
Applied Soil Ecology 193 (2024) 105110

Available online 31 August 2023
0929-1393/© 2023 Elsevier B.V. All rights reserved.

Review 

An Antarctic worm and its soil ecosystem: A review of an emerging research 
program in ecological genomics 

Xia Xue a,b,*, Andrew R. Thompson b,c, Byron J. Adams b,d 

a Henan Key Laboratory of Helicobacter pylori & Microbiota and Gastrointestinal Cancer, Marshall Medical Research Center, The Fifth Affiliated Hospital of Zhengzhou 
University, Zhengzhou, Henan 450052, PR China 
b Department of Biology, Brigham Young University, Provo, UT 84602, USA 
c Ronin Institute, Riverside, CA 92503, USA 
d Monte L. Bean Life Science Museum, Provo, UT 84602, USA   

A R T I C L E  I N F O   

Keywords: 
Ecological amplitude 
Ecological succession 
Elemental stoichiometry 
Extreme environments 
Life history evolution 
Model systems 

A B S T R A C T   

Relationships between the evolution of species and their ecosystems can be difficult to accurately assess due to 
the high number of confounding biological variables (e.g., biotic interactions among community members and 
the resulting complex relationships between genetic pathways and organism phenotypes). Thus, progress in 
ecological genomics by making inferences about fundamental ecological patterns and processes is hampered by 
high biodiversity and subsequent complex biotic interactions. Study systems that are naturally low in biological 
and ecological complexity, and strongly structured by abiotic drivers, can serve as models for bridging the gap 
between controlled mesocosm experiments and natural ecosystems. The terrestrial ecosystems of the Antarctic 
dry valleys have low biodiversity and constrained ecological complexity, primarily because ecological commu
nities are so strongly shaped by physical, rather than biological, factors. The harsh constraints of the physical 
environment on organismal evolution and the structure of ecological communities make this an optimal natural 
system for disentangling the influence of specific environmental parameters on genotype/phenotype and gene by 
environment interactions. This work reviews the biology, evolution, and ecology of an emerging model organ
ism, the free-living nematode Plectus murrayi, in a model ecosystem, the McMurdo Dry Valleys (MDVs) of 
Antarctica. In the MDVs, habitat suitability, including nutrient availability, has been shown to drive organismal 
(nematode) life history evolution, including growth and reproduction, primarily by way of changes in the 
expression of developmental genes. Changes in growth rates and reproductive schedules are accomplished pri
marily through alterations of nuclear rRNA gene copy number. The predicted and observed responses to natural 
experiments have been replicated in the laboratory, providing a synthesis of field observations and experimental 
evolution. Studying such natural model systems as this could fill several persistent knowledge gaps in our un
derstanding of how genetic variation, genomic architecture, and gene regulation drive the genotype-phenotype 
paradigm, and the consequent effects of these drivers on ecosystem structure and functioning.   

1. Introduction 

The field of ecological genomics aims to link changes in environ
mental parameters (e.g., soil moisture, nutrient content, and climatic 
factors) with the evolution of organism phenotypes through genetic 
intermediaries, such as genotype and genome architecture (Rice et al., 
2011). Understanding such dynamics requires identifying key environ
mental drivers, the organismal phenotypes associated with them, and 
the responses of the genetic elements coupled to those phenotypes 

(Pavey et al., 2012). Model organisms in low-diversity ecosystems pro
vide an excellent in situ model for studying the ecological genomics of a 
single species relative to biotic and abiotic environments. The reduced 
community complexity in physically extreme environments, such as hot, 
dry, and cold deserts (Eshel et al., 2021), hot springs (Op den Camp 
et al., 2009; Sriaporn et al., 2021), abyssal zones (Gao et al., 2019), and 
the deep subsurface biosphere (Borgonie et al., 2011), make it possible 
to understand ecological and evolutionary processes in the absence of 
complicating variables that are inherent in more complex ecosystems. In 
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addition, because model organisms can be optimally cultivated in the 
laboratory (with their short generation times and large population sizes) 
and their genetic backgrounds are well-studied, they likewise serve as 
highly accessible tools for revealing the complex genetic underpinnings 
of genotype-phenotype and gene-by-environment interactions. 

Nematodes are widely distributed across all continents, including the 
polar regions (Bongers and Ferris, 1999; Newbold et al., 2015). To date, 
over 25,000 nematode species, inhabiting nearly every ecosystem on 
Earth, have been described (Zhang, 2013). Numerical dominance and 
broad geographical distribution indicate that nematodes are essential to 
the functioning of most ecosystems and likely the Earth’s entire 
biosphere (Ferris, 2010; van den Hoogen et al., 2019). Due to their small 
size, transparent body structures and relatively short life-cycle time (e.g. 
mean of 3–4 days for Caenorhabditis elegans, strain N2), nematodes have 
been studied as model organisms in multiple scientific disciplines, 
including genetic engineering, medicine, and developmental biology 
(Andrássy, 1998; Wharton and Raymond, 2015; Markaki and Tav
ernarakis, 2020; Nakayama et al., 2020; Zimmermann et al., 2020). The 
soil nematode Plectus murrayi is an emerging animal model for exploring 
the origin and evolution of a number of stress response pathways in 
metazoans (Adhikari et al., 2010a) and possesses a variety of charac
teristics that make it a candidate model for soil ecological genomics 
generally. 

Here, we review the biology and ecology of P. murrayi as a founda
tion for its use in exploring the molecular mechanisms underlying 
adaptive responses to physically dominated environmental drivers, and 
more broadly, evolutionary and ecological genomics. Laboratory and 
culturing techniques are presented in evolutionary and ecological con
texts, including phylogeny, life history, population structure, and dis
tribution ecology. Examples of how P. murrayi tolerates the extreme 
physical insults of the MDVs follow from both physiological and genetic 
perspectives, demonstrating how the P. murrayi-Antarctic soil ecosystem 
model is well-positioned to answer key questions in evolutionary and 
ecological genomics. 

2. Model organism: Plectus murrayi 

Plectus murrayi is an emerging model organism in multiple scientific 
disciplines, including genetic engineering, medicine, and developmental 
biology (Adhikari et al., 2010a; Wharton and Raymond, 2015). 
P. murrayi is a free-living limnoterrestrial nematode that plays a key 
ecological role in a well-studied Antarctic soil ecosystem. Its eco-evo 
dynamics can be compared to that of other contemporary species in 
the same ecosystem to better understand how natural communities, and 
not simply single species alone, respond to evolutionary and ecological 
dynamics. P. murrayi is an endemic Antarctic member of a globally 
distributed genus and thus can also be compared in a phylogenetic 
context to congeners to understand the genetic basis of adaptive evo
lution across a broad spectrum of timescales. Furthermore, it is culti
vable in the laboratory, possesses a relatively short generation time (for 
an Antarctic invertebrate), has readily observable and measurable 
phenotypes, and is genomically and phenotypically comparable to other 
well-studied animal models, including Caenorhabditis elegans. 

2.1. Evolutionary genomics of P. murrayi 

Organisms evolve in response to environmental influences over long 
(e.g., phenotype innovation) and short (e.g., population structure, 
phenotypic plasticity, and SNPs) timescales through a variety of genetic 
mechanisms (e.g., epigenetics, gene duplications, SNPs, mobile ele
ments, horizontal gene transfer, and changes to genomic architecture). A 
robust phylogenetic framework allows for the identification of the origin 
and maintenance of adaptive strategies that have evolved in response to 
such environmental influences over different time scales (Brooks and 
McLennan, 1991). In turn, this information provides critical context for 
interpreting the ecological role of the organism in its ecosystem (Brooks 

et al., 1992). 
Evolution over short timescales can be fast and more sensitive to 

interannual environmental variation as compared to evolution over 
periods of longer time, which is important for explaining the functional 
variation within and among populations that are driven by environ
mental changes (Thompson, 1998; Carroll et al., 2007). Due to 
geographic, topological, and geological legacies of the MDVs, pop
ulations are highly structured across this landscape (Jackson et al., 
2022; Geyer et al., 2017; Magalhaes et al., 2012; Adams et al., 2014). 
Thus, studying population-level processes, including gene flow and the 
geographic structure of populations, provides a simple and unique way 
to answer fundamental questions in ecological genomics, such as how 
genetic variation drives and is driven by ecological interactions. 

Phylogenies based on the COI gene and genome reveal that P. mur
rayi consists of a single lineage that was isolated from its non-Antarctic 
congeners at a minimum of over one million years ago (Velasco- 
Castrillón et al., 2014; Kagoshima et al., 2019; Xue et al., 2021). Map
ping the genetic features associated with extreme-tolerant phenotypes 
(e.g., anhydrobiosis) of P. murrayi provides a genetic background that 
can reveal the functional genes, genomic structures, or regulatory fea
tures, that have evolved in response to environmental insults. For 
example, it has been reported that P. murrayi is pre-adapted to desic
cated conditions, and these adaptive responses were rapidly co-opted 
post-colonization (Adhikari et al., 2009). 

2.2. Life history evolution of P. murrayi 

Life history evolution and its impact on genomic architecture is a 
major subfield of ecological genomics. Life history research aims to 
provide a theoretical framework for understanding how patterns of 
development, growth, reproductive scheduling, and lifespan have been 
shaped by natural selection (Partridge and Harvey, 1988). It is partic
ularly useful for identifying how environmental and ecological factors 
shape gene-by-environment phenotype/genotype interactions, 
including phenotypic plasticity (Flatt and Heyland, 2011; Flatt et al., 
2013). Moreover, due to the ecological complexity of most natural 
ecosystems, it is usually difficult to determine how genes controlling life 
history evolution respond to the variety of selective factors in an or
ganism’s environment. 

P. murrayi possess several life history traits that facilitate their 
persistence in dynamic dry, cold, and oligotrophic habitats in the MDV, 
such as a longer life cycle, parthenogenesis, and slower reproduction (de 
Tomasel et al., 2013). A study of growth and development in P. murrayi 
populations from Cape Hallett (coastal, northern-most part of Victoria 
Land) indicates that P. murrayi can go through multiple life cycles in a 
single year in the wild (Yeates et al., 2009). At harsher, higher latitudes 
with fewer degree days above freezing a single life cycle of P. murrayi 
could last at least two years and possibly many more (Porazinska and 
Wall, 2002; Simmons et al., 2009; de Tomasel et al., 2013). Whether the 
life cycle of P. murrayi is one, two, or more years, P. murrayi has a longer 
life cycle than Plectus nematodes outside of Antarctica (e.g., Plectus 
parietinus, Plectus velox) (Sandhove et al., 2016). There are several 
possible explanations for this difference. First, P. murrayi growth and 
development is paused for a large proportion of each year while it en
dures adverse environmental conditions in cryptobiosis (Treonis et al., 
2000; Porazinska and Wall, 2002; Kagoshima et al., 2012). Thus, an 
extended life cycle in P. murrayi could be an adaptation for surviving the 
long, dark, freezing Antarctic winters, during which the organisms must 
allocate most of their metabolic energy to stress response instead of 
development and reproduction. The second is that the length of its 
lifecycle may be a direct response to the ambient temperature in the 
valleys and thus appear more extended than it actually is. Metabolic rate 
is closely tied to ambient temperature in ectotherms and the maximum 
and mean annual soil temperatures in the MDV are 14.7 ◦C and 
−18.8 ◦C, respectively (Obryk et al., 2020). These hypotheses are easily 
tested under laboratory conditions; in vitro it takes P. murrayi 53 to 57 
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days to complete the egg-to-egg life cycle at an optimal growth tem
perature 15 ◦C (Fig. 1) (de Tomasel et al., 2013). MDV soils can reach 
15 ◦C at 5 cm depth (Knox et al., 2016), indicating that in vitro and in situ 
environments are roughly comparable. Plectus murrayi life cycle length is 
still longer than non-Antarctic Plectus species, but it is also not truly 
multi-annual, suggesting that both adaptation and unique environ
mental conditions are strongly influencing the evolution of its life his
tory traits. 

Parthenogenesis is the dominant mode of reproduction in P. murrayi. 
Males occur very rarely and when they do occur, they are non-functional 
(Lahl et al., 2003; Andrássy, 2012). The lack of functional males means 
that there is no cost of meiosis and P. murrayi populations exert no en
ergy searching for a mate during reproduction (Kito et al., 1991). This 
allows them to colonize novel habitats without having to find a mate 
(Bogart et al., 2007; Lunt, 2008; Roach et al., 2014). But the loss of 
sexual recombination also results in a decreased capacity to respond to 
environmental changes (Garcia et al., 2007; Chaudhuri et al., 2011; 
Cutter et al., 2019). In this trade-off, the advantages of P. murrayi’s 
reproductive strategy must outweigh any current disadvantages (Judson 
and Normark, 1996). This indicates that its effective environment is 
stable, P. murrayi is well-adapted to the extreme selection pressures in 
the MDVs (Adhikari et al., 2010a), or it has some means other than sex 
and recombination to generate genetic variation (Vakhrusheva et al., 
2020). Future research on P. murrayi life history evolution could help 
reveal the mechanisms by which asexual animals generate and maintain 
sufficient genetic variation to survive in extreme and variable 
environments. 

3. Model ecosystem: the McMurdo Dry Valleys of Antarctica 

The McMurdo Dry Valleys (MDV) are located in the Antarctic 
bioregion of South Victoria Land (Terauds and Lee, 2016) at approxi
mately 76◦5′ to 78◦5′S, 160◦0′ to 164◦0′E and constitute the largest ice- 
free terrestrial area in Antarctica (Fountain et al., 2014). These valleys 
are among the coldest and driest terrestrial habitats on Earth. Mean 
annual precipitation is <100 mm (always as snow), the yearly average 
air temperature is −20 ◦C (Priscu, 1998; Fountain et al., 1999; Doran 
et al., 2002; Obryk et al., 2020), and significant variation has been found 
in stoichiometric nutrient availability (e.g., N, C, P) related to climate, 
soil weathering, and geography (Barrett et al., 2006; Barrett et al., 
2007). The growing season for MDV biota is compressed between late 
November and early February (the austral summer), when soil temper
atures rise above freezing; notably, soils still experience frequent freeze- 
thaw cycles even during this period (Freckman and Virginia, 1997; Knox 

et al., 2016). Between the end of March and the beginning of October 
(the austral winter), the region experiences total darkness. Despite these 
physical and climatic extremes, phylogenetically and functionally 
diverse microbial communities persist (Fierer et al., 2012; Thompson 
et al., 2020) including microfauna (tardigrades, rotifers, nematodes and 
microarthropods) (Adams et al., 2006). Biotic communities here are 
heterogeneously distributed across a landscape of mineral soils that 
range from arid (<1 %) to moist (>5 %, maximum ~10 %). There are no 
vascular plants, and the lack of their accompanying root structure re
duces the availability of water and strongly limits carbon (C) fixation, 
resulting in a highly simplified soil community (Wall and Virginia, 1999; 
Wlostowski et al., 2018). Consequently, biotic interactions are reduced 
in number and complexity, making abiotic factors the strongest drivers 
of community structure (Dunson and Travis, 1991; Caruso et al., 2019; 
Shaw and Wall, 2019; Thompson et al., 2021). 

The MDV soil ecosystem is an optimal model system for disen
tangling fundamental ecological patterns and processes because it hosts 
a radically simplified community, naturally reducing the ecological 
complexity that obscures dynamic interactions in a majority of other 
systems. The evolution and ecology of the biota are strongly coupled to 
readily measured climate and physicochemical variables, such as soil 
chemistry, water availability, soil temperature, solar irradiance, and 
nutrient availability. Moreover, the environment of the MDV is 
extremely sensitive to climate variability, and the response of its com
munities to these changes can be studied comprehensively in vivo and in 
real-time. In addition, the ecosystem consists of a series of distinct 
landscapes with unique geological legacies, providing a series of repli
cated natural experiments for studying eco-evolutionary dynamics on 
short-term timescales (i.e., hundreds to thousands of years) (Priscu, 
1998). 

4. Plectus murrayi in the MDVs 

Understanding the ecology of model organisms provides the foun
dation for studying their ecological functions, genome evolution, and 
adaptive responses to biotic and abiotic interactions at the genomic 
level. Like free-living soil nematodes in other ecosystems, P. murrayi 
functions as a crucial link in the MDV soil microbial loop (Shaw et al., 
2018), as suggested by its overwhelming abundance in the moist, pro
ductive sites where it occurs (~500 individuals/kg soil; Adams et al., 
2014; Lawson Knoepfle et al., 2009). Unlike other ecosystems, P. murrayi 
dominates a food web with highly reduced biodiversity and trophic 
complexity: only a single facultative predator and several other micro
bivores cooccur with P. murrayi (Shaw et al., 2018). This simplified but 

Fig. 1. The life cycle of Plectus murrayi at 15 ◦C in the laboratory, growing on agar media plates with additional sterile sand and fed on Escherichia coli OP-50. It takes 
53 to 57 days to complete the egg-to-egg life cycle under optimal growth conditions. 
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still multi-faceted food web enables the study of gene to ecosystem dy
namics in situ: changes in the physical environment induce changes in 
P. murrayi population size, behavior, and trophic interactions, which 
then induce further changes in the structure and functioning of the 
nematode’s biotic community, all of which inevitably feed back and 
further influence the evolution of P. murrayi. Mapping and under
standing the ecology of P. murrayi, its response to selective pressures 
from its physical environment, and the interactive pathways between 

P. murrayi and the rest of the soil community are thus helpful attributes 
for research programs in ecological genomics. 

P. murrayi possesses a broad ecological amplitude. It can be found in 
semi-aquatic, aquatic, and moist soils (Yeates, 1979; Andrássy, 1998; 
Andrássy and Gibson, 2006; Wharton and Brown, 2012). It is more likely 
to occur in habitats with relatively higher soil moisture (7–10 %) 
(Mouratov et al., 2001), higher soil nitrogen (N) and nitrate concen
tration (>10 mg/kg), higher organic C (~0.41 g/kg), higher C/N ratios 

Fig. 2. Generalized food web for Antarctic Dry Valley soils. Solid arrows indicate verified relationships (see figure references); dashed arrows indicate unconfirmed 
but inferred relationships. Box color indicates trophic tier; arrow color indicates preceding trophic tier. Dashed boxes indicate groups that have received minimal 
research attention; solid boxes indicate those that have received substantial attention, relative to the whole. Light red boxes indicate known, high-tier predators/ 
omnivores; light orange indicate possible, but unlikely, high-tier predators/omnivores. Milnesium spp. are pan-Antarctic and unpublished sequences suggest they may 
occur in or near the MDV, but there are as yet no published records. Plectus murrayi is bolded to emphasize its position. Organism icons included for clarity. Note how 
low trophic complexity (compared to more temperate soil ecosystems) facilitates a higher-resolution understanding of biotic interactions at multiple levels of 
ecological and evolutionary organization. 
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(~10), and lower soil salinity (EC < 100mS cm−1) than other Antarctic 
nematodes (Courtright et al., 2001). Thus, it is not surprising that 
P. murrayi is largely missing from the arid soils (<5 % soil moisture 
content) that dominate the MDV landscape (Fountain et al., 1999; 
Burkins et al., 2001). Instead, it is abundant in soils associated with 
higher amounts of liquid water, such as near ephemeral streams, ponds, 
snowmelt patches, and lake margins (Sohlenius et al., 1996; Powers 
et al., 1998; Adams et al., 2006; Adams et al., 2014; Raymond and 
Wharton, 2016). Thus, P. murrayi inhabits an extreme environment and 
has certainly adapted its physiology to manage those extremes, yet its 
micro-environment is relatively mesic, and thus the organism can be 
reliably compared to congeners in non-Antarctic systems. 

Understanding the interaction network between competitors, the 
top-down activity of predators, and the bottom-up controls exhibited by 
prey availability for P. murrayi is critical for characterizing the molec
ular genetics of the nematode’s ecological functioning. Like many 
nematodes, P. murrayi is a generalist grazer, feeding on bacteria through 
broad-scale suction (Heyns, 1995; Adhikari et al., 2010b), though there 
is likely some degree of selective feeding (Newsham et al., 2004). Other 
microbivores in the system include other free-living nematodes, several 
rotifer species, tardigrades (e.g., Acutuncus antarcticus) and a variety of 
phagotrophic protists (Schwarz et al., 1993; Thompson et al., 2020), but 
the degree to which these compete with Plectus is unknown. Shaw et al. 
(2018) showed that although P. murrayi, A. antarcticus, and rotifers 
constituted a primary consumer tier, there was a distinct difference in 
their isotopic ratios, suggesting A. antarcticus and MDV rotifers have 
different feeding ecologies than P. murrayi. Additionally, tardigrades in 
this system are traditionally considered algivorous and rotifers bacter
ivorous, although there is strong evidence of trophic overlap between 
the two (Jaroměřska et al., 2021). Finally, due to differences in grazing 
behaviors, nematodes and phagotrophic protists, which feed selectively 
(Glucksman et al., 2010) and frequently from soil pores inaccessible to 
metazoans (Bamforth et al., 2005; Rønn et al., 2012), may partition prey 
resources such that competition between the groups is minimized 
(Thompson et al., 2021). P. murrayi co-occurs frequently with the 
omnivore-predator nematode Eudorylaimus sp., which is the lone puta
tive predator in the system. The predatory tardigrade Milnesium is pan- 
Antarctic but has not yet been reported in the MDV specifically (Velasco- 
Castrillón et al., 2015). Nematophagous Collembola (springtails) and 
Acari (mites) may also serve as regulators of P. murrayi populations, 
however their distribution is sporadic and limited. It is important to note 
that predation of P. murrayi by any putative predator has not been 
directly observed in the MDV (Fig. 2) (Freckman and Virginia, 1997; 
Wharton, 2003; Velasco-Castrillón et al., 2014). 

4.1. Ecological amplitude of Plectus murrayi in the MDV 

One of the overarching goals of ecological genomics is to understand 
the genetic mechanisms of organismal responses to environmental se
lection (Ungerer et al., 2008). Ecological amplitude is the adaptation 
range of an organism or a physiological process of an organism to 
changes in ecological factors, which refers to the ecological adaptability 
of organisms (Holling, 1973; Dajoz, 1975). Due to the extreme Antarctic 
environment, P. murrayi possesses numerous phenotypes under strong 
selection that provide excellent case studies for understanding the rate 
and mechanics of adaptive evolution. Of these selective forces, water 
availability is one of the most essential drivers of ecosystem structure 
and functioning in Antarctic ecosystems (Lee, 1999). The low average 
temperature in Antarctica is the primary driver of low available mois
ture and leads to desiccation in organisms, a process which can puncture 
cell membranes, damage DNA, and lead to death (Bewley, 1979; Potts, 
1994; Oliver et al., 2020). To cope with the effects of desiccation 
P. murrayi employs anhydrobiosis, a type of cryptobiosis wherein both 
metabolism and gene expression are lowered such that cellular growth 
ceases and energy is only expended for minimal cellular maintenance 
thermal hysteresis, and anti-ice-nucleating compounds, respectively. 

During anhydrobiosis, an organism evacuates over 95 % of its in
ternal water and enters a quiescent metabolic maintenance state 
(Treonis et al., 2000; Weicht and Moorhead, 2004; Sandhove et al., 
2016). P. murrayi, like other nematodes that undergo anhydrobiosis, 
also exhibit a coiling behavior which slows water loss by reducing the 
amount of exposed cuticle (Wharton et al., 2005; Demeure et al., 1979; 
Treonis et al., 2000). As with other Antarctic metazoans (Overhoff et al., 
1993; Convey, 1997; Brown et al., 2004), it is the inactive state which 
likely enables P. murrayi to have such extended viability (de Tomasel 
et al., 2013). Understanding the mechanics and limits of anhydrobiosis 
in P. murrayi is thus important for understanding the organism’s 
ecological amplitude (niche breadth) and a key factor in its evolutionary 
ecology. 

Despite anhydrobiosis being a strategy common to many nematode, 
rotifer, and tardigrade lineages inhabiting hot and cold deserts around 
the world (Crowe and Madin, 1974; Crowe et al., 1977; Demeure et al., 
1979; Treonis et al., 2000; Robert, 2003), the physiological and genetic 
mechanisms underlying this phenotype remain poorly known. Tran
scriptomics and genome assembly, both useful for identifying genes 
associated with specific molecular interactions that occur during anhy
drobiosis, could potentially elucidate genetic pathways key to anhy
drobiosis strategies (Treonis et al., 2000; Weicht and Moorhead, 2004; 
Goyal, 2005; Sandhove et al., 2016). To date, several of the genes 
responsible for synthesizing the set of core proteins involved in anhy
drobiosis have been identified and include trehalose-6-phosphate syn
thase, aldehyde dehydrogenase, glycerol kinase, malate synthase, and 
heat shock proteins that enable nematodes to respond to desiccation 
(Treonis et al., 2000; Erkut et al., 2013; Sandhove et al., 2016). Some of 
these expressed gene products and co-solutes contribute to replacing 
structural water with a synthesized organic glass that maintains intra
cellular structure and function in the absence of water. Late Embryo
genesis Abundant proteins (LEAs) are essential for reducing protein 
aggregation that occurs during desiccation and causes potential damage 
to cellular biological processes. Thus, LEAs are assumed to be critical for 
stabilizing anhydrobiosis and subsequent recovery from desiccation in 
nematodes. Adhikari et al. (2009, 2010c) sequenced the expressed 
sequence tags (EST) of P. murrayi exposed to different desiccation con
ditions and found that 28 % of differentially expressed transcripts are 
involved in metabolism, 19 % in environmental information processing, 
and 28 % in genetic information processing, in addition to many novel 
transcripts. Adhikari et al. (2009) induced anhydrobiosis in P. murrayi 
by lowering the relative humidity (98 % to 87 %) over 24 h at 23 ◦C and 
found that desiccation stress results in increased expression of 6-phos
phate synthase, late embryogenesis abundant proteins (LEA), heat 
shock proteins, ubiquitin, c-type lectins, and chaperone-related proteins. 
Interestingly, a gene encoding an antifreeze protein was downregulated, 
likely because dehydration was the more pressing stressor during 
desiccation than freezing (Adhikari et al., 2010c; Adhikari and Adams, 
2011). 

Genetic pathways associated with freeze-tolerance (sudden and 
lasting) are key to resolving the ecological role of this organismal 
function in natural ecosystems (Raymond and Wharton, 2013; Storey 
and Storey, 2013). Adhikari et al. (2010c) showed that the rate of 
exposure to desiccation and freezing plays a vital role in the initiation of 
anhydrobiosis in P. murrayi, and presumably other nematodes (Crowe 
et al., 1977; Wharton, 1996; Erkut et al., 2013; Erkut and Kurzchalia, 
2015). High tolerance to different rates of dehydration is likely a key 
survival strategy in Antarctic soils where freeze-thaw cycles occur on a 
regular basis, sometimes on timescales as short as several minutes (Knox 
et al., 2016). Previous studies showed that exposure to gradual dehy
dration (a decrease from 98 % to 55 % RH over 48 h) not only improves 
extreme desiccation survival but also promotes enhanced cold tolerance 
(Adhikari et al., 2010c; Wharton and Raymond, 2015). When exposed to 
moderate desiccation (55–50 % RH), more P. murrayi survived than 
when exposed to lethal desiccation (5–10 % RH) and freezing (− 1 ◦C to - 
4 ◦C), and freezing combined with 97 % RH promoted both the number 
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of surviving nematodes at subsequent exposure to 0 % RH and −10 ◦C. 
How anhydrobiotic ability compares between Antarctic Plectus and 

other nematodes, including non-Antarctic Plectus, is currently unclear 
but could illustrate how the Antarctic environment has influenced 
desiccation tolerance strategies. Other nematodes undergo anhy
drobiosis, however the degree to which they do is dependent on their 
environment. C. elegans only exhibits anhydrobiosis during the non- 
reproducing dauer larvae stages (Wharton, 2011; Erkut et al., 2013) 
whereas P. murrayi, like other Antarctic nematodes, can enter anhy
drobiosis in all its life stages (Treonis et al., 2000; Weicht and Moorhead, 
2004; McGill et al., 2015; Sandhove et al., 2016). Whether ancestral 
Plectus populations in Antarctica were capable of undergoing anhy
drobiosis, how effective their phenotypes were, and how rapidly the 
evolution of that trait, if any, occurred are questions that remain 
unanswered. These questions could be answered by comparing the 
ecological genomics of anhydrobiosis in Antarctic Plectus with congeners 
endemic to lower latitudes. 

4.2. Elemental stoichiometry and the growth rate hypothesis (GRH) 

Both field and laboratory studies of elemental stoichiometry in 
P. murrayi provide examples of its use as an effective model for testing 
the growth rate hypothesis (GRH) under various elemental conditions. 
For example, such research tests the hypothesis that cellular phosphorus 
(P)-content regulates the rate of organismal development as postulated 
by the GRH (Xue et al., 2023). The GRH (Elser et al., 2000; Elser et al., 
2003; Elser et al., 2009) predicts that organismal growth rates are 
directly correlated with the available P in the environment. Because the 
growth rate of an organism is influenced by its ribosomal RNA (rRNA) 
synthesis rate, factors that influence rRNA production should indirectly 
modify growth rate. Providing additional amounts of limiting nutrients, 
such as P, during high rates of rRNA synthesis should therefore increase 
growth rate (Elser et al., 2000; Elser et al., 2003). Previous studies have 

shown evidence supporting the GRH in crustacean zooplankton and 
herbivorous insects, finding a positive association among growth rate, 
rRNA, and somatic P-content (Gorokhova and Kyle, 2002; Weider et al., 
2004). Furthermore, lab experiments examining variation in rRNA in 
different organisms reveal a link between available environmental P and 
genetic variation at the genomic level (Perkins et al., 2004; Weider et al., 
2005). Although few studies have shown this relationship in soil eco
systems due to the complexity of natural nutrient compositions, doing so 
is valuable for assessing adaptation under natural elemental composi
tions and limitations. Studying the relationship between P. murrayi and 
P-content in a simplified ecosystem like the MDV provides a natural 
model for exploring life history evolution under resource-limited con
ditions and a good example of how to integrate nutrient and energy 
cycles in organisms and ecosystems at the genomic level (Xue et al., 
2023). 

Although several studies have examined the consequences of dietary 
P deficiency at moderate to high levels (Acharya et al., 2004; Perkins 
et al., 2004), few have examined P limitation in organisms when 
nutrient sources are scarce. P content in soil mainly depends on its cycle. 
In the MDV, P content is highly limited by low biological activity and 
reduced apatite weathering rates (Campbell et al., 1998, 2013; Blecker 
et al., 2006). Meanwhile, N and C cycling in the MDV are limited by low 
decomposition rates, salt accumulation, and water constraints (Bock
heim, 2002; Barrett et al., 2007). Different concentrations of P and N 
combined with lower-than-average organic C availability in MDV soils 
leads to a highly heterogeneous stoichiometry (Fig. 3) (Campbell et al., 
1998, 2013; Bockheim, 2002; Blecker et al., 2006; Barrett et al., 2007). 
Consequently, the availability of these elements tends to drive the dis
tribution of most Antarctic biota at regional and landscape scales. The 
biological processes are limited and slow, making the growth rate of a 
population more sensitive to P content. Moreover, differences in rRNA 
synthesis from P-limited and P-rich soils could be amplified in the 
extremely harsh MDV soil ecosystem (Xue et al., 2023). 

Fig. 3. Map of Taylor Valley, Antarctica. Purple indicates areas of high soil P-content; cyan indicates low soil P-content.  
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The amount of available soil P is higher in the Fryxell basin (Ross Sea 
till) than it is in the Bonney basin (Taylor II till), and the P fraction 
distribution in both Fryxell and Bonney basins reflects the general 
relationship between weathering intensity and P distribution seen in 
other arid ecosystems (Blecker et al., 2006; Bate et al., 2008). By 
comparing the effect of elemental stoichiometric constraints on growth 
rates of P. murrayi populations from different valley basins, researchers 
could elucidate which adaptations to specific habitats and environ
mental conditions may underlie differences in life history evolution. 
However, it remains unclear which mechanisms underlie how environ
mental nutrients influence rRNA evolution and the expression of related 
functional genes in animals from more complex ecosystems. A model 
species (P. murrayi) and simple ecosystem (MDV) approach should be 
helpful for understanding patterns between functional genes and envi
ronmental variation. For example, using the MDV and P. murrayi model 
study system, Xue et al. (2023) show that stoichiometric constraints 
drive rRNA copy number and the evolution of differential expression of 
genes associated with development and reproduction. The evolved 
changes in gene copy number produce differences in life history traits, 
such as longevity, fecundity, body size at maturity, and reproductive 
schedules. Such an approach could be extended to improve our under
standing of the role of environmental stoichiometry in shaping the 
structure and evolution of communities more generally. 

5. Ecological regime shifts and climate change 

Global climate change can lead to significant environmental trans
formation and subsequent shifts in patterns of biodiversity that are re
flected in organismal genotype-phenotype plasticity (Potvin and 
Tousignant, 1996; Scheiner et al., 2020). Thus, an ecosystem and its 
organisms that are sensitive to climate change provide a tractable model 
system to dissect mechanisms of adaptative responses to physical and 
genomic constraints. 

The MDVs are often referred to as a landscape on the edge of change 
(Fountain et al., 2014). They are the driest and coldest deserts on Earth 
(Fountain et al., 1999; Bockheim, 2002; Obryk et al., 2020), but unlike 
deserts elsewhere, there is a substantial amount of liquid water locked 
away as ice in the glaciers and ice sheets that are adjacent to the valleys 
(Priscu et al., 1998; Doran et al., 2003; Mikucki et al., 2015). Low annual 
temperatures maintain the many glaciers that invade the valleys from 
the polar plateau and surrounding peaks, but predicted future warming 
is likely to bring increasing amounts of liquid moisture to the region 
(Doran et al., 2002; Gooseff et al., 2017). Thus, in the coming decades, 
the MDV soil communities will likely be subject to increasing temper
atures and changing moisture regimes, providing an opportunity to 
study a whole, simplified soil community as it responds to drastic shifts 
in its physical environmental drivers. 

As the local climate warms, arid soils will be increasingly inundated 
with moisture from melting glaciers, changing precipitation regimes, 
and a shift towards snow melt entering the soil directly instead of sub
limating away (Sylvain et al., 2014; Wlostowski et al., 2018). These 
changes broaden the known suitable habitat for P. murrayi, which 
dominates moist sites, but reduces the suitable habitat of S. lindsayae 
(Simmons et al., 2009; Andriuzzi et al., 2018), which currently domi
nates arid soil sites (Adams et al., 2014; Velasco-Castrillón et al., 2014; 
Caruso et al., 2019; Kagoshima et al., 2019). Thus, anthropogenic 
climate change may see a replacement of S. lindsayae with P. murrayi as 
the dominant metazoan grazer in the MDV (Simmons et al., 2009; 
Andriuzzi et al., 2018). Monitoring changes in the population structure 
and distribution of both P. murrayi and S. lindsayae could provide a 
tractable research program for understanding genomic underpinnings of 
ecological succession and subsequent impacts on the structure and 
functioning of the soil ecosystem as a whole. 

6. Conclusion 

The model organism, P. murrayi, in the ecologically simplified 
environment of the MDVs, can resolve persistent knowledge gaps in 
ecology by facilitating ecological genomics as a research program. Some 
of these knowledge gaps include identifying responses of functional 
genes and pathways to ecological change, understanding their ecolog
ical and evolutionary consequences, and revealing the genetic mecha
nisms by which organisms respond to environmental drivers at the 
genomic level. Such an approach makes possible the study of eco-evo 
dynamics over long and short timescales, potentially capturing re
sponses from across distinct populations, and as part of dynamic sys
tems, such as responses to dramatic ecological changes that accompany 
climate change. Comparing the genetic structure of lab cultured and 
wild organisms offers an opportunity to study and test basic ecological 
hypotheses at different organizational levels (individual, population, 
community, ecosystem; genetic, molecular, and ‘omic’). Similarly, genes 
associated with ecological amplitude can be targeted to explore the 
genetic mechanisms necessary for resistant and resilient responses to 
environmental stress. Approaches to ecological genomics that take these 
mechanisms into consideration are especially effective for understand
ing organismal responses to environments where interference from 
confounding biotic and abiotic factors is greatly reduced. Similarly, 
approaches to ecological genomics that explore short-term and long- 
term responses to environmental stress, using simplified model sys
tems, make it possible to answer fundamental questions of ecological 
genomics, such as the relationship between evolution and ecosystem 
complexity, as well as the role of elemental stoichiometry in shaping 
communities from more complex ecosystems. Thus, the adoption of 
model ecosystems and organisms could help address several persistent 
knowledge gaps in ecology, especially our understanding of how genetic 
variation, genomic architecture, and gene regulation drive the 
genotype-phenotype paradigm, and the consequent effects of these 
drivers on ecosystem structure and functioning. 
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