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N E U R O S C I E N C E

Sex or cannibalism: Polyphenism and kin recognition 
control social action strategies in nematodes
James W. Lightfoot1,2†, Mohannad Dardiry1,3†, Ata Kalirad1, Stefano Giaimo4, Gabi Eberhardt1, 
Hanh Witte1, Martin Wilecki1, Christian Rödelsperger1, Arne Traulsen4, Ralf J. Sommer1*

Resource polyphenisms, where single genotypes produce alternative feeding strategies in response to changing 
environments, are thought to be facilitators of evolutionary novelty. However, understanding the interplay 
between environment, morphology, and behavior and its significance is complex. We explore a radiation of 
Pristionchus nematodes with discrete polyphenic mouth forms and associated microbivorous versus cannibalistic 
traits. Notably, comparing 29 Pristionchus species reveals that reproductive mode strongly correlates with mouth-form 
plasticity. Male-female species exhibit the microbivorous morph and avoid parent-offspring conflict as indicated 
by genetic hybrids. In contrast, hermaphroditic species display cannibalistic morphs encouraging competition. 
Testing predation between 36 co-occurring strains of the hermaphrodite P. pacificus showed that killing inversely 
correlates with genomic relatedness. These empirical data together with theory reveal that polyphenism (plasticity), 
kin recognition, and relatedness are three major factors that shape cannibalistic behaviors. Thus, developmental 
plasticity influences cooperative versus competitive social action strategies in diverse animals.

INTRODUCTION
Resource polyphenisms are plastic traits facilitating the exploitation 
of alternative resources in response to environmental pressures on 
an organism. These polyphenic traits can have a profound influence 
on an organism’s morphology, ecology, physiology, and behavior, 
and they have been observed among diverse taxa (1–4). Examples of 
resource polyphenisms can be seen in alternative feeding morphs, 
where distinct feeding structures and, subsequently, different feed-
ing strategies are found between discrete morphs. One of the most 
dramatic examples of alternate feeding strategies are predatory 
versus nonpredatory and even cannibalistic versus noncannibalistic 
forms, resulting in diverse diets and the induction of aggressive 
behaviors (5–9). Furthermore, some cannibal morphs display 
recognition of self and relatives, therefore reducing the risk of harm-
ing progeny and kin (5–10). However, understanding the complex 
network of influences acting on the developmental decision behind 
cannibalistic versus noncannibalistic polyphenisms is difficult, as it 
requires a combination of ecological insights together with genetic, 
molecular, and, frequently, behavioral analysis, which is not readily 
available in many species.

In diplogastrid nematodes of the genus Pristionchus, a polyphenic 
trait exists in which one of two alternative mouth morphs develop. 
This irreversible developmental decision results in the formation of 
either the stenostomatous (St) morph, where animals have a single 
tooth with a narrow mouth cavity, or, alternatively, the eurystomatous 
(Eu) morph, whereby the animal is wide mouthed with two teeth 
(Fig. 1A) (11, 12). Coinciding with these morphological distinctions, 
behavioral differences between these morphs are evident: While the 
St mouth form feeds on bacteria, the Eu morph is omnivorous and 

capable of supplementing its bacterial diet by predating on the larvae 
of other nematode species, including feeding on conspecifics (Fig. 1B) 
(13). In addition, this predatory biting behavior also serves to repel 
potential competitors from their location, as while adult nematode 
cuticles are sufficient to prevent penetration and death, attacks do 
provoke an avoidance behavior in the recipient, which can cause 
their dispersal from the limited nutrient sources (14). The formation 
of the Eu morph is associated with an adaptive cost in the form of an 
increase in developmental time (15, 16). In one species, P. pacificus, 
a wide range of molecular and genetic tools are available (17–20). 
As such, the mouth-form decision and the associated predatory 
behaviors have been extensively studied and are dependent on genetic 
and environmental factors (21–27). Furthermore, alongside the 
predatory behaviors, a self-recognition system exists based on the 
small peptide signal self-1, which promotes the killing and cannibalism 
of progeny of intraspecific competitors but not of self-progeny 
(28). We investigated a radiation of 29 Pristionchus species and 
unexpectedly found that mouth-form preference shows a strong 
correlation with reproductive mode. Empirical and theoretical evidence 
indicates the interaction of several major factors—plasticity, kin 
recognition, and relatedness—that determine the most appropriate 
social action strategy in individual species.

RESULTS
Mouth form correlates with reproductive mode
Previous studies on mouth-form plasticity and predation in 
Pristionchus have focused nearly exclusively on the hermaphrodite 
P. pacificus; however, this organism is only one species in a well-
described phylogeny thus far encompassing around 50 species (29). 
Furthermore, within the genus Pristionchus, two different modes of 
reproduction are observed, gonochorism and hermaphroditism. 
The ancestral gonochoristic reproductive mode is most common 
and requires obligate mating between females and males. In contrast, 
hermaphroditic species are capable of self-fertilizing and propagating 
without a mating partner; however, this severely limits their genetic 
diversity and results in highly related populations (30). In Pristionchus, 
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this mating type has evolved at least seven times independently with 
eight known hermaphroditic species (29, 31). As mating between 
conspecific females and males is necessary in gonochoristic species, 
how the reproductive mode may influence the mouth-form decision 
and its associated predatory behaviors is currently unknown.

Therefore, we first analyzed the mouth-form abundance across the 
Pristionchus phylogenetic clade by investigating 29 different species 
(Fig. 1C and table S1). Notably, mouth-form preference shows a 
strong association with reproductive mode [P = 0.0043, analysis of 
variance (ANOVA)], while no phylogenetic signal was detected 

(P = 0.637 and 0.769; for Cmean and Moran’s I index, respectively) 
(Fig. 1D). The majority of gonochoristic species adopt the nonpredatory 
St morph (20 of 22 tested species). In contrast, hermaphroditic 
species appear to be affiliated with the predatory Eu morph in five 
of seven analyzed species. This mouth-form association is robustly 
maintained under diverse environmental conditions including 
different temperatures and diets (fig. S1). In the gonochoristic Eu 
species (P. bucculentus and P. clavus), limited available strains make 
it difficult to confirm whether these mouth-form associations are 
consistent throughout these species, whereas in the hermaphroditic 
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Fig. 1. Plasticity and reproductive mode correlate in Pristionchus nematodes. (A) Pristionchus mouth-form dimorphism. P. pacificus predatory eurystomatous form 
(Eu), which has a larger mouth opening and two teeth compared to the nonpredatory stenostomatous form (St), which has a narrow mouth opening and a single tooth. 
Scale bar, 5 m. (B) Killing behavior with a P. pacificus predator killing a C. elegans larva. (C) % Eu mouth-form frequency in 29 distinct Pristionchus species including phylogeny 
and their associated reproductive modes. Comparisons were made between hermaphrodites and females from gonochoristic species. Mouth-form frequency is the mean 
value of three independent replicates, each consisting of 30 animals. Note that, in many species, no Eu animals were detected. (D) Groupings of all species sharing reproductive 
strategy with mouth form associated with reproductive mode. **P < 0.01, showing significant association between reproductive mode and mouth-form preference. 
(E) Predator-prey killing grid among diverse P. uniformis strains from the United States (RS5237), Germany (RS5236), and France (JU893), and a hybrid strain generated by 
mating RS5237 and RS5236. Assays were conducted using rare Eu P. uniformis predators. All strains display a within-strain self-recognition system and between-strain 
killing. Color intensity represents killing efficiency with high (>30 corpses) shown in black, medium (one to 30 corpses) in gray, or low (0 corpses) in white. Data are the 
mean of three standard corpse assays. Crossed boxes indicated not tested.
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St-associated species (P. mayeri and P. boliviae), all available strains 
are St. Thus, our observations support a vision of parallel evolution 
of mouth-form fate and reproductive mode that may imply an 
adaptive value for such associations (32). Therefore, reproductive 
mode represents a previously neglected factor that influences the 
expression of cannibalistic behaviors in Pristionchus nematodes.

Mouth form promotes gonochoristic mating
Why would the gonochoristic reproductive mode associate with the 
nonpredatory St morph? We reasoned that the St bias might prevent 
fatal cannibalistic encounters between genetically distinct individuals 
in which the opportunity to mate is paramount. To test this hypothesis, 
we selected P. uniformis in which a multitude of genetically diverse 
natural isolates are available. All 13 analyzed P. uniformis strains 
confirmed a consistently strong St mouth-form association (fig. S2 and 
table S2), and reciprocal mating experiments among three P. uniformis 
strains from the United States, France, and Germany produced viable 
and fertile F2 progeny, validating the potential for these strains to 
be mating partners (fig. S3, A and B).

To test whether the nonpredatory St mouth form will facilitate 
mating and prevent killing between conspecifics, we selected rare 
Eu animals from these three strains and analyzed killing interactions 
(fig. S4). No killing was detected when predators were tested against 
prey of the same strain, indicating robust self-recognition (Fig. 1E). 
In contrast, cannibalism was observed between conspecifics with 
predators from all strains killing prey of all other genotypes. Moreover, 
when cross progeny between two different strains were tested in a 
reciprocal predator-prey setup, it showed mutual killing (Fig. 1E 
and table S3). Specifically, both parental predators killed their hybrid 
prey progeny, and similarly, hybrid predators killed prey of both 
parental lines. Last, hybrid predators killed their siblings in predator-prey 
assays. Together, these results indicate that the adoption of the non-
predatory St mouth form in gonochoristic species may be an adaptive 
strategy that avoids the killing of potential mating partners and 
therefore facilitates mating. In addition, full siblings can be quite 
divergent in gonochoristic species, and thus the adoption of the 
nonpredatory morph will guarantee not to consume your sisters or 
brothers. In summary, through the establishment of an St mouth form 
in gonochoristic nematodes, they circumvent cannibalistic tendencies, 
which may repel potential mates (14) and kill hybrid larvae and thus 
avoid parent-offspring conflict.

Predatory traits in hermaphrodites promote competition
Hermaphroditic species are frequently affiliated with the predatory 
Eu morph, the opposite of that observed in gonochoristic species. 
As hermaphrodites do not require a mating partner, we hypothesized 
that it may be advantageous to adopt a predatory strategy by killing 
rivals and removing competitors, an example of intraguild predation 
(33, 34). This could be particularly relevant, as reproduction via selfing 
minimizes genetic diversity and maintains close genetic relatedness 
with their offspring, which are not cannibalized by parents due to a 
self-recognition system (28). However, little is known about the 
ecological relevance of predation and cannibalism, as previous studies 
in P. pacificus focused exclusively on geographically diverse strains. 
To investigate the ecological significance of cannibalism, we used 
P. pacificus isolates from the small island La Réunion in the Indian 
Ocean (Fig. 2A), which, despite its age of only 2 to 3 million years, 
harbors a huge diversity of genetic lineages (35). We used 36 strains 
from three island populations at Trois Bassins, Grand Etang (GE), 

and Nez de Boeuf, which frequently co-occur with a specific beetle 
species (Fig. 2B and table S1). These 36 strains were randomly chosen 
from a previous genomic meta-analysis of 264 La Réunion–based 
strains, and some of them are extremely closely related as indicated 
by their nucleotide diversity of  < 0.001 (36). Furthermore, genome 
analysis confirmed that these strains propagate exclusively by selfing 
with no heterozygosity observed in their genomes. We first analyzed 
the mouth-form ratios in these wild isolates for evidence of a particular 
morph. In all but two of these strains, the predatory Eu mouth form 
was the prevalent morph, potentially promoting competition and 
killing between strains (Fig. 2, C to E).

To test this hypothesis, we assessed the potential for killing and 
cannibalism between naturally co-occurring isolates. We set up pairwise 
killing assays between all 12 strains from each location to explore 
ecologically relevant predatory interactions, which revealed three 
distinct behaviors (Fig. 2, F  to H, and fig. S4). First, we observed 
mutual cannibalism whereby strains kill one another with varying 
degrees of efficiency (63.1%). Second, we found multiple examples 
of one-directional killing, i.e., strain RSC066 from GE cannibalizes 
the strains RSC033, RSA054, and RS5407 but is not cannibalized in 
return. In total, we found that 24.3% of the strains displayed one-
directional killing. Last, we detected examples of reciprocal recognition 
with some strains avoiding predatory behaviors altogether (12.6%). 
Notably, differing degrees of cannibalism were also observed between 
strains. Specifically, some strains exhibit extreme predation with more 
than 400 successful killing events in standardized corpse assays, 
whereas other strains show infrequent killing (table S4). Together, 
these results indicate that, in the hermaphroditic P. pacificus, the Eu 
morph is strongly favored and promotes competition between most, 
though not all, ecologically relevant conspecifics.

Genomic relatedness mediates killing strategies
Consequently, we wanted to understand the mechanism(s) behind 
the killing decision. Two theoretical assumptions could explain the 
observed behaviors. A single gene or allele(s) thereof could allow the 
recognition of other carriers, preventing cannibalism and resulting 
in a so-called “green beard effect” (37–41). Alternatively, the overall 
relatedness of strains might influence cannibalistic behaviors as 
originally proposed in kin selection theory by Hamilton (37, 42). To 
distinguish between these possibilities, we first assessed whether the 
previously identified component of the self-recognition signal self-1 
acts as a green beard. self-1 encodes for a secreted small peptide and 
contains a hypervariable C-terminal domain in which single amino acid 
alterations result in killing (28). If cannibalism were solely dependent 
on self-1, the competitive interactions between the La-Réunion–
based strains should strictly correlate with the SELF-1 sequence in 
the hypervariable domain. Therefore, we identified self-1 from RNA 
sequencing (RNA-seq) data and generated profiles of their hyper-
variable domains for the majority of the 36 strains (Fig. 2, F to H). 
At all three locations, some strains shared an identical SELF-1 
hypervariable domain (29 of 198 pairwise comparisons). We observed 
killing between 20 of these 29 strains. Thus, self-1 alone is insufficient 
to predict killing outcome and is not a green beard.

Next, we analyzed whether the overall genomic relatedness is a 
predictor of the killing versus cooperation decision among strains 
(Fig. 2, I to K). Genome-wide relatedness between pairs was deter-
mined from the number of single-nucleotide polymorphisms (SNPs) 
as identified from RNA-seq data and was scaled relative to the popu-
lation average. In this analysis, positive values indicate that strain 
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Fig. 2. Cannibalism is abundant in P. pacificus. (A) Strains from the hermaphroditic P. pacificus, isolated from three locations on La Réunion island. (B) P. pacificus 
from the three locations have distinct beetle associations. (C to E) Mouth-form decision is strongly biased toward the predatory Eu morph in the majority of wild isolates 
(n = 50 animals for each strain). (F to H) Predator-prey killing grids between strains at each location. Color intensity represents killing interactions resulting from the mean 
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pairs are more closely related than the population average, while 
negative values indicate that pairs are more distantly related, as 
originally suggested by Hamilton’s theoretical studies and their 
subsequent developments (see Materials and Methods) (37, 39, 42). 
We found that extremely closely related strains with an r value 
above 0.9 do not kill one another. In contrast, pairs of strains that 
are more distantly related than the population average are likely to 
kill each other (P  <  0.05 across three populations, Fisher’s exact 
test). Thus, strains, which are more closely related, frequently avoid 
cannibalistic behaviors, while more distantly related strains instead 
compete and kill one another. Furthermore, as killing correlates 
with the degree of genetic dissimilarity, this suggests multiple 
important genetic regions associated with nematode identity across 
the genome and demonstrates the ability of these nematodes to dis-
tinguish kin from non-kin with remarkable precision (Fig. 2, I to K). 
Thus, genomic relatedness informs the cannibalistic decision and 
overall interaction strategy.

Modeling cannibalistic strategies
Last, we modeled the costs and benefits of cannibalism and mouth-form 
plasticity in age-structured populations propagating by selfing, which 
represents the derived trait in Pristionchus evolution, by using two age 
classes of the Eu and St morphs, juveniles and adults (Fig. 3, A and B). 
Reproduction is biased toward one of the morphs. Adult population 
size is regulated by adult competition, and Eu adults can prey on all 
juveniles. When individuals of different strains x and y interact, 
predation depends on (i) population structure determined by the 
probability of encounter, (ii) their overall relatedness, and (iii) their 
ability for self-recognition (Fig. 3A). This approach allowed us to 
explore the circumstances that would result in the adoption of the 
Eu morph and its associated cannibalistic behavior.

First, we modeled under which conditions two strains would be 
able to coexist by modifying their degree of relatedness (r) and the 
encounter probability (b) (Fig. 3, C and D). Only under extremes of 
relatedness (r  =  0.99 or 0.95) or in the absence of any encounter 
(b = 0) can x and y coexist for 100 steps. In contrast, if x and y are 
less related (r < 0.9), one strain will ultimately dominate. When 
strains are not interacting (b = 0), the St morph will surpass the Eu 
form, although both coexist. However, the Eu form will outcompete 
the St morph, with increased encounters and limited relatedness. 
These findings robustly corroborate our empirical data in the 
hermaphroditic P. pacificus. Second, a strong self-recognition system 
is required for the prevalence of the Eu morph and essential for 
population growth in general (fig. S5). Third, we used modeling to 
overcome the experimental limitations of the pairwise cannibalism 
assays. When modeling the interactions between three strains, we found 
that two highly related strains x and z more rapidly outcompeted a 
less related strain y (Fig. 3E). The coexistence of x and z may hint at 
a cooperative strategy between potential kin, allowing closely related 
strains to flourish while rapidly removing possible competitors. 
However, this initial “cooperation” will ultimately result in competitive 
interactions between x and z. Furthermore, the fixed genomic relatedness 
difference of 0.2 and 0.1 between strains x and z relative to y results in 
notably different population trajectories (Fig. 3E and fig. S6). These 
results are consistent with the empirical findings observed on La Réunion 
(Fig. 2). Together, therefore, modeling approaches indicate which condi-
tions, in particular, overall genetic relatedness and self-recognition 
systems, are necessary to drive the prevalence of the predatory Eu 
morph and have likely facilitated the coexistence of cannibalistic forms.

DISCUSSION
Here, we integrate genome-level understanding of relatedness in a 
social action strategy and demonstrate through both empirical data 
and modeling that polyphenism (plasticity), kin recognition, and 
genomic relatedness shape cannibalistic behaviors. The unexpected 
association between mouth-form plasticity and reproductive mode 
during Pristionchus evolution suggests strong selection, resulting in 
the best action strategy to increase reproductive success (39). This 
includes the evolution of cooperative strategies in gonochoristic 
species while enhancing selfish actions in hermaphroditic ones. The 
correlation of phenotypically plastic traits and social interaction 
strategies may be a frequently observed principle, as it also has a 
role in inducing cooperative strategies in hymenopterans and ter-
mites (43) while also promoting competitive behaviors, as seen in 
salamanders, spadefoot toads, and rotifers (5, 6, 9, 10). It is important 
to note that while the mouth-form fate observed in Pristionchus 
is consistently associated with reproductive mode, the ability to form 
the alternative mouth form is still maintained in most populations. 
Therefore, the alternative mouth form must be beneficial under 
certain environmental conditions and may be a bet-hedging strategy. 
Correspondingly, two gonochoristic and two hermaphroditic species 
show the opposite mouth-form association. It is possible that these 
species are in transition toward the canonically associated morph or 
these isolates are not representative of their species as a whole. 
Alternatively, they may be under different evolutionary pressures, 
maintaining the opposing mouth-form strategy, despite the accom-
panying impediments. As St animals still feed on the carcasses of 
other nematodes under laboratory conditions (13), a scavenging 
strategy is one potential system, which we have not yet investigated 
in the wild and which may facilitate the adoption of the alterna-
tive morph. Furthermore, a recent analysis of the decaying beetle 
environment on which many of these nematodes are associated 
revealed intense competition for resources such as food availability 
that resulted in biphasic boom and bust nematode population 
dynamics (44). Therefore, Eu gonochoristic species may exploit 
a specific element of these ecological dynamics, despite the cost 
to mating chance.

Cannibalism in Pristionchus is part of a complex intraguild pre-
dation behavior, as these worms can kill and feed on various 
nematodes, likely as a means to both remove rivals competing for 
the same resources and acquire extra nutrients (33, 34). In addition, 
they are capable of repelling adult potential competitors from 
their territory through the avoidance response generated from a 
predatory bite on an adult cuticle (14). While previous studies 
revealed cannibalism behaviors between geographically distant 
strains but not on self-progeny due to a self-recognition system 
(28), we have now been able to demonstrate that this behavior is 
ecologically relevant and depends on more than just the previously 
identified self-recognition component self-1. Furthermore, the self-
identification mechanism extends to more than just self-progeny, 
as it also includes close kin. The complexity of the mechanism 
is also likely to expand beyond a single gene involving compo-
nents across the whole genome. Thus, in the predatory genus 
Pristionchus, the evolution of plasticity, genomic relatedness, and 
self-recognition systems enable the existence of cannibalistic behav-
iors. Therefore, we propose developmental plasticity as a general 
principle that influences cooperative versus competitive social 
action strategies in different animal systems from nematodes to 
vertebrates.
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Fig. 3. Predation of hermaphrodites fits a selfing model of cannibalism. (A) Diagram of variables used throughout the model. (B) Dynamical equations solved for 
generating models. Genotype x dynamics follows four equations, 1a to 1d, with carrying capacity (K) and cost of predation (c). Genotype i adults will produce Eu juve-
niles with probability i and St juveniles with probability 1 − i. At each step, fraction  develop into adults with adults producing f offspring. A fraction (bj, i) of predatory 
encounters between juveniles of genotype j and Eu adults of genotype i is realized. The propensity of Eu adults to prey on juveniles decreases with increasing genomic 
relatedness (r), where ri, j = rj, i and two individuals of the same genotype are fully related (ri, i = 1). Predation depends on the genotype-dependent ability for kin recognition 
(i). Dynamics of genotypes y and z follow the same equations. (C) If genotypes do not interact (b = 0.0), the St-biased strain (y, y = 0.2) outnumbers the Eu-biased stain 
(x, x = 0.85). With high probability of encounter (b = 0.5), the St-biased genotype y can only coexist with genotype x if genetic relatedness is high and there is kin recog-
nition. (D) Heatmaps representing the frequency of Eu adults after 100 steps under different combinations of r and b. The majority of conditions result in a strong Eu bias. 
The white contour line indicates when 50% of adults are of Eu after 100 steps. (E) Three-genotype selfing model, given x = y = z = 0.85. The coexistence of x, y, and z 
under high encounter (b = 0.5) is determined by pairwise relatedness (rxy = 0.2, ryz = 0.1). x and z outcompete y, reinforcing the role of relatedness. Results of (C), (D), and 
(E) are obtained by numerically solving Eqs. 1a to 1d for two and three-genotype cases. In all models, the initial number of juveniles of the St morph for each strain was 
10, with other types set at 0 (K = 50,    = 0.1,    = 0.99,   c = 0.1, and f = 0.6).
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MATERIALS AND METHODS
Nematode and bacterial strains
A list of all nematode species and strains can be found in table S1. 
Wild P. pacificus isolates from specific field sites on La Réunion were 
always frozen and stored within the first 10 generations after isolation 
to minimize domestication and thereby facilitate the investigation 
of interactions between ecologically relevant populations.

Nematode culture conditions
All nematode species and strains were grown under standard nema-
tode growth conditions on nematode growth media (NGM) plates 
seeded with Escherichia coli OP50 and maintained at 20°C.

Mouth-form phenotyping
Mouth-form phenotyping was performed as previously reported (27). 
In brief, synchronized adults were placed onto a Discovery stereo-
microscope with high magnification (×150). The Eu mouth form 
was determined by the presence of a wide mouth with two teeth, 
whereas the St forms were determined by a narrow mouth and a 
single tooth. Animals with the Eu mouth type were picked for 
predation assays.

Mouth form–reproductive mode statistical analysis
An association between mouth-form preference and reproductive 
mode was determined by fitting beta regression model using the 
R package betareg (45). Mouth-form ratios of some species represent 
0 and 1 values. Thereby, we applied a (y*(n − 1) + 0.5)/n transfor-
mation, where y is the response variable and n is the sample size 
(46). ANOVA test was run on the model using R package car (47). 
Phylogenetic analysis was performed on a modified Newick version 
of the Pristionchus phylogeny in Rödelsperger et al. (29). Phyloge-
netic signal was analyzed using R package phylosignal (48), based 
on the method of autocorrelation while using mouth-form ratios as 
a continuous trait.

Predation assays: Corpse assays
Corpse assays facilitated rapid quantification of predatory behavior and 
were conducted as previously described (15, 25). Briefly, to generate 
substantial quantities of larvae for use as prey, Pristionchus strains 
were maintained on E. coli OP50 bacteria until freshly starved, 
resulting in an abundance of young larvae. These plates were washed 
with M9 buffer, passed through two Millipore 20-m filters and 
centrifuged at 377g to form a concentrated larval pellet of juvenile 
animals. Excess buffer was removed, and 1 l of worm pellet was 
deposited onto a 6-cm NGM-unseeded assay plates. This resulted in 
roughly 3000 prey larvae on each assay plate. Assay plates were left 
for a minimum of 1 hour to allow larvae to distribute evenly over 
the plate. Young adult Pristionchus predators were screened for the 
required mouth form and transferred to empty NGM plates for 30 min 
to remove any excess bacteria from their bodies. Subsequently, 
20 Pristionchus predators were added to assay plates and allowed to 
feed for 24 hours before removal, and the plates were scored for the 
presence of corpses.

Population genomic analysis and relatedness
Raw RNA-seq reads were aligned to the P. pacificus reference genome 
(version El Paco) by the TopHat2 software (version 2.0.14, default 
settings) (49). Variable positions that were previously identified on 
the basis of population-scale whole-genome sequencing (20, 36) 

were called in the RNA-seq alignments with the samtools mpileup 
(version 0.1.18, default options) and bcftools view (version 0.1.17-
dev, -cg options) programs (50). Between 10,000 and 70,000 single-
nucleotide variant (SNP) positions with homozygous calls in either all 
samples or samples of a given population (variant quality score ≥ 20) 
were concatenated into pseudoalignments. These alignments were 
taken to calculate a neighbor-joining tree (51), representing the genome-
wide phylogenetic relationships, and to calculate a percentage identity 
matrix that was further used to compute genome-wide relatedness. 
Percentage identity values were normalized by subtracting the popula-
tion mean identity value. Genome-wide relatedness r was then ob-
tained by dividing the normalized identity with the maximum absolute 
normalized identity value so that genetically identical pairs of strains 
have an r = 1, whereas the average r = 0 and pairs that are more 
distant than the average have an r < 0.

RNA-seq for identification of self-1
RNA-seq transcriptome data for all 36 P. pacificus strains were 
generated by first washing worms from three well-grown plates for 
each strain. These were pelleted down before resuspending in 1 ml 
of TRIzol. RNA was phenol-chloroform–extracted and cleaned 
using the RNA Clean & Concentrator Kits (Zymo Research) ac-
cording to the manufacturer’s guidelines. RNA was subsequently 
prepared using TruSeq RNA Sample Preparation Kit v2 (Illumina 
Inc.) according to the manufacturer’s guidelines from 1 g of total 
RNA in each sample. Libraries were quantified using a combination 
of Qubit and BioAnalyzer (Agilent Technologies) and normalized 
to 2.5 nM. Samples were subsequently sequenced as 150–base pair 
paired-end reads on multiplexed lanes of an Illumina HiSeq3000 
(Illumina Inc.). RNA-seq data have been deposited at the European 
Nucleotide Archive under the study accession PRJEB41213. The 
self-1 locus could be assembled in 33 of 36 strains by the Trinity 
software (version 2.2.0) (52). Several strains have multiple copies of 
the self-1 locus as previously described (28). On the basis of the classi-
fication of assembled sequences into genes and isoforms by the 
Trinity assembler, copy number was determined as the number of 
Trinity genes with self-1 homologs (as identified by TBLASTN searches).

Map generation
The La Reunion island map was generated using the software 
GeoMapApp (53).

Modeling
In our discrete-time model, the population consists of two stages, 
juveniles (J) and adults (A); two morphs, predatory (Eu) and non-
predatory (St); and n ≥ 2 genotypes. At each time step, a fraction  
of all juveniles in the population develop into adults, and the 
remaining fraction 1 −  persist in the juvenile stage, while every 
adult produces f new juveniles. Morphs are genetically determined 
at birth: For an adult of genotype i, a fraction i of the produced 
juveniles f is of the Eu morph, while the remaining fraction 1 − i is 
of the St morph. Resource competition between adults due to limited 
environmental carrying capacity K leads to adult mortality in 
proportion to total adult densities. The only cause of death for juveniles 
is predation. Preys (juveniles) and predators (Eu adults) meet in 
proportion to their densities. For a juvenile of genotype j and a Eu 
adult of genotype i, the risk of predation upon an encounter is bj, i. The 
propensity of an Eu adult to actually prey decreases with increasing 
genomic relatedness (r) with the encountered juvenile, where ri, j = rj, i 
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and two individuals from the same genotype are fully related, i.e., 
ri, i = 1. The adult predation propensity also depends on the 
genotype-dependent ability in kin recognition (i). We assume equal 
recognition abilities for all genotypes (i = j for any two genotypes 
i and j). The parameter c sets the genotype-independent overall 
frequency of predator-prey interactions, and it can be interpreted as 
the cost of predation.

In the simplest scenario, there are only two genotypes x and y. 
On the basis of the aforementioned life cycle, the dynamics of the 
subpopulation of genotype x is

	​​
​x​St,J​ 

t+1​  = ​ x​St,J​ 
t  ​ + ​​   f(1 − ​δ​ x​​ ) (​x​St,A​ t  ​ + ​x​Eu,A​ t  ​) ​​​  

Reproduction

 ​  − ​ ​
⏞

 λ ​x​St,J​ 
t  ​​​​ 

Development
​−

​    

​​    c ​x​St,J​ 
t  ​ ​∑ i=x,y​ ​​ ​i​Eu,A​ t  ​ ​b​ x,i​​(1 − ​η​ i​​ ​r​ x,i​​) ​​​  

Predation
 ​

 ​​	  (1a)

​​x​St,A​ t+1 ​  = ​ x​St,A​ t  ​ +  ​x​St,J​ 
t  ​ − ​ ​



  ​x​St,A​ t  ​ ​ 
f
 ─ K ​ ​∑ i=x,y​ ​​ ​i​A​ t ​​​​  

Spatial competition

​​	 (1b)

​​
​x​Eu,J​ 

t+1 ​  = ​ x​Eu,J​ 
t  ​ + f ​δ​ x​​(​x​St,A​ t  ​ + ​x​Eu,A​ t  ​ ) − λ ​x​Eu,J​ 

t  ​ −
​   

​cx​Eu,J​ 
t  ​ ​∑ i=x,y​ ​​ ​i​Eu,A​ t  ​ ​b​ x,i​​(1 − ​η​ i​​ ​r​ x,i​​)

 ​​	  (1c)

​​x​Eu,A​ t+1  ​  = ​ x​Eu,A​ t  ​ +  ​x​Eu,J​ 
t  ​ − ​x​Eu,A​ t  ​ ​ 

f
 ─ K ​ ​∑ i=x,y​ ​​ ​i​A​ t ​ ​	 (1d)

The dynamics of the subpopulation of genotype y are analogous 
to Eqs. 1a to 1d. In the n genotype case, the subpopulation of gen-
otype j is described by dynamical equations as in Eqs. 1a to 1d, with 
the only difference that both the predation term and the spatial compe-
tition term are generalized. A software used to numerically solve 
the recursive equations of our model was written in Python 2.7 and 
is available at https://github.com/Kalirad/asexual_plastic_model.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/35/eabg8042/DC1

REFERENCES AND NOTES
	 1.	 D. W. Pfennig, M. McGee, Resource polyphenism increases species richness: A test 

of the hypothesis. Philos. Trans. R. Soc. Lond. B Biol. Sci. 365, 577–591 (2010).
	 2.	 M. J. West-Eberhard, Developmental plasticity and the origin of species differences. 

Proc. Natl. Acad. Sci. U.S.A. 102, 6543–6549 (2005).
	 3.	 M. J. West-Eberhard, Developmental Plasticity and Evolution (Oxford Univ. Press, 2003).
	 4.	 H. F. Nijhout, Development and evolution of adaptive polyphenisms. Evol. Dev. 5, 9–18 

(2003).
	 5.	 D. W. Pfennig, J. P. Collins, Kinship affects morphogenesis in cannibalistic salamanders. 

Nature 362, 836–838 (1993).
	 6.	 D. W. Pfennig, H. K. Reeve, P. W. Sherman, Kin recognition and cannibalism in spadefoot 

toad tadpoles. Anim. Behav. 46, 87–94 (1993).
	 7.	 R. K. Vijendravarma, S. Narasimha, T. J. Kawecki, Predatory cannibalism in Drosophila 

melanogaster larvae. Nat. Commun. 4, 1789 (2013).
	 8.	 V. Guttal, P. Romanczuk, S. J. Simpson, G. A. Sword, I. D. Couzin, Cannibalism can drive 

the evolution of behavioural phase polyphenism in locusts. Ecol. Lett. 15, 1158–1166 
(2012).

	 9.	 D. W. Pfennig, P. W. Sherman, J. P. Collins, Kin recognition and cannibalism in polyphenic 
salamanders. Behav. Ecol. 5, 225–232 (1994).

	 10.	 J. Gilbert, Sex-specific cannibalism in the rotifer Asplanchna sieboldi. Science 194, 730–732 
(1976).

	 11.	 G. Bento, A. Ogawa, R. J. Sommer, Co-option of the hormone-signalling module 
dafachronic acid-DAF-12 in nematode evolution. Nature 466, 494–497 (2010).

	 12.	 V. Susoy, E. J. Ragsdale, N. Kanzaki, R. J. Sommer, Rapid diversification associated 
with a macroevolutionary pulse of developmental plasticity. eLife 4, e05463 (2015).

	 13.	 M. Wilecki, J. W. Lightfoot, V. Susoy, R. J. Sommer, Predatory feeding behaviour 
in Pristionchus nematodes is dependent on phenotypic plasticity and induced by 
serotonin. J. Exp. Biol. 218, 1306–1313 (2015).

	 14.	 K. T. Quach, S. H. Chalasani, Distinct foraging strategies generated by single-action 
behavioural flexibility. bioRxiv , 2021.03.09.434602 (2021).

	 15.	 V. Serobyan, E. J. Ragsdale, M. R. Müller, R. J. Sommer, Feeding plasticity in the nematode 
Pristionchus pacificus is influenced by sex and social context and is linked 
to developmental speed. Evol. Dev. 15, 161–170 (2013).

	 16.	 V. Serobyan, E. J. Ragsdale, R. J. Sommer, Adaptive value of a predatory mouth-form 
in a dimorphic nematode. Proc. Biol. Sci. 281, 20141334 (2014).

	 17.	 C. Dieterich, S. W. Clifton, L. N. Schuster, A. Chinwalla, K. Delehaunty, I. Dinkelacker, 
L. Fulton, R. Fulton, J. Godfrey, P. Minx, M. Mitreva, W. Roeseler, H. Tian, H. Witte, 
S. P. Yang, R. K. Wilson, R. J. Sommer, The Pristionchus pacificus genome provides 
a unique perspective on nematode lifestyle and parasitism. Nat. Genet. 40, 1193–1198 
(2008).

	 18.	 H. Witte, E. Moreno, C. Rödelsperger, J. Kim, J.-S. Kim, A. Streit, R. J. Sommer, Gene 
inactivation using the CRISPR/Cas9 systemin the nematode Pristionchus pacificus.  
Dev. Genes Evol. 225, 55–62 (2014).

	 19.	 Z. Han, W. S. Lo, J. W. Lightfoot, H. Witte, S. Sun, R. J. Sommer, Improving transgenesis 
efficiency and CRISPR-associated tools through codon optimization and native intron 
addition in Pristionchus nematodes. Genetics 216, 947–956 (2020).

	 20.	 C. Rödelsperger, J. M. Meyer, N. Prabh, C. Lanz, F. Bemm, R. J. Sommer, Single-molecule 
sequencing reveals the chromosome-scale genomic architecture of the nematode model 
organism Pristionchus pacificus. Cell Rep. 21, 834–844 (2017).

	 21.	 B. Sieriebriennikov, N. Prabh, M. Dardiry, H. Witte, W. Röseler, M. R. Kieninger, 
C. Rödelsperger, R. J. Sommer, A developmental switch generating phenotypic plasticity 
is part of a conserved multi-gene locus. Cell Rep. 23, 2835–2843.e4 (2018).

	 22.	 M. S. Werner, B. Sieriebriennikov, T. Loschko, S. Namdeo, M. Lenuzzi, M. Dardiry, 
T. Renahan, D. R. Sharma, R. J. Sommer, Environmental influence on Pristionchus pacificus 
mouth form through different culture methods. Sci. Rep. 7, 7207 (2017).

	 23.	 B. Sieriebriennikov, S. Sun, J. W. Lightfoot, H. Witte, E. Moreno, C. Rödelsperger, 
R. J. Sommer, Conserved nuclear hormone receptors controlling a novel plastic trait 
target fast-evolving genes expressed in a single cell. PLOS Genet. 16, e1008687 (2020).

	 24.	 E. Moreno, J. W. Lightfoot, M. Lenuzzi, R. J. Sommer, Cilia drive developmental plasticity 
and are essential for efficient prey detection in predatory nematodes. Proc. R. Soc. B 286, 
20191089 (2019).

	 25.	 N. Akduman, J. W. Lightfoot, W. Röseler, H. Witte, W. S. Lo, C. Rödelsperger, R. J. Sommer, 
Bacterial vitamin B12 production enhances nematode predatory behavior. ISME J. 14, 
1494–1507 (2020).

	 26.	 M. Okumura, M. Wilecki, R. J. Sommer, Serotonin drives predatory feeding behavior via 
synchronous feeding rhythms in the nematode Pristionchus pacificus. G3 7, 3745–3755 
(2017).

	 27.	 E. J. Ragsdale, M. R. Müller, C. Rödelsperger, R. J. Sommer, A developmental switch 
coupled to the evolution of plasticity acts through a sulfatase. Cell 155, 922–933 (2013).

	 28.	 J. W. Lightfoot, M. Wilecki, C. Rödelsperger, E. Moreno, V. Susoy, H. Witte, R. J. Sommer, 
Small peptide–mediated self-recognition prevents cannibalism in predatory nematodes. 
Science 364, 86–89 (2019).

	 29.	 C. Rödelsperger, W. Röseler, N. Prabh, K. Yoshida, C. Weiler, M. Herrmann, R. J. Sommer, 
Phylotranscriptomics of Pristionchus nematodes reveals parallel gene loss in six 
hermaphroditic lineages. Curr. Biol. 28, 3123–3127.e5 (2018).

	 30.	 C. G. Thomas, G. C. Woodruff, E. S. Haag, Causes and consequences of the evolution 
of reproductive mode in Caenorhabditis nematodes. Trends Genet. 28, 213–220 (2012).

	 31.	 C. J. Weadick, R. J. Sommer, Mating system transitions drive life span evolution 
in Pristionchus nematodes. Am. Nat. 187, 517–531 (2016).

	 32.	 N. Gompel, B. Prud’homme, The causes of repeated genetic evolution. Dev. Biol. 332, 
36–47 (2009).

	 33.	 K. T. Quach, S. H. Chalasani, Intraguild predation between Pristionchus pacificus 
and Caenorhabditis elegans: A complex interaction with the potential for aggressive 
behaviour. J. Neurogenet. , 404–419 (2020).

	 34.	 G. A. Polis, R. D. Holt, Intraguild predation: The dynamics of complex trophic interactions. 
Trends Ecol. Evol. 7, 151–154 (1992).

	 35.	 K. Morgan, A. M. Gaughran, L. Villate, M. Herrmann, H. Witte, G. Bartelmes, J. Rochat, 
R. J. Sommer, Multi locus analysis of Pristionchus pacificus on La Réunion Island reveals 
an evolutionary history shaped by multiple introductions, constrained dispersal events 
and rare out-crossing. Mol. Ecol. 21, 250–266 (2012).

	 36.	 A. McGaughran, C. Rödelsperger, D. G. Grimm, J. M. Meyer, E. Moreno, K. Morgan, 
M. Leaver, V. Serobyan, B. Rakitsch, K. M. Borgwardt, R. J. Sommer, Genomic profiles 
of diversification and genotype-phenotype association in island nematode lineages. 
Mol. Biol. Evol. 33, 2257–2272 (2016).

D
ow

nloaded from
 https://w

w
w

.science.org at Forschungsinstitut C
aesar on June 21, 2022

https://github.com/Kalirad/asexual_plastic_model
http://advances.sciencemag.org/cgi/content/full/7/35/eabg8042/DC1
http://advances.sciencemag.org/cgi/content/full/7/35/eabg8042/DC1


Lightfoot et al., Sci. Adv. 2021; 7 : eabg8042     25 August 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 9

	 37.	 W. D. Hamilton, The genetical evolution of social behaviour. I. J. Theor. Biol. 7, 1–16 
(1964).

	 38.	 S. Smukalla, M. Caldara, N. Pochet, A. Beauvais, S. Guadagnini, C. Yan, M. D. Vinces, 
A. Jansen, M. C. Prevost, J. P. Latgé, G. R. Fink, K. R. Foster, K. J. Verstrepen, FLO1 is 
a variable green beard gene that drives biofilm-like cooperation in budding yeast. Cell 
135, 726–737 (2008).

	 39.	 S. A. West, A. Gardner, Altruism, spite, and greenbeards. Science 327, 1341–1344 (2010).
	 40.	 D. C. Queller, E. Ponte, S. Bozzaro, J. E. Strassmann, Single-gene greenbeard effects 

in the social amoeba Dictyostelium discoideum. Science 299, 105–106 (2003).
	 41.	 L. Keller, K. G. Ross, Selfish genes: A green beard in the red fire ant. Nature 394, 573–575 

(1998).
	 42.	 W. D. Hamilton, Selfish and spiteful behaviour in an evolutionary model. Nature 228, 

1218–1220 (1970).
	 43.	 C. A. Weitekamp, R. Libbrecht, L. Keller, Genetics and evolution of social behavior 

in insects. Annu. Rev. Genet. 51, 219–239 (2017).
	 44.	 T. Renahan, W.-S. Lo, M. S. Werner, J. Rochat, M. Herrmann, R. J. Sommer, Nematode 

biphasic “boom and bust” dynamics are dependent on host bacterial load while linking 
dauer and mouth-form polyphenisms. Environ. Microbiol. 10.1111/1462-2920.15438 
(2021).

	 45.	 F. Cribari-Neto, A. Zeileis, Beta Regression in R. J. Stat. Softw. 34, 10.18637/jss.v034.i02 
(2010).

	 46.	 M. Smithson, J. Verkuilen, Fuzzy Set Theory: Applications in the Social Sciences (SAGE, 2006).
	 47.	 J. Fox, S. Weisberg, R Companion to Applied Regression, Third edition (SAGE, 2019).
	 48.	 F. Keck, F. Rimet, A. Bouchez, A. Franc, phylosignal: An R package to measure, test, 

and explore the phylogenetic signal. Ecol. Evol. 6, 2774–2780 (2016).
	 49.	 D. Kim, G. Pertea, C. Trapnell, H. Pimentel, R. Kelley, S. L. Salzberg, TopHat2: Accurate 

alignment of transcriptomes in the presence of insertions, deletions and gene fusions. 
Genome Biol. 14, R36 (2013).

	 50.	 H. Li, B. Handsaker, A. Wysoker, T. Fennell, J. Ruan, N. Homer, G. Marth, G. Abecasis, 
R. Durbin; 1000 Genome Project Data Processing Subgroup, The Sequence Alignment/
Map format and SAMtools. Bioinformatics 25, 2078–2079 (2009).

	 51.	 K. P. Schliep, phangorn: Phylogenetic analysis in R. Bioinformatics 27, 592–593 (2011).
	 52.	 M. G. Grabherr, B. J. Haas, M. Yassour, J. Z. Levin, D. A. Thompson, I. Amit, X. Adiconis, 

L. Fan, R. Raychowdhury, Q. Zeng, Z. Chen, E. Mauceli, N. Hacohen, A. Gnirke, N. Rhind, 
F. di Palma, B. W. Birren, C. Nusbaum, K. Lindblad-Toh, N. Friedman, A. Regev, Full-length 
transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 
29, 644–652 (2011).

	 53.	 W. B. F. Ryan, S. M. Carbotte, J. O. Coplan, S. O’Hara, A. Melkonian, R. Arko, R. A. Weissel, 
V. Ferrini, A. Goodwillie, F. Nitsche, Global multi-resolution topography synthesis. 
Geochem. Geophys. Geosyst. 10, Q03014 (2009).

Acknowledgments: We thank B. Sieriebriennikov for the mouth-form image; M. Herrmann, 
J. Rochat, and the La Réunion field team for species and strain isolation; K. Yoshida for support 
in the statistical analysis; and L. Keller (Lausanne) and P. Rainey (Plön) for discussions. We 
thank members of the Sommer Lab for discussion and T. Renahan for carefully reading the 
manuscript. Funding: This work was funded by the Max Planck Society. Author 
contributions: J.W.L. and M.D. performed all lab experiments with assistance from G.E., H.W., 
and M.W. Bioinformatic data analysis was performed by C.R. Modeling was carried out by M.D., 
A.K., S.G., and A.T. All experiments were designed by J.W.L., M.D., and R.J.S. Competing 
interests: The authors declare that they have no competing interests. Data and materials 
availability: All data needed to evaluate the conclusions in the paper are present in the paper 
and/or the Supplementary Materials. RNA-seq data have been deposited at the European 
Nucleotide Archive under the study accession PRJEB41213.

Submitted 28 January 2021
Accepted 1 July 2021
Published 25 August 2021
10.1126/sciadv.abg8042

Citation: J. W. Lightfoot, M. Dardiry, A. Kalirad, S. Giaimo, G. Eberhardt, H. Witte, M. Wilecki, 
C. Rödelsperger, A. Traulsen, R. J. Sommer, Sex or cannibalism: Polyphenism and kin recognition 
control social action strategies in nematodes. Sci. Adv. 7, eabg8042 (2021).

D
ow

nloaded from
 https://w

w
w

.science.org at Forschungsinstitut C
aesar on June 21, 2022



Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.
Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

Sex or cannibalism: Polyphenism and kin recognition control social action
strategies in nematodes
James W. LightfootMohannad DardiryAta KaliradStefano GiaimoGabi EberhardtHanh WitteMartin WileckiChristian
RödelspergerArne TraulsenRalf J. Sommer

Sci. Adv., 7 (35), eabg8042. • DOI: 10.1126/sciadv.abg8042

View the article online
https://www.science.org/doi/10.1126/sciadv.abg8042
Permissions
https://www.science.org/help/reprints-and-permissions D

ow
nloaded from

 https://w
w

w
.science.org at Forschungsinstitut C

aesar on June 21, 2022

https://www.science.org/about/terms-service

