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Abstract
Mating dynamics follow from natural selection on mate choice and individuals maximizing their reproductive success. Mate discrimination reveals itself by a plethora
of behaviours and morphological characteristics, each of which can be affected by
pathogens. A key question is how pathogens affect mate choice and outcrossing behaviour. Here we investigated the effect of Orsay virus on the mating dynamics of the
androdiecious (male and hermaphrodite) nematode Caenorhabditis elegans. We tested
genetically distinct strains and found that viral susceptibility differed between sexes
in a genotype-dependent manner with males of reference strain N2 being more resistant than hermaphrodites. Males displayed a constitutively higher expression of
intracellular pathogen response (IPR) genes, whereas the antiviral RNAi response did
not have increased activity in males. Subsequent monitoring of sex ratios over 10 generations revealed that viral presence can change mating dynamics in isogenic populations. Sexual attraction assays showed that males preferred mating with uninfected
rather than infected hermaphrodites. Together our results illustrate for the first time
that viral infection can significantly affect male mating choice and suggest altered
mating dynamics as a novel cause benefitting outcrossing under pathogenic stress
conditions in C. elegans.
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I NTRO D U C TI O N

2011). In addition to selection as a result of direct effects (changed
survival and/or reproductive output), pathogens may interfere with

Sexual reproduction is the dominant reproductive strategy in the an-

mating systems in many other ways, for instance by influencing

imal kingdom allowing for rapid adaptation to both abiotic and biotic

sexual characteristics such as chemical cues, behaviour and court-

selective pressures (Butlin, 2002; Lehtonen et al., 2012). Pathogens

ship. Such interferences have been recorded for a range of species

are the main biotic drivers of evolution by forcing hosts to constantly

showing that frogs, mice, flies and humans are less likely to mate

adapt to the peril of infection and can benefit sexual over asexual re-

with infected conspecifics (Kavaliers & Choleris, 2018; Kiesecker

production (Bell, 1982; Hamilton, 1980; Jaenike, 1978; Morran et al.,

et al., 1999). Furthermore, physiological, molecular and genetic
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differences between the sexes can underlie differences in pathogen
susceptibility, thereby potentially favouring one sex over another in
an infected population (Gipson et al., 2019; Klein & Flanagan, 2016;
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M ATE R I A L S A N D M E TH O DS

2.1 | Caenorhabditis elegans strains and culturing

Scully et al., 2020). Although theory shows that sexual reproduction
is evolutionary stable when both sexes are equally present (Fisher,

Caenorhabditis elegans wild isolate strains N2, CB4856 and JU1580

1930), skewed sex ratios are often observed in nature. Pathogen-

were used. Mutant strain RB859 daf-22(ok693) was obtained from

induced interference in populations can help explain unbalanced sex

the Caenorhabditis Genetic Center. Strain ERT54 (jyIs8[pals-5p::GFP,

ratios (Dyson, 2012; Engelstädter & Hurst, 2009; Klein & Flanagan,

myo-2p::mCherry] X) was a kind gift from Emily Troemel (Reddy et al.,

2016; Lynch et al., 2018; Masri et al., 2013; Morran et al., 2011).

2017, 2019). The strains were grown on nematode growth medium

nematode

(NGM) plates seeded with Escherichia coli OP50 as a food source

Caenorhabditis elegans and its natural associated pathogens provide a

The

androdiecious

(male

and

hermaphrodite)

(Brenner, 1974). Male populations were maintained weekly by cross-

versatile model to study sex-dependent host–pathogen interactions

ing adult males with L4 hermaphrodites in a 3:1 ratio. Experiments

(Cutter et al., 2019). C. elegans can reproduce both by outcrossing and

were started by transferring a starved population to a fresh NGM

self-fertilization leading to variable male–hermaphrodite ratios. Males

dish followed by bleaching after the adults were egg-laying (3 days

(XO sex determination) arise only rarely after spontaneous X chromo-

after transfer at 20°C, 4 days after transfer at 16°C) (Brenner, 1974).

some nondisjunction with an estimated frequency of 0.1%–0.4% in

All experiments were performed at 20°C unless indicated otherwise.

the laboratory (Teotónio et al., 2006). Although successful outcrossing raises male frequencies as mated hermaphrodites produce 50%
male and 50% hermaphrodite (XX sex determination) offspring, inef-

2.2 | Orsay virus stock and mock lysate

fective mating behaviour typically dwindles male frequencies (Borne
et al., 2017; Chasnov et al., 2007; Garcia et al., 2007; Kleemann &

Standard used OrV stock was prepared as previously described (Félix

Basolo, 2007; Palopoli et al., 2008; Teotónio et al., 2006). Yet, ele-

et al., 2011). One modification was made, namely to use modified

vated outcrossing levels benefit bacteriallly infected C. elegans pop-

NGM medium with 34 g L–1 agar (mNGM) plates to grow the nema-

ulations among others by having genetically more resistant offspring

todes as this prevented the nematode from burrowing into the agar.

(Lynch et al., 2018; Masri et al., 2013; Morran et al., 2011).

Briefly, persistently infected JU1580 starved nematodes were washed

Associated intracellular pathogens of C. elegans include microspo-

off 100 9-cm-diameter mNGM plates and flash-frozen in liquid nitro-

ridia, oomycetes and a virus (Félix et al., 2011; Osman et al., 2018; Zhang

gen. The lysate was collected and filtered through a 0.2-µm filter and

et al., 2016). These pathogens induce a molecular defence mechanism,

stored at −80°C until used. The infectivity of the OrV stock was tested

called the intracellular pathogen response (IPR), that is distinct from the

by a dose–response experiment in JU1580 (Sterken et al., 2014).

response to bacterial infections (Chen et al., 2017; Panek et al., 2020;

For the choice-assay experiments additional OrV and mock stocks

Reddy et al., 2017, 2019; Sowa et al., 2019). The IPR involves different

were created. Mock stocks were used in these experiments, because

expression of 80 IPR genes and is controlled by the IPR inhibitor pals-22

then both mock and OrV stocks contain nematode lysate that was

and IPR activator pals-25 (Reddy et al., 2019). Additionally, viral infection

expected to affect attraction of males. Mock and OrV stocks were

is counteracted by RNA interference (RNAi) and uridylation leading to a

made in parallel to minimize batch effects by the nematodes used.

degradation of viral RNA (Ashe et al., 2013; Coffman et al., 2017; Félix

All animals were grown at 16°C. First, OrV JU1580 mock stock was

et al., 2011; Le Pen et al., 2018; Sterken et al., 2014; Tanguy et al., 2017).

prepared by bleaching a persistently infected JU1580 population to

Males differ largely from hermaphrodites in various molecular pathways

remove the OrV. After the bleached population was starved it was

(Cook et al., 2019; Gerstein et al., 2014; White et al., 2007), but it is cur-

transferred to 100 new 9-cm mNGM plates. Subsequently, the same

rently unknown if nematodes show sex-dependent resistance against

protocol as for obtaining the OrV stock was followed (Félix et al.,

intracellular pathogens such as viruses and if stress caused by these

2011; Sterken et al., 2014). Second, N2 and RB859-based mock and

pathogens affects mating dynamics.

OrV stocks were made by infecting and lysing N2 or RB859 nem-

For the first time we studied infection responses for both sexes

atodes instead of JU1580 nematodes. To infect the N2 or RB859

in different wild types of C. elegans to the naturally occurring intra-

nematodes, 100 µl of previously obtained JU1580 OrV stock was

cellular pathogen Orsay virus (OrV). The nonlethal OrV is a positive-

added to a 9-cm mNGM plate with a proliferating N2 population.

sense, single-stranded RNA virus (family Nodaviridae) that infects

Once this population was starved, the plate was divided over 100

intestinal cells (Félix et al., 2011). Although relatively few individuals

fresh 9-cm mNGM plates of which the populations were flash-frozen

within most populations of hermaphrodites become infected (up

upon starvation. The standard protocol was then followed (Félix

to 40% for the highly susceptible wild type JU1580), infected cells

et al., 2011; Sterken et al., 2014). Third, young adult mock and OrV

show severe morphological effects leading to fitness disadvantages

stocks were made by infecting N2 or RB859 L1 nematodes collected

(Ashe et al., 2013; Félix et al., 2011; Frézal et al., 2019). We found

from 10 9-cm mNGM plates (24 hr post bleaching) with either 200 µl

that viral infection affects male mating choice in C. elegans and sug-

RB859 mock or OrV stock (obtained from starved populations as de-

gest mating dynamics as a novel cause benefitting outcrossing under

scribed above) according to the protocol described by Sterken et al.,

pathogenic stress conditions in C. elegans.

(2014). Populations were washed five times with M9 (instead of the

|
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standard three times) after exposure to the mock or OrV stock for

by Sterken et al. (2014) and mixed and hermaphrodite-only samples

1 hr. Populations were collected when the first eggs appeared on the

were compared with a paired t test with equal variances.

plate (90 hr post bleaching for N2 nematodes, 104 hr post bleaching for RB859 nematodes). The “young adult N2 and RB859 stocks”
were used in the daf-22 choice assay experiment.

2.3 | Orsay virus infection experiments

2.4 | RNA isolation
RNA isolation was performed using the Maxwell 16 AS2000 instrument
with the Maxwell 16 LEV simply RNA Tissue Kit (Promega). The recommended protocol was followed, except for adding 10 mg of proteinase

For the single-sex experiments, male and hermaphrodite nematodes

K per sample after addition of the lysis buffer. Lysis was performed in a

were separated ~44 hr post bleaching by placing them on fresh

shaker for 10 min at 65°C (1,000 rpm) (Eppendorf). RNA sample quan-

plates. After 200 nematodes were handpicked per plate the popula-

tity and quality were measured by using NanoDrop (Thermo Scientific).

tions were washed into an Eppendorf tube and infected 48 hr post
bleaching as described previously (Sterken et al., 2014). Mock infections were performed by adding M9 instead of OrV unless indicated

2.5 | Gene expression measurements by RT-qPCR

that a mock lysate (lysate of uninfected nematodes) was used. The
experiment was performed in technical duplicate, and therefore

cDNA was made from 1 µg of RNA using the GoScript Reverse

every sample contained ~400 nematodes. The samples for small

Transcriptase kit (Promega) and following the recommended pro-

RNA (sRNA) sequencing contained ~600 nematodes. However, for

tocol with random hexamers (Thermo Scientific). Gene-expression

some experiments, not enough males (fewer than 400) were pre-

measurements were performed on cDNA of ~100 untreated male or

sent on the plates to pick males from and in these cases a total of

hermaphrodite nematodes (collected 48 hr post bleaching). Samples

200 male nematodes were picked per sample (and also for the her-

were collected for five biological replicates. Gene expression was

maphrodite samples within the same experimental batch). Infected

quantified by RT-qPCR (real-time quantitative PCR) using custom

populations were collected 30 hr post infection (78 hr post bleach-

designed primers (Table S7) that overlap at least one exon–exon bor-

ing). Viral loads were obtained as described by Sterken et al. (2014).

der to prevent unintended amplification of any remaining DNA. RT-

As the viral loads for single-sex infections did not follow normal

qPCR was performed on the MyIQ using iQ SYBR Green Supermix

distributions and some samples were zero-inflated, a nonparamet-

(Bio-Rad) and the recommended protocol. Primer efficiencies were

ric bootstrap approach was used to estimate sampling distributions

checked by testing dilution ranges for N2 and JU1580 male popula-

and perform statistical tests (Kulesa et al., 2015). Bootstrap samples

tions. Correct primer annealing to the CB4856 genome was tested

were drawn 10,000,000 times and used to calculate the one-sided

in silico (Thompson et al., 2015). Gene expression in each sample

bootstrap test statistic (the resampled difference in mean viral load

was quantified for the gene of interest and two reference genes

of males and hermaphrodites). Each bootstrap sample was drawn by

(Y37E3.8 and rpl-6) in technical duplicate. Gene expression was de-

randomly selecting a set of n experimentally observed viral loads

termined according to Sterken et al. (2014) and the effect of sex and

(n being the number of observations made for both males and her-

strain were determined per gene via a linear model:

maphrodites: 20 for N2 and CB4856, 16 for JU1580) from the full
data set with replacement (meaning that the same observed viral

Y =S+G+S×G+ε

load can be drawn multiple times). Every bootstrap sample draws
half of the observations from male samples and half of the obser-

with Y being the log2 gene expression. Y was explained over sex (S;

vations from hermaphrodite samples. The bootstrapped p-value

male or hermaphrodite), genotype (G; N2, CB4856 or JU1580), the in-

was calculated by dividing the number of bootstrapped test statis-

teraction between sex and strain. and the error term ε. When gene

tics that were greater than the experimentally observed test statis-

expression for a certain combination of gene and sample remained

tic by the total number of bootstrap test statistics of 10,000,000.

under the detection limit by RT-qPCR (Ct > 40) that measurement was

Bootstrap analysis was performed in r (version 4.0.2).

excluded from the analysis.

For the mixed-sex experiments, 30 L4 hermaphrodites and 90
adult males were transferred to a plate that was incubated overnight.
Hermaphrodites in the absence of males were picked as a control
from the same starting populations. Subsequently, 30 male- or self-

2.6 | Whole-genome gene expression
by microarray

fertilized nematodes were transferred to a new plate where they were
allowed to lay eggs for 6 hr before the hermaphrodites were removed

For whole-
genome gene-
expression measurements, microarrays

from the plate. The resulting eggs were incubated for 20 hr after which

were used on eight biological replicates of N2 mock-treated or OrV-

they were infected with OrV as previously described (Sterken et al.,

infected males and hermaphrodites (obtained via the “single-sex”

2014). Nematodes were collected as young adults 30 hr post infection

infection protocol). Only samples where the OrV could be detected

(56 hr post start of egg-laying). Viral loads were obtained as described

by RT-qPCR were used for this analysis. Gene Expression Microarray
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4X44K C. elegans V2 slides were used for the microarrays (Agilent

of sRNA strands that had 5′-triphosphate or 5′-capped modifica-

Technologies). Microarrays were performed based on the “Two-

tion. The read data were aligned to the OrV genome (GenBank:

Color Microarray-Based Gene Expression Analysis; Low Input Quick

HM030970.2 and HM030971.2) using bowtie2 via the public server

Amp Labeling” protocol, version 6.0 from Agilent Technologies,

at usegalaxy.org to map the data (Afgan et al., 2018; Langmead &

starting from step five. The microarrays were scanned (Agilent

Salzberg, 2013). Reads that aligned to the OrV genome were sub-

High Resolution C Scanner) and extracted using the Agilent Feature

sequently analysed in

Extraction Software (version 10.7.1.1) with the recommended set-

ity lower than 40 were excluded from analysis. Spatial clustering of

r

(version 4.0.2). Reads with a mapping qual-

tings. Normalization was performed separately per sex using the

23-nt sRNA hotspots was determined for bins of 20 nt. As hotspots

Limma package in

follow a binomial distribution, differences were determined via the

r

(version 4.0.2) (Ritchie et al., 2015). The Loess

method was used for within-array normalization and the Quantile

Poisson test in

method for between-array normalization (Ritchie et al., 2015; Smyth

via the p.adjust function with the Benjamini & Hochberg correction

& Speed, 2003; Zahurak et al., 2007). The obtained single channel

(FDR < 0.05) (Benjamini & Hochberg, 1995).

r

(version 4.0.2) after correcting for multiple testing

normalized intensities were log2 transformed. The log2 intensities
were used in further analysis using the package Tidyverse (1.3.0) in
r

(version 4.0.2) (Wickham et al., 2019). Gene expression of control

2.8 | Pharyngeal pumping rate counts

genes that should be either similar (rpl-6) or differentially (tra-1, fem-
3) expressed between the sexes were checked and confirmed the

Pharyngeal pumping rates were counted for L4 (48 hr post bleach-

validity of the data.

ing) and young adult (72 hr post bleaching) N2, CB4856 and JU1580

Basal gene expression differences in IPR gene expression were

nematodes using a Leitz Greenough microscope and a counter.

determined by selecting transcriptional data of the mock-treated

The pumping rates were counted twice for 20 s per nematode and

samples (log2 intensities) and running the following linear model:

the average of both measurements was used in further analysis.
Pumping rate counting was performed at room temperature (~20°C)

Yi = S + ε

and the experiment was performed over five independent biological experiments counting six nematodes of each genotype/sex per

where Y is the log2 normalized intensity of spot i (1, 2,…, 45,220) that

experiment. For these experiments, the OrV was not present on the

was explained over sex (S, male or hermaphrodite), and the error term

plates. The data were analysed by the two-sample Wilcoxon signed-

ε. A significance threshold was set by the p.adjust function, using the

rank test in r (version 4.0.2).

Benjamini & Hochberg correction (FDR < 0.05) (Benjamini & Hochberg,
1995).
The effect of treatment on the IPR gene response was analysed

2.9 | Fluorescent bead accumulation

by selecting transcriptional data (log2 intensities) for the 80 IPR
genes (as described by Reddy et al., 2019) and running the following

To estimate the volume of food intake, nematodes were either

linear model per sex:

exposed to the fluorescent beads in liquid (with OrV present) or
whilst feeding on the plate (without OrV present). The plate feedYi = T + ε

ing assay was performed as previously described (Bakowski et al.,
2014). In short, nematodes were incubated on the plate for 30 min

where Y is the log2 normalized intensity of spot i (1, 2,…, 109) that was

at 25°C before feeding was halted by placing the plates on ice. The

explained over treatment (T, mock or infected), and the error term

NGM plates were incubated with a mixture of 30 µl E. coli OP50

ε. A common significance threshold was determined after combin-

and 5 µl of Fluoresbrite Polychromatic Red Microspheres (1.00-µ m

ing the data sets of both sexes and using the p.adjust function with

particles, 4.55 × 1010 particles ml–1) (Polysciences, Inc.). The liquid

the Benjamini & Hochberg correction (FDR < 0.05) (Benjamini &

exposed nematodes were incubated in a mixture of 30 µl E. coli

Hochberg, 1995).

OP50, 5 µl of Fluoresbrite Polychromatic Red Microspheres (1.00-
µm particles, 4.55 × 1010 particles ml–1) (Polysciences, Inc.), 105 µl

2.7 | Small RNA sequencing

0.1% NGM and 15 µl OrV stock for 1 hr at room temperature to
mimic the OrV infection assay. Then nematodes were washed once
with 0.25 mm levamisole in M9 to stop the feeding and remove

Samples for sRNA sequencing contained at least 1 µg of RNA with

the surplus of fluorescent beads. For both assays nematodes were

a concentration >50 ng µl–1. One biological replicate per sample

fixed in 0.25 mm levamisole in M9 and nematodes were imaged

was investigated. Samples were sequenced by DNBseq Small RNA

using an Axio Observer Z1m inverted microscope (Zeiss). The ex-

sequencing (BGI) using either a 5′-dependent or 5′-independent

posure time for the red fluorescent channel (λ = 453 nm) was fixed

protocol. The protocol type refers to ligation of the 5′-adaptor. The

at 440 ms. These experiments were performed independently five

5′-dependent protocol detects only monophosphorylated sRNA

times. Each biological replicate contained between 10 and 50 nem-

strands, whereas the 5′-independent protocol also allows detection

atodes for imaging.

|
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software (version 1.51f,

a linear mixed effect model for each genotype separately, explaining

National Institutes of Health). The total surface area of the nema-

the observed male frequency over transfer, treatment and replicate.

Images were analysed using the

imagej

tode was selected by using the Wand Tool on the brightfield image.

The analyses were performed in r (version 4.0.2) using the package

Images for which the surface area of the nematode could not be

nlme

selected due to nearby presence of, for example, a bubble were excluded from the analysis. Subsequently, the area size and minimum,
maximum and mean fluorescence were determined for the selected
area. The data were tested for normality by a Kruskal–Wallis test and

(Pinheiro et al., 2021) according to the following model:
Yi = T + Tr + TxTr + 𝜀
𝜀i ∼

∑

ARi∕Tr

subsequently analysed by the two-sample Wilcoxon signed-rank test
in r (version 4.0.2). The normalized fluorescence intensity represents

where Y is the male frequency of replicate i (1, 2,…, 34) that was ex-

the average amount of fluorescence in the nematode (controlling for

plained over treatment (T, mock or infected), transfer (Tr; 1, 2,…, 10),

the size of the nematode) and the absolute fluorescence represents

the interaction between treatment and transfer, and the error term

all fluorescent signal measured in that nematode.

ε based on the autocorrelation matrix of replicate i (1, 2,…, 34) given
transfer T (1, 2,…, 10). The anova function was used in r (version 4.0.2)

2.10 | Male frequency counts
Before the start of the experiment, 30 male and 10 hermaphrodite

to compute the analysis of variance (Chambers & Hastie, 1992).

2.11 | Choice assay

L4 nematodes were crossed to obtain isogenic male populations for
each genotype (N2, CB4856 and JU1580) and grown until starved

Choice assay experiments were based on chemical and bacterial

at 20°C. From the same plate, 10 hermaphrodites were picked that

choice assays described previously (Bargmann et al., 1993; Zhang

were also grown to starvation. Starved plates were transferred onto

et al., 2005). Two droplets of 15 µl E. coli OP50 were placed on a 6-cm

10 9-cm mNGM plates per genotype/sex combination and incubated

NGM dish after which the plates were incubated at room tempera-

at 20°C. Three days later nematodes were bleached and again incu-

ture for 2 days (~20°C). Before the start of the assay either 15 µl OrV

bated at 20°C. When nematodes reached the L4 stage (48 hr post

stock or 15 µl mock stock lysate was pipetted on top of the droplets.

bleaching), 15 males (from the mixed male–hermaphrodite plates)

After the plates had dried, 15 N2, CB4856 or JU1580 L4 males or

and 135 hermaphrodites (from the hermaphrodite-only plates) per

hermaphrodites (48 hr post bleaching) were placed in the middle

genotype/sex combination were placed onto a new plate. For each

between the droplets. After 2 and 24 hr the number of nematodes

genotype/sex combination, four plates were made of which two

in each droplet was noted. Data were collected for five biological

were mock infected by adding 100 µl mock stock lysate and two

replicates. Per biological replicate the behaviour of 45 nematodes

were OrV infected by adding 100 µl OrV stock lysate. The experi-

for each genotype/sex combination was tested using three separate

ment was performed in biological triplicate, resulting in six replicates

plates with 15 nematodes each. The data in this experiment were

per genotype/treatment combination. Biological replicates were

analysed by combining the total counts of nematodes in the mock

started on different days from independently grown starting popu-

or OrV droplet and performing a Chi-square test in r (version 4.0.2).

lations. After preparation of the plates the experiment was blinded
by removing the name tags and replacing them with a number by a
colleague not involved in the experiment. The plates were incubated

2.12 | Mating assay

at 20°C throughout the experiment.
Every 3 days the number of adult males and total adult nema-

N2 male and ERT54 populations were synchronized by bleach-

todes was counted using a dissecting microscope. Counting started

ing. 16 hr post synchronization either 50 µl OrV stock or M9 was

6 days after bleaching and continued for 10 transfers. Plates were

added to an ERT54 population on a 9-cm NGM plate. The, 48 hr post

divided into eight parts with the use of a pen and parts were counted

bleaching (hpb) N2 males were placed on a 9-cm NGM plate without

until a total of at least 100 adult individuals were observed. After

hermaphrodites. At the same time, (un)infected ERT54 nematodes

counting, the nematodes were washed off the plate in 2 ml M9 and

were individually transferred to 3-cm NGM plates. Next, young

for each population ~100 nematodes were transferred by pipetting

adult ERT54 nematodes (62 hpb) were inspected for pals-5::GFP ex-

to a fresh mNGM plate. The remaining nematodes were pelleted and

pression under an Axio Observer Z1m inverted microscope (Zeiss).

flash frozen for RNA isolation after transfer number 1, 5 and 10 and

Animals with high intestinal pals-5::GFP expression were selected

these samples were checked for OrV presence as a control. Based

as positively infected nematodes, whereas animals without this ex-

on this analysis two technical replicates of OrV-infected CB4856

pression were not used in the assay. Subsequently, N2 males from

were excluded from the analysis as they appeared to have cleared

the male-only plate were added to either a mock-treated or an OrV-

the infection.

infected ERT54 individual. Males were placed at 0.9 cm distance

After the counting, the samples were unblinded and analysed

from the middle of the bacterial food droplet. Directly after adding

using a prewritten r script. Statistical analyses were performed using

the male to the plate, filming for 20 min started. Movies captured

6
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one frame per second and were made at room temperature (~20°C)

N2, because of a deficiency in the antiviral RNAi pathway of JU1580

using four USB cameras simultaneously (Conrad, cat. no. 191341–

(Ashe et al., 2013; Félix et al., 2011; Sterken et al., 2014). We found

62) using the video capturing program virtualdub (version 1.10.2) and

that N2 males had lower viral loads than hermaphrodites (Figure 1b)

(version 1.52) (Schindelin et al., 2012; Schneider et al., 2012).

(bootstrap, p = .025). CB4856 males and hermaphrodites were

Filming was performed using 62-to 66-hr-old nematodes that had

often not successfully infected and had similar viral loads (Figure 1b)

not yet started egg-laying.

(bootstrap, p = .10). JU1580 males and hermaphrodites were both

imagej

Movies were inspected manually and for each of the movies

highly susceptible to viral infection (Figure 1b) (bootstrap, p = .24).

three characteristics were reported: (i) the time it took before the

Since the largest difference between males and hermaphrodites was

male entered the bacterial droplet, (ii) the time it took before the

seen for the N2 strain, OrV susceptibility was also tested in mixed

male first touched the hermaphrodite and (iii) the time it took be-

male and hermaphrodite N2 populations. The mixed-sex populations

fore mating started. A mating was noted when the male's tail stayed

contained around 30%–4 0% of males, contrary to a hermaphrodite-

attached to the hermaphrodite's vulva for at least three frames and

only population. As expected, male presence had a tendency to

mating attempts stopped afterwards (based on results of LeBoeuf

lower the viral load in the population (t test, p = .07) (Figure S1; Table

et al., 2014). The time the mating started was noted as the time

S1). Notably, all mixed-sex populations were successfully infected,

to mating. Statistical analyses of the data were performed with a

contrary to the male-only populations.

Student's t test assuming equal variances.

Since OrV is taken up whilst nematodes feed, sex-based differ-

Hermaphrodite movements were investigated for 30 s before

ences in ingestion may affect viral loads. Therefore, we quantified

and 90 s after the first contact between male and hermaphrodite. A

both the rate and volume of food intake in L4 and young adult males

longer time frame to measure the velocity of hermaphrodites after

and hermaphrodites (Figure S2a; Table S2). The rate of food intake

contact with the male was chosen, because males did often not di-

was measured by counting pumping rates of the pharynx, a neuro-

rectly start mating attempts and thus it may take longer than 30 s

muscular feeding organ. The sex of the nematodes did not affect the

to see an effect of male mating attempts on the hermaphrodite ve-

food intake rate in these life stages (p > .05) (Figure S2b). To quantify

locity. Tracking was performed using the plugin Manual Tracking in

the feeding volume, fluorescent beads were mixed with Escherichia

(version 1.52) (Schindelin et al., 2012; Schneider et al., 2012).

coli OP50 and fed to the nematodes (Bakowski et al., 2014). In all

The movement data were subsequently analysed in r (version 4.0.2).

cases the normalized fluorescent signal was at least as high in the

The velocity of the nematodes was compared using Student's t test

males as in the hermaphrodites, showing that the average amount

with equal variances and the correlation between (i) the time passed

of ingestion within the nematodes was similar or males had higher

between first contact of the nematodes and mating and (ii) the av-

ingestion (Figure S2c). The absolute amount of fluorescent signal

erage velocity of the hermaphrodite was calculated by a generalized

was higher for adult hermaphrodites than for adult males, which

linear model:

corresponds to their larger body size (t test, p < .05) (Figure S2d). In

imagej

Yi = V + ε

where Y is the time between the first contact of male and hermaphrodite and mating (1, 2,…, 41) that was explained over the average veloc-

conclusion, the ingestion rates cannot explain observed differences
in viral susceptibility observed between sexes and strains.

3.2 | Antiviral activity in males and hermaphrodites

ity of the hermaphrodite (V), and the error term ε.
Males and hermaphrodites could have a different molecular response

3
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3.1 | Viral susceptibility differs between sexes in a
genotype-dependent manner

to OrV infection. Both the RNAi activity and IPR were measured in
males and hermaphrodites infected with OrV. Potent RNAi activity
against OrV resulting in viral small interfering RNA (siRNA) production
has been described for hermaphrodites (Ashe et al., 2013; Coffman
et al., 2017), but males can differ in RNAi efficacy to other environmental triggers (Bezler et al., 2019). To explore the hypothesis that

Different genotypes of Caenorhabditis elegans hermaphrodites

males may differ in RNA, infected N2 male and hermaphrodite popu-

vary in susceptibility to OrV (Ashe et al., 2013; Félix et al., 2011),

lations were used for sRNA sequencing. Both sexes showed similar

but the susceptibility of C. elegans males has not been investi-

sRNA characteristics for the main RNAi products: primary 23-nt long

gated. To compare the viral susceptibility of C. elegans males and

siRNAs (Figure S3a,b) and secondary 22-nt (antisense) siRNAs with

hermaphrodites, both sexes were infected for three genetically

a G at the 5′-end, because they are present in a similar ratio (Figure

distinct genotypes: N2, CB4856 and JU1580 (Figure 1a; Table S1).

S3b). However, also for the samples showing a similar viral load for

N2 is the common reference genotype. Compared to N2, CB4856

both sexes, the number of reads that aligned to the viral genome was

is genetically highly distinct and CB4856 hermaphrodites are less

lower in males (ntotal = 20,656,692 nviral = 57,390 [0.27%]) than in

susceptible to OrV after short viral exposure (Sterken et al., 2021;

hermaphrodites (ntotal = 32,667,244, nviral = 420,484 [1.28%]). This

Thompson et al., 2015). JU1580 has higher viral susceptibility than

contradicts that males would have a more potent RNAi response and

|
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(a) 48 hpb: males are separated

78 hpb: collect nematodes
by flash freezing

from hermaphrodites

liquid exposure
to OrV for 1 hour

L4
hermaphrodites

L4
males

flash freeze

young adult
hermaphrodites

young adult
males

(b)

*
20
Viral load (log2)

F I G U R E 1 Sex-specific viral
susceptibility. (a) Male and hermaphrodite
nematodes were separated 48 hr post
bleaching. Subsequently, single-sex
populations were exposed to OrV in
liquid for 1 hr and grown on plates until
78 hr post bleaching. Then, nematode
populations were collected and viral loads
were obtained by RT-qPCR. (b) Viral loads
obtained for hermaphrodites and males
of the strains N2, CB4856 and JU1580.
Each dot represents a biological replicate
(n = 10 for N2 and CB4856, n = 8 for
JU1580). The white diamond shows the
mean per combination of sex and strain.
Statistically significant differences are
indicated by an asterisk (bootstrap,
p < .05)

7

10

0
N2
hermaphrodites

N2
males

CB4856
CB4856
JU1580
JU1580
hermaphrodites males hermaphrodites males

is in line with research demonstrating that hermaphrodites produce

genes (that are regulated by pals-25) might also be upregulated. This

more secondary siRNA products than males after environmental

would match data previously collected for the modENCODE proj-

RNAi (Bezler et al., 2019). Furthermore, we compared spatial cluster-

ect that showed N2 L4 males have enriched expression of multiple

ing of 23-nt sRNAs (primary siRNAs) on the viral genome. Roughly

pals genes when compared to hermaphrodites (Gerstein et al., 2010;

40% of the hotspots (39% for OrV RNA segment 1 and 42% for OrV

Leyva-Díaz et al., 2017). Nevertheless, we did not detect increased

RNA segment 2) were equal between males and hermaphrodites. Of

expression for the limited set of (3/80) IPR genes we measured here

the hotspots that differed between both sexes, 67% were only pre-

(Figure S5). Together, our gene expression data collected for adults

sent in hermaphrodites (62% for OrV RNA segment 1 and 72% for

and the public modENCODE data set for L4 nematodes indicate

OrV RNA segment 2). That, together with the lower occurrence of

that IPR gene expression is constitutively high for males, which may

male siRNA reads, contradicts that higher RNAi efficacy would lower

reduce viral loads throughout the course of infection or potentially

the susceptibility of males to OrV infection (Figure S3c).

protect from OrV infection.

As the IPR changes the nematode's gene expression, IPR activity
was investigated by measuring gene expression in mock-treated and
OrV-infected N2 adults. We selected samples with positively con-

3.3 | Viral infection changes mating dynamics

firmed OrV infection by RT-qPCR. Male samples had a lower average viral load than hermaphrodite samples (Figure S4a). Adult males

The observed viral susceptibilities of males and hermaphrodites dif-

had lower expression of IPR regulators pals-22 and pals-25 than her-

fered per strain (Figure 1). We investigated whether this genotype-

maphrodites (Figure S4b). Under mock conditions, expression dif-

dependent viral susceptibility difference between the sexes could

fered for 26 IPR genes, of which 24 were more highly expressed in

result in different mating dynamics per genotype. In particular, we

males (Figure S4b; Table S3). OrV infection led to upregulation of

hypothesized that N2 males, which are more resistant to OrV, could

26 IPR genes for hermaphrodites and six IPR genes for males (Table

become more common in infected populations. This hypothesis was

S3). We also measured expression of the IPR regulators pals-22 and

tested by monitoring the male frequency in mock-treated and OrV-

pals-25 and three IPR genes, pals-6, pals-14 and eol-1, by RT-qPCR in

infected populations for 10 generations. Starting populations con-

untreated L4 nematodes (for N2, CB4856 and JU1580) to explore

tained 10% males of either N2, CB4856 or JU1580 nematodes in

IPR expression upon viral exposure in our assay (Figure S5; Table S3).

combination with hermaphrodites from the same genotype. Thus,

We found that the IPR activator pals-25 was more highly expressed

genetic adaption of the nematodes via outcrossing to OrV was not

in males at this stage (linear model, p = .002), suggesting other IPR

possible in this single-genotype set-up.

8
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After observing the nematodes for 10 generations, the frequency

the L4 stage males and hermaphrodites did not have a preference

of N2 males did not increase in infected compared to mock-treated

for either the mock or virus spot on the plate (Figure 3b). However,

populations, which contradicted our previously stated hypothesis

in the young adult stage males of all three genotypes displayed a

(mixed linear model, p = .26) (Figure 2; Table S4). However, we found

significant preference for the N2-based mock lysate over the lysate

that for CB4856 more males were present in infected populations

of infected nematodes (Figure 3b). For the JU1580-based lysate the

(mixed linear model, p = .046) (Figure 2), despite CB4856 males

same trend was observed but was not significant for JU1580 males

not showing a higher resistance to OrV than the hermaphrodites

(Figure 3). Hermaphrodites did not show a preference for the mock

(Figure 1). For JU1580, viral presence increased male presence over

lysate (Figure 3). Together, these results suggested that adult males

time, contrary to male ratios in healthy populations (mixed linear

would be more attracted to healthy than infected hermaphrodites.

model, p = .0070). After 10 generations, JU1580 males made up 25%

Males may distinguish between infected-and mock-treated lysates

of the infected population, compared to 14% in mock-infected con-

by pheromones released by the hermaphrodites. Therefore, we used

ditions and CB4856 males were 5% more prevalent in infected than

RB859 daf-22 mutants, which do not excrete male-attracting phero-

in uninfected populations. Thus, we concluded that viral presence

mones (Von Reuss et al., 2012). We obtained the lysate of mock-treated

can change mating dynamics although it was not clear in which way

and OrV-infected RB859 mutants for use in our choice assay (Figure S6;

male resistance contributes to this phenomenon.

Table S5) (Von Reuss et al., 2012). Interestingly, the choice that males
make between the lysates appears independent from pheromone sig-

3.4 | Males prefer healthy over infected
hermaphrodites modulating sex

nals, because we observed that adult males also favour uninfected over
infected pheromone-free lysate of daf-22 nematodes (chi-square test,
p < .001) (Figure S6). Additionally, young adult hermaphrodites choose
the mock lysate in this experiment (chi-square test, p < .001), yet with a

To investigate if male C. elegans nematodes showed a preference

weaker preference than the males. Thus, males appear to have another

for healthy hermaphrodites, a mating choice assay was designed.

way to distinguish uninfected from infected lysates.

Healthy L4 males or hermaphrodites of the strains N2, CB4856 and

To investigate if the preference for the lysate of healthy her-

JU1580 were given a choice between the lysate of mock-treated or

maphrodites translates into mating behaviour, we performed a

the lysate of OrV-infected hermaphrodite populations (Table S5).

mating assay. Males were placed with a single (un)infected, young

Two types of lysate were used: lysates obtained from N2 or JU1580

adult hermaphrodite (Figure 4a). Subsequently, mating behaviour

nematodes. The number of nematodes on each spot was counted

of N2 males towards mock-treated or OrV-infected nematodes was

at 2 and 24 hr after placing them on the plate (nematode stage is L4

quantified by filming their movements for 20 min (Movie S1; Table

and young adult respectively) (Figure 3a). Our results show that in

S6). We recorded the time it took for males to (i) enter the bacterial

F I G U R E 2 Male frequency over 10 generations. The percentage of males in isogenic N2, CB4856 and JU1580 populations over
10 generations (30 days). Counts from mock populations are shown in grey, and counts in OrV-infected populations in blue. Each dot
represents a technical replicate (plate with nematodes) and the technical replicates are equally divided over three biological replicates
(having a different start date). The plotted lines represent the loess fit
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(a)

48 hpb:15 L4 males or hermaphrodites
are placed between bacterial droplets with
mock or OrV lysate

50 hpb and 72 hpb: the amount of
L4 and young adult (YA)
nematodes in each droplet is counted

(b)
L4 choice; 2h after placement
Mock (%)
Virus (%)

YA choice; 24h after placement
Mock (%)
Virus (%)

JU1580 lysate

N2 hermaphrodites

*

N2 males

*

CB4856 males

CB4856 hermaphrodites

JU1580 hermaphrodites
JU1580 males

*

N2 males

*

CB4856 males
JU1580 hermaphrodites
JU1580 males
100

75

50

25

0

25

*
50

*

CB4856 hermaphrodites

75

75

50

0

25

25

50

75

N2 lysate

N2 hermaphrodites

F I G U R E 3 Choice assay between mock-and OrV-infected nematode lysate. (a) Males and hermaphrodite of the genotypes CB4856,
JU1580 and N2 were allowed to choose between a bacterial droplet containing the lysate of either a mock-treated or infected population
of mixed-stage hermaphrodites. Fifteen male or hermaphrodite nematodes were placed in between these droplets and were observed at
2 and 24 hr after placement. (b) The percentage of nematodes that were observed in the mock or OrV droplet on the plate in the L4 and
young adult (YA) stage (2 or 24 hr after placement, respectively). Only nematodes that were in either the mock or OrV droplet were counted.
Mock and OrV lysates were made by lysing either N2 or JU1580 populations. The dotted line indicates where nematodes would not prefer
either of the spots. Filled bars represent the percentage of nematodes in either the mock or OrV droplet and the error bars indicate standard
error of the mean. In total, five biological replicates (nematodes derived from independent starting populations) containing three technical
replicates (plates) with each plate containing 15 nematodes were counted. In total, 225 nematodes were observed per condition. Nematode
populations that showed a significant preference for one of the spots are indicated with an asterisk (chi-square test, p < .05)

droplet, (ii) touch the hermaphrodite and (iii) mate (Figure 4b–e). The

healthy hermaphrodites before contact with the male (t test, p = .093)

males did not differ in the frequency of shown behaviours towards

(Figure S7a). Moreover, the speed of movement did not appear to de-

healthy or infected hermaphrodites (chi-square test, p > .05) (Table

termine effective mating in our assay, because (i) both fast and slower

S6). However, the videos show that when the hermaphrodite was

moving nematodes were mated and (ii) a correlation between velocity

infected, males took longer between the first contact and mating

and time from the first contact to mating was lacking (linear model,

(t test, p = .028) (Figure 4d). The overall process from entering the

R2 = .02, p = .21) (Figure S7b). Hermaphrodites could also avoid male

bacterial droplet to mating took 50% longer for infected than forun-

mating attempts by crawling away after contact with the male. We

infected nematodes (t test, p = .006) (Figure 4e).

investigated the change in speed after male contact, but did not ob-

Behavioural differences between healthy and infected hermaph-

serve a stronger avoidance response for infected than for healthy her-

rodites could determine mating efficiency. Therefore, hermaphrodite

maphrodites (t test, p = .21) (Figure S7c). In conclusion, both attraction

movements were measured before and after contact with the male

assays performed here indicate that male C. elegans nematodes would

(Table S6). OrV-infected hermaphrodites moved at similar speeds as

sooner mate with uninfected over OrV-infected hermaphrodites. In

10
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(a) 16 hpb: hermaphrodites are

48 hpb: hermaphrodites are
singled out

mock-treated or infected

(b)

(d)

62 hpb: infection status is checked and
mating assay is performed

(c)

*

(e)

*

F I G U R E 4 Mating assay with mock-treated and OrV-infected hermaphrodites. (a) For the mating assay, hermaphrodite populations of the
reporter strain ERT54 (pals-5::GFP in N2 background) were either mock-treated or infected with OrV. Once the hermaphrodites were 48 hr
old they were placed on individual plates for 14 hr. Then, nematodes were checked for expression of green fluorescent protein, indicating
successful infection. Successfully infected individuals and mock-treated individuals were placed in a camera set-up. A young adult male was
added at a set distance and mating behaviour was observed for 20 min. (b) The time recorded for the male to enter the bacterial droplet.
(c) The time recorded between the male entering the bacterial droplet and the first physical contact between male and hermaphrodite. (d)
The time recorded between the first contact and mating. (e) The time recorded between the male entering the bacterial droplet and mating.
For (b)–(e) statistically significant samples are indicated with an asterisk (t test, p < .05). The number of technical replicates (nematodes
filmed) was n = 121 for mock-treated hermaphrodites and n = 122 for OrV-infected hermaphrodites. The nematodes were divided over 10
biological replicates (different days). Each dot represents a nematode and when a certain behaviour was not observed in the 20-min time
frame this animal was excluded from the graph

cases where OrV infection affects the progeny production of her-

mating dynamics of their hosts provides insight into the way path-

maphrodites, this altered mating behaviour could determine male per-

ogens affect the world around them. Here, we studied the differ-

centages and outcrossing in infected populations.

ences in OrV infection of males vs. hermaphrodites of the nematode
Caenorhabditis elegans. We found that males of the strain N2 were

4
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DISCUSSION

less susceptible than hermaphrodites and that males had higher IPR
activity. Viral infection changed the mating dynamics in infected
populations of other genotypes. Infected hermaphrodites were less

Pathogens have various means to perturb mating system dynamics.

attractive partners for males and viral presence can increase male

Unravelling the mechanisms by which pathogens interfere in the

presence in a population. Our findings provide a novel perspective

|
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for how pathogens shape mating dynamics in isogenic populations

the mating attempts of the male (Chasnov & Chow, 2002; Garcia

of C. elegans.

et al., 2007; Woodruff et al., 2014). Although we did not observe that

Caenorhabditis elegans–
pathogen co-
evolution experiments il-

infected hermaphrodites behaved different than healthy ones, we

lustrate that multiple factors contribute to outcrossing in C. elegans

can also not fully reject that hermaphrodite behaviour could affect

(Lopes et al., 2008; Lynch et al., 2018; Morran et al., 2009, 2011).

mating.

Mated hermaphrodites produce 50% male offspring and unmated

Molecular cues are commonly used to distinguish infected from

hermaphrodites only have 0.2% male offspring (Anderson et al.,

noninfected potential partners (Beltran-Bech & Richard, 2014). C. el-

2010; Cutter et al., 2019), so an increase in C. elegans males implies

egans males are normally attracted by hermaphrodite-produced as-

outcrossing takes place in that population. Presence of the bacterial

carosides (Chasnov et al., 2007; Pungaliya et al., 2009; Srinivasan

pathogen Serratia marcescens increases male frequencies in C. ele-

et al., 2008). However, our choice experiment using an ascaroside-

gans populations and their outcrossed offspring are more able to

lacking daf-22 mutant (Von Reuss et al., 2012) suggests that asca-

counteract infection than offspring from selfing hermaphrodites

roside signals do not play an essential role for males to distinguish

(Morran et al., 2011). On the other hand, the bacterial pathogen

healthy from infected hermaphrodites. In addition, publicly available

Bacillus thuringiensis decreased outcrossing in C. elegans popula-

transcriptional data show that the main genes in the ascaroside-

tions. Interestingly, males suffer disproportionally from infection to

producing pathway (acox-1, maoc-1, dhs-28 and daf-22) remain

B. thurgiensis, yet stayed stably present at a rate of about 10%. This

equally expressed in infected nematodes (Chen et al., 2017; Sarkies

suggests that despite the direct disadvantage of susceptible males,

et al., 2013; van Sluijs et al., 2019). Hence, other means of (chemical)

the overall populations still indirectly benefit from outcrossing

communication might contribute to the mating preference for unin-

(Masri et al., 2013). Furthermore, male frequencies can also be

fected hermaphrodites by C. elegans males. For example, C. elegans

maintained at higher levels for certain genotypes under control con-

can recognize a noncoding RNA to avoid a pathogenic bacterium

ditions (Teotonio et al., 2012) or increase under stress in isogenic

(Kaletsky et al., 2020), which illustrates another way by which in-

populations that cannot benefit from fitness-
increasing genetic

fected nematodes may be recognized.

recombination (Lynch et al., 2018; Morran et al., 2009). In one of

Our findings indicate that sex-based susceptibility differences

the latter cases, increased male presence is linked to their higher

occur in a genotype-dependent manner based on the viral loads

resistance to starvation-induced stress. Our data demonstrate that

of three genetically distinct strains. Of note, the viral loads in her-

males prefer mating with healthy (instead of OrV-
infected) her-

maphrodite populations are probably underestimations since these

maphrodites. In highly susceptible populations OrV infection can

populations contained the first eggs at the moment of collection.

reduce offspring numbers, but not all individuals in the population

Eggs cannot be infected by OrV (Félix et al., 2011), but embryos do

become infected (Ashe et al., 2013). Our findings suggest that males

express the reference genes that are used to normalize viral expres-

would mostly mate with healthy hermaphrodites within infected

sion. Previous studies indicated IPR gene expression is enhanced in

populations. These healthy mated hermaphrodites could have the

L4-stage males (Gerstein et al., 2014; Leyva-Díaz et al., 2017) and

highest offspring numbers and produce 50% males. On the other

we found that some IPR genes are also more highly expressed in

hand, unmated hermaphrodites with lower brood sizes produce only

adult males. Notably, males are also more resistant to an intracellular

hermaphrodites. Over time, this would lead to an increase in male

fungus, although the connection with the IPR has not been studied

presence in infected populations. which may explain the observa-

(Van Den Berg et al., 2006). Not all genes in the IPR network were

tions we made in JU1580 and CB4856 populations.

more active in virus-infected males than hermaphrodites. The IPR

Mating behaviour depends on more than just the presence of

upregulates a large network of 80 genes against a broad range of

a pathogen. In general, C. elegans males are characterized by their

stressors (Chen et al., 2017; Reddy et al., 2017, 2019), but the bio-

inefficient mating behaviour relative to obligatory outcrossers and

chemical reaction to counteract the stress appears more specific.

N2 males even belong to the poorest maters for this species (Garcia

For example, the IPR proteins that promote thermotolerance do

et al., 2007; Wegewitz et al., 2008). In contrast, CB4856 nematodes

not enhance pathogen resistance (Panek et al., 2020) and drh-1 is

exhibit relatively efficient mating behaviour (Wegewitz et al., 2008).

only required for induction of the antiviral IPR (Sowa et al., 2019).

Even though our results suggest that males may become more prev-

Furthermore, the IPR genes in JU1580 and CB4856 hermaphrodites

alent in infected populations by selecting the best partners, they will

respond differently to OrV infection than in N2 (Sarkies et al., 2013;

need to mate efficiently, or male numbers will dwindle quickly. Thus,

van Sluijs et al., 2019); this may relate to similar viral susceptibilities

the inefficient mating behaviour of N2 males may help to explain

for JU1580 and CB4856 between males and hermaphrodites. Thus,

why viral presence did not lead to an increase in males in infected

a more thorough understanding of the IPR is necessary to draw firm

N2 populations. Additionally, the mating behaviour of hermaphro-

conclusions about IPR involvement in sex-specific viral susceptibility.

dites may also change when they are infected. Infected individuals

The importance of C. elegans males remains a topic of debate,

for many species behave differentially, which can lead to divergent

with most studies indicating their disadvantages and only a few pro-

mating frequencies (Beltran-Bech & Richard, 2014; Burand et al.,

viding them with a potential ecological role (Cutter et al., 2019). C. el-

2005; Paciência et al., 2019). Under standard conditions C. elegans

egans males are typically rare in nature, further contributing to the

hermaphrodites can avoid (costly) mating by crawling away during

idea that they may be less relevant for the species (Barrière & Félix,
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2005; Félix & Duveau, 2012; Richaud et al., 2018; Sivasundar & Hey,
2005). Nevertheless, males may prove beneficial under stress conditions, including viral infections, and could thereby play a supporting
role in the natural history of C. elegans. Here, we have shown how
the presence of an intracellular pathogen shifts mating behaviour
and shapes flexible outcrossing in this species.
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