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Wild isolates of the nematode Caenorhabditis elegans perform social behaviours,
namely clumping and bordering, to avoid hyperoxia under laboratory con-
ditions. In contrast, the laboratory reference strain N2 has acquired a solitary
behaviour in the laboratory, related to a gain-of-function variant in the neuro-
peptide Y-like receptor NPR-1. Here, we study the evolution and natural
variation of clumping and bordering behaviours in Pristionchus pacificus nema-
todes in a natural context, using strains collected from 22 to 2400 metres above
sea level on La Réunion Island. Through the analysis of 106 wild isolates, we
show that the majority of strains display a solitary behaviour similar to C. elegars
N2, whereas social behaviours are predominantly seen in strains that inhabit
high-altitude locations. We show experimentally that P. pacificus social strains
perform clumping and bordering to avoid hyperoxic conditions in the labora-
tory, suggesting that social strains may have adapted to or evolved a
preference for the lower relative oxygen levels available at high altitude in
nature. In contrast to C. elegans, clumping and bordering in P. pacificus do not
correlate with locomotive behaviours in response to changes in oxygen con-
ditions. Furthermore, QTL analysis indicates clumping and bordering to
represent complex quantitative traits. Thus, clumping and bordering beha-
viours represent an example of phenotypic convergence with a different
evolutionary history and distinct genetic control in both nematode species.

1. Introduction

Recent years have seen a growing interest in phenotypic convergence and
parallelism, the independent evolution of similar traits in different organisms
or groups of organisms [1]. Several case studies in animals and plants allow
inroads into the molecular basis of phenotypic convergence, thereby enhancing
the understanding of how constraints shape evolutionary patterns. Nonethe-
less, it is important to distinguish between convergence and parallelism as
the former describes a phenotypic pattern at any hierarchical level in closely
or distantly related organisms, whereas the latter describes a shared molecular
explanation mostly between closely related species [1]. As with other evolution-
ary patterns, the understanding of convergence and parallelism depends on
case studies in organisms that ultimately allow molecular and mechanistic
insights. Nematodes represent a powerful example for such case studies. In par-
ticular, the nematode Pristionchus pacificus has been established as a satellite
model organism for molecular and mechanistic comparison with Caenorhabditis
elegans [2]. Detailed comparisons of multiple developmental and physiological
processes between these two nematodes provided important molecular
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insights. While previous studies did not focus on phenotypic
convergence and rather aimed for an understanding of the evol-
ution of developmental processes (evo-devo), they revealed the
originally surprising, but common principle of developmental
systems drift (DSD), the notion that developmental processes
leading to similar and homologous morphological features
are still specified by non-homologous molecular processes [3].
One key example of DSD is vulva development in C. elegans
and P. pacificus, which results in a homologous organ system
that is formed by homologous precursor cells but is regulated
by distinct signalling pathways [4]. Here, we expand our com-
parative studies between P. pacificus and C. elegans to an
obvious example of phenotypic convergence in association
with social behaviour with the ultimate aim to understand its
evolutionary history and genetic and physiological control.

Pristionchus pacificus and C. elegans are members of different
nematode families and are separated for more than 200 myr [5],
thus representing distantly related species. They share, by con-
vergent evolution, an androdioecious mode of reproduction by
self-fertilizing hermaphrodites and males [6]. In contrast, both
species differ strongly in their ecology and population genetics
[7,8]. While C. elegans is known to live freely in soil and com-
posts [9], P. pacificus is found in soil and often in a
necromenic association with scarab beetles. In this entomophi-
lic association, the nematode stays in an arrested dauer stage as
long as the beetle is alive and resumes development only after
the death of the insect, feeding on growing microbes on the
beetles” cadaver [8].

Pristionchus pacificus is unique in the genus Pristionchus in
having a worldwide distribution that includes abundant popu-
lations on La Réunion Island [10]. La Réunion belongs to the
Mascareignes Islands and represents the youngest (2-3 Ma)
and steepest (up to 3070 metres above mean sea level, hereafter
m.a.s.l) island in the chain. The island harbours a complex
suite of 19 habitat types or ‘ecozones’, including one of the
most active volcanoes in the world [11]. Intense sampling
across the island has resulted in the isolation of more than
600 P. pacificus strains to date and they are characterized by a
very high genetic diversity [10]. Indeed, La Réunion strains
nearly cover the complete worldwide genetic diversity of
P. pacificus (according to mitochondrial and microsatellite gen-
etic markers) because of multiple independent invasions of the
nematode to the island with different beetle species at different
time points in the island’s history [10]. This genetic diversity,
coupled with the large set of La Réunion ecozones, provides
a powerful system for studying the evolution of ecologically
relevant traits in wild populations undergoing divergence in
response to the environment [7,12].

Examples of such traits are oxygen-induced behaviours,
which have been described extensively in C. elegans. Many
natural isolates show ‘clumping’ and ‘bordering’ behaviours
when grown on standard nematode growth medium (NGM)
agar plates seeded with Escherichia coli OP50 [13,14]. Clumping
is the aggregation of C. elegans nematodes in feeding groups,
whereas bordering indicates the preference of worms for the
bacterial lawn border. Clumping and bordering are often
described as ‘social feeding’ behaviours, because they are
more pronounced in the presence of bacterial food [14].
Social behaviours have been suggested to serve hyperoxia
avoidance (i.e. an excess supply of oxygen) because they are
induced by the 21% oxygen concentration present in the lab-
oratory and they result in the nematodes being exposed to
lower oxygen concentrations. Specifically, the border of the

bacterial lawn is thicker and consumes more oxygen [13], n

whereas the oxygen concentration in clumps decreases even
further owing to consumption by the nematodes [15]. Because
C. elegans lives in an oxygen-variable environment in nature
[9], where oxygen levels can fluctuate from 21% to anaerobic
levels [16,17], avoidance of 21% oxygen has been proposed
to be beneficial in these environments in order to escape sur-
face exposure and enable accumulation on bacterial food
sources [18].

In contrast to wild isolates, the laboratory reference strain
N2 has acquired a solitary behaviour in the laboratory, related
to a polymorphism in the neuropeptide Y-like receptor
encoded by the npr-1 gene [14]. Specifically, the npr-1 variant
found in the N2 strain causes a gain-of-function phenotype
that creates a hyperactive neural circuit [14,19], which alters a
wide variety of behaviours and traits including the loss of
aggregation and locomotive behaviours [20]. In addition,
neuronal sensitivity to oxygen depends on the globin-encoding
gbl-5 gene. Animals of the strain CB4856 from Hawaii are sen-
sitive to small shifts from 20% to 21% and respond by
increasing the rate of reorientation movements (omega turns)
[21], whereas animals of the N2 strain respond only to larger
changes in oxygen concentrations [15]. Similar to npr-1, the
gIb-5 N2 variant has arisen under laboratory conditions and
has been retained through clonal propagation [21].

In P. pacificus, the reference strain RS2333, as well as the
majority of original wild isolates, shows a solitary behaviour
in the laboratory similar to C. elegans N2 [6]. In addition, soli-
tary behaviours are observed in all 28 Pristionchus species
currently in culture [8]. In contrast, first observations of some
La Réunion-derived P. pacificus strains indicated the presence
of social strains in this species. Given this strong difference in
the overall solitary versus social feeding pattern between
P. pacificus and C. elegans, we systematically explore whether
the natural variation in solitary versus social behaviours in
P. pacificus populations on La Reunion Island represents an
example of phenotypic convergence. We also investigate if
such behavioural differences between P. pacificus strains are
oxygen-induced. In general, P. pacificus nematodes should be
exposed to more stable atmospheric oxygen levels as both
microenvironments in which P. pacificus is found—the decay-
ing beetle carcass and La Réunion volcanic soils—are
characterized by good aeration. Thus, in comparison with com-
post heaps where C. elegans is found, P. pacificus might be
adapted to a more oxygen-constant lifestyle, close to atmos-
pheric oxygen levels. Consequently, one would predict that
P. pacificus should not avoid high levels of oxygen, displaying
solitary behaviour in the laboratory.

One important factor influencing the amount of oxygen that
animals experience in nature is altitude-associated hypobaric
hypoxia, meaning the decrease of atmospheric oxygen partial
pressure ( pO,) with increased altitude. While the atmospheric
concentration of oxygen is constant at any altitude (21%), the
pO, is reduced from 21 to 16 kPa when rising from sea level
to 2100 m.a.s.l., with a consequent 20% reduction of oxygen
available for respiration [22]. In consequence, P. pacificus popu-
lations inhabiting high-altitude environments may have
adapted to or developed a preference for lower oxygen levels,
and they might avoid hyperoxic conditions in the laboratory
by social behaviour, similarly to wild C. elegans isolates. Inter-
estingly, one of the four well-established P. pacificus lineages
is exclusively found in high altitudes on La Réunion [10]. In
general, there are four mitochondrial and microsatellite lineages
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Table 1. Pristionchus pacificus populations from La Réunion Island analysed in this study.

location location code altitude (m)
Saint Benoit SB 22
Grand Etang GE 527
Colorado © 697
PIaine‘s‘ des Lianes - PL ‘ ‘774
Sans Souci SS 1353
Trois Bassin o T8 1378
Plaines de Cafres PC 1578
‘Neu du Boeuf NB ' 2152
(oteau Kerveguen K 2158
Le Créfefé Commersohb CC o ‘ 2‘327

lineage number of strains®

A 10 209 100

(/D 8/10 19.7 94

C 10 19.2 92

D 9 19.1 9

C 9 17.8 86

C 10 - 78 8

C 10 17.4 84
B 0o 164 78

B 10 16.4 78

- o o) B

°A population is defined by location and lineage. The number of individuals per population varies between 8 and 10. The altitude and the nematode lineage
isolated from each location are shown. For a more detailed list of P. pacificus strains used in this study, see electronic supplementary material, table S1.

bAtmospheric oxygen partial pressure given in kPa (see Methods).

‘Ambient oxygen level calculated as a percentage of sea-level value. Note that at 2150 m.a.s.l., the oxygen available for respiration is 22% lower than at sea

level.

(clades; referred to as “A’, ‘B, ‘C’ and ‘D’) of P. pacificus on La
Réunion Island [10]. Clade B is endemic to high-altitude
locations (2100-2400 m.a.s.l.) and is the only clade found in
association with the stag beetle Amneidus godefroyi [10]. Amnei-
dus godefroyi is a monotypic beetle endemic to La Réunion [23].
It lives under volcanic rocks, possesses short wings and is
unable to disperse by flying. The inability of A. godefroyi to dis-
perse across long distances has resulted in the isolation of
P. pacificus clade B strains, which show no admixture with
other clades [10]. Modelling studies and divergence dating sup-
port the idea that all lineages, including clade B, evolved prior
to the colonization of La Réunion Island [12]. However, strains
genetically similar to clade B have never been observed outside
La Réunion, whereas clades A and D are known from other
parts of the world [10]. While the location of origin of P. pacificus
clade B outside of La Réunion Island remains unknown, it is
likely that this clade has co-evolved with A. godefroyi for a sub-
stantial period of the island’s history. The high-altitude habitat
of A. godefroyi and P. pacificus clade B is characterized by an
atmospheric pO,of around 16.4 kPa [22], whereas the exact
pO; level in the beetle microhabitat is not known.

Here, we provide a systematic analysis of social versus soli-
tary feeding behaviour of 106 P. pacificus wild isolates from La
Réunion. Unlike in C. elegans, we find predominantly solitary
strains. However, we also observe intriguing evidence for a
subset of social strains, most of which are of lineage B ancestry,
inhabiting high-altitude locations. We show that clumping and
bordering behaviour among P. pacificus social strains are regu-
lated by oxygen, suggesting that these strains may have
adapted to the hypobaric hypoxia associated with high alti-
tude or may have evolved a preference for low oxygen levels.
We contrast our results in P. pacificus with those in C. elegans,
providing an example of phenotypic convergence in oxygen-
induced social behaviours. Interestingly, we find that both
species have different evolutionary histories for clumping
and bordering behaviours, which is characterized by at least
partially distinct genetic control. Finally, we compare locomo-
tive omega-turn rates in response to shifts in oxygen levels
between social and solitary P. pacificus strains, observing
strikingly different patterns from those reported in C. elegans.

2. Methods

(a) Strains

In total, 106 strains isolated from different beetle species on La
Réunion Island, and the laboratory reference strain RS2333,
were used in this study (electronic supplementary material,
table S1). Strains were maintained at 20°C using standard
methods, unless otherwise indicated [24].

(b) Behavioural assays

The assay for quantification of bordering and clumping beha-
viours in C. elegans [14] was modified for P. pacificus as follows:
6 cm NGM plates containing 2.1% agar were seeded 2 days
before the assay with 50 ml of E. coli OP50 in LB medium, resulting
in a circular lawn of about 10 mm in diameter with a border width
of approximately 1 mm. Sixty well-fed young adult worms from
uncrowded plates were transferred by pipetting to the assay
plate, and located outside the OP50 lawn. The assay plates were
incubated in darkness for 3 h at 20°C (the standard culture temp-
erature at the laboratory), to allow the nematodes to freely
distribute across the bacterial lawn. After 3 h, both bordering
and clumping behaviours were measured simultaneously as
described [14]. Three or four replicates per strain were performed
for each assay.

The regulation of bordering and clumping behaviours by
oxygen was analysed by performing the above assay in a
custom-fabricated Plexiglas chamber [25]. In our assays, the air
pressure remained always constant when oxygen concentration
was manipulated. We decided to use particular oxygen levels
and temperatures in our experiments similar to those used pre-
viously in related experiments in C. elegans. This allows for a
maximal comparison of the dataset. However, it is important to
note that while the atmospheric pO, at high-altitude locations is
known (table 1), the exact pO, level in the beetle carcass micro-
environment is currently unknown and might change over time.
Therefore, we focus in many experiments on a comparison
between 21% and 16% oxygen, which represent conditions
found in the natural habitats (sea level versus 2100 m.a.s.l.). For
some experiments, however, we reduced oxygen levels further to
10% and 4% to compare with previous C. elegans studies, although
it is unlikely that these conditions mimic those found in nature.
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Assay plates were prepared similarly to the clumping/border-
ing assay but using 10 cm NGM agar plates. The nematodes were
allowed to distribute freely on the bacterial lawn for 1 h under a
gas mixture of 21% oxygen and 79% nitrogen. The gas mixture
was delivered at a constant flow rate of 50 ml min ' during all
assays via a static gas mixer connected to mass flow controllers
(Vogtling Instruments) operated by LaBViEw software (National
Instruments). Images were captured every 10 min with a digital
camera (JAI BM-500, Stemmer Imaging) in order to quantify bor-
dering and clumping behaviours. This assay was performed for
three clade B strains (RSB001, RSC011 and RSA076) and RS2333,
with three replicates completed per strain. For each time point,
the three measurements were pooled for statistical analysis (see
electronic supplementary material, Methods). The bordering and
clumping assay for RSB001 under fixed oxygen concentrations
was performed similarly to previous assays, but the animals
were exposed for 3 h to a constant gas flow delivering a particular
oxygen concentration (see electronic supplementary material,
figure S3). Then, the number of bordering and clumping animals
was measured as before. Three replicates were performed for
each oxygen concentration.

Oxygen-evoked turning responses were monitored as
described previously [25-27]. Briefly, NGM plates were seeded
with OP50 bacteria (grown overnight). Twenty young adult ani-
mals were confined to a 28 x 28 mm region using Whatman
filter paper. Plates were covered with the aerotaxis chamber and
gas flow was delivered at 50 ml min~—'. Oxygen concentration
was changed every 6 min as described in electronic supplementary
material, figure S4. Animals were recorded at 3 frames s~ ! with a
digital camera (JAI BM-500, Stemmer Imaging) and the STREAMPIx
5 software (NorPix), and automatically tracked using a customized
image-processing and analysis script written in MATLAB software
(MathWorks, Natick, MA). Twenty replicates per assay were per-
formed. (-turn rate values were calculated in 15 s windows. The
means of Q-turns during the 3 min before and after the oxygen
shift were calculated for each replicate.

(c) Quantitative trait locus mapping analysis

To investigate the genetic complexity of the clumping/bordering
trait, recombinant inbred lines (RILs) were produced by mating the
RSB001 and RS2333 strains as previously described [28]. Ninety-
four of these RILs were phenotyped and genotyped by mRNA
sequencing. Association between phenotypes and genotypes was
calculated by performing a Wilcoxon rank-sum test (see electronic
supplementary material, Methods for detailed information).

3. Results

(a) Pristionchus pacificus shows natural variation in
clumping and bordering behaviours

In C. elegans, all but a single strain display social behaviours
under laboratory conditions, possibly as a result of a 21%
oxygen avoidance behaviour acquired in their natural habitats.
To analyse natural variation in clumping and bordering beha-
viours in P. pacificus, we phenotyped 106 strains isolated from
11 populations on La Réunion Island (figure 1a and table 1;
electronic supplementary material, S1) collected from 22 to
240 m.a.s.l. This set of strains includes representatives of all
four clades of P. pacificus that inhabit different ecozones on
the island (figure 1b). In addition, we analysed RS2333 from
California, which serves as a laboratory reference strain similar
to C. elegans N2.

Overall, the percentage of bordering animals among La
Réunion strains followed a continuous distribution from

40% to 100%, whereas the percentage of animals in clumps
followed a continuous distribution from 0% to 50% (elec-
tronic supplementary material, figure S1). The distinction
between social and solitary strains is therefore not as clear-
cut in P. pacificus. In contrast to C. elegans, we predominantly
found evidence for strains showing low and medium clump-
ing/bordering levels in our dataset, including RS2333
(figure 1c). However, we also found a subset of social strains
that perform high levels of clumping and bordering, most of
which are of lineage B ancestry, such as RSB001 (figure 1d).

(b) Natural variation in clumping and bordering in
Pristionchus pacificus is associated with three highly
correlated factors: altitude, lineage and beetle host

To characterize the bordering and clumping behaviours further,
we first tested whether the two behaviours were themselves
associated across the whole dataset. In addition, we tested for
correlations independent of genetic lineage by analysing clade
C individually, because it represents the most abundant clade
in our dataset. The Pearson product—moment correlation coef-
ficient for bordering versus clumping was r = 0.83 (p < 0.001)
for the whole sample set and r=0.72 (p <0.001) among
clade C, indicating a strong positive correlation between the
two behaviours that is independent of genetic lineage.

We next wanted to examine the various factors that may be
contributing to the natural variation in bordering and clump-
ing in P. pacificus. In particular, we wanted to test whether
these behaviours were significantly associated with altitude,
given our hypothesis that atmospheric pO, may be driving
this natural variation. Indeed, we performed analysis of var-
iance for the whole dataset and found that altitude does
significantly partition the variance in clumping and bordering
among strains (Fggs = 28.22; p < 0.001 and Fygs=38.41; p <
0.001, for bordering and clumping, respectively; electronic
supplementary material, figure S2 and table S2a). Pairwise
comparisons with Tukey’s post hoc analysis revealed that
these differences were due to significantly higher clumping/
bordering between altitude locations above 2100 and below
1600 m.a.s.l. (electronic supplementary material, table S2b).
Taken together, these results indicate that the substantial natu-
ral variation in clumping and bordering observed among wild
isolates of P. pacificus is associated with altitude in the tested
strains. However, in practice, high-altitude strains are exclu-
sively correlated with clade B ancestry (r = 1.000, p < 0.001),
and the beetle host A. godefroyi (r = 0.931, p < 0.001). There-
fore, the contribution of these three individual factors cannot
be disentangled, and thus represent a complex phenomenon,
the evolutionary meaning of which will be discussed below.

(c) Clumping and bordering of clade B strains
are highly requlated by oxygen

Clumping and bordering behaviours are regulated quantitat-
ively by oxygen in the social C. elegans mutant npr-1 (ad609).
A shift in oxygen concentration from 21% to 7% rapidly sup-
presses both behaviours, whereas smaller shifts from 21% to
either 15% or 10% oxygen have a lesser effect. Similarly, shift-
ing cultures back to 21% oxygen restores both behaviours.
Likewise, oxygen influences the performance of clumping
and bordering in the solitary N2 strain although in a much
weaker manner [13]. To test if clumping and bordering in
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Figure 1. (a) Map of La Réunion Island showing the locations included in this study and the nematode lineages [10] isolated from them (modified from open-
streetmap.org, © OpenStreetMap contributors). (b) Unrooted neighbour-joining phylogenetic tree for La Réunion P. pacificus strains analysed in this study and the
reference strain, RS2333. Colour code refers to the lineage of the strains: yellow, clade A; red, RS2333 (clade A); blue, clade B; orange, clade G green, clade D.
(c) Clumping/bordering assay for the P. pacificus R$2333 strain, which shows a solitary behaviour under laboratory conditions, characterized by low levels of clump-
ing and bordering. (d) Clumping/bordering assay for the P. pacificus RSB001 strain, isolated at 2327 m.a.s.l., which shows strong clumping and bordering behaviours
under laboratory conditions.
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Figure 2. Regulation of bordering and clumping behaviour by oxygen levels. (a) Comparison of the dynamic changes in bordering (top) and clumping (bottom)
behaviours during oxygen shifts between clade B strains (RSB001, RSA076 and RSC011) and RS2333. Oxygen concentration changes every 30 min from 21 — 16 —
21 — 10 — 21 — 4 — 21%. (b) Comparison of the dynamic changes in bordering (top) and clumping (bottom) behaviours between clade B strains (RSB0O1,
RSA076 and RSCO11) and RS2333 during oxygen shifts from 21% to 16%, with a 1% decrement occurring every 30 min. In all graphs, black dots represent the mean

and thin lines represent the standard error (s.e.m.).

P. pacificus are also regulated by oxygen, we analysed both
behaviours in specific assay systems using aerotaxis chambers
(see Methods). Specifically, we performed shift and ramp
assays using one strain from each clade B population
(RSA076, RSB001 and RSCO011) plus the reference strain
RS2333.

In shift assays, we altered oxygen concentrations in
30 min intervals by shifting worms from 21% to 16%, 10%
or 4%, respectively, returning to 21% in between (figure 24;
electronic supplementary material, table S3). We found that
all strains reduced bordering in response to the shift from
21% oxygen to lower concentrations. The back-shift to 21%
oxygen resulted in a complete return of bordering to the
initial levels in all strains. However, this fluctuation was
much stronger in clade B strains than in R52333, resembling
the pattern observed between social and solitary C. elegans
strains [13]. For clumping, we observed a strong fluctuation
in clade B strains in response to oxygen shifts, whereas
RS2333 showed very low clumping under all conditions.

In ramp assays, we decreased oxygen from 21% to 16%
with a 1% decrement occurring every 30 min (figure 2b; elec-
tronic supplementary material, table S3). This reduction is
equivalent to a 20% reduction in the amount of oxygen avail-
able for respiration when rising from sea level to 2100 m.a.s.l.
(owing to the decrease from 21 to 16.4 kPa pO,; see table 1
and Methods). For both behaviours, results were generally
similar to that seen in shift assays. Reduction in oxygen concen-
tration from 21% to 16% led to a stronger decrease in bordering

in clade B strains (from approx. 93% to approx. 39%) than in
RS2333 (from approx. 53% to approx. 35%). Likewise, clump-
ing was reduced strongly in clade B strains, being almost
suppressed at 16% oxygen, whereas in R52333 clumping was
again very low under all conditions.

In order to estimate the relationship between oxygen
and clumping/bordering behaviours for RSB001 as a clade B
representative, for bordering and
clumping were obtained under different fixed oxygen concen-

independent values

trations (see Methods; electronic supplementary material,
figure S3 and table S4). Regression analysis revealed that, in
total, 94% (p < 0.001) of the variation in bordering and 88%
(p=0.004) of the variation in clumping could be explained
by the given model (regression equations: bordering
mean = —133.21 — 10.99x [O,]; clumping mean = —104.86 +
7.08x [O;]). Together, these experiments confirm that oxygen
significantly regulate clumping and bordering
behaviours in P. pacificus.

levels

(d) Oxygen-induced locomotive behaviour of social
and solitary Pristionchus pacificus strains differs
from Caenorhabditis elegans

In addition to clumping and bordering, oxygen also influences
locomotive behaviours in C. elegans, like the Q-turn rate.
Increased -turn rates while crawling are interpreted as
responses to aversive stimuli, whereas decreases correspond
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to attractive stimuli [29]. Wild isolates, like CB4856 from
Hawaii, respond to the aversive stimuli induced by shifts in
oxygen concentration from 20% to 21% with increased rates
of Q-turns, whereas the solitary N2 strain does not modify its
Q-turn rate in response to these shifts [21,25]. To explore
whether a similar pattern exists in P. pacificus, we analysed the
Q-turn rate of RSB001 and RS2333 under varying oxygen levels
(see Methods). First, we compared locomotive behaviours in a
21-20-21% oxygen shift assay (electronic supplementary
material, figure S4a and table S5). Surprisingly, we observed
an opposite pattern in P. pacificus compared with C. elegans,
where only social strains respond. Specifically, the solitary
strain RS2333 reduced its ()-turn rate when oxygen was shifted
from 21% to 20%, and increased it again with the back-shift to
21%. This result is contrary to our expectation that the solitary
strain RS$2333 should not perceive the increase from 20% to 21%
in the oxygen concentration as an aversive stimulus. In con-
trast, RSB001 maintained a constant (-turn rate during
oxygen shifts, which is consistent with our previous obser-
vation that bordering and clumping in RSB001 remained
constant when oxygen levels were reduced from 21% to 20%
(figure 2b; electronic supplementary material, figure S3 and
table S4).

Next, we analysed the ability of the two strains to respond
to 21-16-21% oxygen shifts by modifying its Q-turn rate,
because 16% oxygen mimics the oxygen levels at the high-
altitude clade B locations. Indeed, RSB001 and RS2333 reduced
Q-turn rates when oxygen levels were shifted from 21% to 16%
(electronic supplementary material, figure S4b and table S5).
Interestingly, after a back-shift from 16% to 21% oxygen, both
strains increased the Q-turn rate to levels that were more
than double those observed at the initial 21% baseline. How-
ever, after a few minutes at 21%, the (Q-turn rate of both
strains gradually declined towards baseline levels. Thus, both
strains respond to oxygen shifts with changes in their loco-
motion patterns. These results indicate that the regulation of
both oxygen-induced behaviours ({)-turn and clumping/bor-
dering) is uncoupled in P. pacificus and they suggest both a
strain- and species-specific behaviour in response to changes
of environmental oxygen. In C. elegans, gbl-5 was identified
as a key regulator of oxygen sensitivity [21], and future studies
in P. pacificus will reveal the genetic composition of oxygen sen-
sitivity in this nematode. However, a full understanding of
locomotive behaviours in P. pacificus and C. elegans requires a
precise knowledge of the exact oxygen levels in the microhabi-
tats of both organisms, an endeavour that is complicated by the
miniature size of nematodes.

(e) Pristionchus pacificus clumping and bordering are
complex quantitative traits independent of npr-1

To provide a first estimate of the genetic complexity of
P. pacificus social behaviours, we performed a cross between
males of the social strain RSB001 and hermaphrodites of
the solitary strain RS2333. F1 hybrid animals displayed inter-
mediate bordering behaviour, whereas clumping behaviour
was similar to RS2333 (electronic supplementary material,
figure S5a). Phenotypic analysis of clumping/bordering of
94 RILs showed that both behaviours were continuously dis-
tributed among strains, spanning the full range of values
between parental strains (electronic supplementary material,
figure S5b). These findings provide first evidence that clump-
ing and bordering behaviours in P. pacificus represent

complex traits. More specifically, the association between

genotypes and phenotypes by a Wilcoxon rank-sum test
revealed several peaks related to quantitative trait loci
(QTL), which further suggests a polygenic control of both
phenotypes. The strongest association is seen on chromosome
IV with several QTL peaks that were not fully separated
because of the small number of recombination events. In
addition, chromosomes I and X also show QTLs although
of lower effect (electronic supplementary material, figure
S6). While the insufficient number of recombination events
among the 94 RILs did not permit the identification of indi-
vidual candidate genes, it allows the conclusion that
P. pacificus social behaviours are regulated by complex quan-
titative traits. Furthermore, these data indicate that a
substantially larger number of RILs will be necessary to
clone individual QTLs, an endeavour that was very successful
for other variable traits in P. pacificus strains [30,31].

In C. elegans, a sequence polymorphism in npr-1 underlies
the behavioural difference between social and solitary strains
[14]. In P. pacificus, the 1:1 orthologue of npr-1 is situated on
Contig127-SNAP2012.14 on the X chromosome (electronic sup-
plementary material, figure S7). Surprisingly, detailed analysis
of the X chromosome QTL peak mentioned above did not
provide evidence for a strong contribution of Ppa-npr-1 to the
bordering and clumping phenotypes, because the most signifi-
cant associated SNPs on the X chromosome are not found in
the proximity of Ppa-npr-1. However, a smaller contribution
of Ppa-npr-1 cannot be ruled out and awaits more detailed
QTL analysis. Furthermore, sequence analysis indicates that
both RS2333 and RSB001 possess a phenylalanine at npr-1
position 237, corresponding to the same variant present in
social C. elegans strains (electronic supplementary material,
figure S8). Taken together, our initial analysis of the genetic
regulation suggests that P. pacificus clumping and bordering
represent complex quantitative traits with at least partially
different regulatory mechanisms.

4. Discussion

Here, we study the evolution and natural variation of clump-
ing and bordering behaviours in P. pacificus nematodes using
wild populations living at a variety of altitudes and hetero-
geneous environments on La Réunion Island. We find
substantial natural variation in these behaviours among
strains. In general, the amount and type of natural variation
observed in P. pacificus contrasts with that found in C. elegans,
where only a single laboratory strain has been shown to dis-
play solitary behaviour, whereas all wild isolates are social.
Overall, P. pacificus strains fall into two categories: strains
from locations below 1600 m.a.s.l. are predominantly solitary,
whereas strains from locations above 2100 m.a.s.l. exclusively
display social behaviour, specifically bordering and clumping.
These findings suggest different evolutionary histories of social
behaviour for these two nematode species, and thus social
behaviours as observed in P. pacificus and C. elegans represent
an example of phenotypic convergence.

It is important to note that the phenotypic convergence of
social behaviours as seen in both nematodes is the result of
not only independent evolutionary histories, but also different
evolutionary trajectories. In particular, phenotypic frequencies
indicate that the most parsimonious explanation for the
observed phenomena is that social behaviour is basal in
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C. elegans. This is most likely to reflect an adaptation towards
21% oxygen avoidance in their natural habitats (soil, compost
and rotten fruits), with the solitary behaviour only resulting
under artificial conditions in one strain [21]. In contrast, solitary
behaviour in P. pacificus is more widespread and possibly
basal, which could be related to the ecological association of
this nematode with beetles. While the exact oxygen level on
beetle carcasses is unknown and might fluctuate, we speculate
that the total spectrum of oxygen levels P. pacificus is exposed to
is more stable and regular than those for C. elegans. Therefore,
the solitary behaviour as found in most P. pacificus wild isolates
might well represent an evolutionary adaptation. We speculate
that the observed bordering and clumping behaviours of the
strains isolated from high-altitude locations might indicate an
adaptation to high-altitude-associated hypobaric hypoxia
found in the wild. Because pO, decreases with increased alti-
tude, hypobaric hypoxia is one of the main environmental
stresses associated with high-altitude environments. Although
social P. pacificus strains should, in principle, be susceptible to
evolve similarly to the N2 strain under laboratory conditions,
the number of generations required for that to take place is dif-
ficult to predict. In this context, it is also important to note that
the ‘evolution of the N2 strain’ was largely facilitated by artifi-
cial selection of those worm individuals that did not show
clumping and bordering behaviour. In our propagation of
worms, we usually prevent single worm propagation, and
thereby actively prevent this type of artificial selection.
Although local adaptation presents an intriguing hypo-
thesis for the variation in underlying social behaviours in
P. pacificus, other explanations could also account for our
results. In particular, alongside altitude, the second factor
common among social strains of P. pacificus is genetic lineage,
and with it the specific beetle host. While all strains belonging
to clade B are social, most of the strains belonging to other
clades are solitary. However, all clade B strains are also
from high altitude and the same host beetle, indicating that
the contribution of altitude, beetle host and phylogenetic line-
age cannot easily be disentangled. Therefore, clumping and
bordering may not represent a sole adaptation to oxygen,
but might also be due to the distinct evolutionary history of
the clade B lineage and its beetle host. In particular, distinct
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