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Why are nematodes so successful extremophiles?
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ABSTRACT
Extreme environments constitute the largest habitat on earth, but our understanding of life in such 
environments is rudimentary. The hostility of extreme environments such as the deep sea, earth’s 
crust, and toxic lakes limits the sampling, culturing, and studying of extremophiles, the organisms that 
live in these habitats. Thus, in terms of ecological research, extreme environments are the earth’s final 
frontier. A growing body of data suggests that nematodes are the most common animal taxon in 
different types of extreme settings such as the deep-subsurface and sediments in the deep sea. 
Notably, the reasons for the abundance of nematodes in extreme habitats remain mostly unknown. 
I propose that a unique combination of several characteristics of nematodes may explain, additively or 
synergistically, their successful adaptation to extreme habitats. Novel functional genetic and genomic 
approaches are expected to reveal molecular mechanisms of adaptation of nematodes to the many 
fascinating extreme environments on earth.
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Extreme environments are characterized by a common 
thread of having physicochemical conditions extremely 
different from the norm under which most-known organ
isms can metabolically and biochemically operate [1,2]. 
This broad and strong anthropocentric criterion means 
that many types of habitats that differ greatly in their 
physicochemical properties are grouped to define extreme 
environments. These include, for example, the deep subsur
face of the earth, deep-sea sediments and trenches, hypersa
line and highly alkalic soda lakes, as well as hot and polar 
deserts [2]. Many types of organisms with remarkable 
adaptations to harsh conditions have been isolated from 
extreme environments. The group of extremophilic organ
isms consists of many species of archaea, bacteria, protists, 
fungi, and plants, as well as a wide range of animals such as 
nematodes, arthropods, tardigrade, rotifers, mollusks, and 
chordates [1,3]. Many extreme environments have 
a particular combination of several extreme conditions, 
e.g., some hypersaline lakes are also very alkaline and have 
a high concentration of arsenic [4]. In accordance with the 
combination of extremes, a growing body of evidence sug
gests that species isolated from these habitats can tolerate 
multiple extreme conditions. Recent studies have suggested 
that this cross-tolerance defines, among extremophiles, 
a subgroup of polyextremophiles composed of many spe
cies of microorganisms [5,6] and the members of only one 
phylum of animals – the tardigrades [6].

Although not presently defined as polyextremophiles, 
studies of species richness and abundance of individuals 

have highlighted nematodes as the most abundant animal 
taxon in samples collected from many types of extreme 
environments (Figure 1). For example, the analysis of 
samples collected from deep-sea sediments, which cover 
more than 65% of the earth’s surface, revealed that among 
the meiofauna (benthos with a body size between 50 and 
1000 µM) nematodes are the most abundant metazoan 
taxon [7]. Moreover, the dominance of nematodes 
increases with water depth by up to >90% [8] suggesting 
a positive correlation between extreme conditions and 
nematode abundance. Nematodes are the dominant ani
mal phylum in many additional extreme environments 
including deep-subsurface habitats [9], hot or polar 
deserts [10], and parts of the intestine – an anaerobic 
environment found inside every one of us. Nematodes 
are estimated to be the most common parasites in the 
human alimentary system inhabiting the intestines of 
more than 1.2 billion people worldwide [11,12].

I wish to propose a unique combination of five major 
characteristics additively or synergistically that make 
nematodes particularly successful in many types of 
extreme environments. The five characteristics are: I. 
Cylindrical body with no major appendages. This struc
tural attribute is advantageous for animals living in gran
ular habitats such as terrestrial or marine sediments or the 
intestine of animals. II. Adaptation to low concentrations 
of oxygen. Nematodes can thrive in oxygen concentra
tions as low as 1.44 µM [13] – more than thousand times 
lower than atmospheric oxygen at sea level, and 
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accordingly are the most common animal taxon in many 
environments with low oxygen concentration [14]. III. 
Minimal dietary requirements for some free-living nema
todes met by bacteria and sterols. Bacteria live in almost 
every environment on earth including many extreme 
habitats [15]; thus, the bacterivory of many free-living 
nematodes is a major advantage for occupying these 
niches. Sterol synthesis requires oxygen [16]; thus, 
mechanisms that support sterol auxotrophy in nematodes 
[17,18] concomitant with an adaptation to thrive in con
centrations of dietary sterols as low as 30 ng/ml [19] 
probably represent another adaptation of nematodes to 
thrive in anaerobic environments. IV. Nematodes have 
various strategies for suspended animation, which enable 
them to survive through periods of unfavorable condi
tions [1,20]. The best-documented demonstration of an 
animal surviving intracellular freezing as a form of sus
pended animation were laboratory experiments with 
the Antarctic nematode Panagrolaimus davidi [21]. 
Supporting this finding, live nematodes were recovered 
from samples collected from Siberian permafrost formed 
30,000–40,000 years ago [22], demonstrating a remarkable 
adaptation of nematodes in the wild to wait, possibly 
indefinitely, for favorable conditions. V. Preadaptation 
and cross-tolerance. A growing body of evidence suggests 
that a single defense mechanism, i.e., detoxification, can 
protect nematodes from different types of stress [23]. 

Thus, the adaptation of nematodes to one extreme habitat 
can confer resilience to other extreme environments 
through only a handful of defense mechanisms.

Notably, None of the five characteristics are unique to 
nematodes. Moreover, these characteristics likely contri
bute to the adaptation of animals from other taxa to 
extreme environments (Figure 1). Cylindrical body with 
no major appendages shared by nematodes, annelids, pla
tyhelminths, and rotifers likely contributes to their abun
dance in granular habitats like deep-sea sediments. 
However, copepods that have long anterior appendages 
are also very abundant in deep-sea sediments [14]. In addi
tion to nematodes, rotifers and copepods were reported to 
enter suspended animation [24,25] which can enable their 
adaptation to specific extreme habitats. Moreover, in sam
ples collected from deep anoxic sediments, as well as polar 
ecosystems and melting ice, loriciferans, and rotifers, 
respectively, are more abundant than nematodes [14,26]. 
Consistent with these findings, some extremophiles exhibit 
a very high tolerance to specific extreme conditions in 
which nematodes may not survive. Taking pH as an exam
ple, ephydrid flies can survive in a pH as low as 2 units and 
rotifers in pH as high as 10.5 units [1]. Based on the notion 
that no single characteristic can explain why nematodes are 
such successful extremophiles, I wish to suggest a model for 
inhabitation in which the five characteristics described 
above predispose nematodes to be polyextremophilic 
organisms. Although nematodes are very abundant in 
moderate environments, the combination of these five 
characteristics this combination likely supports the pre- 
adaptation and cross-tolerance of nematodes to habitats 
of intermediate conditions at the margins of extreme envir
onments. From this pool of preadapted species, specific 
nematodes undergo further adaptation that enables the 
colonization and, in many cases, domination of specific 
extreme environments. Supporting this model, in samples 
collected from Mono Lake, CA, a decrease in species rich
ness was reported in the most extreme habitats in compar
ison to more moderate settings at the lake shorts [27].

So far, efforts to reveal the mechanisms of adaptation of 
extremophilic nematodes to their environments have been 
hindered by two major obstacles. i) The particular and 
hostile conditions of extreme environments limit the sam
pling and long-term laboratory culturing of extremophiles. 
Establishing a stable culture in the laboratory is usually the 
first critical step for the study, in a controlled experimental 
system, of the physiological basis of extremophiles adapta
tion. In recent years, however, novel approaches for repli
cating the conditions of extreme habitats in the laboratory 
have been developed and have unveiled different physiolo
gical aspects of the adaptation of nematodes to particular 
extreme settings [21,27]. ii) There has been a lack of tools 
for efficient functional genetics and genomics in 

Figure 1. Nematodes dominate different types of extreme 
environments.
Phyla of the most abundant species in selected extreme habitats are 
presented. In many of these habitats, Nematoda is the dominant 
phylum among the meiofauna fraction or even among all animals. 
Data about deep-sea habitats as well as lake and continental shelf 
sediments are from [14]. The information about the deep terrestrial 
subsurface is from [9] and about the human intestine is from [11]. 
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extremophiles that are, by nature, non-model organisms. 
The recent development of genome sequencing, RNA- 
sequencing, RNA interference, and CRISPR-Cas9 technol
ogies opens a new and exciting avenue toward the study of 
the molecular basis of adaptation of nematodes and other 
animals to extreme habitats. The long-term culture of 
extremophiles in the laboratory combined with functional 
genomics is expected to deepen our mechanistic under
standing of the unique combination that makes nematodes 
so successful as extremophiles.
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