
Outcrossing in Caenorhabditis elegans increases in response to food limitation 1 

Samuel P. Slowinski ab*✉, Jennifer D. Gresham*c, Eric R. Cuia, Katharine Haspelc, Curtis M. 2 

Livelya, Levi T. Morranc✉ 3 

 4 

*These authors contributed equally 5 

aDepartment of Biology, Indiana University, Bloomington, Indiana 47405; bDepartment Biology, 6 

University of Maryland, College Park, Maryland 20740; CDepartment of Biology, Emory 7 

University, Atlanta, Georgia 30322 8 

✉Corresponding authors: sslowins@umd.edu; levi.morran@emory.edu 9 

Keywords: starvation, C. elegans, mating system, self-fertilization, outcrossing, food restriction, 10 
stress, dauer, offspring diversity, selfing 11 
  12 



 2 

Abstract 13 

Theory predicts that organisms should diversify their offspring when faced with a stressful 14 

environment. This prediction has received empirical support across diverse groups of organisms 15 

and stressors. For example, when encountered by Caenorhabditis elegans during early 16 

development, food limitation (a common environmental stressor) induces the nematodes to arrest 17 

in a developmental stage called dauer, and to increase their propensity to outcross when they are 18 

subsequently provided with food and enabled to develop to maturity. Here we tested whether 19 

food limitation first encountered during late development/early adulthood can also induce 20 

increased outcrossing propensity in C. elegans. Previously well-fed C. elegans increased their 21 

propensity to outcross when challenged with food limitation during the final larval stage of 22 

development and into early adulthood, relative to continuously well-fed (control) nematodes. 23 

Our results thus support previous research demonstrating that the stress of food limitation can 24 

induce increased outcrossing propensity in C. elegans. Furthermore, our results expand on 25 

previous work by showing that food limitation can still increase outcrossing propensity even 26 

when it is not encountered until late development, and this can occur independently of the 27 

developmental and gene expression changes associated with dauer. 28 

 29 

Introduction 30 

Theoretical models have predicted that individuals that are poorly adapted to their environments 31 

(and have consequently experienced more stress) will benefit more than well-adapted individuals 32 

from diversifying their offspring by increasing recombination rates (Agrawal et al. 2005) or by 33 

increasing biparental sexual reproduction (Hadany and Otto 2007). Because inbreeding 34 

depression tends to increase under stress (e.g., Hayes et al. 2004) (reviewed in Armbruster and 35 
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Reed 2005), selection should favor increased rates of recombination and biparental sex in 36 

stressful environments. This leads to the prediction that organisms should diversify their 37 

offspring in response to indicators of low fitness, such as environmental stressors (Agrawal et al. 38 

2005, Hadany and Otto 2007). This prediction has received empirical support across a wide 39 

diversity of stressors and organisms. For example, exposure to parasites can cause snail hosts to 40 

increase their number of sexual partners (Soper et al. 2014), can cause Daphnia hosts to allocate 41 

more resources into male offspring production (at the expense of resource allocation into the 42 

production of asexual females) (Hite et al. 2017), and can cause fruit fly (Singh et al. 2015) and 43 

mosquito (Zilio et al. 2018) hosts to increase their production of recombinant offspring. In 44 

addition, Strongyloides nematode parasites reared in hosts with acquired immune protection are 45 

more likely to develop into sexual adults (Gemmill et al. 1997). Drosophila melanogaster raised 46 

at stressfully high temperatures (30°C) exhibit markedly higher recombination rates than control 47 

flies raised at a standard, non-stressful, temperature (25°C) (Stern 1926), and cold shock can also 48 

induce increased recombination in D. melanogaster (Zhong and Priest 2011). Poorly defended 49 

(acyanogenic) Trifolium repens plants increase allocation to sexual reproduction in response to 50 

experimental exposure to herbivorous snails (Griffiths and Bonser 2013). These examples 51 

suggest that parasites, herbivores, extreme temperatures, and, for parasites, their host's acquired 52 

immune system, are environmental stressors capable of inducing individual organisms to 53 

plastically diversify their offspring by increasing promiscuity, increasing allocation to biparental 54 

sexual reproduction (outcrossing), and/or elevating rates of recombination. 55 

In the present study, we focused on food limitation as an environmental stressor. Food 56 

limitation is a common stressor experienced by diverse organisms. Several previous studies have 57 

shown that food limitation can induce organisms to diversify their offspring. For example, 58 
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nutritional limitation increases bacterial competence to take up and recombine free strands of 59 

DNA from their environment (Redfield 1993, Jarmer et al. 2002), induces meiosis in yeast (Mai 60 

and Breeden 2000), increases recombination rates in D. melanogaster (Neel 1941), and induces 61 

sexual reproduction and resting egg production in Daphnia (Kleiven et al. 1992, Koch et al. 62 

2009).  63 

The nematode Caenorhabditis elegans is a great model for assessing how the 64 

reproductive strategy of animals can change in response to environmental stressors (Alvarez et 65 

al. 2005, Morran et al. 2009a, Morran et al. 2011, Slowinski et al. 2016, Plesnar-Bielak et al. 66 

2017) (reviewed in Anderson et al. 2010). C. elegans hermaphrodites are capable of multiple 67 

modes of reproduction: they produce both sperm and eggs and they can fertilize their eggs with 68 

their own sperm (self-fertilization, or selfing) or with sperm acquired by mating with males 69 

(outcrossing). Relative to selfing, reproducing by outcrossing increases offspring genetic 70 

diversity, potentially enabling C. elegans to diversify their offspring by outcrossing in response 71 

to stressful environmental conditions.  72 

Outcrossing in response to food limitation may be an adaptive strategy for C. elegans, 73 

because, for C. elegans, food depletion likely serves a reliable cue that their offspring will 74 

disperse and encounter diverse habitats. C. elegans exhibit “boom and bust” population cycles 75 

(reviewed in Frézal and Félix 2015). While food remains abundant, C. elegans will reproduce on 76 

their local food source with limited dispersal. However, once the food source is depleted, larva 77 

will enter an alternative developmental pathway and arrest at the second molt in a developmental 78 

stage called dauer. Dauers may leave their food-depleted environment in search of new islands of 79 

resources, where they can complete development and reproduce (Felix and Duveau 2012, Frézal 80 

and Félix 2015). Hence, food limitation is predictive of offspring dispersal for C. elegans. 81 
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Dispersal to diverse habitats is expected to be associated with low heritability of fitness 82 

(Williams 1975), (i.e., under high dispersal conditions, variation across environments 83 

encountered by offspring, rather than parental genotype, explains a higher proportion of the 84 

variance in offspring success). Selection is predicted to favor parents that diversify their 85 

offspring when offspring are likely to encounter diverse and heterogeneous environments 86 

(Lenormand and Otto 2000, Agrawal 2009). Therefore, because food limitation is predictive of 87 

offspring dispersal, food limitation may be a good indicator of when outcrossing will be adaptive 88 

for C. elegans. 89 

 In order to investigate whether food limitation causes C. elegans to diversify their 90 

offspring, Morran et al. (2009a) subjected C. elegans populations to food limitation and 91 

crowding, inducing the nematodes to arrest as dauers. As predicted, starved nematodes that had 92 

arrested as dauers exhibited an increased propensity to reproduce by outcrossing as opposed to 93 

self-fertilization (after they had been provided with food and developed to sexual maturity) 94 

relative to well-fed nematodes (control) that had not gone through the dauer stage.  95 

 While Morran et al. (2009a) demonstrated that starvation during early development, and 96 

the corresponding induction of the dauer developmental stage, led to increased outcrossing 97 

propensity in C. elegans populations, it is unknown whether food limitation encountered at later 98 

stages of development can also induce increased outcrossing propensity in C. elegans that are no 99 

longer capable of becoming dauers. Increased outcrossing in C. elegans could be a general 100 

response to food limitation, or it could be a specific consequence of the extensive developmental, 101 

physiological, and gene expression changes (reviewed in Hu 2007) associated with dauer. In the 102 

present study, we tested whether food limitation encountered late in development can induce 103 

increased outcrossing propensity. We raised nematodes on abundant food until they reached the 104 
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final stage of larval development (L4), at which point we transferred a random sample of 105 

nematodes to food-limited environments, and a random sample to a food-abundant (control) 106 

environment. We assayed their propensity for outcrossing by pairing each individual 107 

hermaphrodite with a single male in their respective treatment environments, thus giving 108 

replicate hermaphrodites a standardized opportunity to mate. We measured male frequencies of 109 

the offspring produced on mating plates, and estimated outcrossing rates based on offspring male 110 

frequencies (Stewart and Phillips 2002). We predicted that nematodes assayed in food-limited 111 

environments would exhibit an increased propensity to outcross relative to nematodes assayed in 112 

the control environment. The results were consistent with the prediction. 113 

 114 

Materials and methods 115 

Source of the experimental nematode populations 116 

Our outcrossing propensity assays were run on one isogenic (inbred) C. elegans lab strain 117 

(CB4856; originally from Hawaii) and on one genetically diverse population called (CW1-30), 118 

which was derived by mutagenizing CB4856. In both assays, hermaphrodites were sampled from 119 

the mixed mating (wildtype) version of the strain, and males were drawn from a genetically 120 

similar obligate outcrossing version of the strain.  121 

In the isogenic-CB4856 assay, wildtype CB4856 hermaphrodites were paired with males 122 

from an isogenic obligately outcrossing strain of CB4856. The isogenic obligately outcrossing 123 

strain of CB4856 was created by introgressing the obligately outcrossing allele fog-2(q71), 124 

which blocks the production of sperm in hermaphrodites and has no known effects on male 125 

phenotype (Schedl and Kimble 1988), into a CB4856 genetic background.  126 
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The genetically diverse C. elegans populations CW1-30 and F5-0, used in our other 127 

outcrossing propensity assay, which we will refer to as the mutagenized-CB4856 assay, were 128 

derived as follows: Prior to our study, a mixed-mating strain (designated PX382) was created by 129 

systematically inbreeding the strain CB4856 (Morran et al. 2009b). An obligately outcrossing 130 

strain (designated PX386) was created by systematically back-crossing the obligate outcrossing 131 

allele, fog-2(q71) into the genetic background of PX382 (Morran et al. 2009b). The mixed-132 

mating strain and the obligately outcrossing strain were mutagenized at 40mM of ethyl 133 

methanesulfonate (EMS) for four hours during three consecutive generations to introduce 134 

increased genetic variation (Morran et al. 2011). Following mutagenesis, the mixed-mating strain 135 

was then passaged for 30 generations under standard laboratory conditions in the control 136 

treatment of another experiment (Morran et al. 2011), and the mixed-mating and obligately 137 

outcrossing strains were both frozen. The strains were then thawed, and the mixed-mating strain 138 

(designated CW1-30) was used as the source of hermaphrodites in all assays, and the obligately 139 

outcrossing strain (designated F5-0) was used as the source of males for our outcrossing 140 

propensity assays. A visual schematic representing how the mutagenized CB4856 strains CW1-141 

30 and F5-0 were derived is presented in (Slowinski et al. bioRxiv; Supplemental Figure 1). 142 

Synchronizing the nematode populations for outcrossing propensity assays 143 

Plates for rearing nematode populations were constructed by pouring 24 mL of 144 

autoclaved nematode growth medium (NGM) Lite (US Biological, Swampscott, MA) onto a 10 145 

cm Petri dish. The NGM plates were seeded with a lawn of 60 µl of the Escherichia coli strain 146 

OP50, which was grown by inoculating 5 mL of liquid lysogenic broth (LB) with OP50, and then 147 

growing the OP50 culture for 24 hours at 28° C, at which point the OP50 culture reached 148 
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stationary phase. The seeded NGM plates were then grown overnight in a 28° C incubator before 149 

the nematodes were transferred onto the plates.  150 

Prior to each assay we synchronized the mixed-mating and obligate outcrossing 151 

nematode populations by suspending populations in 1,000 µl of liquid M9 (isotonic buffer 152 

solution), which was treated with 120 µl of 60% bleach solution to kill all the nematode life 153 

stages except the eggs (Stiernagle 2006). Following exposure to the bleach solution, nematode 154 

eggs were washed with sterile deionized water and then continuously mixed in an M9 solution 155 

for 24 hours in a tube rotator, during which period the eggs hatched into L1 larvae. All of the L1 156 

larvae (estimated between 1,000 and 10,000 larvae) were transferred onto the seeded OP50 157 

plates (one plate for mixed-mating CB4856 worms and one plate for obligately outcrossing 158 

CB4856 worms in the isogenic CB4856 assay; one plate for mutagenized-CB4856 worms and 159 

one plate for obligate outcrossing mutagenized-CB4856 worms in the mutagenized CB4856 160 

assay) where they grew at 20° C for 48 hours until they matured to the L4 larval stage of 161 

development. Hence, all the nematodes in the study were provided with abundant food (on the 162 

plates seeded with 60 µl of OP50 culture) until reaching the L4 stage. They were then picked off 163 

of the abundant-food plate and randomly selected for transfer onto mating plates of each of the 164 

three food dilution treatments. In the isogenic-CB4856 assay, one hermaphrodite from the 165 

mixed-mating isogenic-CB4856 plate and one male from the obligately outcrossing isogenic-166 

CB4856 plate were transferred onto each mating plate. In the mutagenized-CB4856 assay, one 167 

hermaphrodite from the mixed-mating mutagenized-CB4856 plate and one male from the 168 

obligately outcrossing mutagenized-CB4856 plate were transferred onto each (low-food or 169 

control) mating plate. Outcrossing propensity was assayed all at once in one big block in the 170 
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isogenic-CB4856 assay. The outcrossing propensity assay was repeated six times (six replicate 171 

blocks) in the mutagenized-CB4856 assay.  172 

Constructing mating plates for the outcrossing propensity assays 173 

“Mating plates” are small agar plates that serve as arenas in which replicate 174 

hermaphrodites can experience a standardized opportunity to reproduce by outcrossing with a 175 

male or by self-fertilization. Mating plates were constructed by pouring 4 mL of autoclaved 176 

NGM Lite (US Biological, Swampscott, MA) into a 3.5 cm Petri dish. Mating plates were seeded 177 

with 20 µl of undiluted stationary phase OP50 culture (control treatment), or with OP50 culture 178 

diluted by a factor of 10-7 for the food-limited treatment. The 20 µl of OP50 culture was spread 179 

across the mating plate using a sterile spreader, and then incubated at 28° C for 24 hours to allow 180 

the OP50 to grow prior to transferring nematodes onto the mating plates. The amount of OP50 181 

that grew on the control-treatment plates was well over the amount that could be consumed by 182 

the nematodes on the plates during the outcrossing propensity assays, hence the nematodes 183 

assayed in the control treatment experienced an unlimited food supply. 184 

Assaying the outcrossing propensity of nematodes on mating plates 185 

Our outcrossing propensity assays were adapted from (Bahrami and Zhang 2013). In each 186 

assay, L4 hermaphrodites were randomly selected from our mixed-mating population and 187 

individually picked onto mating plates, where each hermaphrodite was paired with an L4 male 188 

randomly selected from the genetically matched obligate outcrossing population. Importantly, L4 189 

hermaphrodites have not yet reached sexual maturity, and cannot yet mate with males. Therefore, 190 

any outcrossing that we observed in our mating propensity assays has to have occurred during 191 

the assay period, after hermaphrodites and males were transferred to the mating plates. We will 192 

refer to the L4 hermaphrodites and males that we picked onto the mating plates as the “parents”, 193 
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because they are the reproductive individuals whose outcrossing propensity we assayed. The 194 

parents were left together on each mating plate for 48 hours at 20° C during which time the 195 

hermaphrodite on each plate developed to sexual maturity and had the opportunity to mate with 196 

the male and reproduce by outcrossing, or, alternatively, to reproduce by self-fertilization. After 197 

48 hours, the parents were removed and their offspring, which were mostly still eggs or early 198 

larval stages, and which were easily distinguishable from the mature parents, were all transferred 199 

to a food-abundant environment. Mating plates on which we could not find and remove the 200 

hermaphrodite mother (n = 0 in the isogenic-CB4856 assay, n = 8 in the mutagenized-CB4856 201 

assay), or on which the mother had died during the 48-hour window of mating opportunity (n = 1 202 

in the isogenic-CB4856 assay, n = 1 in the mutagenized-CB4856 assay), were excluded from our 203 

analyses. Food dilution treatment did not affect the probability that the mother was dead or 204 

missing after 48 hours (isogenic-CB4856 assay: P = 0.98; mutagenized-CB4856 assay: P = 205 

0.32). Mating plates on which the father had died during the 48-hour window of mating 206 

opportunity (n = 1 in the isogenic-CB4856 assay; n = 0 in the mutagenized-CB4856 assay) were 207 

also excluded. Food dilution treatment also did not affect the probability that the father was dead 208 

or missing after 48 hours (isogenic-CB4856 P = 0.98; no test run for the mutagenized CB4856 209 

assay because no worms died in that assay). 210 

Immediately after the parents were removed, we chunked each mating plate in its entirety 211 

onto a large NGM agar plate that had been seeded with stationary phase OP50, so that all the 212 

offspring from all treatments could complete their development in an environment with excess 213 

food. 48 hours after the parents were removed, we counted the male frequency of the offspring 214 

(which had matured into adults) on each mating plate by following a transect across the plate and 215 

scoring all the offspring as either hermaphrodites or males. After completing a transect across the 216 
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plate, we moved up the plate to follow a new transect until the entire plate had been covered and 217 

all of the worms on the plate had been sexed. Mating plates on which we were unable to score 218 

the sex of at least 20 offspring, due to low offspring population sizes, were excluded from our 219 

analysis. In the mutagenized-CB4856 assay eight out of 27 plates in the control and nine out of 220 

25 plates in the 10-7 dilution treatment were removed from analyses due to insufficient number of 221 

offspring sexed. In the isogenic-CB4856 assay there were sufficient numbers of offspring on all 222 

mating plates. Our results were not sensitive to the population size threshold that we used to 223 

determine which mating plates with low offspring population sizes to exclude; we got 224 

qualitatively similar results if we excluded mating plates with fewer than 30 offspring, 40 225 

offspring, or 50 offspring sexed (data not shown). Food dilution treatment did not affect the total 226 

number of offspring that were scored on mating plates in the in the isogenic-CB4856 assay (F 1 = 227 

0.62, P = 0.437; Table 1) or in the mutagenized-CB4856 assay (ANOVA: F 2 = 0.25, P = 0.78; 228 

Table 1). Note that the number of offspring sexed on mating plates should not be considered a 229 

measure of the lifetime reproductive success of the mother. Because hermaphrodites were picked 230 

onto mating plates prior to reproductive maturity and were removed from mating plates after 48 231 

hours, before they had completed egg laying, our offspring counts only represent the 232 

reproductive output of the early stage of egg laying. Linear models revealed that there was no 233 

significant relationship between the total offspring sexed and the outcrossing rate across mating 234 

plates the isogenic-CB4856 assay (F1 = 3.5, P = 0.068) or in the mutagenized-CB4856 assay (F 1 235 

= 0.018, P = 0.89).  236 

  237 
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 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

Calculating outcrossing rates based on male frequencies 247 

Because almost all of the offspring produced by selfing are hermaphrodites, whereas 248 

outcrossing produces a 1:1 ratio of males to hermaphrodites (Brenner 1974), the outcrossing rate 249 

(i.e., the proportion of offspring produced by outcrossing) can be estimated based on male 250 

frequencies (Stewart and Phillips 2002). Outcrossing rates of the parents on our mating plates 251 

were estimated as follows (Stewart and Phillips 2002), assuming a nondisjunction rate of 0.0015 252 

(Ward and Carrel 1979, Hodgkin and Doniach 1997): 253 

𝑂𝑢𝑡𝑐𝑟𝑜𝑠𝑠𝑖𝑛𝑔  𝑟𝑎𝑡𝑒 = (𝑀𝑎𝑙𝑒  − 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑛𝑜𝑛𝑑𝑖𝑠𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 )  ∗ 2 254 

 255 

Measuring the effect of food limitation on the production of males by nondisjunction of the X 256 

chromosome at meiosis 257 

While outcrossing is the primary mechanism by which males are produced in C. elegans 258 

populations, rare males can also be produced by nondisjunction of the X chromosome at meiosis 259 

(Hodgkin 1987). To confirm that any treatment differences that we observed in offspring male 260 

Worm strain 
Dilution 
treatment 

Median total 
offspring 

Range total 
offspring 

Number mating 
plates 

Isogenic CB4856 Control 159.5 92 - 256 20 

Isogenic CB4856 10-7 183.5 82-448 18 

Mutagenized CB4856 Control 61 21 - 113 19 

Mutagenized CB4856 10-7 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 
analysis (i.e., mating plates that were not excluded due to insufficient offspring population 
size, or due to the mother being missing or dead at the end of the mating opportunity 
window). 
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frequencies were due to the effects of food limitation on outcrossing propensity, and were not 261 

caused by food limitation induced changes in the frequency of nondisjunction males, we 262 

measured the rate of production of nondisjunction males in a control versus a food-limited 263 

environment. Previously well-fed L4 hermaphrodites (from the isogenic-CB4856 strain) were 264 

isolated on small Petri plates seeded with 200 μL E. coli. In the control treatment, LB was grown 265 

for 30 hours at 28 °C, and then used to seed the plates (n = 30) on which hermaphrodites were 266 

isolated. In the low-food treatment, LB was grown for 30 hours at 28 °C, diluted by a factor of 267 

10-7, and then used to seed the plates (n = 30) on which hermaphrodites were isolated. After 72 268 

hours, the hermaphrodite was removed from each assay plate, and the offspring were transferred 269 

to a plate with abundant (undiluted) E. coli, allowing offspring from both treatments to complete 270 

their development in a food-abundant environment. The sex of all offspring on each plate was 271 

scored. Because the hermaphrodite mothers on the nondisjunction assay plates were isolated 272 

without access to males, all the offspring produced in this assay must be the product of self-273 

fertilization.  274 

 275 

Statistical methods 276 

Outcrossing rate assays 277 

We used a generalized linear model (GLM) to test whether food restriction treatment, nematode 278 

strain, and a treatment x strain interaction predicted outcrossing rates on mating plates. Because 279 

we found a significant main effect of treatment on outcrossing rates, we used Tukey’s HSD post-280 

hoc tests to determine which food restriction treatment groups were significantly different from 281 

each other across all possible pairwise comparisons within each nematode strain.  282 
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All p-values reported are two-tailed. All statistical tests were run using R version 4.1.3, and 283 

using R statistical package “emmeans” version 1.7.3 (Lenth 2022). 284 

 285 

Nondisjunction rate assays 286 

We used Welch Two-Sample t-tests to test whether the number of offspring sexed differed 287 

between the control and 10-7 food-dilution treatment in each of the two non-disjunction assays.  288 

 289 

Results 290 

Outcrossing rates 291 

Food restriction significantly increased outcrossing rates on mating plates (deviance 1, 71 = 1.41, P 292 

< 0.001). There was no significant effect of nematode strain (deviance 1, 70 = 0.032, P = 0.57) on 293 

outcrossing rates. There was also no significant treatment x strain interaction on outcrossing rates 294 

(deviance1, 69 = 0.04, P = 0.5; Figure 1).  295 

 Post hoc comparisons within each nematode strain revealed that the outcrossing rate was 296 

significantly higher in the food-restricted environment than in the control environment for both 297 

the isogenic-CB4856 strain (P = 0.028) and for the mutagenized-CB4856 strain (P = 0.003).  298 

  299 
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 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 
 315 
 316 
 317 
 318 
 319 
 320 

 321 

 322 

 323 

 324 

Nondisjunction rate assay  325 

 
Figure 1: Outcrossing rates of hermaphrodites paired with males on mating plates with an 
undiluted E. coli food source (red squares) or with E. coli diluted by a factor of 10 -7 (green 
triangles). Data pooled across replicate experimental runs. Each point represents the 
outcrossing rate on one mating plate. Left panel: hermaphrodites from the inbred mixed 
mating lab strain CB4856 paired with males from an obligately outcrossing strain of 
CB4856. Right panel: hermaphrodites from the mutagenized and genetically diverse mixed 
mating population CW1-30 paired with males from the mutagenized and genetically 
diverse obligately outcrossing population F5 (both mutagenized populations derived from 
CB4856). Error bars represent +/- 1 standard error of the mean. ** P < 0.01  
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In nondisjunction rate assay, we found no significant difference between the frequencies of 326 

nondisjunction males on control plates versus food-restricted plates (t14.8 = -0.89, P = 0.39, 327 

Figure 2). 328 

  329 
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 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 
 341 
 342 

 343 

 344 

 345 

 346 

Discussion 347 

We found that food limitation, experienced during late development and early adulthood, can 348 

induce increased offspring male frequency in C. elegans that had been previously well-fed until 349 

reaching the final (L4) stage of larval development. This increased offspring male frequency 350 

probably resulted from increased propensity of the parents to outcross, since increased 351 

outcrossing, rather than sexual conversion, has been previously shown to increase C. elegans 352 

male frequencies in response to food limitation (Morran et al. 2009a). This same pattern of 353 

 
Figure 2: Frequency of nondisjunction (selfed) males produced by isogenic-CB4856 C. elegans 
hermaphrodites assayed on control plates with an undiluted E. coli food source (red squares), 
or on plates with E. coli diluted by a factor of 10-7 (green triangles). Each point represents the 
frequency of male offspring on one assay plate. Error bars represent +/- 1 standard error of 
the mean.  
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increased outcrossing in response to food limitation was observed in both an isogenic inbred C. 354 

elegans strain, as well as in a mutagenized and genetically diverse strain. Furthermore, we found 355 

low rates of production of selfed nondisjunction, with no significant difference in nondisjunction 356 

rates in the food abundant control environment versus the food-restricted environment. This 357 

suggests that the effect of food limitation on offspring male frequencies on mating plates was 358 

probably caused by food limitation induced changes in outcrossing propensity, rather than by any 359 

effect of food limitation on nondisjunction rates. Our results are consistent with theoretical 360 

predictions (Agrawal et al. 2005, Hadany and Otto 2007) and with previous empirical research 361 

(Stern 1926, Gemmill et al. 1997, Zhong and Priest 2011, Griffiths and Bonser 2013, Soper et al. 362 

2014, Singh et al. 2015, Hite et al. 2017, Zilio et al. 2018) demonstrating that organisms 363 

plastically diversify their offspring in response to stressors in their environment. In particular, 364 

our results are consistent with previous empirical research demonstrating that starvation 365 

increases the propensity to outcross in C. elegans (Morran et al. 2009a). Our results expand on 366 

this past research by demonstrating that increased outcrossing propensity in response to food 367 

limitation can still be induced in late stages of development and can occur independently of the 368 

developmental and gene expression changes associated with the dauer developmental pathway. 369 

 While our results demonstrate that food limitation can induce increased outcrossing 370 

propensity in C. elegans, outcrossing rates in natural (i.e., wild) C. elegans populations are 371 

estimated to be very low (Barriere and Felix 2005, Barriere and Felix 2007, reviewed in Felix 372 

and Braendle 2010). Hence, even though food limitation is likely experienced frequently in 373 

natural C. elegans populations (reviewed in Frézal and Félix 2015), the increased outcrossing 374 

propensity induced by food limitation appears to be insufficient to maintain high outcrossing 375 

rates in nature. Perhaps this is because other features of C. elegans’ natural history limit 376 
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outcrossing. For example, in nature, C. elegans subpopulations are typically founded by a small 377 

number of immigrating individuals that encounter a suitable food resource (Richaud et al. 2018). 378 

If male frequencies are low in nature, males will frequently be absent from the small founding 379 

groups that initiate new populations, resulting in no outcrossing opportunity even if outcrossing 380 

propensity is high. 381 

 The increased outcrossing propensity exhibited by C. elegans in response to food 382 

limitation may represent an adaptive strategy to diversify their offspring. Alternatively, C. 383 

elegans may outcross more in a food-limited environment simply as a non-adaptive side effect of 384 

the effects of food availability on movement behaviors and activity levels. C. elegans 385 

hermaphrodites increase their roaming behavior when they are in a nutritionally poor 386 

environment (Sawin et al. 2000, Shtonda and Avery 2006, Dillon et al. 2016, McCloskey et al. 387 

2017), presumably in an effort to find better food resources. This increased roaming could 388 

increase the encounter rate between hermaphrodites and males, leading to more mating and 389 

outcrossing. Furthermore, food deprivation reverses the response to CO2 from repulsion to 390 

attraction in worms that were raised at ambient CO2 levels (Bretscher et al. 2008, Guillermin et 391 

al. 2017, Rengarajan et al. 2019, Baugh and Hu 2020). Because C. elegans are aerobic, 392 

consuming oxygen and producing CO2, this attraction to CO2 could also increase encounter rates 393 

in food-deprived worms. We recommend that future research investigate the potential 394 

mechanisms by which food limitation could induce changes in outcrossing propensity in C. 395 

elegans. In particular, variation in the gene npr-1, shown to be important for CO 2 sensing 396 

(McGrath et al. 2009) in C. elegans, could be important in regulating outcrossing propensity 397 

plasticity. Future research should also investigate the fitness consequences of increased 398 

outcrossing in food-limited environments.  399 
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Our results demonstrate that food limitation at the fourth larval stage can induce 400 

increased outcrossing propensity in the isogenic lab strain CB4856 (originally from Hawaii) and 401 

in the mutagenized and genetically diverse experimental line CW1-30 (derived from the strain 402 

CB4856). However, it is unclear whether other C. elegans strains would show a similar response. 403 

Morran et al. (2009a) demonstrated that exposure to dauer generates increases in male frequency 404 

in the CB4856 (Hawaiian) and in the JU440 (French) C. elegans strains, but not in the N2 405 

(British) strain, suggesting that effects of food limitation on outcrossing propensity may be strain 406 

specific. Future research should test whether the ability of food limitation to induce changes in 407 

outcrossing propensity varies across additional C. elegans strains. Furthermore, future research 408 

should also assess whether other types of environmental stressors, such as salinity, high 409 

temperature, environmental toxins, and parasite exposure can also induce increased outcrossing 410 

propensity in C. elegans. Finally, future research should assess whether food limitation affects 411 

outcrossing propensity by altering the phenotype of hermaphrodites, males, or both. 412 

Overall, our results contribute to a growing body of work demonstrating that organisms 413 

can diversify their offspring in response to stressors in their environment. This stress-induced 414 

change in reproductive strategy could help to explain why so many plants and animals reproduce 415 

sexually despite the costs, and how inter- and intra-specific diversity is maintained in nature. 416 
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