled to -10°C.  Data are the mean 
of 40 individuals, with standard error bars shown.  Analysis of covariance (ANCOVA/GLM) 
revealed a significant difference in the proportion of body area occupied by the five largest ice-
filled spaces between P. murrayi and P. redivivus at p<0.001 (df=1, F=62.07) after adjusting for 
nematode body area and freezing regime.  No significant difference was found between 
freezing regimes (ANCOVA/GLM): p=0.227 (df=1, F=1.48) when adjusting for nematode 
species. 

The differences between the samples were further quantified by 
identifying nematodes that appeared dehydrated, contained intracellular ice 
and/or extracellular ice.  These categories were not mutually exclusive: for 
example some nematodes appeared considerably dehydrated but still contained 
some very small intracellular ice crystals, and all nematodes that were found to 
have ice in the pseudocoel (extracellular ice) also contained some intracellular 
crystals.  Figure 5-16 shows the percentage of nematodes that were dehydrated, 
contained intracellular ice and contained extracellular ice.  

For both freezing regimes there were differences between species, with a 
complete lack of dehydrated nematodes in the P. redivivus samples that all 
contained extensive internal ice (Gamma test: Gamma coefficient=1.0, 
p<0.001)(Figure 5-16).  A considerable proportion of the P. murrayi samples 
were dehydrated (up to 100% of individuals measured in one replicate from the 
step-freezing regime), with on average a higher proportion of dehydrated 
individuals in the step-freezing regime samples than the target-freezing regime 
ones, although this result was only significant at p<0.10 (Gamma test: Gamma 
coefficient=0.419, p=0.065).  There was a significant difference in the proportion 
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of P. murrayi nematodes containing intracellular ice between the step-freezing 
and target-freezing regimes (Gamma test: Gamma coefficient=0.546, p=0.016).  
Distinct extracellular ice was observed in samples of both species and from both 
freezing regimes, occurring more often in P. redivivus samples than in P. murrayi 
samples (multiple logistic regression controlling for freezing regime: odds 
ratio=2.76, 95%CI: 1.41; 5.40, p=0.003). 

 

Figure 5-16  The proportion of individuals that appeared dehydrated and/or contained 
intracellular and/or extracellular ice in samples of P. murrayi and P. redivivus after exposure to -
10°C.  Two freezing regimes were used: a fast freezing regime where samples were seeded at -
10°C, and a slow freezing regime where samples were seeded at -1°C, held for 30 minutes and 
then cooled to -10°C.  Data are mean of 4 replicates of 10 individuals, with standard error bars 
shown (S.E. < 1% for all bars).  For P. murrayi, freezing regime had a borderline significant effect 
on the proportion of dehydrated nematodes (Gamma test: Gamma coefficient=0.546, p=0.016), a 
significant effect on the proportion of nematodes containing intracellular ice (Gamma test: 
Gamma coefficient=0.546, p=0.016) and no significant effect on the proportion of nematodes 
containing extracellular ice (Gamma test: p=0.839).  For P redivivus, freezing regime had no 
effect on the proportion of dehydrated nematodes, no significant effect on the proportion of 
nematodes containing intracellular ice, and no significant effect on the proportion of nematodes 
containing extracellular ice (Gamma test: p=0.366). 

 

Figure 5-17 shows the typical appearance of P. redivivus seeded at -1°C 
with the step-freezing regime.  The ice is extensive and has clearly ruptured cell 
boundaries and internal structures.  Figure 5-18 shows a closer view of the ice-
cell content boundaries in a frozen P. redivivus. 
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Figure 5-17  Electron micrograph showing the typical appearance of a cross-section 
through the intestine region in P. redivivus frozen at -1°C and then exposed to -10°C (step-
freezing regime) after freeze-substitution.  Gaps appear where ice was present in the frozen 
nematode.  The dark lines are folds in the section. 

 

Figure 5-18  Electron micrograph showing the appearance of the microvilli of the 
intestine and some ice-filled spaces in P. redivivus frozen at -1°C and then exposed to -10°C 
(step-freezing regime) after freeze-substitution.  The ice-to-cell-contents boundaries are not 
clean and some leakage and damage appears to have occurred. 
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Figure 5-19 shows the appearance of P. redivivus after target-freezing at -
10°C.  Again, the ice is extensive and the nematode has been severely damaged. 

 

Figure 5-19  Electron micrograph showing the typical appearance of a cross-section 
through the intestine region in P. redivivus frozen at -10°C (target-freezing regime) after freeze-
substitution.  Gaps appear where ice was present in the frozen nematode. 

 

By comparison Figure 5-20 shows the typical appearance of P. murrayi 
after freezing at -1°C.  The nematode has dehydrated and is very shrunken in 
appearance.  Figure 5-21 shows a close-up of the internal structures in a 
dehydrated P. murrayi, with intact structures such as mitochondria visible. 
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Figure 5-20  Electron micrograph showing the typical appearance of a cross-section 
through the intestine region in P. murrayi frozen at -1°C and then exposed to -10°C (step-
freezing regime) after freeze-substitution.  The nematode is dehydrated and is therefore very 
dense which resulted in some folding of the section. 

 

Figure 5-21  Electron micrograph showing the appearance of the microvilli of the 
intestine and some mitochondria in a dehydrated P. murrayi frozen at -1°C and then exposed to 
-10°C (step-freezing regime) after freeze-substitution.  The contents are very compacted but do 
not appear damaged. 
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Figure 5-22 shows another common appearance in P. murrayi frozen at -
1°C using the step-freezing regime.  The nematode appears to have dehydrated 
but also contains some intra- and extracellular ice.  Figure 5-23 shows a close-up 
of the internal structures and the ice edge, with intact mitochondria visible. 

Figure 5-24 and Figure 5-25 show the two typical appearances of P. 
murrayi frozen at -10°C using the target-freezing regime.  The majority of 
nematodes were dehydrated, but when internal ice was present, this was often 
extensive and both intra- and extracellular.  

 

Figure 5-22  Electron micrograph showing the appearance of a cross-section through 
the intestine region in P. murrayi frozen at -1°C and then exposed to -10°C (step-freezing 
regime) after freeze-substitution.  This individual appeared to have dehydrated but also 
contained some intra- and extracellular ice.  Gaps appear where ice was present in the frozen 
nematode. 
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Figure 5-23  Electron micrograph showing the appearance of the microvilli of the 

intestine and some mitochondria in a dehydrated and frozen P. murrayi frozen at -1°C (step-
freezing regime) after freeze-substitution.  This individual appeared to have dehydrated but 
also contained some intra- and extracellular ice.  Gaps appear where ice was present in the 
frozen nematode. 

 
Figure 5-24  Electron micrograph showing the typical appearance of a cross-section 

through the intestine region in P. murrayi frozen at -10°C (target-freezing regime) after freeze-
substitution.  The nematode has dehydrated. 

199



 

 

 

Figure 5-25  Electron micrograph showing the appearance of a cross-section through 
the intestine region in P. murrayi frozen at -10°C (target-freezing regime) after freeze-
substitution.  This individual contained extensive intra- and extracellular ice.  Gaps appear 
where ice was present in the frozen nematode. 
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5.4 Discussion 

5.4.1 Adaptations in terrestrial Antarctic nematodes 

Field samples of Scottnema lindsayae and Plectus sp. survived cold-
temperature exposure, as expected given their habitat.  S. lindsayae and P. 
murrayi had previously been shown to survive desiccation in laboratory 
experiments and to survive cold exposure in an anhydrobiotic state in Dry 
Valley soils (Treonis and Wall, 2005; Treonis et al., 2000), although their freezing 
tolerance had not yet been investigated.  Both species survived slow freezing 
rates (induced when freezing of the external medium was initiated at -1°C using 
the step-freezing regime) better than fast freezing rates (when freezing was 
induced at -10°C using the target-freezing regime).  When freezing of the 
medium is initiated at -1°C Panagrolaimus davidi has been observed to use a 
cryoprotective dehydration strategy to avoid internal freezing (Wharton et al., 
2003b).  These findings suggest that S. lindsayae and Plectus sp. are better able to 
survive cryoprotective dehydration than internal freezing. 

Nevertheless, despite the significant decline in survival rates with 
decreasing temperature, both species were able to survive freezing initiated at -
5°C (with survival rates >50%).  A similar trend of decreasing survival rates in 
response to faster freezing has been reported in P. davidi (Wharton et al., 2002).  
Using a fast freezing protocol (with freezing initiated at -4°C), Wharton et al. 
(2005b) found that over 50% of P. davidi had formed both intra- and 
extracellular ice, while less than 5% were dehydrated.  Therefore, whilst the 
preliminary findings on the cold-tolerance of S. lindsayae and Plectus sp. 
reported in the present study suggest a preference for a cryoprotective 
dehydration survival strategy, they do not exclude the ability of these species to 
also survive internal freezing (either intra- or extracellular). 
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5.4.2 Cold-tolerance and low-temperature acclimation in Plectus murrayi 

Laboratory experiments on cultured Plectus murrayi confirmed the 
hypothesis based on the field results that this species survives slow freezing 
rates better than fast freezing rates.  When samples were frozen at the target 
temperature (the target-freezing regime), a significant decline in survival rate 
with temperature was observed.  However, allowing the freezing process to be 
completed at -1°C enabled high survival rates to be maintained when samples 
were then exposed to lower temperatures (the step-freezing regime).  

Microscope cold-stage observations indicated that the temperature at 
which the surrounding medium froze had the same effect on survival strategy 
in P. murrayi as in Panagrolaimus davidi (Wharton et al., 2003b).  Cryoprotective 
dehydration was observed in nematodes when freezing was initiated at -1°C, 
but at -5°C all the nematodes froze (Chapter 4).  The survival rates obtained in 
P. murrayi samples frozen using the protocol from Smith et al. (2008) more 
closely matched those using the target-freezing regime than the step-freezing 
regime.  Together these results indicate that P. murrayi survives cryoprotective 
dehydration better than internal freezing, and that the nematodes frozen using 
the protocol from Smith et al. (2008) were not able to complete dehydration at -
1°C before exposure to further cooling and therefore had survival rates that 
matched the effects of internal freezing. 

Temperature acclimation did not have any noticeable effect on the 
survival of the short-term freezing stress by P. murrayi, regardless of the 
freezing rate or the target temperature.  In P. davidi, cold acclimation of the 
nematodes to 5°C had no significant effect on survival of a short-term freezing 
stress compared to warm-acclimated controls, but was found to be important in 
maintaining survival rates for long-term (3-7 days) cold exposure (Wharton et 
al., 2000).  Levels of the cryoprotectant trehalose increased significantly during 
cold acclimation, which was hypothesised to play a role in the survival of the 
long-term freezing stress by stabilising membranes and protecting them from 
dehydration resulting from the freeze-concentration effect (Wharton et al., 
2000).  It is therefore possible that future studies might show low-temperature 
acclimation to have an effect on long-term freezing survival in P. murrayi, which 
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could also be mediated through the accumulation of cryoprotectants such as 
low molecular weight sugars.  

 

5.4.3 Comparing the pattern of ice formation in Plectus murrayi and Panagrellus 
redivivus 

The temperate nematode species Panagrellus redivivus did not survive 
freezing at -10°C, and had low survival rates (around 12%) after exposure to -
1°C.  These results are supported by previous observations of low levels of cold 
tolerance in Panagrellus silusiae (= redivivus) (Wharton et al., 1984).  Slightly 
higher survival rates were reported by Smith et al. (2008), who observed 25% 
survival of P. redivivus after freezing at -3°C.  This may be because of the slower 
freezing rates tested in their study, which used greater sample volumes (50 µl) 
and a different freezing protocol.  The same study reported that freezing at  -
15°C reduced survival to <2% and found no significant recrystallization 
inhibition activity in P. redivivus (Smith et al., 2008).  Light microscope 
observations of P. redivivus after freezing in the present study revealed serious 
physical damage after exposure to both freezing regimes.  P. redivivus is 
therefore considered to have low enough cold-tolerance to provide a good 
comparison to the freezing tolerant Antarctic species. 

The pattern of ice formation observed using the freeze-substitution 
technique was very different in Plectus murrayi and P. redivivus, with much 
larger ice-filled areas present in P. redivivus.  The largest ice-filled areas were 
observed in P. redivivus frozen with the target-freezing regime, which were 
significantly larger than those from the step-freezing regime.  This could be due 
to the rapid freezing regime providing less time for dehydration (via 
cryoprotective dehydration), thereby resulting in more extensive internal ice 
formation.  The size of the ice-filled areas was not recorded in a previous study 
that also used this technique to visualise the effect of different freezing rates on 
the appearance of internal ice in Panagrolaimus davidi, so these results cannot be 
directly compared (Wharton et al., 2005b). 
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In contrast to the results in P. redivivus, there was no significant 
difference in the size of the largest ice-filled areas in nematodes from each 
freezing regime for P. murrayi.  A difference was, however, observed in the 
percentage of dehydrated nematodes, with more dehydrated specimens in the 
step-freezing samples than in the target-freezing samples, and an inversely 
greater proportion of nematodes containing intracellular ice in the target-
freezing samples than the step-freezing samples.  This result is in line with the 
previous study comparing samples of P. davidi frozen at -1°C and -4°C, which 
found a greater proportion of intracellular ice formation in the fast-frozen 
nematodes and a greater proportion of dehydration in the slow-frozen 
nematodes (Wharton et al., 2005b).  However, Wharton et al. (2005b) also 
reported nematodes that contained only extracellular ice in samples frozen at 
both temperatures.  While extracellular ice was observed in nematodes also 
containing intracellular ice, this pattern of exclusively extracellular ice 
formation was not seen in any of the samples in this study, nor in samples of P. 
davidi frozen at -10°C (Chapter 4).  It is therefore possible that the formation of 
exclusively extracellular ice represents a controlled survival strategy that only 
occurs in P. davidi frozen at higher sub-zero temperatures. 

The results presented here indicate that P. murrayi survives 
cryoprotective dehydration better than internal freezing (5.4.2).  In the target-
freezing regime samples, both the survival rate and the proportion of 
dehydrated nematodes were around 30%.  However the number of dehydrated 
nematodes (~50%) did not fully account for the total survival rate after the step-
freezing regime (~75% after step-freezing), indicating that P. murrayi also 
survives internal freezing.  Occasionally P. murrayi that had clearly dehydrated 
were observed to also contain some intracellular ice.  This pattern of ice 
formation could occur if the nematodes had not fully dehydrated before further 
lowering of the temperature to below the melting point of the remaining fluids 
(which will be depressed by the loss of water).  While freezing rates are often 
likely to be slow in nature (Sinclair and Sjursen, 2001), it is possible that the 
nematodes do not always fully desiccate at -1°C before they are exposed to 
lower temperatures.  An ability to survive internal ice formation would 
therefore be an advantage to P. murrayi in its habitat.  
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The pattern of ice formation observed in frozen P. murrayi was often 
different to that seen in ‘Fed’ P. davidi (which survive target-freezing at -10°C 
with a much higher survival rate; 4.3.4).  In general, the internal ice in the ‘Fed’ 
P. davidi samples had a more consistent appearance and the nematodes looked 
less physically damaged than in P. murrayi samples.  The appearance of frozen 
P. redivivus was clearly different to both P. murrayi and P. davidi (4.3.4).  The 
most striking difference was the absence of dehydrated nematodes in P. 
redivivus samples frozen with either regime.  This indicates that all the 
nematodes froze via inoculative freezing, even when freezing was induced at -
1°C.  P. redivivus are significantly larger than P. murrayi and P. davidi, which will 
increase the time required for the nematodes to dehydrate via the 
cryoprotective dehydration mechanism.  It is therefore possible that P. redivivus 
is unable to sufficiently dehydrate to avoid inoculative freezing at lower 
temperatures under the freezing regimes used in this study.  It is also possible 
that P. redivivus are more vulnerable to inoculative freezing than the Antarctic 
species, in which the ability to resist inoculative freezing would clearly be 
adaptive. 

The space occupied by the five largest ice-filled areas in P. redivivus was 
around 20-25% of the cross-sectional body volume, similar to that seen in the 
‘Starved’ P. davidi samples frozen at -10°C (4.3.4).  As the P. redivivus samples 
demonstrate the appearance of ice inside a frozen nematode with little ability to 
survive freezing, their greater similarity to ‘Starved’ than to ‘Fed’ P. davidi lends 
support to the hypothesis that there is control over the pattern of internal ice 
formation in ‘Fed’ but not ‘Starved’ P. davidi. 

 

5.4.4 Conclusions 

Wharton (2003) suggested that the cold tolerance strategy employed by 
Panagrolaimus davidi (cryoprotective dehydration, freezing tolerance or 
anhydrobiosis) depends on the degree of saturation of the soil with water.  
When the soil water content is high, the nucleation temperature is also likely to 
be high (given the presence of abundant nucleators in the soil), therefore 
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yielding a slow freezing rate and enabling the onset of cryoprotective 
dehydration.  As the soil water content decreases, the freezing rate is likely to 
increase because the nematodes will be surrounded by smaller volumes of 
water that will therefore freeze at a lower temperature, resulting in internal 
freezing.  Finally if soils dry out to the point that the nematode is free of surface 
water before temperatures fall below zero, the nematode will coil and desiccate 
and therefore survive anhydrobiotically (Wharton, 2002b, 2003; Wharton et al., 
2002).  The results presented here suggest that these three strategies are also 
important for survival of Plectus murrayi and Scottnema lindsayae in their 
habitats. 

P. murrayi and S. lindsayae have previously been observed to survive 
anhydrobiosis, both in laboratory experiments and in the field (Treonis and 
Wall, 2005; Treonis et al., 2000).  The present study found both species to 
survive slow freezing better than fast freezing, suggesting that they may 
survive cryoprotective dehydration better than internal freezing.  First 
described in earthworm cocoons (Holmstrup and Westh, 1994), cryoprotective 
dehydration has since been observed in a range of invertebrates (Elnitsky et al., 
2008; Pedersen and Holmstrup, 2003) including P. davidi (Wharton et al., 2003b) 
and now P. murrayi.  This strategy is thought to be widespread in soil 
invertebrates with high cuticular permeability (Wharton, 2002b).  However, 
field samples of S. lindsayae maintained high survival rates (>80%) after freezing 
at -5°C at which some internal freezing is likely, and P. murrayi showed a higher 
rate of survival (~75%) than the proportion of dehydrated nematodes (~50%), 
indicating that both species also have an ability to survive internal ice 
formation. 
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Chapter 6   Phylogenetics of Antarctic nematodes 

6.1 Introduction 

6.1.1 Taxonomic challenges within the phylum Nematoda 

The Antarctic nematode species examined in this thesis belong to one of 
the most diverse phyla in the animal kingdom.  Getting to grips with the scale 
of this diversity is a challenge: Coomans (2000) estimated the number of 
nematode species to be in the range of 0.1 to 100 million and Platt (1994) has 
calculated that nematodes could account for around 80% of all individual 
animals on earth.  This diversity and abundance becomes clear in examples, 
such as the 154 nematode species recorded from a chalk grassland in England 
(Hodda, 1994) or the 228 species from a single soil site in a Kansas prairie (Boag 
and Yeates, 1998), or in recorded nematode densities of several million 
individuals per square metre (Anderson, 2001).  The systematics of this huge 
group has not surprisingly been contentious, with numerous different 
classifications over the years and ongoing revisions today (Blaxter et al., 1998; 
Holterman et al., 2008a; Meldal et al., 2007).  Beyond the vast diversity of the 
phylum, nematode taxonomy is further complicated by a history of use of 
different classification criteria by those working on different groups, such as 
free-living marine and terrestrial species, and parasites of vertebrates and 
invertebrates (Coomans, 2000).  However, the main challenge to nematode 
systematics is the lack of observable morphological disparity between species. 

To give a striking example of this, Powers (2004) observed that while 
Caenorhabditis elegans and C. briggsae are so similar in morphology that trained 
nematode taxonomists struggle to tell them apart, the estimated date of 
divergence between the species is around 80-110 million years ago (MYA), 
around 5-45 million years before the splitting of the mouse and human lineages.  
Selecting morphological characters for phylogenetic analysis is consequently 
difficult and as a result some species have been defined that can only be 
identified from the adult males in the population (Warwick and Robinson, 
2000).  Thus nematode taxonomy, which remains largely based on morphology, 
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is a highly specialised field in which misidentification and cryptic species are 
common problems.  

On a much smaller scale, many of these taxonomic challenges are 
applicable to the study of the Antarctic nematode species.  Nematode diversity 
appears to conform to the general trend of decreasing diversity toward the 
poles, and the most recent count of free-living terrestrial Antarctic nematode 
species is only 54 for the whole continent, although new species are being 
described quite frequently (Andrassy, 2008; Andrassy and Gibson, 2007; 
Bostrom, 1995).  Of these 54 species, all of which are endemic, 32 are found in 
the maritime Antarctic (the region around the Antarctic Peninsula) and only 22 
are found on the rest of continental Antarctica (East Antarctica) (Andrassy, 
2008). 

Even within this much smaller set of species, identification to the species 
level has been problematic.  For example, the continental species Plectus murrayi 
has been repeatedly misreported as the maritime species Plectus antarcticus 
(Porazinska and Wall, 2002; Wall et al., 2006), but this error has since been 
corrected by the authors (Adams et al., 2006; Maslen and Convey, 2006).  
Antarctic nematode species definitions are further limited by their original 
descriptions often being based on very few individuals sampled from a single 
population.  Andrassy recently addressed the taxonomy of the Antarctic 
Eudorylaimus species, identifying two new species and clarifying some of the 
past misidentifications that illustrate this problem (Andrassy, 2008).  As more 
specimens have become available, variation initially ascribed to population-
level differences has since led to additional Eudorylaimus morphospecies being 
described (Andrassy, 2008).  In only three of the recorded observations of the 
species E. antarcticus (Steiner, 1916; Yeates, 1970) have the authors also provided 
sufficient morphological descriptions to readdress the taxonomy of the species 
in question (Andrassy, 2008).  Two of these observations have now been 
corrected to E. glacialis (Loof, 1975; Yeates, 1970) and the third to E. quintus 
(Andrassy, 2008; Timm, 1971).  However, the majority of authors have only 
reported observations of a particular Antarctic nematode species, without 
providing additional morphological descriptions or images, making their 
observations difficult to interpret as taxonomy advances (Andrassy, 2008), and 
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hindering further studies, such as meta-analyses of overall distribution 
patterns. 

 

6.1.2 Molecular diagnostics for nematode species 

Because of their diversity and ubiquity, their agricultural, industrial and 
medical importance, and their problematic lack of morphological disparity 
previously outlined, nematodes are one of the key groups of organisms being 
used to develop molecular diagnostic tools for species and to test concepts such 
as “molecular barcoding” and the “molecular operational taxonomic unit” 
(MOTU) approach (Bhadury et al., 2006; Blaxter, 2004; Floyd et al., 2002; 
Powers, 2004). There has been considerable debate around the barcoding 
concept, which aims to identify a single DNA sequence that would contain 
enough information to identify all forms of life on earth (Hebert et al., 2003; 
Powers, 2004), much of which reflects the underlying species-concept debate 
(Avise and Wollenberg, 1997; Coyne and Orr, 2004).  There are several clear 
advantages to adopting a molecular diagnostic approach to identifying 
nematodes.  The major advantage is the capacity to counteract many of the 
problems with identification outlined previously, for example by being 
applicable to all life stages and not dependent on adult morphological 
characteristics.  In addition, many of the fields in which nematode identification 
is important also require the use of large numbers of samples and/or repeat 
sampling, making the practice of identifying nematodes an even greater 
problem (Griffiths et al., 2006).  The ever-increasing speed, simplicity and 
generality of use of molecular techniques, combined with the added 
convenience that most nematodes are of an appropriate size (around 1000-2000 
cells and about 1 mm in length) to make their processing for PCR reactions 
relatively simple, mean that a molecular approach could enable these 
fundamental difficulties to be overcome (Floyd et al., 2002; Hebert et al., 2003; 
Powers, 2004).  These advantages could facilitate the use of nematodes as 
biological indicators for example, opening up the potential for a huge variety of 
studies that would not otherwise be feasible (Griffiths et al., 2006; Holterman et 
al., 2007, 2008b). 
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One important caution in the use of molecular diagnostics is that without 
accuracy in the first step of selecting a voucher specimen as a representative of 
any particular taxon from which to create a ‘barcode’, there is a risk of adding 
another level to the problem of misidentification (Powers, 2004; Stevens and 
Schofield, 2003).  For this reason, Powers encourages the provision of as much 
information on the voucher material as possible to accompany every entry into 
GenBank, including digitalized images and video material (Powers, 2004).  Such 
information is now a mandatory component of the “Barcode of Life” database 
(Ratnasingham and Hebert, 2007).  The second important issue is the selection 
of the molecular marker to be used as the DNA barcode, which must be able to 
serve as a unique identifier for each species, as well as providing phylogenetic 
information about the relationships between the species (Powers, 2004). While it 
has been argued that with the rate of advancement in genetic techniques whole 
genome sequencing should be considered as an alternative to selecting barcodes 
(Powers, 2004), most studies that have tested the concept so far have focused on 
the selection of specific genes as DNA barcodes. 

The application of molecular diagnostics to nematode identification and 
phylogenetics is already well underway.  Studies have tested the use of various 
different molecular markers as barcodes: for example, the mitochondrial ND4 
gene was tested for its applicability to nematode molecular systematics in a 
recent study, which concluded that it was a useful marker for population 
genetics and for resolving “the tips of the trees” rather than for deeper 
phylogenetic analysis (Blouin, 1998).  Bhadury et al. (2006) also recently tested 
the use of two nuclear genes (18S rRNA and 28S rRNA) and two mitochondrial 
genes (cytochrome oxidase I and 16S rRNA) in their study assessing the use of 
DNA barcodes on marine nematodes, from which they selected the 18S rRNA 
sequence as the most suitable, as it was the most reliably amplified sequence 
from their range of nematode taxa using Polymerase Chain Reaction (PCR). 

The 18S rRNA (or small sub-unit (SSU)) gene has been widely used for 
the identification of nematode species and for the construction of nematode 
phylogenies, and has been used for barcoding in the MOTU study on soil 
nematodes by Floyd et al. (2002).  The 18S rRNA gene has some conserved 
regions, facilitating primer design, and enough variation in the length and 
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sequence of the spacer regions to make it a useful gene for taxonomic 
distinction (Blaxter et al., 1998; Powers, 2004).  Primers have been developed 
that amplify around 1kb of 18S sequence specifically from nematodes, reducing 
contamination problems (Floyd et al., 2005).  18S sequences have been used to 
build a number of nematode phylogenies that have led to significant 
improvement in our understanding of this diverse phylum (Blaxter et al., 1998; 
Holterman et al., 2008a; Holterman et al., 2006; Meldal et al., 2007).  18S 
sequences are available on GenBank for a wide range of nematode species, and 
new sequences are being added regularly (for example 46 new 18S sequences 
from marine nematodes: (Meldal et al., 2007) and an additional 32 from the 
orders Chromadorida, Desmodorida, Monhysterida, Areolaimida and Plectida 
(Holterman et al., 2008a)).  This expanding 18S nematode tree is also supported 
by its own database NemATOL, which provides an archive of nematode 18S 
sequence data as well as additional information on morphology, videos, images 
and alignments (http://nematol.unh.edu). 

The studies that have used the 18S sequence have generally found it 
powerful in resolving relationships between nematodes at the genus level and 
above, and most often the sequence can be used to identify nematodes down to 
the species level (Bhadury et al., 2006; Holterman et al., 2008a; Holterman et al., 
2007; Meldal et al., 2007). In some cases, closely related species have identical 
18S sequences, in which case other markers (for example mitochondrial genes) 
are required.  However, in general the 18S sequence is a successful and widely 
used molecular tool that has illustrated the practical advantages of adopting a 
barcoding approach in a variety of nematode studies, and has been particularly 
useful in improving understanding of the relationships within the phylum 
Nematoda.  

 

6.1.3 Antarctic terrestrial phylogeography 

In addition to helping resolve taxonomy, genetic data are increasingly 
used in phylogeographic studies to give insight into the historic processes that 
explain the current geographic distribution of genetic lineages. The ubiquity of 
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nematodes has made them useful candidates for such studies globally 
(Nieberding et al., 2005).  In the specific context of terrestrial Antarctica, 
phylogeographic studies have the potential to help explain the relative roles of 
vicariance and dispersal in the evolution of the extant fauna, add to, or contest, 
the geological evidence for the extent of historical glaciation events, and give a 
time-frame for the evolution of the observed physiological adaptations of the 
fauna. 

Phylogeographic studies have highlighted some key events in the 
current geological understanding of the history of the Antarctic continent that 
provide the context for understanding the distribution of genetic lineages 
within today’s terrestrial fauna (Pugh and Convey, 2008; Rogers, 2007).  It is 
now generally accepted that Antarctica was once the core of the temperate 
Gondwanan super-continent, which broke up over the last 165 million years, 
with Antarctica separating from Australasia around 32 million years ago (MYA) 
and then from South America around 28 MYA (Lawver and Gahagan, 2003; 
McLoughlin, 2001).  These events opened the Southern Ocean and started the 
Antarctic Circumpolar Current, placing the continent over the South Pole and 
isolating it from warm-ocean currents (Lawver and Gahagan, 2003).  The 
establishment of a permanent ice sheet on Antarctica is thought to have 
occurred around 34 MYA (Tripati et al., 2005).  This ice sheet has since shifted in 
its extent during a series of at least 20 glaciation events between 14 MYA and 
17,000 years ago; at least 10 of these major glacial cycles occurred over the last 
million years (Bergstrom et al., 2006; Stevens et al., 2006). 

On a broad scale, these events are hypothesised to have resulted in the 
current-day endemic Antarctic terrestrial fauna by the process of vicariance.  As 
the first step, the geological and thermal isolation of the Antarctic continent 
would have caused severe extinction and very strong selection for the ability to 
survive in cold temperatures, leading to adaptation in the species that remained 
(Rogers, 2007).  Following this, the cycles of glaciation would have caused 
fragmentation of populations that would have been isolated in refugia during 
the glacial maxima, with subsequent expansion of their ranges and secondary 
contact to other previously genetically isolated populations during the warmer 
phases of the cycles (Rogers, 2007).   
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So for the highly endemic, and relatively impoverished, terrestrial 
Antarctic fauna that exists today, two possible phylogeographic hypotheses are 
usually tested: firstly these populations could have resulted from recolonisation 
events from elsewhere in the Southern Hemisphere, most likely to have 
occurred during the Pleistocene/Holocene glacial oscillation, or secondly they 
could be remnants of a Gondwanan fauna that has persisted since the glaciation 
of Antarctica (Stevens et al., 2006).  The importance of testing these hypotheses 
with biological data was recently pointed out by Convey et al. (2008).  They call 
attention to the fact that current estimates of ice-sheet extent during previous 
glacial maxima do not support the existence of sufficient ice-free areas to have 
acted as refugia in order to have preserved remnants of the Gondwanan fauna 
to today (Convey et al., 2008).  The latest geological data suggest that Antarctic 
ice sheets were previously both more extensive in their coverage of the 
continent and thicker than they are today, during the last glacial maximum and 
the previous Neogene glaciation cycles (Convey et al., 2008).  However, 
biological data from several phylogeographic studies contest these findings 
(e.g.Maslen and Convey, 2006; McGaughran et al., 2008; Pugh and Convey, 
2008; Stevens et al., 2007), and have led to the development of a biological 
paradigm to challenge the geological understanding of Antarctica’s glacial 
history (Convey et al., 2008). 

 

6.1.4 Phylogeography of Antarctic nematodes 

The Antarctic terrestrial nematodes, with their broad distribution, high 
suspected endemism, limited capacity for dispersal, unique physiological 
adaptations, and occurrence in the Dry Valleys (one of the main hypothesised 
ice-free refugia of the last glacial maximum), make ideal candidates for 
phylogeographic studies.  Such studies could help address topical questions 
such as: what is the current importance of dispersal between populations for 
population viability, how is dispersal being influenced by human activity, and 
how should areas be selected for conservation of nematode diversity?  A 
molecular clock approach could also address the historical origins of the 
Antarctic terrestrial nematodes and give an indication of the time over which 
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species have adapted to their cold surroundings. In their study of the 
distribution and diversity of terrestrial nematodes in the southern maritime 
Antarctic, Maslen and Convey (2006) were able to confirm the biogeographic 
divide between the fauna of continental and maritime Antarctica, and identify 
the possible location of a long-term ice-free biological refuge at Alexander 
Island.  However, this study, based on traditional taxonomy, called for the use 
of complementary molecular approaches to confirm these findings and provide 
dating of divergence events (Maslen and Convey, 2006). 

There are very few phylogeographic studies on Antarctic nematodes, 
and there are some incongruent findings even within the limited number of 
studies existing.  The first study to use molecular techniques with Antarctic 
nematodes applied a phylogeographic approach to the Scottnema lindsayae 
populations in the Dry Valleys (Courtright et al., 2000).  The 28S rDNA D2 and 
D3 expansion segments were sequenced from 169 individuals, and a fragment 
of the 16S mitochondrial gene was sequenced from 188 individuals, all taken 
from locations across six different valleys (Courtright et al., 2000).  One variable 
site was found in each of the rDNA expansion segments and 12 mitochondrial 
haplotypes were identified, with significant differences in haplotype 
frequencies between populations (Courtright et al., 2000).  These findings show 
high levels of genetic structure across a relatively small geographic area, 
indicating some restriction of gene flow between valleys only tens of kilometres 
apart.  In contrast, Adams et al. (2007) reported no difference in ITS1 region 
sequences between S. lindsayae individuals from the Dry Valleys and the 
Beardmore Glacier, which are separated by approximately 700 km of ice.  While 
this second study used a different genetic marker to those used by Courtright et 
al. (2000), it concluded that broadcast dispersal and high rates of gene flow can 
explain the apparent lack of biogeographic structure over such a large distance, 
in contrast to the previous findings (Adams et al., 2007).  The third study to 
apply molecular techniques to the Antarctic nematodes investigated 28S rDNA 
D2 and D3 sequences from Eudorylaimus antarcticus from two populations from 
each of three locations: Taylor Valley (in the Dry Valleys), Cape Hallett, and 
Luther Vale (near Cape Hallett; Chapter 2) (Barrett et al., 2006).  The study 
suggests that E. antarcticus is represented by at least three cryptic species, 
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although the sequences from which this conclusion is drawn are not given in 
the paper (Barrett et al., 2006).  Also, as no morphological evidence is provided 
for the specimens sequenced in the study, it is difficult interpret these findings, 
especially in light of Andrassy’s new Eudorylaimus species descriptions 
(Andrassy, 2008).  

These studies have demonstrated the potential of Antarctic terrestrial 
nematodes for use in phylogeographic studies, while emphasising the 
importance of including details of the taxonomic identification of the study 
species and selecting appropriate genetic markers to the question being posed. 

 

6.1.5 Aims 

This study investigated the phylogenetics of the Antarctic nematode 
species found at Cape Hallett and Terra Nova Bay that have previously only 
been defined using morphology.  The four nematode species isolated in this 
study have been identified on the basis of their morphology and appear to 
adhere to the current species definitions.  However, identification was carried 
out on live specimens using a light microscope in the field, and some 
identifying features can only be confirmed after proper fixation and viewing 
under higher magnification. Before applying molecular techniques, it is 
therefore of importance to confirm, using similar microscopy methods, that the 
species in this study adequately match current morphological descriptions. 

The 18S gene was then sequenced for two representatives of each species 
from each of these two distinct geographic regions.  These data, together with 
morphological measurements and representative images, provided a ‘barcode’ 
for each of the species, facilitating comparisons between studies in future.  
These data also provided the opportunity to identify evidence of cryptic species 
within any of the morphologically identified Antarctic nematode species and, 
through phylogenetic comparisons with other representative species from the 
phylum Nematoda, verify their current taxonomy. 
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Secondly, by comparisons with other species from across the phylum 
Nematoda, this study comments on the hypothesis that the Antarctic nematode 
species in existence today are the descendants of more than one Gondwanan 
ancestor that survived the cooling of Antarctica.  Finally, this study identifies 
candidate species and candidate genetic markers for future phylogeographic 
studies on Antarctic terrestrial nematodes. 
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6.2 Methods 

6.2.1 Sample sources 

The Antarctic nematodes used in this study were isolated from soil 
collected during nematode surveys described in Chapter 2.  The details of the 
locations from which samples were taken for genetic analysis are given in Table 
6-1.  An additional soil sample (of approximately 100 g) from the Adelie 
penguin colony at Cape Bird, Ross Island, was made available for use in this 
study.  Six live Panagrolaimus davidi specimens were extracted from this soil 
sample and were used for genetic analysis.  

 
 

6.2.2 Morphological measurements 

The nematodes were killed and fixed for morphological measurement 
using hot formal-acetic fixative (FA 4:1) as described by Hooper (1986b).  
Nematodes were identified to species level on a dissecting microscope and were 
sorted into watchglasses using a fine glass pipette.  This method involved 
processing the nematodes in the watchglasses, starting by removing as much of 
the surface water as possible. The Formal-acetic fixative was heated in a test 
tube stood in boiling water for 3 to 4 minutes under a fume hood, and a wide 
aperture pipette was heated in the test tube at the same time.  An excess of 
fixative was then pipetted onto the drop of nematodes and left for 1 hour. 

The nematodes were then processed into glycerol using the Seinhorst 
method (1959), also described by Hooper (1986b).  Two glycerol-ethanol 
solutions were prepared: glycerol-ethanol solution I: 20 parts 96% ethanol, 1 
part glycerol, 79 parts distilled water; and glycerol-ethanol solution II: 5 parts 
glycerol, 95 parts 96% ethanol.  The excess fixative was removed from the 
nematodes and 0.5ml of solution I was added to each watchglass.  The 
watchglasses were transferred to a desiccator that contained 1/10 of its volume 
of 96% ethanol and left in an oven at 35°C to 40°C for at least 12 hours.  The 
watchglasses were then removed from the desiccator and topped up with 
solution II.  The full watchglasses were transferred to a large glass petri dish 
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(partially closed) and placed in an oven at 40°C for 3 hours, after which the 
nematodes were suspended in pure glycerol, ready for mounting. 

Permanent mounts were prepared using the wax-ring method (Hooper, 
1986b).  Paraffin wax pellets were melted in a beaker on a hot plate at around 
60-70°C.  A hollow metal tube was heated in the wax and used to make a ring of 
wax in the centre of a clean slide.  The nematodes in glycerol were pipetted into 
the centre of the ring and arranged using a fine glass pipette.  A coverslip was 
placed over the wax ring and nematodes, ensuring no air bubbles were trapped, 
and the wax ring was melted on a hot plate to create a seal (Figure 6-1). 

 

 
Figure 6-1  The preparation of permanent mounts using the wax ring method (Hooper, 

1986b). 
 
The nematode slides were then viewed on a Zeiss Axiophot 

photomicroscope with a digital camera attached.  Digital photographs were 
taken at 100x, 200x and 400x magnification.  Nematode measurements were 
made from the photographs using the image processing programme Image J 
(Rasband, 1997-2005) and de Man indices were calculated (Hooper, 1986a).  
These morphological measurements were compared with published species 

Paraffin wax Nematodes in glycerol 

Coverslip 

Wax ring 

Slide 
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descriptions for Scottnema lindsayae, Panagrolaimus davidi, Plectus murrayi and 
Eudorylaimus antarcticus (Andrassy, 1998, 2008; Timm, 1971).  

 

6.2.3 DNA extraction 

Live nematodes were extracted from stored frozen Antarctic soil samples 
using the standard modified Baermann funnel technique (Chapter 2).  DNA 
was extracted from individual nematodes using the technique described by 
Floyd et al. (2002).  Individual nematodes were identified to species level under 
a dissecting microscope and transferred individually to 0.2ml PCR tubes 

containing 20 µl of 0.25M NaOH.  Each tube was then centrifuged briefly in a 
microfuge to ensure submersion of the nematode in sodium hydroxide.  The 
nematodes were then stored in their tubes at -80°C.  Once the samples were 
ready for processing, they were removed from the freezer and incubated at 
25°C for between 3 to 5 hours.  They were then heated in a thermocycler to 95°C 
for 3 minutes and allowed to cool to room temperature before the addition of 4 

µl of 1M HCl, 10 µl of 0.5M Tris-HCl (pH 8.0) and 5 µl of 2% Triton X-100.  The 
samples were then mixed briefly and centrifuged again.  They were then re-
heated to 95°C for another 3 minutes and allowed to cool to room temperature.  
This digest was then used directly in the PCR reactions as template DNA (Floyd 
et al., 2002). 

 

6.2.4 Primer selection  

Nematode-specific primers for the nuclear 18S small subunit (SSU) 
ribosomal RNA gene are available and these have been successfully employed 
for a large range of nematode species (Blaxter et al., 1998; Floyd et al., 2005).  
These primers have also been successfully tested on the laboratory cultured 
Panagrolaimus davidi strain (Goodall, 2003) and were therefore used in this 
study.  The sequence for forward primer is 5’-
CGCGAATRGCTCATTACAACAGC-3’ and the reverse primer is 5’-
GGCGATCAGATACCGCCC-3’ (Floyd et al., 2005).  These primers amplify an 
internal fragment of around 900 base pairs (bp) of the 18S gene (Floyd et al., 
2005). 
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The nuclear D3 expansion segment of the 28S large subunit (SSU) 
ribosomal RNA gene and approximately 140bp of 3' core sequence have 
successfully been amplified in a range of nematode species using two primers 
situated in conservative flanking regions: D3A 5'-
GACCCGTCTTGAAACACGGA-3' and D3B 5'-TCGGAAGGAACCAGCT-
ACTA-3' (Nunn et al., 1996; Shannon et al., 2005).  These primers have 
previously been used on Eudorylaimus antarcticus (Barrett et al., 2006) and the 
laboratory strain of P. davidi (Shannon et al., 2005) and were therefore selected 
for use in this study. 

Various primer pairs available in the literature that amplify fragments of 
the nuclear rDNA ITS regions in nematodes were also tested on the Antarctic 
nematode species in this study.  The position of these primer pairs is 
summarised in Figure 6-2.  Several combinations of these primers have been 
successfully used on Antarctic nematodes in previous studies (for example 
Scottnema lindsayae (Adhikari et al., 2007), E. antarcticus (Barrett et al., 2006), and 
P. davidi (Shannon et al., 2005). 

 

 
Figure 6-2  A diagram of the approximate location of primer pairs available in the 

literature that amplify regions within the nuclear rDNA ITS regions in nematodes (Cherry et al., 
1997; Shannon et al., 2005; Vrain et al., 1992). 

 
The rDNA1 primer sequence is 5’-TTGATTACGTCCCTGCCCTTT-3’ 

and rDNA2 primer sequence is 5’-TTTCACTCGCCGTTACTAAGG-3’ (Vrain et 
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al., 1992).  This primer pair amplifies a 1.1 kilobase (kb) fragment comprising: 
rDNA ITS1 – 5.8S – ITS2 (Vrain et al., 1992).  Shannon et al. (2005) designed new 
primers from an alignment of the sequences for the ITS regions from 
Panagrolaimus PS1159 and C. elegans that bind within the conserved 5.8S region: 
Pana5.8R: 5’-GGTAAGTAACGCAGCAAGC-3’ and Pana5.8F: 5’-
GCTTGCTGCGTTACTTACC-3’.  Pana5.8R is used with rDNA1 to amplify the 
rDNA ITS1 region of about 690bp and Pana5.8F is used with rDNA2 to amplify 
the rDNA ITS2 region of about 590bp (Shannon et al., 2005).  Cherry et al. (1997) 
designed a new primer (rDNA1.58S) from comparative sequence alignments of 
various nematode species to pair with Vrain’s rDNA1 primer1 to amplify a 
704bp product.  The primer sequence for rDNA1.58S is 3’-GCCACCTA-
GTGAGCCGAGCA-5’ (Cherry et al., 1997).  The forward complement to this 
sequence was tested in this study (called alt5.8F: 5’-
CGGTGGATCACTCGGCTCGT-3’), paired with the rDNA2 primer (Figure 6-2; 
Cherry et al., 1997; Vrain et al., 1992).  

Primers that amplify a 687 bp fragment of the mitochondrial cyt b gene 
were also tested.  The sequences for these was taken from a phylogeographic 
study on the nematode Heligmosomoides polygyrus; 1F: 5’-GRAATTTTGG-
TAGTATRTTRG-3’ and 1R: 5’-AGMACGYAAAATWGYAWAAGC3’ 
(Nieberding et al., 2005). 

All primers were ordered online from Sigma Aldrich 
(www.sigmaaldrich.com). 

 

6.2.5 PCR amplification and DNA sequencing 

Polymerase Chain Reaction (PCR) amplifications were carried out in a 
thermocycler (Eppendorf Mastercycler Gradient, Eppendorf, Hamburg, 
Germany) with the following conditions: 1 cycle of 2 minutes at 94°C, 40 cycles 
of: 15 seconds at 94°C (denaturisation), 30 seconds at 45°C (annealing) and 2 
minutes at 72°C (extension), and 1 cycle of 2 minutes at 72°C.  All PCR reactions 

                                                
 
1 The paper states that the new primer should be paired with Vrain’s rDNA2 primer, 

but as shown in Figure 6-2 this is incorrect.  
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were carried out in 50 µl volumes containing 1 unit of 1U/µl BIOTAQTM red 

DNA polymerase (Bioline), 5 µl of 10x NH4 Buffer (Bioline), 5 µl of 50mM MgCl2 

Solution, 1.2 µl of 100 mM dNTP Mix, 5 pmol of each primer and 3 to 5 µl 
genomic DNA from single nematode extractions.  The volume was then made 

up to 50 µl with sterile distilled water. 
The presence and size of the amplification products were checked by 

electrophoresis on 1% agarose gels stained with Sybr Safe (Invitrogen). PCR 
amplification products were purified using a High Pure PCR Purification Kit 
(Roche Diagnostics GmbH). The DNA concentration of the clean product was 
determined with an ND-1000 spectrophotometer (NanoDrop Technologies Inc.) 
and samples were sent to the Allan Wilson Centre Genomic Services for cycle 
sequencing and scanning. 

 

6.2.6 Alignment and phylogenetic analyses 

Sequence alignment and phylogenetic analyses were performed with 
MEGA4 (Tamura et al., 2007).  For all sequences, sequencer files were visually 
checked for errors and any primer sequence was removed. For the 18S 
sequences, alignment was performed in the ClustalW function of MEGA4, 
using the nematode 18S sequence alignment data set available from Blaxter as a 
reference (Blaxter, 1998).  This alignment had been created by hand with respect 
to a secondary structure model (Blaxter et al., 1998).  For the D3 sequences, 
alignments were also done using ClustalW, with gap opening penalties set at 15 
and gap extension penalties at 6.66 (Tamura et al., 2007). Alignments were then 
checked through visually and minor manual adjustments were made before the 
alignments were trimmed to the same length. 

Maximum parsimony (MP) and neighbour joining (NJ) phylogenetic 
analyses were performed on both sequence alignments using MEGA4 (Tamura 
et al., 2007). For both MP and NJ analyses, bootstrap consensus trees were 
computed with 1000 bootstrap replicates. 
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6.3 Results 

6.3.1 Morphological measurements 

Morphological measurements were taken from nematodes extracted 
from soil from around Gondwana Station (GS) and used to calculate de Man 
ratios.  Measurements were made on four species: Scottnema lindsayae, 
Panagrolaimus davidi, Plectus murrayi and Eudorylaimus antarcticus.  

Table 6-1 shows a comparison of morphological measurements and de 
Man indices from S. lindsayae individuals from the GS area and from the two 
populations sampled in the original species description (Timm, 1971).  The 
individuals in this study were considerably shorter in length than those 
described from populations near La Croix Glacier and Strand Moraines 
(Victoria Land).  However, the de Man ratios are similar for all populations, and 
the GS individuals are within the range of reported ‘a’ values.  In his summary 
of material collected from around the McMurdo Sound region, Andrassy 
remarks that the specimens he examined fitted the original species description 
(Timm, 1971) well, with the only difference being that his specimens were a 
little smaller (Andrassy, 1998).  The GS specimens match Andrassy’s 
description much better than the original description provided by Timm (1971), 
and all the GS de Man indices are within Andrassy’s reported ranges (1998), 
although some of the GS individuals are still a little shorter in body length.  
Figure 6-3 and Figure 6-4 show the typical morphology of individuals identified 
as S. lindsayae in this study for reference and comparisons to other studies. 
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Table 6-1  A comparison of measurements and de Man ratios (mean ± SE) for Scottnema 
lindsayae individuals from various populations. All available data are shown in the table and 
gaps indicate that the data were not available in the original publication. 1 indicates data taken 
from the original species description (Timm, 1971) and 2 indicates data taken from the updated 
species description (Andrassy, 1998). 

S. lindsayae N L 
µm 

Width 
µm 

Oesophagus 
µm 

Tail length 
µm 

To vulva 
µm 

Gondwana females 7 512 ± 44 29 ± 1.8 131 ± 7 39 ± 2 366 ± 7 

Gondwana males 5 568 ± 25 30 ± 1 134 ± 5 47 ± 3  

Gondwana juveniles 8 365 ± 18 24 ± 1 106 ± 4 33 ± 2  

La Croix Glacier1 females 10 790 - 860     

La Croix Glacier1 males 10 770 - 880     

Strand Moraines1 females 10 740 - 800     

Strand Moraines1 males 10 710 - 800     

McMurdo Sound2 females 8 640 - 720     

McMurdo Sound2 males 6 550 - 730     

S. lindsayae N a b c V  

Gondwana females 7 17.3 ± 0.5 3.9 ± 0.2 13.0 ± 0.7 62.7 ± 0.1  

Gondwana males 5 19.1 ± 0.8 4.2 ± 0.1 12.1 ± 0.3   

Gondwana juveniles 8 15.5 ± 0.4 3.4 ± 0.1 11.2 ± 0.3   

La Croix Glacier1 females 10 16.4 4.6 17.6 64.2  

La Croix Glacier1 males 10 19.0 4.5 15.7   

Strand Moraines1 females 10 18.2 4.3 14.8 62.1  

Strand Moraines1 males 10 20.1 4.4 14.2   

McMurdo Sound2 females 8 16 - 20 3.8 - 4.6 14 - 16 61 - 65  

McMurdo Sound2 males 6 19 - 22 4.1 - 4.3 13 - 15   
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Figure 6-3  Photograph of the head region of Scottnema lindsayae from Gondwana 
Station.  The characteristic labial probolae are visible. 

 

Figure 6-4  Photograph of a female Scottnema lindsayae from Gondwana Station.  
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The specimens of Plectus murrayi collected from GS were also compared 
to published morphological descriptions.  The species description given by 
Timm (1971) for Plectus antarcticus, based on individuals from Victoria Land, 
has since been corrected to P. murrayi by other authors who state that P. 
antarcticus is only found in the maritime Antarctic (Convey et al., 2008; Maslen 
and Convey, 2006).  The GS specimens are within the range of reported 
measurements in the literature.  There were no males found in the GS 
population, which is in keeping with the species descriptions provided by 
Timm (1971) and Andrassy (1998).  Digital photographs of P. murrayi are 
presented in Figure 6-5 and Figure 6-6 for reference.  
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Table 6-2  A comparison of measurements and de Man ratios (mean ± SE) for Plectus 
murrayi individuals from various populations.  1indicates data taken from the original species 
description for Plectus antarcticus, later corrected to P. murrayi (Maslen and Convey, 2006; 
Timm, 1971), 2indicates data taken from the updated species description (Andrassy, 1998). 

P. murrayi N L 
µm 

Width 
µm 

Oesophagus 
µm 

Tail length 
µm 

To vulva 
µm 

Gondwana females 16 817 ± 12 31 ± 1 184 ± 1 97 ± 2 384 ± 3 

Gondwana males 0      

Gondwana juveniles 2 540 ± 40 22 ± 1 148 ± 9 66 ± 7  

Marble point1 females 10 740 - 1100     

Strand Moraines1 
females 

10 1020 - 1190     

Dry Valleys2 females 10 750 - 840     

Vestfjella2 females 10 790 - 910     

Ross Island females 10 740 - 800     

P. murrayi N a b c V  

Gondwana females 16 26.5 ± 0.3 4.4 ± 0.1 8.5 ± 0.2 47.0 ± 0.4  

Gondwana males 0      

Gondwana juveniles 2 24.1 ± 0.3 3.7 ± 0.1 8.2 ± 0.3   

Marble Point1 females 10 20.1 - 27.2 3.8 - 4.7 8.3 - 10.5 45.3 - 50.5  

Strand Moraines1 
females 

10 21.5 - 27.6 4.3 – 4.7 9.1 – 10.3 48.2 – 50.3  

Dry Valleys2 females 10 24 - 28 3.8 - 4.4 7.6 - 8.8 46 - 50  

Vestfjella2 females 10 23 - 26 4.1 - 4.6 8.7 - 9.0 47 - 49  

Ross Island females 10 24 - 27 4.0 - 4.9 7.0 - 8.6  47 - 49  
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Figure 6-5  Photograph of the typical tail shape of Plectus murrayi from Gondwana 
Station. 

 

Figure 6-6  Photograph of a female Plectus murrayi from Gondwana Station.  
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Field samples of Panagrolaimus davidi from Cape Bird, Ross Island have 
previously been compared to P. davidi individuals from the laboratory culture 
(Wharton, 1998; Wharton and Brown, 1989).  The laboratory culture was 
originally isolated from moss and algae from Ross Island and has been 
maintained in culture for approximately 21 years since November 1989 
(Wharton and Brown, 1989).  The GS P. davidi individuals are compared to other 
field samples and the laboratory culture strain in Table 6-3.  The GS individuals 
are considerably shorter in length than the species description (Timm, 1971), 
but the GS de Man indices are all within the range reported in the literature 
(Wharton, 1998).  In the comparative study, Wharton commented on significant 
differences between all measurements from the field-collected and laboratory 
cultured P. davidi.  The most obvious difference between the wild population 
and the laboratory culture was the complete lack of males in the laboratory 
culture, which also had a longer and more pointed tail than the field samples 
(Wharton, 1998).  Individuals from the wild GS population measured in this 
study are closer in morphology to the other wild populations from the literature 
than to the laboratory culture strain.  Digital photographs in Figure 6-7, Figure 
6-8 and Figure 6-9 show the appearance of female and male P. davidi and the 
position of the characteristic dorsal metastomal tooth.  
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Table 6-3  A comparison of measurements and de Man ratios (mean ± SE) for 
Panagrolaimus davidi individuals from the laboratory culture strain and various populations.  
1indicates data taken from the original species description (Timm, 1971) and 3indicates data 
taken from a comparative study of field and laboratory specimens (Wharton, 1998). 

P. davidi N L 
µm 

Width 
µm 

Oesophagus 
µm 

Tail length 
µm 

To vulva 
µm 

Gondwana females 6 715 ± 25 31 ± 1 168 ± 2 42 ± 1 443 ± 13 

Gondwana males 3 722 ± 9 31 ± 1 158 ± 2 39 ± 3  

Gondwana juveniles 9 496 ± 20 22 ± 1 131 ± 3 34 ± 1  

Cape Bird3 females 20 863 ± 14 42 ± 1 174 ± 2 41 ± 1 548 ± 8 

Cape Bird3 males 20 772 ± 8 35 ± 0.4 165 ± 1 37 ± 1  

Lab culture3 females 20 950 ± 17 39 ± 1 146 ± 1 59 ± 1 566 ± 9 

Cape Royds1 females 10 850 - 990     

Cape Royds1 males 10 790 - 890     

Rocky Point1 females 10 790 - 900     

Rocky Point1 males 10 730 - 890     

P. davidi N a b c V  

Gondwana females 6 22.8 ± 0.5 4.3 ± 0.2 17.0 ± 0.4 62.0 ± 0.4  

Gondwana males 3 23.4 ± 0.1 4.6 ± 0.1 18.8 ± 1.2   

Gondwana juveniles 9 22.7 ± 0.4 3.8 ± 0.1 14.8 ± 0.8   

Cape Bird3 females 20 20.6 ± 0.3 4.96 ± 0.07 21.0 ± 0.2 63.6 ± 0.5  

Cape Bird3 males 20 22.1 ± 0.3 4.68 ± 0.04 20.8 ± 0.4   

Lab culture3 females 20 24.4 ± 0.3 6.51 ± 0.12 16.0 ± 0.2 59.6 ± 0.3  

Cape Royds1 females 10 18.7 - 21.0 4.2 - 5.0 17.1 - 21.0 60.6 - 63.6  

Cape Royds1 males 10 22.3 - 24.2 4.1 - 4.6 17.9 - 22.2   

Rocky Point1 females 10 18.5 - 22.2 3.9 - 4.6 17.0 - 21.5 60.6 - 63.6  

Rocky Point1 males 10 22.2 - 27.8 4.0 - 4.6 17.3 - 21.9   
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Figure 6-7  Photograph of the head region of Panagrolaimus davidi from Gondwana 
Station.  The characteristic dorsal metastomal tooth is indicated by the arrow. 

 

Figure 6-8  Photograph of a female Panagrolaimus davidi from Gondwana Station.  
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Figure 6-9  Photograph of a male Panagrolaimus davidi from Gondwana Station. 

 

Eudorylaimus antarcticus was the least abundant of the species found in 
the soils around GS (Chapter 2).  This trend appears to hold for all the other 
populations of E. antarcticus that have been reported in the literature, and as a 
result the species descriptions are based on very few (2 to 4) individuals 
(Andrassy, 2008).  In this study, morphological measurements were only 
carried out on one GS male.  Table 6-4 shows the comparisons between the GS 
specimen and other individuals from the literature, and Figure 6-10 and Figure 
6-11 provide reference photos of the GS specimen. 
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Table 6-4  A comparison of measurements and de Man ratios (mean ± SE) for 
Eudorylaimus antarcticus from various populations.  4indicates data taken from the current 
species description (Andrassy, 2008) and 5indicates data taken from Steiner’s original species 
description (Steiner, 1916). 

E. antarcticus N L 
µm 

Width 
µm 

Oesophagus 
µm 

Tail length 
µm 

To vulva 
µm 

Gondwana male 1 1343 42 327 37  

South Victoria Land 
females4 

3 1020 -
1070 

    

South Victoria Land 
males4 

2 1040 - 
1120 

    

McMurdo Dry Valleys5 2 1160 - 
1180 

    

E. antarcticus N a b c V  

Gondwana male 1 31 4.1 36   

South Victoria Land 
females4 

3 25 - 26 4.1 - 4.4 32 - 36 50 - 51  

South Victoria Land 
males4 

2 25 - 27 4.2 - 4.4 33 - 43   

McMurdo Dry Valleys5 2 29 4.3 - 4.4 36 - 44   
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Figure 6-10  Photograph of the tail region of Eudorylaimus antarcticus from Gondwana 
Station. 

 

Figure 6-11  Photograph of a male Eudorylaimus antarcticus from Gondwana Station.  
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6.3.2 rDNA small subunit (18S) sequences 

The rDNA small subunit (18S) gene was successfully amplified and 
sequenced from the four Antarctic nematode species.  For each species, two 
individual nematodes from each of two geographically distinct populations 
were sequenced (from the Cape Hallett and Gondwana Station areas).  A third 
population from Cape Bird, Ross Island, was available for Panagrolaimus davidi, 
and two extra individuals from this population were also sequenced (Table 6-5). 

 

Table 6-5  Details of the location of origin and number of individual nematodes sequenced for 
the 18S gene. CH denotes populations from the Cape Hallett area, GS denotes populations from 
the Gondwana Station area, and RI refers to Ross Island populations. Details of any differences 
in 18S sequence found between individuals of the same species are also given. 
 

Species Sample locations N 18S sequence (861 
bp) Haplotypes 

Genbank 
accession 
numbers 

Panagrolaimus davidi  
(wild populations) 

Luther Lakes (CH) 
Adelie Cove (GS) 
Cape Bird (RI) 

2 
2 
2 

1 (all sequences 
identical) 

HQ270131 

Panagrolaimus davidi 
(laboratory culture, 
now P. sp. nov.) 

Originally Cape Bird 
(RI) 

2 1 (all sequences 
identical) 

HQ270130 

Eudorylaimus 
antarcticus 

Red Castle (CH) 
Luther Lakes (CH) 
Mario Zucchelli 
Station environs (GS) 

2 
2 
2 

2 (Luther Lakes and 
Mario Zucchelli 
populations 
identical, 3 variable 
sites between these 
populations and 
Red Castle) 

Haplotype_LL 
HQ270134 

Haplotype_MZ 
HQ270135 

Haplotype_RC 
HQ270136 

Plectus murrayi Luther Lakes (CH) 
Lake 17 (GS) 

2 
2 

1 (all sequences 
identical) 

HQ270132 

Scottnema lindsayae Red Castle (CH) 
Gondwana Station 
environs (GS) 

2 
2 

1 (all sequences 
identical) 

HQ270133 

 

The 18S gene was amplified using nematode specific primers, which 
amplify a fragment of the 18S gene of about 900 base pairs (bp) in length (Floyd 
et al., 2005).  Initially, the polymerase chain reaction (PCR) conditions given in 
Floyd et al.’s original paper were trialled (Floyd et al., 2002).  However, it 
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appeared that a considerable amount of primer-dimer was being produced, 
resulting in low concentrations of PCR product, and only partial or poor quality 
sequences after PCR clean up.  PCR reactions were therefore increased to 50µl 
volumes, the volume of individual nematode genomic DNA from the 
extractions was increased to 3-5 µl, the number of cycles was increased to 40, 
and the annealing temperature was lowered to 45°C.  This improved the final 
concentration of PCR product considerably, which in turn resulted in longer 
and better quality sequences.  If the concentrations of PCR product were still 
low for a particular individual, PCRs were performed in duplicate and the 
products were pooled before clean-up.  Figure 6-12 shows the appearance of the 
18S PCR products for 8 individual nematodes after gel electrophoresis.  In all 
cases sequencing was performed using both the forward and reverse primers, 
and the final sequences for analysis were confirmed using the sequence data in 
both directions.  Once all the sequences were complete, they were aligned and 
trimmed to equal length, resulting in sequences of 801 bp in length (without 
gaps). 

 

Figure 6-12  The appearance of eight 18S PCR products from individual nematodes 
amplified using Floyd et al.’s primers after gel electrophoresis (Floyd et al., 2002).  The final well 
was loaded with a negative control (a PCR mix, with no template DNA).  The band 
corresponding to the 18S fragment is just under 1kb in length.  
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The 18S gene has been widely used as a genetic barcode sequence for 
nematode identification and individuals from the same species are expected to 
have identical 18S sequences (Floyd et al., 2002).  For most of the Antarctic 
nematodes in this study, individuals that had been identified as being members 
of the same species had identical 18S sequences across populations.  However, 
two haplotypes were identified for Eudorylaimus antarcticus: the two individuals 
from the Red Castle population had different sequences to the individuals from 
the Luther Lakes and Mario Zucchelli Station environs populations, with three 
variable sites in the sequences (Table 6-5).  

While all the individuals from the three wild populations of 
Panagrolaimus davidi had identical 18S sequences, significant differences were 
identified between these sequences and those from the laboratory culture strain 
of P. davidi.  In an alignment between a representative individual from the wild 
populations and one from the laboratory culture strain, 81 out of 861 sites were 
variable (9.4%). 

 

6.3.3 D3 expansion region of the 28S rDNA subunit (D3) sequences 

PCR amplification of the D3 expansion region of the 28S rDNA subunit 
(D3) was successful using the same PCR conditions as for 18S amplification.  D3 
sequences were obtained for six individual nematodes from each 
geographically distinct population for each of the four Antarctic nematode 
species (Table 6-6).  Following the 18S sequence results, an additional 
population of Panagrolaimus davidi (from Lake 17, near GS) was included in this 
part of the study.  The desired PCR product of about 320 bp in length was 
reliably amplified in suitable quantities, resulting in good quality sequences.  
The D3 PCR products were therefore only sequenced using the forward 
primers.  Sequences were aligned and trimmed to equal length, giving a 
sequence length of 275 bp without gaps. 
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Table 6-6  Details of the location of origin and number of individual nematodes 
sequenced for the D3 gene.  CH denotes populations from the Cape Hallett area, GS denotes 
populations from the Gondwana Station area, and RI refers to Ross Island populations. Details 
of any differences in D3 sequence found between individuals of the same species are also given. 

Species Sample Locations N D3 Sequence (275 
bp) Haplotypes 

Genbank 
accession 
numbers 

Panagrolaimus davidi 
(wild populations) 

Luther Lakes (CH) 
Adelie Cove (GS) 
Lake 17 (GS) 
Cape Bird (RI) 

6 
6 
6 
6 

1 (all sequences 
identical) 

HQ270138 

Panagrolaimus davidi 
(laboratory culture, 
now P. sp. nov.) 

Originally Cape Bird 
(RI) 

6 1 (all sequences 
identical) 

HQ270137 

Eudorylaimus 
antarcticus 

Red Castle (CH) 
Luther Lakes (CH) 
Mario Zucchelli 
Station environs (GS) 

6 
6 
6 

2 (Red Castle and 
Mario Zucchelli 
populations identical, 
1 variable site between 
these populations and 
Luther Lakes ) 

Haplotype_MZ 
HQ270142 

Haplotype_LL 
HQ270141 

 

Plectus murrayi Luther Lakes (CH) 
Lake 17 (GS) 
Mario Zucchelli 
Station environs (GS) 

6 
6 
6 

1 (all sequences 
identical) 

HQ270139 

Scottnema lindsayae Red Castle (CH) 
Gondwana Station 
environs (GS) 

6 
6 

1 (all sequences 
identical) 

HQ270140 

 

Identical D3 sequences were recovered from all the individuals across 
populations for three of the Antarctic nematode species.  There was one 
variable site in the 275 bp D3 sequence between populations of Eudorylaimus 
antarcticus.  In contrast to the 18S sequences, in which all individuals from the 
Luther Lakes and Mario Zucchelli Station environs populations were identical 
but varied at 3 sites to the individuals from the Red Castle population, the D3 
sequences showed the Red Castle and Mario Zucchelli Station environs 
individuals to be identical to each other and different to the individuals from 
Luther Lakes.  This pattern was the same for all six individuals from each of the 
three populations. 

In keeping with the trend observed with the 18S sequences, the D3 
sequences for P. davidi individuals from the laboratory culture were 
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considerably different to those from wild populations.  All 24 individuals taken 
from the four wild populations had identical D3 sequences.  These sequences 
varied at 30 sites (10.5%) when aligned to the laboratory culture P. davidi.  This 
level of difference seen at both the 18S and D3 gene loci strongly indicates that 
the laboratory strain is a different species from the wild populations of P. davidi.  
The laboratory strain will be referred to as Panagrolaimus sp. nov. in the 
following phylogenetic analyses. 

 

6.3.4 Other primers 

Other primer pairs that have been used in nematode studies to amplify 
the nuclear rDNA ITS regions were also tested on Panagrolaimus davidi (6.2.4 
Primer selection; Cherry et al., 1997; Shannon et al., 2005a; Vrain et al., 1992).  
The primer pair rDNA1 and Pana5.8R only resulted in a PCR product in one 
out of four P. davidi individuals tested.  The primers Pana5.8F and rDNA2 only 
yielded a very weak band in one out of the four individuals tested.  The primer 
pair alt5.8F and rDNA2 resulted in PCR products of two different band-lengths.  

Primers that have been used by Nieberding et al. (2005) in a previous 
study on nematodes to amplify a 687 bp fragment of the mitochondrial 
cytochrome b gene were tested on P. davidi.  A PCR was trialled with template 
DNA from eight individual nematodes.  Gel electrophoresis revealed PCR 
products for only half of the reactions, and these products were low in 
concentration and of different band lengths.   

Further work on optimising PCR conditions and/or redesigning primers 
would be needed before any of these primers would be of use in future genetic 
studies on Antarctic nematodes. 

 

6.3.5 Phylogenetic Analyses 

The rDNA small subunit (18S) sequences for the Antarctic nematode 
species were aligned to a reference alignment of 18S sequences from the 
phylogenetic analysis of representative species from across the phylum 
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Nematoda (Blaxter et al., 1998).  Once the sequences were aligned, they were 
trimmed to be of equal length.  Figure 6-13 shows the position of the Antarctic 
species in the phylum Nematoda in a bootstrap consensus tree inferred using 
the Maximum Parsimony (MP) model and 1000 bootstrap replicates.  Figure 
6-14 shows the bootstrap consensus phylogeny of the same group of species but 
inferred using the Neighbour-Joining (NJ) model for comparison.  Both trees 
include the nematomorph Chorododes morgani as an outgroup (Blaxter et al., 
1998).  The trees are very similar and have generally grouped the species into 
the same five main clades as in Blaxter’s study, with the Antarctic nematode 
species from this study spread about the phylum.  However, Clades IV and II 
have been split in two in both the MP and NJ phylogenies, which is likely to be 
a result of having trimmed the 18S sequences to match the length of the 
sequences in this study. 

In these phylogenies, Panagrolaimus davidi and Panagrolaimus sp. nov. 
group with each other, and form a sister group to Panagrellus redivivus (Order: 
Rhabditida, Family: Pangrolaimidae, Genus: Panagrellus).  These species are 
members of Clade IV, as defined by Blaxter, which comprises members of the 
Secernentea (Blaxter, 1998).   

Scottnema lindsayae forms a sister taxon to the group Zeldia punctata 
(Order: Rhabditia, Family: Cephalobidae, Genus: Zeldia) and Acrobeles complexus 
(Order: Rhabditia, Family: Cephalobidae, Genus: Acrobeles) in the MP 
phylogeny and groups with Z. punctata in the NJ phylogeny.  These related 
species are both free-living bacteriovores and in both phylogenies S. lindsayae 
falls within Clade IV.   

Plectus murrayi is a sister taxon to Plectus minimus and Plectus aquatilis 
(Order: Araeolaimida, Family: Plectidae, Genus:  Plectus) in both phylogenies.  
These taxa are members of the Chromadorida, a diverse group dominated by 
bacteriovores, which forms a paraphyletic group in Blaxter’s phylogeny.  
Blaxter et al. suggest that the Plectidae, which in his phylogeny are closely 
associated with the Secernentea clades (III-V), may represent a surviving 
representative clade from the group that was ancestral to the Secernentea 
(Blaxter et al., 1998).  However, in the phylogenies presented here, the Plectidae 
are more closely related to the Secernentea clade III.   
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All three of the populations of Eudorylaimus antarcticus group closely 
with Aporcelaimellus obtusicaudatus (Order: Dorylaimida, Family:  
Aporcelaimidae, Genus: Aporcelaimellus) and Xiphinema rivesi (Order: 
Dorylaimida, Family: Longidoridae, Genus: Xiphinema).  They form members of 
the Adenophorea Clade I in both phylogenies presented here, which includes 
plant parasites from the Dorylaimida (X. rivesi) and the intertidal free-living 
species A. obtusicaudatus. 
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Figure 6-13  Maximum parsimony evolutionary relationships of five Antarctic 
nematode species to other representative taxa from the phylum Nematoda inferred from 18S 
sequence data.  The evolutionary history was inferred using the Maximum Parsimony method 
(Eck and Dayhoff, 1966) using 18S sequences from this study and others available on Genbank 
(Blaxter, 1998).  The bootstrap consensus tree inferred from 1000 replicates is taken to represent 
the evolutionary history of the taxa analyzed (Felsenstein, 1985).  Branches corresponding to 
partitions reproduced in less than 50% bootstrap replicates are collapsed.  The percentage of 
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 
replicates) are shown next to the branches (Felsenstein, 1985).  The MP tree was obtained using 
the Close-Neighbour-Interchange algorithm (Nei and Kumar, 2000) with search level 7 in which 
the initial trees were obtained with the random addition of sequences (10 replicates).  The tree is 
drawn to scale, with the branch lengths calculated using the average pathway method (Nei and 
Kumar, 2000) and presented in the units of the number of changes over the whole sequence.  
The codon positions included were 1st+2nd+3rd+Noncoding.  All positions containing gaps 
and missing data were eliminated from the dataset.  There were a total of 564 positions in the 
final dataset, out of which 292 were parsimony informative. Phylogenetic analyses were 
conducted in MEGA4 (Tamura et al., 2007).  
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Figure 6-14  Neighbour-joining evolutionary relationships of five Antarctic nematode 
species to other representative taxa from the phylum Nematoda inferred from 18S sequence 
data.  The evolutionary history was inferred using the Neighbour-Joining method (Eck and 
Dayhoff, 1966) using 18S sequences from this study and others available on Genbank (Blaxter, 
1998). The bootstrap consensus tree inferred from 1000 replicates is taken to represent the 
evolutionary history of the taxa analyzed (Felsenstein, 1985). Branches corresponding to 
partitions reproduced in less than 50% bootstrap replicates are collapsed. The percentage of 
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 
replicates) are shown next to the branches (Felsenstein, 1985). The tree is drawn to scale, with 
branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Maximum Composite 
Likelihood method (Tamura et al., 2004) and are in the units of the number of base substitutions 
per site. Codon positions included were 1st+2nd+3rd+Noncoding. All positions containing 
gaps and missing data were eliminated from the dataset. There were a total of 564 positions in 
the final dataset. Phylogenetic analyses were conducted in MEGA4 (Tamura et al., 2007). 

 

A recent study of the origins of parthenogenesis and hermaphroditism in 
the genus Panagrolaimus sequenced part of the 18S gene from over 30 species 
suspected to belong to the genus (Lewis et al., 2009).  Figure 6-15 shows the 
position of the two Antarctic Panagrolaimus species (P. davidi and P. sp. nov.) in 
relation to other species from the genus in a MP bootstrap consensus tree with 
Caenorhabditis elegans and Caenorhabditis briggsae as outgroups.  The 
reproductive mode of the species is also shown (Lewis et al., 2009).  P. sp. nov. 
groups with the other parthenogenetic species, while P. davidi groups with the 
gonochoristic species. 
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Figure 6-15  Evolutionary relationships of 31 Panagrolaimus species, including P. davidi 
and P. sp. nov., inferred from 18S sequence data.  The evolutionary history was inferred using 
the Maximum Parsimony method (Eck and Dayhoff, 1966) using 18S sequences from this study 
and others available on Genbank (Lewis et al., 2009).  The bootstrap consensus tree inferred 
from 1000 replicates is taken to represent the evolutionary history of the taxa analyzed 
(Felsenstein, 1985).  Branches corresponding to partitions reproduced in less than 50% bootstrap 
replicates are collapsed.  The percentage of replicate trees in which the associated taxa clustered 
together in the bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 
1985). The MP tree was obtained using the Close-Neighbour-Interchange algorithm (Nei and 
Kumar, 2000) with search level 7 in which the initial trees were obtained with the random 
addition of sequences (10 replicates).  The tree is drawn to scale, with the branch lengths 
calculated using the average pathway method (Nei and Kumar, 2000) and shown to scale in the 
units of the number of changes over the whole sequence.  The codon positions included were 
1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were eliminated from 
the dataset (Complete Deletion option). There were a total of 362 positions in the final dataset, 
out of which 143 were parsimony informative. Phylogenetic analyses were conducted in 
MEGA4 (Tamura et al., 2007).  
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The two Antarctic Panagrolaimus species were also related to other 
species from the genus using the D3 sequences available from Shannon et al.’s 
study (Shannon et al., 2005a; Figure 6-16).  This MP bootstrap consensus tree 
shows the level of difference between P. davidi and P. sp. nov. based on the D3 
sequence data.  In the two Panagrolaimus phylogenies presented here (based on 
the 18S and D3 sequence data), P. sp. nov. appears to be closely related to P. sp. 
PS1579, a parthenogenetic Californian strain from Huntington Gardens, USA 
(Lewis et al., 2009).  In the 18S phylogeny, the other closely related species to P. 
sp. nov. is P. sp. PS3966, another parthenogenetic Californian strain from 
Pasadena, USA (Lewis et al., 2009) and in the D3 phylogeny, the other closely 
related species is P. sp. PS1159, a parthenogenetic strain from North Carolina, 
USA (Shannon et al., 2005a). 

 

 

Figure 6-16  Evolutionary relationships of 13 Panagrolaimus species, including P. davidi 
and P. sp. nov., inferred from D3 sequence data.  The evolutionary history was inferred using 
the Maximum Parsimony method (Eck and Dayhoff, 1966) using D3 sequences from this study 
and others available on Genbank (Shannon et al., 2005b).  The bootstrap consensus tree inferred 
from 1000 replicates is taken to represent the evolutionary history of the taxa analyzed 
(Felsenstein, 1985).  Branches corresponding to partitions reproduced in less than 50% bootstrap 
replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered 
together in the bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 
1985).  The MP tree was obtained using the Close-Neighbour-Interchange algorithm (Nei and 
Kumar, 2000) with search level 7 in which the initial trees were obtained with the random 
addition of sequences (10 replicates).  The tree is drawn to scale, with branch lengths calculated 
using the average pathway method (Nei and Kumar, 2000) and shown in the units of the 
number of changes over the whole sequence.  The codon positions included were 
1st+2nd+3rd+Noncoding.  All positions containing gaps and missing data were eliminated 
from the dataset (Complete Deletion option).  There were a total of 269 positions in the final 
dataset, out of which 116 were parsimony informative.  Phylogenetic analyses were conducted 
in MEGA4 (Tamura et al., 2007). 
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6.4 Discussion 

6.4.1 Morphology 

The morphological measurements and observations made using 
conventional fixation and microscopy techniques in this study suggest that the 
Scottnema lindsayae, Plectus murrayi and Panagrolaimus davidi identified from the 
Gondwana Station (GS) area all adhere to the current morphological species 
descriptions (Andrassy, 1998; Timm, 1971).  The original species descriptions 
are based on populations from the McMurdo Sound area, and the observations 
of these species at Cape Hallett and in Terra Nova Bay in this study support 
other observations that their range extends over the Victoria Land Coast 
(Adams et al., 2006).  The GS S. lindsayae individuals were considerably shorter 
in length than those in the original description by Timm and were a closer 
match to those reported by Andrassy.  This suggests that there can be 
considerable variation in the body length of S. lindsayae individuals, which may 
be an age effect rather than a population-level difference. 

This study supported the previously observed differences in the 
morphology of field and laboratory culture samples of P. davidi (Wharton, 
1998).  Wharton investigated morphological differences between field collected 
specimens of Panagrolaimus davidi and the laboratory culture, which had at that 
time been in laboratory culture for nine years (Wharton, 1998).  The differences 
observed in that study were not considered of significance, and together with 
similar results in tests of the freeze-tolerance of field and cultured nematodes, it 
was concluded that the laboratory culture of P. davidi provided a valid model 
for the investigation of adaptations in this organism (Wharton, 1998).  The P. 
davidi individuals in this study were very similar in morphology to the wild 
population from Cape Bird described by Wharton (1998), differing from the 
laboratory culture by having shorter, less pointed tails, and by having males in 
the population.  

The morphology of Eudorylaimus antarcticus has recently been well 
described and contrasted to the other Antarctic Eudorylaimus species by 
Andrassy (2008).  At the time this study was undertaken, this paper was not yet 
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available and identification was instead carried out using Timm’s description of 
the nematodes of the McMurdo Sound region (1971).  Timm’s (1971) species 
description of E. antarcticus has now been corrected to E. glacialis (Andrassy, 
2008).  In light of these advances in the taxonomy of the Antarctic Eudorylaimus 
species, of which E. glacialis, E. shirasei and E. antarcticus have been described 
from the Victoria Land Coast, it would be more correct to refer to the 
nematodes heretofore identified as Eudorylaimus antarcticus in this study as 
Eudorylaimus sp.  The Eudorylaimus sp. individual measured in this study was 
considerably longer than the individuals described in the species description for 
E. antarcticus, too short to match the description of E. shirasei (where the males 
range in length from 2.34-2.48 mm), and rather appears to match the species 
description for E. glacialis more closely (although it is shorter in length than 
many of the males described) (Andrassy, 2008).  The Antarctic Eudorylaimus 
morphospecies have all been described on the basis of relatively few voucher 
specimens (for example Eudorylaimus sextus is based on only three females and 
five males), which suggests that there might be greater population-level 
variation than is included in the current descriptions.  It has also been noted 
that observations of E. antarcticus in the Dry Valleys in other studies might 
more likely have been E. glacialis or E. shirasei (Adams et al., 2006).  These 
results highlight the importance of careful morphological observation and 
documentation of all future observations of this group to allow taxonomic 
progress and to avoid further misidentification problems.  

 

6.4.2 Molecular diagnostics for Antarctic nematode taxonomy 

The results of genetic analysis of the 18S and D3 loci from the four 
Antarctic nematode species generally support the conventional morphology-
based taxonomy.  For Scottnema lindsayae, Plectus murrayi and Panagrolaimus 
davidi, all individuals from at least two geographically distinct populations had 
identical 18S and D3 sequences, indicating that these were species that were 
being reliably identified on the basis of their morphology across sites.  These 
sequences, available on GenBank (Accession numbers HQ270130 to HQ270142) 
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together with the morphological measurements and images presented in this 
thesis, can be used as a molecular tool to identify these species in future studies.  

A few variable sites were identified in the 18S and D3 sequences of the 
Eudorylaimus antarcticus individuals sequenced from the populations in this 
study.  These sequence differences were not correlated with location, which 
could indicate the presence of more than one species at the sites that were 
sampled in this study.  In a recent study, Barrett et al. (2006) identified at least 
three cryptic Eudorylaimus species from areas around Cape Hallett.  These three 
species were identified on the basis of their small and large ribosomal subunits, 
and were found in specific locations (E. sp. 1 from two sites in Taylor Valley, E. 
sp. 2 from Luther Lakes and E. sp. 3 from Willett Cove).  Although the full 
sequences and the differences between these three cryptic species are not given 
in detail in the paper, it appears that there was a greater level of variation 
between these species than was found between the individuals sequenced in 
this study.   

As discussed above (6.4.1) recent taxonomic analyses of the Antarctic 
Eudorylaimus species has led to the identification of several new morphospecies 
within the group making these genetic results difficult to interpret (Andrassy, 
2008).  However, it is now also clear from the molecular data that there are at 
least three Eudorylaimus species found on the Victoria Land Coast, and that 
these are likely to be continuing to diverge genetically.  Further work is 
required to confirm the presence of the three Eudorylaimus morphospecies on 
the Victoria Land Coast, and to derive 18S barcodes for these species in order to 
match the genetic and morphological variation and assist future work on these 
organisms. 

The 18S and D3 sequence results from Panagrolaimus davidi individuals 
classify the laboratory culture strain as a different species to the individuals 
from the wild populations.  At both these loci, the laboratory strain and wild 
populations differed over more than 9% of the base pairs sequenced, and the 
laboratory strain will now be referred to as P. sp. nov., awaiting proper 
taxonomic description.  The morphological comparisons of P. davidi and P. sp. 
nov. show some differences that had previously been considered insignificant, 
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but which are now clearly of importance in distinguishing these two species 
(6.4.1).  However, due to the very similar appearance of these two species, a 
molecular diagnostic approach using the 18S sequences obtained in this study 
as barcodes is recommended to avoid misidentification in future studies.  

 

6.4.3 Phylogenetics 

The analysis of 18S sequences from the four Antarctic nematode species 
identified in this study enabled their placement in a phylogeny of 
representative species from across the phylum Nematoda.  This analysis 
confirmed that the Antarctic nematode species do not form a distinct Antarctic 
clade, but are instead spread across the phylum, with representatives in Clades 
I, III and IV.  As the Antarctic nematode fauna is currently thought to be 
entirely endemic, this result could lend support to the hypothesis that these 
species are remnants of a diverse Gondwanan fauna of which more than one 
ancestral nematode species survived the original glaciation of Antarctica.  In the 
case of the Eudorylaimus species, it is clear that speciation within the group has 
occurred much more recently, perhaps from one Gondwanan eudorylaimid 
ancestor.  However, to test these hypotheses in depth, phylogeographic studies 
are required (6.4.4).  In a recent investigation, Stevens et al. (2006) tested a 
similar hypothesis for the origins of the Antarctic springtail (collembolan) fauna 
by comparing mitochondrial DNA COI sequences from extant Cryptopygus 
species from around Antarctica, the Sub Antarctic, and Australia, New Zealand 
and Patagonia.  The study concluded that some recent dispersal (>2 MYA) has 
occurred to the subantarctic islands, but that the four endemic Antarctic 
springtails have a continuous chain of descent from the breakup of Gondwana 
to today (Stevens et al., 2006).   

The absence of a fossil record for the Nematoda means that genetic 
approaches are the only option for addressing questions of the historical 
relationships between these organisms (Coghlan, 2005).  Some studies have 
employed a molecular clock approach calibrated using an estimate of the 
divergence date between nematodes and other animals, but this results in very 
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large margins of error due to the estimates of the divergence date ranging from 
600-1300 MYA (Coghlan, 2005).  Recently Denver et al. (2004) estimated the 
mutation rate in C. elegans to be ~2.1 mutations per genome per generation in a 
laboratory experiment in which they sequenced random stretches of DNA in 
mutation accumulation lines: a mutation rate about ten times higher than all 
previous estimates.  This novel approach could provide much more accurate 
rates of divergence between nematode species, but requires similar methods to 
be used on other species to enable internal calibration (Denver et al., 2004). 

The two Panagrolaimus phylogenies presented in this study enable the 
differences observed between P. davidi and P. sp. nov. to be put into context.  
Both these phylogenies show considerable divergence between these species, 
with P. sp. nov. grouping closely with other parthenogenetic Panagrolaimus 
species, while P. davidi does not group closely with any of the other species 
included in the analyses.  In their recent study of the origins of parthenogenesis 
and hermaphrodism in the genus Panagrolaimus, Lewis et al. (2009) included 
data from the laboratory strain of P. davidi (now P. sp. nov.) in their analysis.  
They applied a molecular clock approach to estimate the divergence date 
between P. sp. nov. and the closely related P. sp. 1579, externally calibrated 
using Denver et al.’s estimates of mutation rates in C. elegans, and concluded a 
rough time to most recent common ancestor of only 140,206 nematode 
generations.  The authors then use a conservative estimate that these nematodes 
may experience only ten generations per year in Antarctica to yield a very 
surprising divergence date of only approximately 14,000 years ago (Lewis et al., 
2009). 

In this study, sequence data were compared from 24 wild P. davidi 
individuals from populations from Cape Hallett in Northern Victoria Land to 
Cape Bird on Ross Island, which was the original source population of the 
laboratory strain P. sp. nov..  All the individuals from these wild populations 
had identical 18S and D3 sequences, and the P. sp. nov. sequence was not found 
in any of the wild populations, including the Cape Bird samples.   This result 
suggests three possible explanations for the observed differences between P. 
davidi and P. sp. nov..  Firstly, there is a possibility that the laboratory culture, 
initially established with nematodes from Cape Bird, has at some stage become 
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contaminated with a different nematode species.  Since it was established in 
1988, the laboratory culture strain has been maintained in isolation, with all 
efforts made to avoid contamination (Wharton, pers. comm.).  A Panagrolaimus 
species found in New Zealand, P. australis (Yeates, 1969) is a potential 
contaminant of the P. davidi culture.  However P. australis has a distinctly 
different morphology and is strictly gonochoristic in culture (Yeates, 1969).  The 
genetic analysis of P. sp. nov. also shows it to be different to all other 
morphologically similar nematodes that have been held in our laboratory 
(Panagrellus redivivus for example).  Although this does not entirely eliminate 
the possibility of contamination, it makes it rather unlikely, particularly when 
the remarkable freeze-tolerance of P. sp. nov. is considered (Chapter 4) in 
contrast to other nematodes that have been held in the laboratory (Smith et al., 
2008). 

Secondly, the genetic effects of over 20 years in laboratory culture should 
be considered.  Establishing a laboratory culture from a few wild individuals 
will exert an extreme genetic bottleneck and will also apply strong selection 
pressure for individuals that can best survive the culture conditions (which in 
this case vary dramatically from the wild conditions).  These effects have been 
measured in laboratory experiments on C. elegans, which have for example used 
microsatellite markers to measure the effects of laboratory culture induced 
bottlenecks (Mardulyn et al., 2008).  While the deleterious phenotypic and 
genetic effects of inbreeding and maintenance in laboratory culture are well 
recognised in some nematodes (Bilgrami et al., 2006; Howe and Denver, 2008; 
Wang and Grewal, 2002), they have been found to be much less important in 
parthenogenetic species (Graustein et al., 2002), which have been shown to have 
a pre-existing lower level of species-wide genetic variation when compared to 
gonochoristic species (Dolgin et al., 2007).  Although the culture process will 
clearly have had effects on both a phenotypic and genetic level, it does not seem 
possible that genetic differences of the level seen between P. davidi and P. sp. 
nov. (>9% at two nuclear loci) could have arisen solely from the culture process.  
The third possible conclusion is that P. sp. nov. is a Antarctic species that is less 
common than P. davidi in the wild, but which will rapidly dominate in 
laboratory culture conditions due to its parthenogenetic reproductive mode.  
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This study had only one soil sample from Cape Bird (that had been stored 
frozen from 2005 to 2008), which provided only six live P. davidi individuals for 
inclusion in the genetic analyses, making it probable that greater sampling 
effort would recover other species from the Cape Bird area.   

If we accept that P. sp. nov. was indeed isolated from a moss and soil 
sample at Cape Bird in 1988, then its remarkably close genetic relationship to 
three North American Panagrolaimus species (P. sp. PS1579, P. sp. PS3966 and P. 
sp. PS1159) needs to be considered, particularly given the amount of human 
(predominantly US) activity at this site (see 7.3.1).  Lewis et al. (2009) conclude 
that as P. sp. nov. appears to have colonised Antarctica in the very recent past, it 
must have either evolved its extreme cold-tolerance very rapidly, or arrived in a 
“pre-adapted” state.  In their study of anhydrobiotic potential within the genus 
Panagrolaimus, Shannon et al. (2005) were able to show that the strongly 
anhydrobiotic strains of Panagrolaimus formed a single phylogenetic lineage, 
which included P. sp. nov. and its two closest relatives in their study: P. sp. 
PS1579 and P. sp. PS1159 (P. sp. PS 3966 was not included in their study).  The 
authors have also recently shown that the ability to survive freezing at -80ºC 
(assessed by putting nematodes directly into the freezer) was correlated with 
their ability to survive desiccation (Shannon et al., 2008).  Increasingly, studies 
are reporting that freeze-tolerance and freeze-avoidance are not mutually 
exclusive mechanisms in cold-tolerant organisms, which may often be able to 
survive both cryoprotective dehydration and freezing (Elnitsky et al., 2008; 
Pedersen and Holmstrup, 2003; Wharton et al., 2005).  It is therefore possible 
that cryobiosis is more common among desiccation-tolerant organisms than is 
currently understood (Shannon et al., 2008), making the successful colonisation 
of the Polar Regions by anhydrobiotic nematodes species from other parts of 
the world a feasible possibility.   

Given the scale of the margin of error in estimating the divergence date 
between P. davidi and P. sp. nov. using an externally calibrated molecular clock 
approach (Lewis et al., 2009), the uncertainty as to the resulting amount of 
genetic change after 20 years in laboratory culture, and the strong genetic 
relationship between P. sp. nov. and three North American Panagrolaimus 
species, it is worth considering the possibility that P. sp. nov. is a recent invasive 
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species to the McMurdo Sound region that could have arrived with human 
activity in the area.  The impact of invasive species into Antarctica, and the 
Polar Regions more generally, is a topic which is gaining much attention, 
especially with regards to range expansion as a result of climate change (Frenot 
et al., 2005).  Future studies aiming to identify other specimens of P. sp. nov. in 
the McMurdo Sound region should be carried out in order to address whether 
this is the first example of an invasive nematode species into the otherwise 
endemic Antarctic fauna.  The continuing development of understanding 
surrounding the link between desiccation-tolerance and freeze-tolerance will 
also provide insight into the potential for the survival of invasive species in cold 
environments, as well as addressing the physiological origins of these 
adaptations. 

  

6.4.4 Phylogeography 

The results of the genetic analysis of the 18S and D3 loci from the 
Antarctic nematodes have been useful in addressing their phylogenetics, but 
these markers are too highly conserved to be appropriate for phylogeographic 
studies.  This study tested the use of several primer sets that would have been 
appropriate for phylogeographic studies, none of which were immediately 
successful in reliably amplifying the desired regions of the genome from the 
Antarctic nematodes.  Given the limited time available for this study, efforts 
were not made to optimise PCR conditions to improve results.  These primers 
should be used as a starting point for future phylogeographic studies, as they 
did yield some PCR products and have been successfully applied in other 
phylogeographic studies on nematodes (6.2.4 and 6.3.4). 

The results of the 18S and D3 sequence analysis have shown that the 
Eudorylaimus species group appears to comprise of several relatively closely 
related species, which may be experiencing exceptionally low levels of gene-
flow between populations (6.4.2).  With the recent improvements in traditional 
taxonomy of this group (Andrassy, 2008), these species should make interesting 
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candidates for future phylogeographic studies in Antarctica once reliable 
identification has been achieved. 

 

6.4.5 Conclusions 

The existing morphological species descriptions for Scottnema lindsayae, 
Plectus murrayi and Panagrolaimus davidi (Andrassy, 1998; Timm, 1971) are now 
supported with 18S barcodes and a phylogeny that shows the relative position 
of these species within the phylum Nematoda.  The Antarctic Eudorylaimus 
species group has recently received much-needed taxonomic revision 
(Andrassy, 2008).  Together with other previous findings of cryptic species 
within this group (Barrett et al., 2006) and the findings presented here showing 
some differentiation between Eudorylaimus sp. individuals at the 18S and D3 
loci, these results highlight the importance of careful identification and 
documentation of Eudorylaimus specimens in future and also suggest the 
potential of this group to be of use in addressing phylogeographic questions 
around genetic processes in terrestrial Antarctic habitats.   

This study has identified that the laboratory culture of P. davidi is a 
different species: P. sp. nov., based on both genetic and morphological 
differences.  This finding brings into question the origin of P. sp. nov. and its 
remarkable freeze-tolerance discussed in this thesis (Chapter 4), and suggests 
future work to complete taxonomic description of this species. 

The endemic Antarctic nematodes investigated in this study do not form 
a discrete Antarctic clade when compared to other species from across the 
phylum.  This suggests the Antarctic nematode fauna is descended from several 
Gondwanan ancestors, indicating very different historical starting points for the 
adaptations observed in the current day fauna, a hypothesis that should be 
tested in future phylogeographic studies.  
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Chapter 7   General Discussion 

7.1 Nematode habitats in an ‘extreme’ environment 

The first chapters of this thesis investigated the habitats of Antarctic 
nematodes in two sites on the Victoria Land coast, with the aims of 
investigating the distribution of nematode species and the environmental 
challenges they face in their habitats (Chapters 2 and 3), and of collecting 
nematodes for use in subsequent physiological experiments.  The results of the 
nematode surveys showed that while nematode distribution was generally 
patchy across the exposed, ice-free soil, there were few areas from which 
nematodes were completely absent.  The four species identified from these sites 
showed specific distributional patterns that could be correlated to field-
observable habitat descriptors, as well as to soil geochemistry.  The impact of 
environmental extreme events, or even ‘good’ or ‘bad’ years, on setting 
distribution limits for these species (and on the evolution of their current 
adaptations) is an important topic that has yet to be thoroughly considered for 
any terrestrial Antarctic species (Peck et al., 2005).  However, the distribution 
patterns reported in this study were broadly consistent with patterns described 
by other authors over the past decade in the Dry Valleys’ soils, in the penguin 
rookeries further south on Ross Island (Poage et al., 2008; Porazinska et al., 
2002; Sinclair, 2001), and more recently in soils from Cape Hallett (Barrett et al., 
2006b; Yeates et al., 2009), indicating their ecological relevance at least in the 
present-day context.  These distribution patterns seem therefore to reflect 
species-level habitat specialisation to specific niches, which has important 
implications for understanding the similarities and differences in the typical 
environmental stressors that the species will be exposed to and will have 
adapted to. 

Panagrolaimus davidi was the only nematode species identified in this 
study that can survive in the ornithogenic soils in penguin rookeries.  From an 
Antarctic perspective these soils have exceptionally high nutrient input and are 
likely to provide a constant and plentiful supply of bacteria as a food source 
(Brown et al., 2004; Porazinska et al., 2002).  However, the high nitrogen 
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content, high concentrations of soil ammonium, and high salinity are likely to 
produce conditions that are toxic for many organisms (Barrett et al., 2006a; 
Porazinska et al., 2002), as well as creating high levels of osmotic stress and the 
possibility of rapid freezing rates (due to the depression of the melting point in 
saline solutions).  According to the categorisation of nematode genera 
suggested by Tenuta and Ferris (2004), opportunistic microbivorous genera 
(such as Panagrolaimus) are more tolerant of nitrogen-containing solutions than 
omnivorous or predaceous nematodes (such as Plectus or Eudorylaimus), which 
may give them a competitive advantage in such ornithogenic soils (Brown et al., 
2004).  While these ornithogenic soils are patchy in their distribution along the 
Victoria Land coast, South Polar skuas are likely to assist dispersal of P. davidi 
between colonies and suitable soil types.  It is therefore possible that dispersal 
by birds (South Polar skuas between penguin rookeries, and penguins within 
their rookeries) helps maintain gene flow between populations of P. davidi, and 
provides an additional dispersal mechanism, which is likely to reduce their 
population-level structuring, but which is not available to the same extent for 
the other terrestrial Antarctic nematode species. 

Of the four species investigated in this study, Scottnema lindsayae was 
found across the broadest range of soil types including the driest sites and a 
large range of soil salinities (conductivities).  S. lindsayae is therefore likely to be 
exposed to a very broad range of environmental conditions, including frequent 
desiccation, osmotic stress, and slow- and fast-rate freezing.  S. lindsayae has 
been reported to feed on both yeast and bacteria, which increases the range of 
sites from which it can source food.  Dispersal in an anhydrobiotic state via 
Aeolian transport has been confirmed for S. lindsayae (Nkem et al., 2006b) and 
its ability to inhabit such a broad range of soils suggests relatively high levels of 
gene flow between populations in comparison to the other Antarctic nematode 
species (Adams et al., 2007). 

The Plectus sp. described in this study is most likely to be Plectus murrayi 
(Chapters 2 and 6; (Maslen and Convey, 2006) and its distribution appears to be 
restricted to the least ‘extreme’ sites sampled in this study.  It was most 
commonly found in the wettest sites, with reasonably high organic content and 
fairly low salinity, often in the presence of moss and algae that could provide 

260



 

sheltered microhabitats.  It is therefore likely that P. murrayi is often exposed to 
slower rates of freezing and desiccation in these habitats than it would be in the 
habitats described for P. davidi and S. lindsayae.  Because of the relative distances 
between patches of suitable habitat, gene flow between P. murrayi populations 
can be predicted to be more limited than that between populations of S. 
lindsayae. 

Eudorylaimus antarcticus was the least common of the species identified in 
this study.  It was always found in very low densities, indicating that there 
could be a very low carrying capacity for this species in the habitats surveyed.  
Its distribution appears to be linked to the availability of a prey nematode 
species (probably Plectus sp.), and it is therefore likely to be exposed to similar 
levels of environmental stress as those described for Plectus murrayi.  Gene flow 
between populations of E. antarcticus is likely to be the most limited of all the 
species, due to dependence on prey species and the low densities seen in its 
populations. 

These different niches highlight some differences in the selective 
pressures that can be anticipated to be acting on each species, but overall there 
is a strong likelihood that all these species will have evolved adaptations to 
enable the survival of both desiccation and exposure to extreme temperature 
variation, including sub-zero temperatures. 

During the nematode surveys presented in this study (and in many 
previous nematode surveys; for example Chown and Convey, 2007; Maslen and 
Convey, 2006; Porazinska et al., 2002; Sinclair and Sjursen, 2001; Wharton and 
Brown, 1989), nematodes were extracted from the soil using the modified 
Baermann funnel technique (Hooper, 1986).  This involves rehydrating the soil 
samples, which enables the microorganisms to migrate out of the soil and be 
collected and counted.  This modified Baermann funnel method (Hooper, 1986) 
has two advantages: it is simple enough to perform in the field and it enables 
nematodes to be removed unharmed from the soil (for subsequent use in 
physiological experiments and establishing cultures).  However, as a result of 
the necessary rehydration of nematodes during this extraction process, it is not 
possible to determine whether the nematodes included in the habitat models 
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presented here were in an active or dormant state in the soil prior to their 
extraction.  The ability for nematodes to survive in a dormant state (either in 
cryobiosis or anhydrobiosis) is clearly critical for their ability to survive in these 
fragmented habitats (for example: (Moorhead et al., 2002), but also means that 
their distribution patterns must be interpreted differently from those of 
organisms that cannot employ such resistance adaptations. 

The maximum number of years during which nematodes can lie 
dormant in the soil in a cryobiotic or anhydrobiotic state is unknown.  As part 
of this study, it was possible to extract live nematodes from stored frozen soil 
samples after three years storage in a freezer at -20°C and it is likely that 
nematodes can survive in this way for very long periods.  Some of the 
nematodes reanimated during extraction from the soil might therefore not be 
representative of active populations, but rather be dormant individuals that 
have been dispersed to the sampled area in an inactive state, for example in the 
wind.  This would skew the distribution patterns by including soil types that 
are outside the tolerable range of conditions for active life for the species, but 
which can be survived by individuals in a dormant state.  This biasing effect is 
likely to be strongest on the extremes (maxima and minima) of the soil 
characteristics (such as salinity or water content) presented as the range of 
tolerable habitats for each species (Chapter 2), and therefore the data provided 
on the average soil parameters may be more ecologically and physiologically 
relevant.  However, this should have a lesser impact on the logistic regression 
models presented in this study, as these are based on the probability of 
nematode occurrence (correlated with soil parameters), which is expected to be 
low for inactive individuals compared with active populations. 

In summary, the descriptions of the typical habitats for the nematodes 
species (see Chapter 2) are considered to be representative for these two sites on 
the Victoria Land coast and to provide useful context for the rest of this thesis.  
This understanding of the factors that influence the distribution of Antarctic 
nematodes is also of importance in predicting and monitoring the responses of 
terrestrial Antarctic ecosystems to future environmental change (Barrett et al., 
2006a; Sinclair et al., 2006). 
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7.1.1 Human impacts and conservation implications 

In ‘extreme’ ecosystems, the reduced biological diversity and simple 
food webs are generally thought to correspond to a low level of functional 
redundancy with regards to ecosystem functioning (Adams et al., 2006; 
Freckman and Virginia, 1997).  These environments are therefore expected to be 
particularly sensitive to human-induced changes and their relative simplicity 
provides unique possibilities for investigating the complex interactions and 
impacts of the changing climate (Rogers et al., 2007).  The relevance of the 
findings and data presented in this thesis to conservation issues in the Antarctic 
are summarised here. 

The most direct ways in which human activity impacts on the Antarctic 
soil ecosystems are through pollution and trampling (Aislabie et al., 2004; Ayres 
et al., 2008).  In the present study, the only soils from which nematodes were 
completely absent were those in close proximity to the Mario Zucchelli station, 
suggesting negative impacts of human activity on those soils and their 
nematode populations.  In a study investigating the impact of human trampling 
on soil fauna in the Dry Valleys, Ayres et al. (2008) showed a significant decline 
in nematode populations (52% for Scottnema lindsayae and 76% for Eudorylaimus 
antarcticus) as a result of ‘high level’ disturbance, equating to around 80 passes 
per year on a path.  This level of human trampling was further linked to 
disturbance of the ecosystem functioning by an observed reduction in soil CO2 
fluxes in one of the sites (Ayres et al., 2008).  Considering this level of 
measurable impact on soil functioning from relatively low rates of trampling, it 
is not surprising that nematodes were absent alongside the Mario Zucchelli 
station transport routes where a much higher level of trampling and pollution 
takes place.  Conversely, the reported occurrence of nematode populations 
within some 200 m of the station area may suggest that the zone of maximum 
impact from Mario Zucchelli station is small and restricted to the main 
transport routes.  The nematode surveys presented in this thesis were not 
designed to investigate the impact on human activity in the area.  Nevertheless, 
the absence of nematodes in the immediate vicinity of the station supports the 
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conclusion of such previous studies (Aislabie et al., 2004; Ayres et al., 2008; 
Sinclair et al., 2003) that conservation plans should consider the sensitivity of 
Antarctic soils to human presence and physical disturbance. 

Because of the diversity, ubiquity, abundance and generally positive 
impact of soil nematodes on soil function (for example: Freckman, 1988; 
Griffiths et al., 2006; Yeates, 2003), there has been considerable interest and 
debate around their use as biological indicators for soil health. The use of soil 
nematodes as soil health indicators began with the broad hypothesis that the 
greater the diversity of the nematode fauna, the healthier the soil; this was 
followed by the development of more complex indices such as the Maturity 
Indices (for example Bongers 1990), which are used as a measure of the 
ecological succession status of a soil community, based on contrasting 
sensitivities of various taxa to stress or disturbance (Neher, 2001).  Although 
soil nematodes are often used as indicators to measure impacts of pollution or 
various agriculture techniques (for example: Hua et al., 2008; Porazinska et al., 
1999; Sánchez-Moreno and Navas, 2007; Zullini and Peretti, 1985), there have 
been criticisms over their use for such purposes mainly because of the lack of 
systematic information about the nematode fauna involved in the studies 
(Griffiths et al., 2006; Yeates, 2003).  The comparatively low diversity of 
terrestrial Antarctic nematode fauna compared with that of temperate 
environments, and the increased importance of the role of the nematode fauna 
in the functioning of these ecosystems, make studies using nematodes as 
indicator species for monitoring the direct impacts of human activity on soil 
functioning in the Antarctic more practicable, particularly when baseline 
information on their distribution patterns is available (Ayres et al., 2008; 
Freckman and Virginia, 1997).  The data provided in this thesis on nematode 
habitats and distribution around Cape Hallett and the Gondwana Station area 
(Chapter 2) together with the genetic ‘barcodes’ for the four nematode species 
(Chapter 6) could be used in this context in future studies investigating human 
impact, including tourism, on terrestrial Antarctic ecosystems. 

Indirect effects of human activity, such as the impacts of climate change 
and invasive alien species, are increasingly being reported from the terrestrial 
Antarctic.  Climate change is affecting the Antarctic zones in contrasting ways.  
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While the Maritime Antarctic has experienced some of the world’s most rapid 
temperature increases in the last 50 years (Frenot et al., 2005), areas of 
Continental Antarctica, including parts of Victoria Land, have been reported to 
have experienced significant cooling over the last 20 years, with a decline of 
0.12°C per year in the austral summer temperature measured in the Dry Valleys 
(although this trend has been contested by some authors; (Doran et al., 2002; 
Turner et al., 2005).  The impact of this recent climate change in the Dry Valleys 
has been associated with changes in species compositions and population 
numbers in soils, lakes and streams; in particular soil nematode populations 
have exhibited a marked decline (Barrett et al., 2008; Doran et al., 2002).  Based 
on data from the long-term monitoring plots at Lakes Fryxell and Hoare, Barrett 
et al. (2008) reported a decrease in the average summer temperatures and an 
associated decline in nematode abundance over the 1995-2005 period, extending 
the trends originally documented by Doran et al. (2002) by seven years.  The 
same study also demonstrated that a significant proportion of carbon cycling in 
these soils could be accounted for by the nematode population (Scottnema 
lindsayae and Eudorylaimus antarcticus), indicating that regional climate change 
was significantly impacting ecosystem processes (Barrett et al., 2008). 

The recognized and predicted impacts of climate change on the 
terrestrial Maritime and Sub-Antarctic have recently been reviewed (Convey 
and Smith, 2006).  In these zones, climate change is broadly causing increases in 
annual temperatures (resulting in an increase in available water), a shortening 
of the winter season, increased UV radiation, and increased precipitation.  The 
authors summarise the generally predicted impacts on the terrestrial biota as 
short- and long-term, while also stressing the importance of making specific 
predictions on a sub-regional (local) scale.  In the short term, climate change is 
predicted to have beneficial effects on terrestrial species, due to a relaxing of 
abiotic constraints, and because the biota has already evolved adaptations to 
deal with considerable environmental variability and to repair UV damage.  
The longer-term impacts, however, are predicted to be negative, due to an 
expected increase in the invasions of exotic species, an increase in biotic 
constraints, such as competition and predation, and the indirect impacts on 
ecosystems of increased resource allocation into protective mechanisms against 
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UV damage by many organisms (Convey and Smith, 2006).  Another study has 
discussed the potential impacts of climate change in the Dry Valleys 
specifically, by focussing on identifying tipping points that may push the 
ecosystem into a new state (Wall, 2006).  The study highlights the unique nature 
of the Dry Valleys’ ecosystem with regards to above- and below-ground 
coupling and discusses a number of potential ‘push’ factors that could lead to 
irreversible change, including temperature change, increases in UV radiation 
and increased human activity (Wall, 2006).  Interestingly, both climate warming 
and cooling were hypothesised to be potential push factors for the Dry Valleys, 
thereby illustrating the sensitivity of this ecosystem to climatic changes in 
general (Wall, 2006). 

In this thesis, microclimate data were recorded during the three summer 
field seasons on the Victoria Land coast (Chapter 3) to provide context for the 
design and interpretation of experiments on the freezing tolerance of Antarctic 
nematodes (Chapters 4 and 5).  These data showed considerable variations in 
temperatures recorded from within the same broad area, dependent on the 
microhabitat from which temperatures were being recorded.  However, in all 
the microhabitats, the soil was exposed to frequent (often daily) freeze-thaw 
cycles, variable cooling and warming rates, and generally short periods above 
the threshold temperatures for activity and reproduction in nematodes 
(Chapter 3).  As the low thermal energy input to these terrestrial ecosystems 
keeps temperatures close to the lower thresholds for such biological functions, 
the small-scale temperature changes predicted as a result of global climate 
change can be expected to have a greater biological impact here than in less 
extreme habitats (Convey and Smith, 2006). 

How the changes in temperature might be coupled with changes in 
water availability for the soil biota has also been discussed by several authors 
(Block and Convey, 2001; Convey and Smith, 2006; Wall, 2006).  There is some 
evidence from springtails on the Antarctic Peninsula that temperature increases 
might lead to increased desiccation stress as a result of the earlier exhaustion of 
summer water supplies (Block and Convey, 2001).  It has also been 
hypothesised that a temperature increase of 1°C or more could result in 
permafrost melt and increased water availability, acting as a tipping point 
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towards a more homogeneous landscape in ice-free areas such as the Dry 
Valleys (Wall, 2006).  As predictions of local climatic trends in Antarctica 
become more precise, knowledge of the distribution and environmental 
physiology of the endemic fauna will be of key importance in generating 
parallel predictions for the effects on ecosystems and their functioning 
(Chapters 2 and 4). 

The influence of biological invasions on individual species, ecosystem 
structure and functioning is considered one of the most important threats to 
global biodiversity, and these are predicted to increase with climate change 
(Frenot et al., 2005; McKinney and Lockwood, 1999).  The current extent, effect 
and origin of alien species in the Antarctic was recently reviewed by Frenot et 
al. (2005), and used to generate predictions on future trends in invasions and 
the performance of the existing alien species.  Key factors considered in 
generating these predictions were current climatic trends and the increasing 
levels of human activity in the Antarctic (currently some 4,000 science and 
support personnel and over 30,000 tourists visit Antarctica annually; data from 
COMNAP and IAATO 2009 in: (Hughes and Convey, 2010).  Most known 
invasive species are of higher taxa (plants, macro-invertebrates and mammals) 
in the sub-Antarctic and Maritime Antarctic, where the majority of alien species 
are of European origin.  Invasion rates were correlated with island size and 
temperature, with no vascular plants or macro-invertebrates yet having 
established populations on Continental Antarctica, despite having been 
released there. 

There are currently no confirmed records of invasive nematodes 
anywhere in the Antarctic (Frenot et al., 2005; Maslen and Convey, 2006).  A 
South African species Rotylenchus capensis was once reported to have been 
observed in the Continental Antarctic on a Nunatak in Dronning Maud Land 
(Van den Berg and Heyns, 1974), although it was concluded that this 
observation was unlikely to represent true R. capensis given the lack of 
macroscopic vegetation and isolation of the inland site (Andrassy, 1998; Maslen 
and Convey, 2006).  A recent study on the ability of Antarctica’s current 
environmental protection practices to safeguard the continent from the effect of 
invasive alien species identified four factors necessary for successful 
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colonisation: a vector to enable transportation, the ability of the 
organism/propagule to survive transportation, its ability to survive in the 
Antarctic environment (dependent upon its physiological and biochemical 
capabilities and the availability of a suitable site near its point of arrival), and 
finally its ability to develop a population capable of surviving in the Antarctic 
long term (Hughes and Convey, 2010).  Considering the small size and ubiquity 
of soil nematodes, the ever-increasing numbers of human transport vectors, the 
ability to survive in a cryptobiotic state that is relatively widespread across the 
phylum, and the variety of reproductive strategies that nematodes possess, 
nematode invasions into the Antarctic should be considered a reasonable risk.   

The potential impacts of successful nematode invasions would depend 
greatly on the ecology of the introduced species, but could be predicted to have 
significant effects on ecosystems in which the one or two endemic nematode 
species currently represent the highest trophic level (Virginia and Wall, 1999).  
The genetic data presented in this study on the laboratory strain of 
Panagrolaimus (P. sp. nov.) suggest that further investigation into the origins of 
this species and its distribution around Ross Island is merited to determine if it 
represents a recent invader introduced as a result of the high levels of human 
activity in this part of the Antarctic.  If so, this would add yet another example 
to support the recommendations provided by Hughes and Convey (2010) on 
the adoption of more appropriate biosecurity measures as part of the Protocol 
on Environmental Protection under the Antarctic Treaty.  These could include 
general adoption of the guidelines available in the Scientific Council on 
Antarctic Research’s Environmental code of conduct for terrestrial scientific 
field research in Antarctica (2008), and a re-evaluation of the system of 
Antarctic Specially Protected Areas and Antarctic Specially Managed Areas to 
reflect more accurately the understanding of the potential impacts of invasive 
species, as called for by Hughes and Convey (2010). 
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7.2 Survival strategies in terrestrial Antarctic nematodes 

Chapters 4 and 5 of this thesis investigated the adaptations to sub-zero 
temperatures in terrestrial Antarctic nematodes from the Victoria Land coast.  
This provided new insight into the range of survival strategies employed by 
these nematodes in response to their ‘extreme’ environment.  As summarised 
by Wharton (2002), nematode survival strategies can be grouped into three 
theoretical groups: migratory responses, capacity adaptations and resistance 
adaptations.  The results presented here have added to knowledge of the use of 
resistance adaptations by Antarctic nematodes in response to cold 
temperatures. 

In 1995, the laboratory culture of Panagrolaimus davidi became the first 
organism shown to survive extensive intracellular freezing, challenging the 
view that ice formation within cells is necessarily fatal (Sinclair and Renault, 
2010; Wharton and Ferns, 1995).  The experiments presented in Chapter 4 aimed 
to provide further evidence to challenge or support this contentious and unique 
survival strategy.  The ability to survive exposure to a fast-rate freezing stress 
(previously shown to induce intracellular freezing) was strongly dependent on 
the nutritional status of P. davidi, with ‘Fed’ nematodes consistently surviving at 
a much higher rate than ‘Starved’ nematodes.  Using a range of techniques, 
differences in the patterns of freezing were then investigated in fed and starved 
nematodes known to survive freezing at a high or low rate respectively. 

It was not possible to identify differences in the pattern of freezing 
between the ‘Fed’ and ‘Starved’ P. davidi using cold-stage light microscopy, 
although the starved nematodes were more clearly damaged after the freezing 
stress.  Cold-stage light microscopy has the advantage of enabling freezing 
events and subsequent reanimation to be viewed in individual nematodes and 
was used in the original article describing the occurrence of intracellular 
freezing in P. davidi (Wharton and Ferns, 1995), although it is not always clear 
whether the ice is forming within the cells or in the extracellular compartments 
using this technique.  While the darkening of specific tissues could be observed 
on the cold-stage, which is most likely to represent intracellular ice formation, 
other visualisation methods were used to provide further evidence. 
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Using the freeze-substitution technique and transmission electron 
microscopy (TEM) it was possible to view the pattern of internal ice formation 
in cross-sections through individual nematodes.  This technique had previously 
been trialled on P. davidi, showing the majority of nematodes to be dehydrated 
(as a result of cryoprotective dehydration) when using a slow-freezing rate, 
with an increase in the number of frozen nematodes after fast-rate freezing 
(Wharton et al., 2005b).  However, in this previous study, the fast-rate freezing 
treatment to -4°C resulted in approximately equal percentages of nematodes 
undergoing intracellular freezing to nematodes not surviving the freezing 
stress, suggesting that intracellular freezing could be lethal under these 
conditions.  In the current study a more severe freezing stress was tested, which 
resulted in very high percentages of nematodes showing intracellular ice 
formation (>90%).  This was then compared to the high survival rate (78.8%) in 
the sample of ‘Fed’ P. davidi and the low survival rate (38.6%) in the sample of 
‘Starved’ P. davidi.  Clear differences in the appearance of the internal ice 
formation were observed between the two treatments, with significantly larger 
ice-filled spaces observed in the ‘Starved’ nematodes compared to the ‘Fed’ 
nematodes.  These results indicate that, when fed, P. davidi can survive 
intracellular freezing at a high rate, exhibiting control over the pattern of 
intracellular ice formation, and that this ability is reduced as a result of 
starvation. 

Starvation can be expected to have numerous effects on the physiology 
of an organism, and the differences seen in the pre-freezing images of ‘Fed’ and 
‘Starved’ P. davidi suggest that the latter were under severe physiological stress.  
It therefore seems evident that survival rates after exposure to a freezing stress 
were reduced in these pre-stressed organisms.  Experiments were performed to 
investigate whether a reduction in the recrystallization inhibition (RI) 
properties of ‘Starved’ P. davidi could be observed in comparison to that of the 
‘Fed’ nematodes (Chapter 4); this could provide a potential mechanism for 
interpreting the loss of control over the internal pattern of ice formation 
observed in ‘Starved’ nematodes using the freeze-substitution technique.  Only 
very weak evidence for a loss of RI in the ‘Starved’ nematodes was found, and 
this was not deemed conclusive.  Given the many ways in which starvation will 
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affect the physiology of the nematodes, it is probably not worth pursuing this 
type of investigation because of the numerous interlinked factors that can blur 
the interpretation of differences between ‘Fed’ and ‘Starved’ treatments, 
including a reduction in cryoprotectant levels (sugars) and a breakdown of lipid 
stores.  This approach has however been useful in providing a reference point 
for the interpretation of the patterns of ice formation in P. davidi, leading to the 
general conclusion that this nematode does indeed survive extensive 
intracellular ice formation and adding support to the previous findings by 
Wharton et al. (Wharton et al., 2005b; Wharton and Ferns, 1995; Wharton et al., 
2003). 

P. davidi has previously been shown to employ three different survival 
strategies (anhydrobiosis, cryoprotective dehydration and freeze-tolerance) in 
order to survive in the terrestrial Antarctic, with the ‘choice’ of strategy 
dependent on the availability of water in its surroundings as temperatures 
decrease (Wharton, 2002b, 2003).  The data presented in this thesis support the 
hypothesis that individuals of P. davidi enter cryoprotective dehydration when 
they are exposed to slow freezing (such as at -1°C).  Starved P. davidi were 
better able to survive these conditions.  This observation suggests that 
cryoprotective dehydration may be less stressful than the survival of 
intracellular freezing and therefore the ‘preferred’ survival strategy for P. davidi, 
although this should be fully addressed in further studies examining the long-
term fitness consequences of both strategies. 

Preliminary studies on the cold tolerance of Scottnema lindsayae and 
Plectus sp. showed that both species survive freezing at low sub-zero 
temperatures (Chapter 5).  Both species showed a tendency to survive slower-
rate freezing (at higher sub-zero temperatures) better than fast-rate freezing.  
This result suggests that these species might also employ a cryoprotective 
dehydration strategy for surviving exposure to sub-zero temperatures, as seen 
in P. davidi, although additional tests are required to confirm this. 

Further experiments on the cold-tolerance of P. murrayi confirmed that it 
consistently survives slow-rate freezing better than fast-rate freezing.  Cold-
stage light microscopy revealed the effects of the rate of freezing on the survival 
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strategy employed: P. murrayi dehydrated via cryoprotective dehydration when 
freezing of the external medium was initiated at high sub-zero temperatures, 
but formed internal ice when freezing was initiated at lower temperatures.  The 
observations of these survival strategies were confirmed using the freeze-
substitution technique and TEM, which revealed a decrease in the number of 
dehydrated nematodes in samples exposed to a faster freezing rate.  However, 
this technique also revealed that intracellular ice was frequently present in the 
frozen P. murrayi samples with known high survival rates.  P. murrayi is 
therefore a second example of an organism that can survive extensive 
intracellular freezing. 

Nematodes are essentially aquatic organisms, requiring water to be 
active, and are often found in the small films of water between soil particles 
(Wharton, 2002b).  Freezing in Antarctic soils is a complex process influenced 
by factors such as snow cover, water content, salt migration and thermal 
conductivity (Eitzinger et al., 2000).  Freezing rates in these soils are however 
often predicted to be relatively slow due to the high availability of nucleators in 
the soil and the often gradual rate of cooling in air temperatures (Chapter 3; 
Sinclair and Sjursen, 2001).  This suggests that the fast-rate freezing that causes 
intracellular ice formation in P. davidi and P. murrayi might rarely be 
experienced by these species in nature.  For all the terrestrial Antarctic 
nematode species, the actual rate of freezing experienced will ultimately 
depend on the size and salinity of the water pocket in which they are found.  In 
small saline drops of water, nematodes may be able to supercool to lower sub-
zero temperatures before the external water freezes, which would result in 
nematodes forming internal ice.  It is also possible that nematodes do not 
complete dehydration via the cryoprotective dehydration strategy before 
exposure to lower temperatures below the melting point of the unfrozen body 
contents, which could also result in some internal ice formation.  A recent study 
has shown that the Antarctic midge, Belgica antarctica, is also able to survive 
both cryoprotective dehydration and internal freezing with no apparent 
differences in the survival rates associated with these two survival strategies 
(Elnitsky et al., 2008).  Mild desiccation has also previously been shown to 
increase the freeze tolerance of B. antarctica (Hayward et al., 2007), leading 
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Elnitsky et al. (2008) to the conclusion that both strategies are adaptive in the 
terrestrial Antarctic context for this species.  A combined resistance to 
desiccation and freezing will not only enhance nematode survival of the 
extreme conditions in their habitats, but could also enable their distribution and 
abundance to be partially uncoupled from the local temperature and moisture 
conditions (Moorhead et al., 2002).  Given the low environmental predictability 
and the variability of conditions in the nematode habitats in the terrestrial 
Antarctic, the ability to employ a range of strategies can therefore be considered 
adaptive for all these species.   

In contrast to the Antarctic species, the oatmeal nematode Panagrellus 
redivivus is a temperate species that was not expected to show adaptations to 
cold exposure.  The results presented in Chapter 5 indicate that this species has 
very poor cold tolerance, even at -1°C.  The internal pattern of ice formation in 
these nematodes after both fast- and slow-rate freezing was significantly 
different to the patterns observed in both P. murrayi and P. davidi, with larger 
ice-filled spaces and a complete absence of dehydrated nematodes.  These 
observations provide a reference point from which to interpret the more 
controlled appearance of intracellular ice formation and the dehydration 
observed in the Antarctic species, providing indirect support for the hypothesis 
that the Antarctic species exhibit a level of control over the formation of internal 
ice during freezing. 

 

7.2.1 Acclimation and recovery periods in the terrestrial Antarctic context 

Many previous studies on the freeze tolerance of nematodes have taken 
the approach of including an acclimation period at a lower temperature than 
the growth temperature of the cultures, prior to exposure to the freezing stress 
being investigated (for example: Smith et al., 2008; Wharton and Brown, 1991; 
Wharton et al., 2005b).  A study on the supercooling points of a range of 
Antarctic nematodes found these to be lower in winter than in summer, which 
could either reflect a removal of food (and hence nucleators) from the gut 
during winter, or an acclimation response (Pickup, 1990).  The adaptations that 
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could be involved in an acclimation response in terrestrial Antarctic nematodes 
include the accumulation of cryoprotectants or antifreezes, the production of ice 
active proteins, dehydration, and a decrease in cuticular permeability (which 
would increase resistance to inoculative freezing) (Wharton, 1995).  In a study 
of the effects of temperature acclimation on the freezing tolerance of the 
laboratory culture of Panagrolaimus davidi, Wharton et al. (2000) reported no 
differences in the survival of a short-term freezing stress (-3°C for 1 hour 
followed by -12°C for 1 hour) between cold-acclimated (7 days at 20°C, 
followed by 7 days at 5°C) and warm-acclimated (7 days at 20°C) treatments.  
On the other hand, cold acclimation was seen to increase survival rates after 
exposure to a long-term freezing stress (-3°C for 1 hour, -12°C for 7 days), and 
this was correlated to an increase in trehalose levels in the cold-acclimated 
group (50 mg.g-1 compared to 16 mg.g-1 in the warm-acclimated nematodes) 
(Wharton et al., 2000).  A contrasting decrease in glycerol levels was, however, 
also seen in the acclimated group, and the levels of trehalose reported in the 
acclimated group were still relatively low compared with concentrations 
reported in other nematodes, which led the authors to the conclusion that 
factors other than trehalose are important in maintaining the long-term freezing 
survival of P. davidi (Wharton et al., 2000). 

In their study investigating freezing and cryoprotective dehydration in 
the laboratory culture of P. davidi using the freeze-substitution technique, 
Wharton et al. (2005b) acclimated the nematodes by keeping them for 14 days at 
5°C after seven days in culture at 20°C.  This study reported surprisingly low 
survival rates after a fast-freezing stress (-4°C for 30 minutes) mentioned 
previously.  In light of the results presented in this thesis, it would appear that 
these low survival rates were a result of starvation during the cold-acclimation 
period, as population growth thresholds indicate that P. davidi does not feed at 
5°C (Brown et al., 2004). 

The results of the short-term freezing experiments on the laboratory 
culture of P. davidi presented in this thesis did not investigate the effect of a 
cold-acclimation period on the nematodes.  Consistently high survival rates 
were reported for the ‘Fed’ treatment of P. davidi, despite being taken directly 
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from the cultures grown at 20°C.  This indicates that the adaptations required 
for a short-term exposure to freezing stress (both at freezing rates shown to 
induce cryoprotective dehydration and intracellular freezing) are expressed 
constitutively in P. davidi, with no cold-acclimation period required. 

The effect of a cold-acclimation period at 5°C prior to the exposure to 
short-term freezing stress was investigated for Plectus murrayi in this thesis.  No 
significant differences were reported in the survival rates of either a fast- or 
slow-rate freezing stress between warm-acclimated (either 2 or 3 weeks growth 
at 20°C) and cold-acclimated treatments (2 weeks growth at 20°C, followed by 1 
week at 5°C).  These results suggest that as in P. davidi, the adaptations required 
to survive a short-term freezing stress are also constitutively expressed in P. 
murrayi. 

To calculate survival rates after freeze tolerance tests, the experiments 
presented in this thesis adopted the common approach of assessing survival 
rates 24 hours after the thawing of the nematodes.  In the original study 
reporting the survival of intracellular freezing in P. davidi, Wharton and Ferns 
followed individual nematodes in which freezing had been observed using 
cold-stage microscopy to the subsequent production of the next generation 
(1995).  This is a more accurate and biologically relevant measure of survival, 
but was not deemed practicable due to time constraints in the scope of this 
study.  In most of the experiments presented in this thesis, nematodes (both P. 
davidi and P. murrayi) were observed to revive and resume activity almost 
immediately after thawing, as observed on the microscope cold-stage.  Using 
fluorescent vital dyes to stain P. davidi immediately after freezing at -10°C 
showed very little evidence of damage at the cellular level, despite the lack of 
cold-acclimation or recovery period.  It therefore appears that P. davidi (and 
perhaps other terrestrial Antarctic nematodes) have evolved adaptations that 
enable them to recover very quickly from freezing and make the most of the 
short Antarctic summer when temperatures are above freezing (Chapter 3). 

The level of thermal variability recorded in the terrestrial Antarctic 
nematode habitats showed that nematodes are often exposed to daily variations 
of temperature of over 20°C and freeze-thaw cycles during the summer season 
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(Chapter 3; Sinclair and Sjursen, 2001).  In addition, the periods above the 
threshold temperatures for activity and growth for these species are typically 
very short in duration (Chapter 3).  It can therefore be considered adaptive for 
these nematode species to constantly invest in the production of 
cryoprotectants, ice-active proteins and other adaptations required to survive 
short-term exposure to freezing, even at a reasonably high energetic cost.  As a 
result, this study brings into question the utility of exposing nematodes to a 
cold-acclimation period of 1 week in duration prior to short-term freezing 
experiments, particularly as this is likely to introduce variation in the 
nutritional status and culture age of the nematodes being compared in cold-
acclimated and warm-acclimated treatments. 

 

7.2.2 Adaptations involved in freeze tolerance in Antarctic nematodes 

While the mechanisms enabling freezing tolerance in the laboratory 
culture of Panagrolaimus davidi are not yet fully understood, it has been 
suggested that both the accumulation of trehalose and the production of a 
recrystallization inhibition protein (RIP) play important roles (Ramløv et al., 
1996; Wharton et al., 2000).  The accumulation of trehalose in response to either 
low relative humidity or cold temperatures appears to be a widespread 
adaptation in nematodes, having been recently shown in 11 species across the 
genus Panagrolaimus (Shannon et al., 2005) as well as in other nematode species 
(Jagdale and Grewal, 2003).  The gene for an enzyme involved in trehalose 
synthesis (trehalose-6-phosphate synthase) is present in P. murrayi and is 
upregulated in response to desiccation (Adhikari et al., 2009).  It would 
therefore seem likely that this cryoprotectant also plays a role in the cold-
tolerance of P. murrayi.  

Within the ice-active proteins (IAPs) produced by cold-tolerant 
organisms, Wharton et al. (2005a) have suggested differentiating three classes: 
‘ice nucleating proteins’ (INPs) that initiate ice formation; ‘antifreeze proteins’ 
(AFPs) that inhibit ice crystal growth and have a thermal hysteresis effect; and 
‘recrystallization inhibition proteins’ (RIPs) that produce little or no thermal 
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hysteresis but which can be detected via their recrystallization inhibition (RI) 
activity.  RIPs are thought to be important in freezing tolerant organisms 
functioning to control the size, shape and location of ice crystals (Knight et al., 
1995).  IAPs with RI activity and low levels of thermal hysteresis (hence RIPs) 
have been described in Antarctic plants (Douchet et al., 2000), Antarctic sea ice 
diatoms (Raymond and Knight, 2003), an Antarctic cyanobacterium, alga and 
moss (Raymond and Fritsen, 2001) and Antarctic bacteria (Gilbert et al., 2004).  
In the Antarctic nematodes, the production of a RIP has only been observed in 
the laboratory culture of P. davidi (Wharton et al., 2005a).  This RIP does not 
produce any measurable thermal hysteresis, although it does have RI activity, 
and is therefore thought to be an adaptation in response to the risk of freezing, 
playing a role in internal ice stabilisation (Ramløv et al., 1996; Wharton et al., 
2005a).  The origins of this protein are not known, but a recent comparison 
between the freezing tolerance of P. davidi and another panagrolaimid (P. 
rigidus) found no RI activity in P. rigidius, leading to the hypothesis that this 
adaptation may have relatively recent evolutionary origins (Chen et al., 1997; 
Smith et al., 2008). 

In their recent molecular analysis of desiccation survival in P. murrayi, 
Adhikari et al. (2009) reported the surprising discovery of the production of a 
homologue of type II antifreeze protein from fish (Clupea harengus, the Atlantic 
herring) that is downregulated in response to desiccation but upregulated in 
response to freezing.  The results of the present study indicate that P. murrayi is 
freezing-tolerant.  Furthermore, P. murrayi extracts have recently been shown to 
have little or no thermal hysteresis, although they do show some RI activity 
(Wharton and Raymond, unpublished results).  It is therefore possible that the 
characterisation of this antifreeze protein in P. murrayi will reveal that it has a 
function similar to the RIP in P. davidi, which also lacks thermal hysteresis 
properties (Wharton et al., 2005a).  As the terrestrial Antarctic nematode species 
are distantly related (Chapter 6), it is possible that characterisation of their IAPs 
may produce new interesting examples of convergent evolution in the Antarctic 
context or even evidence for horizontal gene transfer (Adhikari et al., 2009). 
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7.3 Antarctic nematode phylogenetics  

The final investigations in this thesis (Chapter 6) used genetic techniques 
firstly to assess the phylogenetic relationships between the terrestrial Antarctic 
nematodes found on the Victoria Land coast, and secondly to provide genetic 
‘barcode’ information for these species to facilitate comparisons with future 
research.  As a first step, morphological measurements were taken to confirm 
that the species adhered to the current morphology-based species descriptions.  
This was the case for Panagrolaimus davidi (Timm, 1971), Plectus murrayi 
(Andrassy, 1998; Timm, 1971) and Scottnema lindsayae (Andrassy, 1998; Timm, 
1971).  In light of the taxonomic revision and identification of new Eudorylaimus 
species from the Victoria Land coast provided by Andrassy (2008), which 
unfortunately only became available after field-work for this study was 
completed, the references in this thesis to Eudorylaimus antarcticus (Timm, 1971) 
should more accurately be read as Eudorylaimus sp. 

Genetic analyses using the 18S and D3 genes provided the opportunity 
to compare these Antarctic nematode species with a range of other nematodes 
that had previously been sequenced to create a phylogeny of the phylum 
Nematoda (Blaxter et al., 1998), and with nematodes from the genus 
Panagrolaimus that were sequenced to investigate the evolution of reproductive 
strategies and anhydrobiosis (Lewis et al., 2009; Shannon et al., 2005).  The most 
striking result of these analyses was the discovery that the laboratory strain of 
P. davidi is a different species (Panagrolaimus sp. nov.) from the wild individuals 
representing populations from Cape Hallett, Gondwana Station and Cape Bird 
sequenced in this study.  This finding is supported by the difference in 
reproductive strategies between P. davidi and P. sp. nov., and slight differences 
in their morphology (Wharton, 1998).  When compared with sequence data 
available for other species from the same genus, P. sp. nov. grouped most 
closely with other parthenogenetic and anhydrobiotic species originally isolated 
from California.  As discussed previously, this finding calls for further studies 
to address the origin of this species, to shed light on the origins of its 
adaptations to survive intracellular freezing and to contribute to the debate on 
the risk of introduced species to Continental Antarctica. 
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Three varieties of Eudorylaimus sp. were also identified, although these 
were less divergent than P. davidi and P. sp. nov., each varying by just a couple 
of base pairs over the 18S and D3 sequences.  The interpretation of these results 
is difficult given the recent taxonomic revision of Eudorylaimus from the Victoria 
Land coast (Andrassy, 2008): these could represent individuals belonging to the 
three different Eudorylaimus species identified by Andrassy (E. antarcticus, E. 
glacialis and E. shirasei) or cryptic species within any one of these 
morphologically defined species.  Considering that cryptic species of E. 
antarcticus were also recently described by Barrett et al. (2006b), considerable 
care needs to be taken in future studies in the morphological identification of 
Eudorylaimus species from sites on the Victoria Land coast.  The possibility of 
sending specimens from soil isolated in this study to Andrassy for identification 
will also be investigated.  Continuous revision of this group can be anticipated 
as many of the updated species’ descriptions are based on the morphology of 
very few individuals (Chapter 6). 

Based on their morphological species descriptions, the species 
investigated in this thesis are considered endemic to the Antarctic (Andrassy, 
1998), and 18S and D3 sequence comparisons also showed the species to be 
distinct from all the other nematode species for which sequence data is 
currently available on GenBank.  When the Antarctic nematode species were 
analysed with an existing phylogeny of representative taxa from across the 
Phylum Nematoda (Blaxter et al., 1998), they did not form a distinct Antarctic 
clade, but rather were spread across the major clades (including both 
Secernentea and Adenophorea), suggesting ancient divergence times between 
them.  This implies that these species are not all descendents of a single 
Gondwanan ancestor nematode species, but rather that there may have been 
several ancestral Gondwanan species that survived the breakup and subsequent 
glaciations of Antarctica to give rise to the distinct Antarctic species recognised 
today.  However, it is not possible from this analysis to rule out the conflicting 
hypothesis that these species were colonists of the Antarctic continent at some 
stage during the 165 million years since the break-up of Gondwana started, and 
have since diverged from their nearest non-Antarctic relatives (Rogers, 2007).  
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These two hypotheses have contrasting implications for the evolution of 
freezing tolerance in the Antarctic nematode fauna. 

 

7.3.1 How might freezing survival have evolved in terrestrial Antarctic 
nematodes? 

Climate change is not a new phenomenon in the Antarctic; past orbitally-
forced climate variation, resulting in numerous glaciation cycles, played a key 
role in the evolution of the Antarctic flora and fauna through extinction, strong 
natural selection for the ability to survive cold temperatures, and fragmentation 
of populations (Rogers et al., 2007).  In addition, there are increasing examples 
of colonisation events in the Antarctic (Frenot et al., 2005; Peat et al., 2007), 
which imply that the invading species had previously evolved adaptations to 
similarly harsh conditions in other contexts enabling them to establish 
successfully.  Finally, it is possible that some microorganisms found in the 
Antarctic have cosmopolitan distributions.  Hypotheses on the evolutionary 
history of the current-day endemic terrestrial Antarctic nematode fauna and of 
its adaptations to enable the survival of intracellular freezing (Chapters 4 and 5) 
will be considered here. 

Once Antarctica became isolated from the rest of Gondwana and climate 
conditions switched from ‘greenhouse’ in the Cretaceous to ‘icehouse’ in the 
Eocene (Tripati et al., 2005), the progressively more extreme local freezing 
events are likely to have caused the extinction of much of the nematode fauna.  
For nematodes to have survived these conditions they would have had to 
evolve adaptations to exposure to sub-zero temperatures (resistance 
adaptations) as well as potentially evolving some degree of capacity adaptation 
to enable their lifecycles to cope with the decreasing periods available above the 
typical threshold temperatures for activity.  It is likely that the nematode 
species that survived might already have had some degree of adaptation to cold 
temperatures, including resistance adaptations to desiccation and/or freezing.  
The links between the evolution of anhydrobiosis and cryptobiosis are a topic of 
ongoing investigation (Shannon et al., 2008). 
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Victoria Land (the Ross Sea Sector) is one of the few Antarctic regions 
where it is most commonly accepted that the unique endemic fauna has had a 
long history on the continent, mostly represented by either pre-Pleistocene or 
Gondwanan relic species that have evolved in situ (Pugh and Convey, 2008; 
Stevens et al., 2007; Stevens et al., 2006).  With the establishment of a permanent 
ice sheet in Antarctica (approximately 34 million years ago), the amount of 
terrestrial habitat available for nematodes would have been greatly reduced.  
During the following glacial cycles, nematode distribution would have been 
restricted to small populations within ice-free refugia.  There is increasing 
evidence that areas throughout the Trans-Antarctic mountains (including some 
in Victoria Land) and parts of the Dry Valleys have been providing such ice-free 
refuges for terrestrial invertebrates since the glaciation of Antarctica (Stevens et 
al., 2007; Stevens et al., 2006).  Under these conditions, founder effects and 
considerable genetic drift, combined with very strong selection for the ability to 
survive freezing and the presence of ice, are likely to have resulted in vicariant 
speciation in the Antarctic nematodes, generating the highly endemic fauna 
seen today (Rogers, 2007).  This implies that while the terrestrial Antarctic 
species in this thesis are likely to employ similar survival strategies as a result 
of a long history of evolution in the same extreme environment, these have 
probably evolved from a broad range of starting points.  Future molecular 
studies on the adaptations for freezing survival in these endemic nematodes are 
therefore hypothesised to result in examples of convergent evolution, as has 
been the case for the origin of antifreeze glycoproteins in polar fish (Chen et al., 
1997). 

The alternative hypothesis for the origin of the current Antarctic 
nematode fauna is that of successful colonisation at some point since the 
continent’s isolation from Gondwana.  As mentioned above, this possibility is 
generally considered unlikely for the Victoria Land coast area (Stevens et al., 
2007) partly because of Antarctica’s isolation and the distances required for 
dispersal, and partly because of the harsh environmental conditions and low 
availability of suitable habitat on arrival.  However, if the nematodes seen in 
these habitats today had colonised Antarctica at some point since its glaciation, 
they would need to have previously evolved desiccation tolerance to survive 
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windborne transport, and would require some degree of cold tolerance to 
establish.  Such colonists would therefore be hypothesised to have adaptations 
based on a very different historic and geographic origin.  Future 
phylogeographic studies on the Victoria Land coast nematodes will be able to 
test this hypothesis and compare the evolutionary patterns in the nematode 
fauna to those seen in the collembolans. 

The increase of human activity in Victoria Land provides a new and 
perhaps more probable route for colonisation by terrestrial nematode species.  
Because of the surprising lack of genetic distance between Panagrolaimus sp. 
nov. and some Californian Panagrolaimus strains (Chapter 6), the possibility that 
this species is a recent invader needs to be considered.  If a nematode was 
introduced to Victoria Land inadvertently, it would need to already have 
adaptations to survive cold temperatures, freezing and desiccation in order to 
stand a chance of establishing successfully (Lewis et al., 2009).  However, if an 
alien nematode species was able to survive the harsh abiotic conditions of the 
penguin rookeries, it would be unlikely to be food-limited or exposed to any 
biotic interactions in this habitat to hinder its establishment. 

Only three cosmopolitan species have been described from the terrestrial 
Antarctic: Eumonhystera vulgaris, Geomonhystera villosa, and Ceratoplectus 
armatus, although these reports are considered ‘not proven’ due to the lack of 
information provided about the material on which identification was based 
(Andrassy, 1998; Maslen and Convey, 2006).  It is possible that the high 
reported endemism of the Antarctic nematode fauna reflects a lack of 
taxonomic descriptions for much of the phylum globally and that some 
Antarctic nematodes are actually cosmopolitan species, although this view is 
generally contested both for nematodes and Arthropoda (Andrassy, 1998). 

It is interesting to consider whether the temperatures experienced in the 
habitats on the Victoria Land coast investigated in this thesis (Chapter 3) would 
be considered ‘extreme’ from the perspective of terrestrial nematodes generally. 
If we accept that the endemic species found in these habitats have had a long 
history of evolution in these habitats, they are likely to have adapted to 
conditions such that they are no longer extreme from their perspective.  A range 

282



 

of resistance adaptations has been found in all the Antarctic nematodes 
investigated to date (8.2), enabling them to enter a cryptobiotic state when 
exposed to desiccation or sub-zero temperatures.  However, evidence for 
capacity adaptations to the low average temperatures in these terrestrial 
habitats is less consistent across the species.  Studies showing capacity 
adaptations in lifecycles of Plectus antarcticus (Caldwell, 1981) and Scottnema 
lindsayae (Overhoff et al., 1993) suggest that the increased ‘fitness’ (fecundity, 
growth and reproduction rates) seen in these species at lower temperatures was 
accompanied by a lower ‘fitness’ at higher temperatures.  There are few 
examples of evolutionary experiments investigating cold temperature 
adaptation and the potential trade-offs associated with this process (Portner et 
al., 2006).  In one example, Bennett et al. (1992) showed adaptation of Escherichia 
coli to 20°C in an experimental setting, which resulted in an increased fitness at 
20°C, and most often in a decreased fitness at 40°C.  This suggested that most 
pathways to adaptation to colder temperatures result in a simultaneous decline 
in the ability to cope with high temperatures, although other pathways must 
exist in order to explain the few examples in which a decline in fitness at 40°C 
was not seen in response to adaptation to 20°C (Portner et al., 2006).  In contrast 
to the other terrestrial Antarctic nematode species, no evidence has been found 
for capacity adaptation in P. davidi (now P. sp. nov.), for which the optimal 
temperature for all life-history parameters is between 25-30°C (Brown et al., 
2004).  Given the very variable temperatures experienced by the nematode 
fauna in these terrestrial habitats (Chapter 3), capacity adaptations to enable 
specialisation to a lower thermal window may not always be adaptive for these 
species, particularly if this results in a reduction in fitness at the higher 
temperatures frequently experienced during summer.  This may explain the 
variation in optimal temperatures demonstrated for these species. 

Over 80% of the Earth’s biosphere is exposed to temperatures below 5°C 
throughout the year (Margesin et al., 2007) and in the polar regions, alpine 
environments, and even many temperate environments, exposure to freezing 
temperatures is a frequent event.  As a result, cold-tolerant organisms are found 
over much of the planet (Wharton, 2002a), and there are a number of examples 
of non-polar nematodes surviving exposure to freezing conditions in the field 
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(reviewed in: (Wharton, 1995).  The only two current examples of the survival 
of intracellular freezing in nematodes are from two terrestrial Antarctic species 
(Chapter 5).  However, it would seem likely that other examples of resistance 
adaptations similar to those seen in the terrestrial Antarctic fauna exist in 
nematodes from other cold soils.  Considering that capacity adaptation to a 
lower thermal window may not be a prerequisite to enable survival in the 
terrestrial Antarctic, nematodes with such resistance adaptations may well be 
able to survive and even establish in this ‘extreme’ environment.  The discovery 
of intracellular freezing survival in non-Antarctic nematodes would provide an 
interesting example of convergent evolution and require that the threat of 
invasive nematode species to the terrestrial Antarctic be more accurately 
considered. Current studies investigating the freezing tolerance of known 
desiccation-tolerant panagrolaimids are likely to yield interesting results in this 
context (Shannon et al., 2008). 

 

7.4 Conclusions  

(I)  The distribution of nematodes in the ice-free areas around Cape 
Hallett, Northern Victoria Land, and Gondwana station, Terra Nova Bay, was 
patchy even on a scale of metres.  The occurrence patterns for Panagrolaimus 
davidi, Scottnema lindsayae, Plectus sp. and Eudorylaimus antarcticus were 
correlated to habitat characteristics (such as the presence of moss or algae, or 
the use of the area by birds) and to soil geochemistry (such as conductivity, 
organic content, and water content) using logistic regression models.  The 
species-specific differences in distribution patterns identified are broadly 
consistent with other studies on the distribution of these species in soils from 
the Dry Valleys and penguin rookeries on Ross Island further south.  This 
indicates that the patterns identified in this study reflect niches to which the 
species have specialised and that are consistent over their currently described 
range.  The importance of soil conductivity (as a measure of salinity) in 
predicting the distribution patterns of all four species, provides further support 
for the hypothesis that salinity plays a primary role in determining invertebrate 
distribution in the terrestrial Antarctic (Courtright et al., 2001). 
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(II)  Terrestrial Antarctic nematodes possess an impressive range of 
resistance adaptations to enable them to survive exposure to sub-zero 
temperatures.  The most striking of these is the ability to survive extensive 
intracellular ice formation in response to fast freezing rates, originally described 
in Panagrolaimus davidi.  Further evidence for this adaptation was presented in 
this study: the survival of intracellular freezing was found to be strongly 
correlated with the nutritional status in P. davidi, with fed nematodes able to 
survive intracellular freezing with consistently high survival rates.  Plectus 
murrayi was also shown to survive intracellular ice formation, which provided a 
second example of an organism able to employ this survival strategy.  The 
appearance of internal ice formation differed markedly between nematodes that 
were able to survive intracellular freezing and those that survived at a lower 
rate or not at all.  This provides indirect support for the hypothesis that the two 
Antarctic species have evolved adaptations (possibly recrystallization inhibition 
proteins) that enable the control of internal ice in order to survive intracellular 
freezing.  In addition, further evidence was provided for the use of a 
cryoprotective dehydration survival strategy in response to slow freezing rates 
in these Antarctic nematodes. 

(III)  Genetic sequencing of the 18S and D3 regions enabled comparisons 
between the four Antarctic species sampled in this study and published 
phylogenies for the phylum Nematoda.  This revealed that the Antarctic species 
do not form a discrete Antarctic clade, but rather are spread over the phylum, 
as their morphology-based species descriptions suggest.  This supports current 
hypotheses of endemism and a long Antarctic history for these species.  
However, the laboratory strain of Panagrolaimus davidi (now P. sp. nov.) was 
found to be a distinct species from the wild populations of P. davidi (from Cape 
Hallett, Terra Nova Bay and Ross Island) that were sequenced in this study.  
The surprising lack of sequence divergence between P. sp. nov. and some 
Californian Panagrolaimus species brings its origin into question, and suggests 
that it may represent a recent invasive species to the Ross Sea Region.  Further 
research on this species will address this possibility and investigate the origins 
of its remarkable adaptations to freezing. 
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APPENDIX 1 – Survival rates reported in previous freeze-tolerance experiments on Panagrolaimus davidi 

Reference Culture 
Technique 

Age of 
Culture 

Acclimation 
Temperature 

% Survival after 
freezing to -5°C 

% Survival after 
freezing to -10°C 

% Survival after 
freezing to -15°C 

% Survival after 
freezing to -20°C 

Wharton and 
Brown, 1991 

Agar plates 14 days 15°C 86%. Nematodes did 
not freeze. Cooling 
rate 1°C/min 

15%. Cooling rate 
1°C/min 

10%. Cooling rate 
1°C/min 

8-25%. Cooling rate 
1°C/min 

Wharton and 
Ferns, 1995 

Agar plates Not reported 15°C   72.8%. No difference in 
survival with cooling 
rates (5,2,1,0.1°C.min), 
held for 1 min 

 

Wharton and 
To, 1996 

Agar plates 12-21 days 15°C   28-78%. Cooling rate 
1°C/min, nucleation at -
5°C, held for 1 min 

 

Wharton and 
Block, 1997 

Liquid 
culture 

Not reported    97%. Cooling rate 
1°C/min 

 

Wharton, 1998 Field 
samples 

N/A   61.9%. Cooling rate 
1°C/min 

  

Wharton, Judge 
and Worland, 
2000 

Liquid 
culture 

21 days     85%. Cooling rate 
1°C/min, held for 1 
min 

Wharton, Judge 
and Worland, 
2000 

Liquid 
culture 

21 days + 15 
days in S 
medium 

    35%. Cooling rate 
1°C/min, held for 1 
min 
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Wharton, 
Goodall and 
Marshall, 2002 

Liquid 
culture 

7 days at 
20°C, then 7-
16 days at 
5°C 

20°C then 
5°C 

44%. Held for 1 hour    

Wharton, 
Goodall and 
Marshall, 2003 

Liquid 
culture 

7 days at 
20°C, then 7+ 
days at 5°C 

20°C then 
5°C 

46%. Cooling rate 
0.5°C/min, held for 
30 min 

   

Wharton, 
Goodall and 
Marshall, 2003 

Liquid 
culture 

7 days at 
20°C, then 7+ 
days at 5°C 

20°C then 
5°C 

75%. Cooling rate 
0.5°C/min, 
nucleation at -1°C, 
held for 30 min 
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APPENDIX 2 – Commonly used solutions 

S-Medium 

All components autoclaved separately and combined using sterile 
technique. 
 

S Basal     1 liter 
1 M Potassium citrate pH 6   10ml 
Trace metals solution   10ml 
1 M CaCl2     3ml 
1 M MgSO4     3ml 

 
S Basal: 

NaCl       5.884g 
 1 M Potassium phosphate pH 6  50ml 
 Cholesterol (5mg/ml in ethanol, -20ºC) 1ml 
 dH20       to 1 liter 
 
 

Artificial Tap Water 

(after Greenaway, 1970) 
 

NaCl      20.45mg 
KCl      3.28mg 
CaCO3      100.09mg 
4MgCO3,Mg(OH)2.5H2O    45.98mg 
dH20       to 1 liter 
 

CO2 is bubbled through the solution using a pasteur pipette attached to the end 
of a gas line to dissolve the carbonates for a minimum of 30 minutes.  Air is 
then bubbled through the solution for 30 minutes to oxygenate the solution.  
The pH should be approximately 7.0 and the osmolarity 40mOsm/kg. 
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Escherichia coli concentrated solution 

 
Nutrient broth solution was prepared in sterile flasks and autoclaved: 

Nutrient broth powder    0.6g 
dH20      75ml 

 

Nutrient broth flasks were inoculated with 200μl of E. coli stock and incubated 
at 35ºC overnight.  

 
The E. coli broth was poured into centrifuge tubes aseptically in a laminar flow 
cabinet.  The centrifuge tubes were balanced for weight to within 0.5g, and then 
spun at 5000rpm for 10 min using SA600 rotor, a Sorvall centrifuge.  The broth 
was then poured off taking care not to disrupt the pellet.  The pellets were then 
thoroughly resuspended in S medium by shaking, and all the pellets combined 
in one tube.  The final solution was made up with S medium to give 
approximately 80ml. 
 

Homogenisation Solution 

 
1M Tris pH 8.0    0.25ml 
Protease inhibitor stock solution  1ml 
Milli-Q water    8.75ml 

 
Protease Inhibitor Stock Solution: 

1 protease inhibitor tablet (Roche Complete Mini) in 2ml milli-Q water 
 
1M Tris pH 8.0: 

Tris base Mr=121.1  
Add 21.1g Tris to 90ml Milli-Q water 
Adjust to pH 8.0 with HCl 
Make up to 100ml with Milli-Q 
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