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Abstract

Theory predicts that organisms should diversify their offspring when faced with a stressful
environment. This prediction has received empirical support across diverse groups of organisms
and stressors. For example, when encountered by Caenorhabditis elegans during early
development, food limitation (a common environmental stressor) induces the nematodes to arrest
in a developmental stage called dauer, and to increase their propensity to outcross when they are
subsequently provided with food and enabled to develop to maturity. Here we tested whether
food limitation first encountered during late development/early adulthood can also induce
increased outcrossing propensity in C. elegans. Previously well-fed C. elegans increased their
propensity to outcross when challenged with food limitation during the final larval stage of
development and into early adulthood, relative to continuously well-fed (control) nematodes.
Our results thus support previous research demonstrating that the stress of food limitation can
induce increased outcrossing propensity in C. elegans. Furthermore, our results expand on
previous work by showing that food limitation can still increase outcrossing propensity even
when it is not encountered until late development, and this can occur independently of the

developmental and gene expression changes associated with dauer.

Introduction

Theoretical models have predicted that individuals that are poorly adapted to their environments
(and have consequently experienced more stress) will benefit more than well-adapted individuals
from diversifying their offspring by increasing recombination rates (Agrawal et al. 2005) or by
increasing biparental sexual reproduction (Hadany and Otto 2007). Because inbreeding

depression tends to increase under stress (e.g., Hayes et al. 2004) (reviewed in Armbruster and
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Reed 2005), selection should favor increased rates of recombination and biparental sex in
stressful environments. This leads to the prediction that organisms should diversify their
offspring in response to indicators of low fitness, such as environmental stressors (Agrawal et al.
2005, Hadany and Otto 2007). This prediction has received empirical support across a wide
diversity of stressors and organisms. For example, exposure to parasites can cause snail hosts to
increase their number of sexual partners (Soper et al. 2014), can cause Daphnia hosts to allocate
more resources into male offspring production (at the expense of resource allocation into the
production of asexual females) (Hite et al. 2017), and can cause fruit fly (Singh et al. 2015) and
mosquito (Zilio et al. 2018) hosts to increase their production of recombinant offspring. In
addition, Strongyloides nematode parasites reared in hosts with acquired immune protection are
more likely to develop into sexual adults (Gemmill et al. 1997). Drosophila melanogaster raised
at stressfully high temperatures (30°C) exhibit markedly higher recombination rates than control
flies raised at a standard, non-stressful, temperature (25°C) (Stern 1926), and cold shock can also
induce increased recombination in D. melanogaster (Zhong and Priest 2011). Poorly defended
(acyanogenic) Trifolium repens plants increase allocation to sexual reproduction in response to
experimental exposure to herbivorous snails (Griffiths and Bonser 2013). These examples
suggest that parasites, herbivores, extreme temperatures, and, for parasites, their host's acquired
immune system, are environmental stressors capable of inducing individual organisms to
plastically diversify their offspring by increasing promiscuity, increasing allocation to biparental
sexual reproduction (outcrossing), and/or elevating rates of recombination.

In the present study, we focused on food limitation as an environmental stressor. Food
limitation is a common stressor experienced by diverse organisms. Several previous studies have

shown that food limitation can induce organisms to diversify their offspring. For example,
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nutritional limitation increases bacterial competence to take up and recombine free strands of
DNA from their environment (Redfield 1993, Jarmer et al. 2002), induces meiosis in yeast (Mai
and Breeden 2000), increases recombination rates in D. melanogaster (Neel 1941), and induces
sexual reproduction and resting egg production in Daphnia (Kleiven et al. 1992, Koch et al.
2009).

The nematode Caenorhabditis elegans is a great model for assessing how the
reproductive strategy of animals can change in response to environmental stressors (Alvarez et
al. 2005, Morran et al. 2009a, Morran et al. 2011, Slowinski et al. 2016, Plesnar-Bielak et al.
2017) (reviewed in Anderson et al. 2010). C. elegans hermaphrodites are capable of multiple
modes of reproduction: they produce both sperm and eggs and they can fertilize their eggs with
their own sperm (self-fertilization, or selfing) or with sperm acquired by mating with males
(outcrossing). Relative to selfing, reproducing by outcrossing increases offspring genetic
diversity, potentially enabling C. elegans to diversify their offspring by outcrossing in response
to stressful environmental conditions.

Outcrossing in response to food limitation may be an adaptive strategy for C. elegans,
because, for C. elegans, food depletion likely serves a reliable cue that their offspring will
disperse and encounter diverse habitats. C. elegans exhibit “boom and bust” population cycles
(reviewed in Frézal and Félix 2015). While food remains abundant, C. elegans will reproduce on
their local food source with limited dispersal. However, once the food source is depleted, larva
will enter an alternative developmental pathway and arrest at the second molt in a developmental
stage called dauer. Dauers may leave their food-depleted environment in search of new islands of
resources, where they can complete development and reproduce (Felix and Duveau 2012, Frézal

and Félix 2015). Hence, food limitation is predictive of offspring dispersal for C. elegans.
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Dispersal to diverse habitats is expected to be associated with low heritability of fitness
(Williams 1975), (i.e., under high dispersal conditions, variation across environments
encountered by offspring, rather than parental genotype, explains a higher proportion of the
variance in offspring success). Selection is predicted to favor parents that diversify their
offspring when offspring are likely to encounter diverse and heterogeneous environments
(Lenormand and Otto 2000, Agrawal 2009). Therefore, because food limitation is predictive of
offspring dispersal, food limitation may be a good indicator of when outcrossing will be adaptive
for C. elegans.

In order to investigate whether food limitation causes C. elegans to diversify their
offspring, Morran et al. (2009a) subjected C. elegans populations to food limitation and
crowding, inducing the nematodes to arrest as dauers. As predicted, starved nematodes that had
arrested as dauers exhibited an increased propensity to reproduce by outcrossing as opposed to
self-fertilization (after they had been provided with food and developed to sexual maturity)
relative to well-fed nematodes (control) that had not gone through the dauer stage.

While Morran et al. (2009a) demonstrated that starvation during early development, and
the corresponding induction of the dauer developmental stage, led to increased outcrossing
propensity in C. elegans populations, it is unknown whether food limitation encountered at later
stages of development can also induce increased outcrossing propensity in C. elegans that are no
longer capable of becoming dauers. Increased outcrossing in C. elegans could be a general
response to food limitation, or it could be a specific consequence of the extensive developmental,
physiological, and gene expression changes (reviewed in Hu 2007) associated with dauer. In the
present study, we tested whether food limitation encountered late in development can induce

increased outcrossing propensity. We raised nematodes on abundant food until they reached the
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final stage of larval development (L4), at which point we transferred a random sample of
nematodes to food-limited environments, and a random sample to a food-abundant (control)
environment. We assayed their propensity for outcrossing by pairing each individual
hermaphrodite with a single male in their respective treatment environments, thus giving
replicate hermaphrodites a standardized opportunity to mate. We measured male frequencies of
the offspring produced on mating plates, and estimated outcrossing rates based on offspring male
frequencies (Stewart and Phillips 2002). We predicted that nematodes assayed in food-limited
environments would exhibit an increased propensity to outcross relative to nematodes assayed in

the control environment. The results were consistent with the prediction.

Materials and methods
Source of the experimental nematode populations

Our outcrossing propensity assays were run on one isogenic (inbred) C. elegans lab strain
(CB4856; originally from Hawaii) and on one genetically diverse population called (CW1-30),
which was derived by mutagenizing CB4856. In both assays, hermaphrodites were sampled from
the mixed mating (wildtype) version of the strain, and males were drawn from a genetically
similar obligate outcrossing version of the strain.

In the isogenic-CB4856 assay, wildtype CB4856 hermaphrodites were paired with males
from an isogenic obligately outcrossing strain of CB4856. The isogenic obligately outcrossing
strain of CB4856 was created by introgressing the obligately outcrossing allele fog-2(q71),
which blocks the production of sperm in hermaphrodites and has no known effects on male

phenotype (Schedl and Kimble 1988), into a CB4856 genetic background.
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The genetically diverse C. elegans populations CW1-30 and F5-0, used in our other
outcrossing propensity assay, which we will refer to as the mutagenized-CB4856 assay, were
derived as follows: Prior to our study, a mixed-mating strain (designated PX382) was created by
systematically inbreeding the strain CB4856 (Morran et al. 2009b). An obligately outcrossing
strain (designated PX386) was created by systematically back-crossing the obligate outcrossing
allele, fog-2(q71) into the genetic background of PX382 (Morran et al. 2009b). The mixed-
mating strain and the obligately outcrossing strain were mutagenized at 40mM of ethyl
methanesulfonate (EMS) for four hours during three consecutive generations to introduce
increased genetic variation (Morran et al. 2011). Following mutagenesis, the mixed-mating strain
was then passaged for 30 generations under standard laboratory conditions in the control
treatment of another experiment (Morran et al. 2011), and the mixed-mating and obligately
outcrossing strains were both frozen. The strains were then thawed, and the mixed-mating strain
(designated CW1-30) was used as the source of hermaphrodites in all assays, and the obligately
outcrossing strain (designated F5-0) was used as the source of males for our outcrossing
propensity assays. A visual schematic representing how the mutagenized CB4856 strains CW1-
30 and F5-0 were derived is presented in (Slowinski et al. bioRxiv; Supplemental Figure 1).
Synchronizing the nematode populations for outcrossing propensity assays

Plates for rearing nematode populations were constructed by pouring 24 mL of
autoclaved nematode growth medium (NGM) Lite (US Biological, Swampscott, MA) onto a 10
cm Petri dish. The NGM plates were seeded with a lawn of 60 o« of the Escherichia coli strain
OP50, which was grown by inoculating 5 mL of liquid lysogenic broth (LB) with OP50, and then

growing the OP50 culture for 24 hours at 28° C, at which point the OP50 culture reached
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stationary phase. The seeded NGM plates were then grown overnight in a 28 ° C incubator before
the nematodes were transferred onto the plates.

Prior to each assay we synchronized the mixed-mating and obligate outcrossing
nematode populations by suspending populations in 1,000 o« of liquid M9 (isotonic buffer
solution), which was treated with 120 od of 60% bleach solution to kill all the nematode life
stages except the eggs (Stiernagle 2006). Following exposure to the bleach solution, nematode
eggs were washed with sterile deionized water and then continuously mixed in an M9 solution
for 24 hours in a tube rotator, during which period the eggs hatched into L1 larvae. All of the L1
larvae (estimated between 1,000 and 10,000 larvae) were transferred onto the seeded OP50
plates (one plate for mixed-mating CB4856 worms and one plate for obligately outcrossing
CB4856 worms in the isogenic CB4856 assay; one plate for mutagenized-CB4856 worms and
one plate for obligate outcrossing mutagenized-CB4856 worms in the mutagenized CB4856
assay) where they grew at 20° C for 48 hours until they matured to the L4 larval stage of
development. Hence, all the nematodes in the study were provided with abundant food (on the
plates seeded with 60 od of OP50 culture) until reaching the L4 stage. They were then picked off
of the abundant-food plate and randomly selected for transfer onto mating plates of each of the
three food dilution treatments. In the isogenic-CB4856 assay, one hermaphrodite from the
mixed-mating isogenic-CB4856 plate and one male from the obligately outcrossing isogenic-
CB4856 plate were transferred onto each mating plate. In the mutagenized-CB4856 assay, one
hermaphrodite from the mixed-mating mutagenized-CB4856 plate and one male from the
obligately outcrossing mutagenized-CB4856 plate were transferred onto each (low-food or

control) mating plate. Outcrossing propensity was assayed all at once in one big block in the
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isogenic-CB4856 assay. The outcrossing propensity assay was repeated six times (six replicate
blocks) in the mutagenized-CB4856 assay.
Constructing mating plates for the outcrossing propensity assays

“Mating plates” are small agar plates that serve as arenas in which replicate
hermaphrodites can experience a standardized opportunity to reproduce by outcrossing with a
male or by self-fertilization. Mating plates were constructed by pouring 4 mL of autoclaved
NGM Lite (US Biological, Swampscott, MA) into a 3.5 cm Petri dish. Mating plates were seeded
with 20 o of undiluted stationary phase OP50 culture (control treatment), or with OP50 culture
diluted by a factor of 1077 for the food-limited treatment. The 20 od of OP50 culture was spread
across the mating plate using a sterile spreader, and then incubated at 28 ° C for 24 hours to allow
the OP50 to grow prior to transferring nematodes onto the mating plates. The amount of OP50
that grew on the control-treatment plates was well over the amount that could be consumed by
the nematodes on the plates during the outcrossing propensity assays, hence the nematodes
assayed in the control treatment experienced an unlimited food supply.
Assaying the outcrossing propensity of nematodes on mating plates

Our outcrossing propensity assays were adapted from (Bahrami and Zhang 2013). In each
assay, L4 hermaphrodites were randomly selected from our mixed-mating population and
individually picked onto mating plates, where each hermaphrodite was paired with an L4 male
randomly selected from the genetically matched obligate outcrossing population. Importantly, L4
hermaphrodites have not yet reached sexual maturity, and cannot yet mate with males. Therefore,
any outcrossing that we observed in our mating propensity assays has to have occurred during
the assay period, after hermaphrodites and males were transferred to the mating plates. We will

refer to the L4 hermaphrodites and males that we picked onto the mating plates as the “parents”,
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because they are the reproductive individuals whose outcrossing propensity we assayed. The
parents were left together on each mating plate for 48 hours at 20° C during which time the
hermaphrodite on each plate developed to sexual maturity and had the opportunity to mate with
the male and reproduce by outcrossing, or, alternatively, to reproduce by self-fertilization. After
48 hours, the parents were removed and their offspring, which were mostly still eggs or early
larval stages, and which were easily distinguishable from the mature parents, were all transferred
to a food-abundant environment. Mating plates on which we could not find and remove the
hermaphrodite mother (n = 0 in the isogenic-CB4856 assay, n = 8 in the mutagenized-CB4856
assay), or on which the mother had died during the 48-hour window of mating opportunity (n = 1
in the isogenic-CB4856 assay, n = 1 in the mutagenized-CB4856 assay), were excluded from our
analyses. Food dilution treatment did not affect the probability that the mother was dead or
missing after 48 hours (isogenic-CB4856 assay: P = 0.98; mutagenized-CB4856 assay: P =
0.32). Mating plates on which the father had died during the 48-hour window of mating
opportunity (n = 1 in the isogenic-CB4856 assay; n = 0 in the mutagenized-CB4856 assay) were
also excluded. Food dilution treatment also did not affect the probability that the father was dead
or missing after 48 hours (isogenic-CB4856 P = 0.98; no test run for the mutagenized CB4856
assay because no worms died in that assay).

Immediately after the parents were removed, we chunked each mating plate in its entirety
onto a large NGM agar plate that had been seeded with stationary phase OP50, so that all the
offspring from all treatments could complete their development in an environment with excess
food. 48 hours after the parents were removed, we counted the male frequency of the offspring
(which had matured into adults) on each mating plate by following a transect across the plate and

scoring all the offspring as either hermaphrodites or males. After completing a transect across the

10
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plate, we moved up the plate to follow a new transect until the entire plate had been covered and
all of the worms on the plate had been sexed. Mating plates on which we were unable to score
the sex of at least 20 offspring, due to low offspring population sizes, were excluded from our
analysis. In the mutagenized-CB4856 assay eight out of 27 plates in the control and nine out of
25 plates in the 1077 dilution treatment were removed from analyses due to insufficient number of
offspring sexed. In the isogenic-CB4856 assay there were sufficient numbers of offspring on all
mating plates. Our results were not sensitive to the population size threshold that we used to
determine which mating plates with low offspring population sizes to exclude; we got
qualitatively similar results if we excluded mating plates with fewer than 30 offspring, 40
offspring, or 50 offspring sexed (data not shown). Food dilution treatment did not affect the total
number of offspring that were scored on mating plates in the in the isogenic-CB4856 assay (F 1 =
0.62 P =0.437; Table 1) or in the mutagenized-CB4856 assay (ANOVA: F,=0.25, P =0.78;
Table 1). Note that the number of offspring sexed on mating plates should not be considered a
measure of the lifetime reproductive success of the mother. Because hermaphrodites were picked
onto mating plates prior to reproductive maturity and were removed from mating plates after 48
hours, before they had completed egg laying, our offspring counts only represent the
reproductive output of the early stage of egg laying. Linear models revealed that there was no
significant relationship between the total offspring sexed and the outcrossing rate across mating
plates the isogenic-CB4856 assay (F1 = 3.5, P = 0.068) or in the mutagenized-CB4856 assay (F 1

=0.018, P =0.89).
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. Dilution Median total Range total Number mating
Worm strain . .
treatment offspring offspring plates
Isogenic CB4856 Control 159.5 92 -256 20
Isogenic CB4856 107 183.5 82-448 18
Mutagenized CB4856 | Control 61 21-113 19
Mutagenized CB4856 107 59.5 20-114 16

Table 1: Median and range of total offspring sexed on mating plates from each food-
dilution treatment. Data only includes mating plates that were included in the main

size, or due to the mother being missing or dead at the end of the mating opportunity
window).

analysis (i.e., mating plates that were not excluded due to insufficient offspring population

Calculating outcrossing rates based on male frequencies

Because almost all of the offspring produced by selfing are hermaphrodites, whereas
outcrossing produces a 1:1 ratio of males to hermaphrodites (Brenner 1974), the outcrossing rate
(i.e., the proportion of offspring produced by outcrossing) can be estimated based on male
frequencies (Stewart and Phillips 2002). Outcrossing rates of the parents on our mating plates
were estimated as follows (Stewart and Phillips 2002), assuming a nondisjunction rate of 0.0015
(Ward and Carrel 1979, Hodgkin and Doniach 1997):

Outcrossing rate= (Male frequency — nondisjunction rate ) x 2

Measuring the effect of food limitation on the production of males by nondisjunction of the X
chromosome at meiosis

While outcrossing is the primary mechanism by which males are produced in C. elegans
populations, rare males can also be produced by nondisjunction of the X chromosome at meiosis

(Hodgkin 1987). To confirm that any treatment differences that we observed in offspring male

12
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frequencies were due to the effects of food limitation on outcrossing propensity, and were not
caused by food limitation induced changes in the frequency of nondisjunction males, we
measured the rate of production of nondisjunction males in a control versus a food-limited
environment. Previously well-fed L4 hermaphrodites (from the isogenic-CB4856 strain) were
isolated on small Petri plates seeded with 200 pL E. coli. In the control treatment, LB was grown
for 30 hours at 28 °C, and then used to seed the plates (n = 30) on which hermaphrodites were
isolated. In the low-food treatment, LB was grown for 30 hours at 28 °C, diluted by a factor of
1077, and then used to seed the plates (n = 30) on which hermaphrodites were isolated. After 72
hours, the hermaphrodite was removed from each assay plate, and the offspring were transferred
to a plate with abundant (undiluted) E. coli, allowing offspring from both treatments to complete
their development in a food-abundant environment. The sex of all offspring on each plate was
scored. Because the hermaphrodite mothers on the nondisjunction assay plates were isolated
without access to males, all the offspring produced in this assay must be the product of self-

fertilization.

Statistical methods

Outcrossing rate assays

We used a generalized linear model (GLM) to test whether food restriction treatment, nematode
strain, and a treatment X strain interaction predicted outcrossing rates on mating plates. Because
we found a significant main effect of treatment on outcrossing rates, we used Tukey’s HSD post-
hoc tests to determine which food restriction treatment groups were significantly different from

each other across all possible pairwise comparisons within each nematode strain.
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All p-values reported are two-tailed. All statistical tests were run using R version 4.1.3, and

using R statistical package “emmeans” version 1.7.3 (Lenth 2022).

Nondisjunction rate assays
We used Welch Two-Sample t-tests to test whether the number of offspring sexed differed

between the control and 10”7 food-dilution treatment in each of the two non-disjunction assays.

Results
Outcrossing rates
Food restriction significantly increased outcrossing rates on mating plates (deviance,71=1.41, P
< 0.001). There was no significant effect of nematode strain (deviance,70=0.032, P =0.57) on
outcrossing rates. There was also no significant treatment x strain interaction on outcrossing rates
(deviancer, 69 = 0.04, P = 0.5; Figure 1).

Post hoc comparisons within each nematode strain revealed that the outcrossing rate was
significantly higher in the food-restricted environment than in the control environment for both

the isogenic-CB4856 strain (P = 0.028) and for the mutagenized-CB4856 strain (P = 0.003).
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328  Figure 2).
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or on plates with E. coli diluted by a factor of 107 (green triangles). Each point represents the
frequency of male offspring on one assay plate. Error bars represent +/- 1 standard error of
the mean.

Discussion

We found that food limitation, experienced during late development and early adulthood, can
induce increased offspring male frequency in C. elegans that had been previously well-fed until
reaching the final (L4) stage of larval development. This increased offspring male frequency
probably resulted from increased propensity of the parents to outcross, since increased
outcrossing, rather than sexual conversion, has been previously shown to increase C. elegans

male frequencies in response to food limitation (Morran et al. 2009a). This same pattern of
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increased outcrossing in response to food limitation was observed in both an isogenic inbred C.
elegans strain, as well as in a mutagenized and genetically diverse strain. Furthermore, we found
low rates of production of selfed nondisjunction, with no significant difference in nondisjunction
rates in the food abundant control environment versus the food-restricted environment. This
suggests that the effect of food limitation on offspring male frequencies on mating plates was
probably caused by food limitation induced changes in outcrossing propensity, rather than by any
effect of food limitation on nondisjunction rates. Our results are consistent with theoretical
predictions (Agrawal et al. 2005, Hadany and Otto 2007) and with previous empirical research
(Stern 1926, Gemmill et al. 1997, Zhong and Priest 2011, Griffiths and Bonser 2013, Soper et al.
2014, Singh et al. 2015, Hite et al. 2017, Zilio et al. 2018) demonstrating that organisms
plastically diversify their offspring in response to stressors in their environment. In particular,
our results are consistent with previous empirical research demonstrating that starvation
increases the propensity to outcross in C. elegans (Morran et al. 2009a). Our results expand on
this past research by demonstrating that increased outcrossing propensity in response to food
limitation can still be induced in late stages of development and can occur independently of the
developmental and gene expression changes associated with the dauer developmental pathway.
While our results demonstrate that food limitation can induce increased outcrossing
propensity in C. elegans, outcrossing rates in natural (i.e., wild) C. elegans populations are
estimated to be very low (Barriere and Felix 2005, Barriere and Felix 2007, reviewed in Felix
and Braendle 2010). Hence, even though food limitation is likely experienced frequently in
natural C. elegans populations (reviewed in Frézal and Félix 2015), the increased outcrossing
propensity induced by food limitation appears to be insufficient to maintain high outcrossing

rates in nature. Perhaps this is because other features of C. elegans’ natural history limit
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outcrossing. For example, in nature, C. elegans subpopulations are typically founded by a small
number of immigrating individuals that encounter a suitable food resource (Richaud et al. 2018).
If male frequencies are low in nature, males will frequently be absent from the small founding
groups that initiate new populations, resulting in no outcrossing opportunity even if outcrossing
propensity is high.

The increased outcrossing propensity exhibited by C. elegans in response to food
limitation may represent an adaptive strategy to diversify their offspring. Alternatively, C.
elegans may outcross more in a food-limited environment simply as a non-adaptive side effect of
the effects of food availability on movement behaviors and activity levels. C. elegans
hermaphrodites increase their roaming behavior when they are in a nutritionally poor
environment (Sawin et al. 2000, Shtonda and Avery 2006, Dillon et al. 2016, McCloskey et al.
2017), presumably in an effort to find better food resources. This increased roaming could
increase the encounter rate between hermaphrodites and males, leading to more mating and
outcrossing. Furthermore, food deprivation reverses the response to CO» from repulsion to
attraction in worms that were raised at ambient CO; levels (Bretscher et al. 2008, Guillermin et
al. 2017, Rengarajan et al. 2019, Baugh and Hu 2020). Because C. elegans are aerobic,
consuming oxygen and producing COa, this attraction to CO: could also increase encounter rates
in food-deprived worms. We recommend that future research investigate the potential
mechanisms by which food limitation could induce changes in outcrossing propensity in C.
elegans. In particular, variation in the gene npr-1, shown to be important for CO 2 sensing
(McGrath et al. 2009) in C. elegans, could be important in regulating outcrossing propensity
plasticity. Future research should also investigate the fitness consequences of increased

outcrossing in food-limited environments.
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Our results demonstrate that food limitation at the fourth larval stage can induce
increased outcrossing propensity in the isogenic lab strain CB4856 (originally from Hawaii) and
in the mutagenized and genetically diverse experimental line CW1-30 (derived from the strain
CB4856). However, it is unclear whether other C. elegans strains would show a similar response.
Morran et al. (2009a) demonstrated that exposure to dauer generates increases in male frequency
in the CB4856 (Hawaiian) and in the JU440 (French) C. elegans strains, but not in the N2
(British) strain, suggesting that effects of food limitation on outcrossing propensity may be strain
specific. Future research should test whether the ability of food limitation to induce changes in
outcrossing propensity varies across additional C. elegans strains. Furthermore, future research
should also assess whether other types of environmental stressors, such as salinity, high
temperature, environmental toxins, and parasite exposure can also induce increased outcrossing
propensity in C. elegans. Finally, future research should assess whether food limitation affects
outcrossing propensity by altering the phenotype of hermaphrodites, males, or both.

Overall, our results contribute to a growing body of work demonstrating that organisms
can diversify their offspring in response to stressors in their environment. This stress-induced
change in reproductive strategy could help to explain why so many plants and animals reproduce

sexually despite the costs, and how inter- and intra-specific diversity is maintained in nature.

Acknowledgements
We thank Farrah Bashey, Erik Ragsdale, and Amrita Bhattacharya for feedback on the project
design and data analysis and interpretation. We thank Laura Alexander for help making the

figures.

20



423

424

425

426

427

428

429

430

431

432

433

434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456

Funding

This work was funded by the National Institute of Health Common Themes in Reproductive
Diversity program for a Predoctoral Fellowship to SPS (grant number 2 T32 HD049336-11A1),
by an Indiana University Hutton Honor’s College Summer Research Scholarship to EC, and by a
National Institutes of Health: Institutional Research and Career Development Award (IRACDA)

to JDG (grant number K12GM000680).

Competing interests

The authors declare that they have no competing interests.

References

Agrawal, A. F. 2009. Spatial heterogeneity and the evolution of sex in diploids. American
Naturalist 174:554-570.

Agrawal, A. F., L. Hadany, and S. P. Otto. 2005. The evolution of plastic recombination. Genetics
171:803-812.

Alvarez, O. A, T. Jager, S. A. L. M. Kooijman, and J. E. Kammenga. 2005. Responses to stress of
Caenorhabditis elegans populations with different reproductive strategies. Functional
Ecology 19:656-664.

Anderson, J. L., L. T. Morran, and P. C. Phillips. 2010. Outcrossing and the maintenance of males
within C. elegans populations. Journal of Heredity 101:562-574.

Armbruster, P., and D. H. Reed. 2005. Inbreeding depression in benign and stressful
environments. Heredity 95:235-242.

Bahrami, A. K., and Y. Zhang. 2013. When females produce sperm: genetics of C. elegans
hermaphrodite reproductive choice. G3-Genes Genomes Genetics 3:1851-1859.

Barriere, A., and M.-A. Felix. 2007. Temporal dynamics and linkage disequilibrium in natural
Caenorhabditis elegans populations. Genetics 176:999-1011.

Barriere, A., and M. A. Felix. 2005. High local genetic diversity and low outcrossing rate in
Caenorhabditis elegans natural populations. Current Biology 15:1176-1184.

Baugh, L. R., and P. J. Hu. 2020. Starvation responses throughout the Caenorhabditis elegans life
cycle. Genetics 216:837.

Brenner, S. 1974. Genetics of Caenorhabditis elegans. Genetics 77:71-94.

Bretscher, A. J., K. E. Busch, and M. de Bono. 2008. A carbon dioxide avoidance behavior is
integrated with responses to ambient oxygen and food in Caenorhabditis elegans. Proc
Natl Acad Sci U S A 105:8044-8049.

21



457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

de Bono, M., and C. I. Bargmann. 1998. Natural variation in a neuropeptide Y receptor homolog
modifies social behavior and food response in C. elegans. Cell 94:679-689.

Dillon, J., L. Holden-Dye, V. O’Connor, and N. A. Hopper. 2016. Context-dependent regulation of
feeding behaviour by the insulin receptor, DAF-2, in Caenorhabditis elegans.
Invertebrate Neuroscience 16:4.

Felix, M.-A., and C. Braendle. 2010. The natural history of Caenorhabditis elegans. Current
Biology 20:R965-R969.

Felix, M.-A., and F. Duveau. 2012. Population dynamics and habitat sharing of natural
populations of Caenorhabditis elegans and C. briggsae. Bmc Biology 10.

Frézal, L., and M.-A. Félix. 2015. C. elegans outside the Petri dish. eLife 4:e05849.

Gemmill, A. W., M. E. Viney, and A. F. Read. 1997. Host immune status determines sexuality in a
parasitic nematode. Evolution 51:393-401.

Griffiths, J. G., and S. P. Bonser. 2013. Is sex advantageous in adverse environments? A test of
the abandon-ship hypothesis. The American Naturalist 182:718-725.

Guillermin, M. L., M. A. Carrillo, and E. A. Hallem. 2017. A single set of interneurons drives
opposite behaviors in C. elegans. Current Biology 27:2630-+.

Hadany, L., and S. P. Otto. 2007. The evolution of condition-dependent sex in the face of high
costs. Genetics 176:1713-1727.

Hayes, C. N., J. A. Winsor, and A. G. Stephenson. 2004. Inbreeding influences herbivory in
Cucurbita pepo ssp texana (Cucurbitaceae). Oecologia 140:601-608.

Hite, J. L., R. M. Penczykowski, M. S. Shocket, K. A. Griebel, A. T. Strauss, M. A. Duffy, C. E.
Caceres, and S. R. Hall. 2017. Allocation, not male resistance, increases male frequency
during epidemics: a case study in facultatively sexual hosts. Ecology 98:2773-2783.

Hodgkin, J. 1987. Primary sex determination in the nematode C. elegans. Development 101
Suppl:5-16.

Hodgkin, J., and T. Doniach. 1997. Natural variation and copulatory plug formation in
Caenorhabditis elegans. Genetics 146:149-164.

Hu, P. J. 2007. Dauer. The C. elegans Research Community, WormBook.

Jarmer, H., R. Berka, S. Knudsen, and H. H. Saxild. 2002. Transcriptome analysis documents
induced competence of Bacillus subtilis during nitrogen limiting conditions. Fems
Microbiology Letters 206:197-200.

Kleiven, O. T., P. Larsson, and A. Hobaek. 1992. Sexual reproduction in Daphnia magna requires
3 stimuli. Oikos 65:197-206.

Koch, U., E. von Elert, and D. Straile. 2009. Food quality triggers the reproductive mode in the
cyclical parthenogen Daphnia (Cladocera). Oecologia 159:317-324.

Lenormand, T., and S. P. Otto. 2000. The evolution of recombination in a heterogeneous
environment. Genetics 156:423-438.

Lenth, R. V. 2022. emmeans: Estimated marginal means, aka least-squares means. R package
version 1.7.3.

Mai, B., and L. Breeden. 2000. CLN1 and its repression by Xbp1 are important for efficient
sporulation in budding yeast. Molecular and Cellular Biology 20:478-487.

McCloskey, R. J., A. D. Fouad, M. A. Churgin, and C. Fang-Yen. 2017. Food responsiveness
regulates episodic behavioral states in Caenorhabditis elegans. Journal of
Neurophysiology 117:1911-1934.

22



501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543

McGrath, P. T., M. V. Rockman, M. Zimmer, H. Jang, E. Z. Macosko, L. Kruglyak, and C. I.
Bargmann. 2009. Quantitative mapping of a digenic behavioral trait implicates globin
variation in C. elegans sensory behaviors. Neuron 61:692-699.

Morran, L. T., B. J. Cappy, J. L. Anderson, and P. C. Phillips. 2009a. Sexual partners for the
stressed: facultative outcrossing in the self-fertilizing nematode Caenorhabditis elegans.
Evolution 63:1473-1482.

Morran, L. T., M. D. Parmenter, and P. C. Phillips. 2009b. Mutation load and rapid adaptation
favour outcrossing over self-fertilization. Nature 462:350-352.

Morran, L. T., O. G. Schmidt, I. A. Gelarden, R. C. Parrish, Il, and C. M. Lively. 2011. Running with
the Red Queen: host-parasite coevolution selects for biparental sex. Science 333:216-
218.

Neel, J. V. 1941. A relation between larval nutrition and the frequency of crossing over in the
third chromosome of Drosophila melanogaster. Genetics 26:506-516.

Plesnar-Bielak, A., M. K. Labocha, P. Kosztyta, K. R. Woch, W. M. Banot, K. Sychta, M. Skarbon,
M. A. Prus, and Z. M. Prokop. 2017. Fitness effects of thermal stress differ between
outcrossing and selfing populations in Caenorhabditis elegans. Evolutionary Biology
44:356-364.

Redfield, R. J. 1993. Genes for breakfast: the have-your-cake-and-eat-it-too of bacterial
transformation. Journal of Heredity 84:400-404.

Rengarajan, S., K. A. Yankura, M. L. Guillermin, W. Fung, and E. A. Hallem. 2019. Feeding state
sculpts a circuit for sensory valence in Caenorhabditis elegans. Proc Natl Acad SciU S A
116:1776-1781.

Richaud, A., G. Zhang, D. Lee, J. Lee, and M.-A. Félix. 2018. The local coexistence pattern of
selfing genotypes in Caenorhabditis elegans natural metapopulations. Genetics 208:807-
821.

Sawin, E. R., R. Ranganathan, and H. R. Horvitz. 2000. C. elegans locomotory rate is modulated
by the environment through a dopaminergic pathway and by experience through a
serotonergic pathway. Neuron 26:619-631.

Schedl, T., and J. Kimble. 1988. Fog-2, a germ-line-specific sex determination gene required for
hermaphrodite spermatogenesis in Caenorhabditis elegans. Genetics 119:43-61.

Shtonda, B. B., and L. Avery. 2006. Dietary choice behavior in Caenorhabditis elegans. The
Journal of experimental biology 209:89-102.

Singh, N. D., D. R. Criscoe, S. Skolfield, K. P. Kohl, E. S. Keebaugh, and T. A. Schlenke. 2015. Fruit
flies diversify their offspring in response to parasite infection. Science 349:747-750.

Slowinski, S. P., L. T. Morran, R. C. Parrish, E. R. Cui, A. Bhattacharya, C. M. Lively, and P. C.
Phillips. 2016. Coevolutionary interactions with parasites constrain the spread of self-
fertilization into outcrossing host populations. Evolution 70:2632-2639.

Soper, D. M., K. C. King, D. Vergara, and C. M. Lively. 2014. Exposure to parasites increases
promiscuity in a freshwater snail. Biology letters 10:20131091-20131091.

Stern, C. 1926. An effect of temperature and age on crossing-over in the first chromosome of
Drosophila melanogaster. Proc Natl Acad Sci U S A 12:530-532.

Stewart, A. D., and P. C. Phillips. 2002. Selection and maintenance of androdioecy in
Caenorhabditis elegans. Genetics 160:975-982.

23



544
545
546
547
548
549
550
551
552
553

Stiernagle, T. 2006. Maintenance of C. elegans. Wormbook, ed. The C. elegans Research
Community.

Ward, S., and J. S. Carrel. 1979. Fertilization and sperm competition in the nematode
Caenorhabditis elegans. Dev Biol 73:304-321.

Williams, G. C. 1975. Sex and evolution. N.J., Princeton University Press, Princeton.

Zhong, W. H., and N. K. Priest. 2011. Stress-induced recombination and the mechanism of
evolvability. Behavioral Ecology and Sociobiology 65:493-502.

Zilio, G., L. Moesch, N. Bovet, A. Sarr, and J. Koella. 2018. The effect of parasite infection on the
recombination rate of the mosquito Aedes aegypti. PLOS ONE 13.

24



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24

