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Abstract

The Red Queen hypothesis proposes that coevolving parasites select for outcrossing in the host. Outcross-
ing relies on males, which often show lower immune investment due to, for example, sexual selection.
Here, we demonstrate that such sex differences in immunity interfere with parasite-mediated selection for
outcrossing. Two independent coevolution experiments with Caenorhabditis elegans and its microparasite
Bacillus thuringiensis produced decreased yet stable frequencies of outcrossing male hosts. A subsequent
systematic analysis verified that male C. elegans suffered from a direct selective disadvantage under parasite
pressure (i.e. lower resistance, decreased sexual activity, increased escape behaviour), which can reduce out-
crossing and thus male frequencies. At the same time, males offered an indirect selective benefit, because
male-mediated outcrossing increased offspring resistance, thus favouring male persistence in the evolving
populations. As sex differences in immunity are widespread, such intetference of opposing selective

constraints is likely of central importance during host adaptation to a coevolving parasite.
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INTRODUCTION

The selection pressures parasites exert through direct negative
effects on host fitness are often exacerbated by the parasites’ poten-
tial for fast adaptation (e.g. Ebert 1998). Hosts therefore benefit
from sexual reproduction and outcrossing, because it allows faster
recombination of favourable alleles. This idea represents the central
component of the Red Queen hypothesis (Hamilton 1980; Bell
1982; Lively 2010b) and has been well characterised with the help
of mathematical models (e.g. Gandon & Otto 2007; Salathe ez al.
2009; Lively 2010a; Hodgson & Otto 2012). Over the last years, the
hypothesis has also found support from numerous empirical studies.
For example, long-term studies of the freshwater snail Potamopyrgus
antipodarnm revealed an increased rate of sexual reproduction in the
presence of its trematode parasite, and spatial and temporal adapta-
tion to coevolving parasite vatieties, both under field and laboratory
conditions (Jokela ez al. 2009; King er al. 2009, 2011; Koskella &
Lively 2009). Similar support for the Red Queen hypothesis was
obtained using the waterflea Daphnia magna (e.g. Ebert et al. 2007)
ot the red flout beetle 7ribolinm castanenn as model hosts (e.g. Kers-
tes et al. 2012).

All current examples focus on the high reciprocal selective pres-
sures that the antagonists exert upon one another at the interspe-
cific level. Intraspecific constraints may be of additional importance,
especially if they directly affect the interaction with parasites. One
such constraint is the difference among sexes in immunocompe-
tence (i.e. the ability of an organism to defend itself against para-

sites). These differences may have several underlying causes,
including sexual selection and Bateman’s principle (Rolff 2002). The
latter hypothesises that the sex with the higher reproductive poten-
tial, usually male, can predominantly increase fitness through an
augmented mating rate, whereas the other sex, usually female, maxi-
mises fitness through longevity and thus an expanded time window
for producing the more costly gametes. In response to these sex-
specific trade-offs, females are predicted to invest more in immunity
than males (Rolff 2002).

We studied the relevance of sex differences in immune defence
during the evolutionary interaction with parasites using the nema-
tode Caenorhabditis elegans as a model host. C. elegans has an andro-
system  defined by two
hermaphrodites and males. Hermaphrodites first produce sperm,
which are stored for self-fertilisation of the subsequently produced
eggs. Outcrossing is only possible between hermaphrodites and

dioecious  reproductive genders,

males. As male sperm outcompete hermaphrodite sperm (LaMun-
yon & Ward 1995), male—hermaphrodite matings tesult in complete
cross-fertilisation and 1 : 1 sex ratios. Male offspring may also be
produced through spontaneous X chromosome non-disjunction
during meiosis, although usually at very low rates (Hodgkin ez 4/
1979; Hodgkin & Doniach 1997). Thus, male frequency is often
taken as a direct indicator for the outcrossing rate in C. elegans pop-
ulations (Teoténio ef al. 2006, 2012). A recent evolution experiment
indeed used this approach to demonstrate that coevolution with
Serratia marcescens microparasites increased C. elegans outcrossing rates
and, in turn, its ability to adapt to the antagonist (Motran e al.
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2011, 2012). Our current study was based on a related interaction
model, consisting of C. elgans and the Gram-positive bacterium
Bacillus  thuringiensis. 'This model previously allowed us to obtain
experimental evidence for the manifold consequences of host—para-
site coevolution, including reciprocal changes in parasite virulence
and host defence, reciprocal life-history trade-offs, reciprocal
increases in evolutionary rates and genetic diversity and an increase
in local adaptation (Schulte e a/ 2010, 2011, 2012).

In this study, we focused our analysis on male hosts and their
interaction with parasites. The interspecific selection between coe-
volving hosts and parasites should favour male C. elegans because
they are required for outcrossing in this species. At the same time,
males may also be disfavoured in the presence of parasites, if they
invest less in defence in response to intraspecific selective con-
straints. Therefore, males may be subject to a conflict between these
inter- and intraspecific selective constraints. Our study was based
on two approaches: (1) Two fully independent host—parasite coevo-
lution experiments were used to analyse variation in male frequen-
cies and thus outcrossing rates during the continuous coadaptation
between the antagonists. (2) Separate focused experiments were pet-
formed to identify the traits that may selectively favour or disfavour
males in the presence of parasites, such as male resistance, male
sexual activity,
male-derived outcrossed offspring. The combination of the two

male escape response and parasite resistance of

approaches allowed us to assess in how far sex differences in host
defence influence outcrossing rates and thus the potential for adap-
tation to coevolving parasites.

MATERIALS AND METHODS
Nematode and bacterial strains

Both evolution experiments and all subsequent tests were based on
outbred, genetically diverse C. elgans populations. The starting pop-
ulation of the first evolution experiment was derived from recipro-
cal crosses among three natural isolates, as previously described
(Schulte ez al. 2010). For the second evolution experiment and all
subsequent tests on male advantages and disadvantages, we used
material from the genetically diverse and outbred population origi-
nally prepared by Henrique Teoténio through consecutive crosses
among 16 natural isolates (Teoténio e al. 2012). This population
was adapted to our experimental conditions over 10 generations in
40 replicates in the presence of the non-nematocidal B. thuringiensis
strain DSM-350, to minimise the impact of selective constraints
unrelated to host—parasite interactions during the following evolu-
tion experiment. The 40 pre-adapted populations were mixed, ali-
quoted and cryopreserved at —80 °C (Stiernagle 20006) for later
usage. Worm maintenance otherwise followed standard procedures
(Stiernagle 2000).

Fot B. thuringiensis, identical genotype mixtures wetre used as start-
ing material for both evolution experiments and all subsequent
tests, including the three nematocidal strains MYBT18240,
MYBT18247 and MYBT18679 (Schulte ¢ a/. 2010). The non-ne-
matocidal B. thuringiensis DSM-350 served as a control. Prior to
experiments, B. thuringiensis was cultured in large quantities following
established protocols (Borgonie e al. 1995), aliquoted and stored at
—20 °C (Schulte et al. 2010). In all experiments, B. thuringiensis
mixtures were used at a final concentration of 1.2 x 10°
particles mL ™", supplemented with the standard nematode food
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bactetium, FEscherichia coli strain OP50, at a final concentration of
2 x 107 cells mL~" (Schulte e al 2010).

Analysis of male frequencies during experimental host-parasite
coevolution

We considered two evolution experiments for our analysis: a previ-
ously published experiment (Schulte ef @/ 2010), for which male
abundance was recorded but not yet reported, and a new evolution
experiment. Both included two evolution treatments for the host
(Fig. 1): (1)A coevolution treatment, during which host and parasite
were forced to coadapt to each other. This was ensured by transfer-
ring only nematodes that survived the interaction (right arrow in left
panel, Fig. 1) and only bacteria from dead hosts, which were able
to infect and kill hosts (left arrow in left panel, Fig. 1). (2)A control
treatment, during which hosts evolved in the absence of pathogens
(right panel, Fig. 1). The exact methods for the first evolution
experiment were described previously (Schulte ¢ /. 2010). The sec-
ond experiment was based on a modified protocol, resulting in the
following differences:
(1) Host genetic diversity was higher for the second experiment,
which was derived from a larger number of genetically diverse
natural isolates (Schulte ¢ o/ 2010; Teotonio e al. 2012).
(2) Host population size was larger in the second experiment
[500 individuals instead of 120 in the first experiment (Schulte
et al. 2010)].
(3) Even though a small proportion of original nematode geno-
types were added in both experiments in regular intervals to
minimise random loss of genetic diversity (and thus drift effects),
the exact immigration rate differed. In the first experiment, only
males were added at 5% of the total population size every fourth
host generation, whereas in the second experiment, 2.5% males
and 2.5% hermaphrodites were added every second host genera-
tion. The average immigration rate for males was nevertheless
the same (1.25% per generation).

)

\./ ./

Host-parasite Host
coevolution control

Figure 1 Design of the two evolution experiments. The coevolution treatment is
given in red, for which host and parasite were forced to coadapt to each other.
The control treatment is indicated in grey and involved evolution of the host
under experimental conditions in the absence of the antagonist.
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(4) The temperature was higher for the second (19 °C) than for
the first experiment (16-18 °C), resulting in generation-time dif-
ferences (first experiment: 3—4 days; second experiment: 2—
3 days).

(5) To ensure that a sufficient amount of food was available,
host and parasite were transferred once per week in the first,
and twice per week in the second experiment.

(6) The first evolution experiment comprised 20 replicates per
treatment and was performed for 48 host generations, while the
second evolution experiment included 10 replicates per treatment
and ran over 28 host generations.

(7) In the first experiment, male frequencies were recorded at
each second transfer step (every fourth host generation), while
worms were processed for transfer (Schulte ez 2/ 2010). At this
point, eggs were isolated from populations and purified using
alkaline hypochlorite:NaOH (Stiernagle 2006). Hatched larvae
were grown in the absence of pathogens to adulthood and
scored for sex. The relationship between males and hermaphro-
dites thus reflects the primary sex ratio as resulting from male
frequency, male mating activity and also the selfing rate of her-
maphrodites. In the second experiment, male abundance was
scored for frozen samples collected in regular intervals. In partic-
ular, a random sample per population was collected at host gen-
erations 0, 12, 18, 20, 24 and 28, subjected to alkaline
hypochlorite : NaOH treatment, grown under pathogen-free
conditions for two generations and then frozen at —80 °C. After
completion of the evolution experiment, frozen samples were
thawed and grown for one generation without pathogens on
peptone-free nematode growth medium (PFM), followed by
determination of the sex ratio. Samples were not available for
each population at each time point, resulting in 15-20 replicates
for the first, and 5-10 replicates for the second evolution experi-
ment per time point and treatment.

All other aspects of the evolution protocol were identical between
the two experiments, as described previously (Schulte ez a/. 2010).
In both cases, the evolving populations were maintained in ‘worm-
balls’. These consist of two plastic halves of a ball, filled with a thin
PFM layer, which are inoculated with the respective bacteria, fol-
lowed by addition of worms and closure of the two halves (Schulte
et al. 2010). Wormballs were used to minimise loss of nematodes,
which is typically high on standard petri dishes due to pathogen
escape behaviour. The two experiments were performed by differ-
ent experimenters in different locations (first experiment at Muen-
ster University; second experiment at Tuebingen University, both
Germany), resulting in additional random differences. As a conse-
quence, the two evolution experiments are fully independent.

Analysis of male and hermaphrodite resistance

Survival rate was measured as a proxy for resistance (Schulte e¢f .
2010; Wang et al. 2012), using 6-cm PFM plates and 100 pl. of
pathogenic B. thuringiensis (final concentration: 1.2 X 10° parti-
cles mL.™") and . coli (final concentration: 2 X 107 cells ranl).
To assess a possible increase in male mortality due to male—male
competition in single sex groups (Gems & Riddle 2000), a control
treatment was established using a mixture of non-pathogenic B. #hur-
ingiensis (final concentration: 1.2 X 108 particles mIfl) and E. coli
(final concentration: 2 x 107 cells mL.™"). £. w/i was always added

as food to ensure that mortality results from interaction with the
pathogen, but not starvation. Prior to experiments, nematode popu-
lations were thawed and grown for at least two generations to mini-
mise possible influences of freezing. Ten age-synchronised fourth-
stage larvae (L4), either all males or all hermaphrodites, were trans-
ferred to assay plates and survival was measured 48 h later for 15
replicates per gender under pathogenic, and five under non-patho-
genic conditions. Worms were considered dead if they did not
respond to touch.

We also determined host pathogen load (Wang e a/. 2012), using
6-cm PFM plates with 100 pL of the B. thuringiensis—IE. coli mixture
(concentrations as above), followed by addition of either 10 L4
males or 10 L4 hermaphrodites (15 replicates per treatment). Three
to five dead worms per plate were transferred after 48 h onto
microscopic slides, and photographed for body-size measurements
using IMAGEJ (http://rsb.info.nih.gov/ij/). Nematodes were repeat-
edly washed with 15-20 pL. H,O to remove bacteria adhering to
the cuticle. Worms from a given replicate were transferred into
100 pL. H,O in 1.5-mL tubes. The number of externally associated
bacteria that were still present was counted in the surrounding solu-
tion using counting chambers (0.1-mm depth). For each replicate,
bacteria were then extracted for the group of worms through soni-
cation (six 10-s cycles at 60 Hz), followed by 3-s vortexing with 3-
to 4 1-mm zirconia beads. Bacterial numbers were determined using
counting chambers as above. The infection load was calculated per
size-adjusted nematode and replicate by first subtracting the average
bacterial number in the surrounding H,O from the average bacterial
number extracted from worms per replicate, followed by division
by the number and average size of worms in a given replicate.
Some replicates were not considered in the final analysis because of
insufficient worm numbers (less than three).

Analysis of male sexual activity and resulting F1 male frequency

We tested whether pathogen exposure influenced male sexual activ-
ity, which positively correlates with male abundance due to the an-
drodioecious mating system and competitive superiority of male
sperm (LaMunyon & Ward 1995; Lopes ef al. 2008; Wegewitz ez al.
2008). For this, 3-cm PFM plates were seeded with 50 WL B. thurin-
giensis—E. coli mixture, containing either pathogenic or non-patho-
genic B. thuringiensis (concentrations as above), followed by addition
of three 1.4 males and three L4 hermaphrodites. After 24 h, the
number of scanning and mating males per plate was counted six
times ¢« every 45 min. The average of the six counts per plate and
male was used as a proxy for male sexual activity (20 and 23 repli-
cates for the pathogen and control treatments respectively). The
consequences of male sexual activity on male frequency in the next
generation were studied by scoring the sex of 100 randomly chosen
F1 offspring (14 and 13 replicates for the pathogen and control
treatments respectively).

Analysis of male and hermaphrodite escape behaviour

Caenorhabditis elegans expresses a strong pathogen escape response
(Schulenburg & Ewbank 2007). Sex-specific differences in this
response might limit availability of males for outcrossing, thus bias-
ing offspring sex ratio. Variation in pathogen escape was studied
using a modification of the previously described avoidance assay
(Hasshoff ez al. 2007). Forty microlitres of the B. thuringiensis—E. coli
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mixture (concentrations as above) was pipetted into the centre of a
9-cm PFM plate. Test bacteria were mixed with £. /i to reduce
worm escape caused by absence of food (Hasshoff ez a/ 2007). To
minimise return of escaped worms because of food deprivation, an
outer ‘food ring’ of 100 pl. £. c/i was pipetted onto the plate’s
boundaries. Individual L4 nematodes were placed into the middle
of the central lawn in the following combinations: one hermaphro-
dite, one male, 10 hermaphrodites, 10 males or a mixture of five
hermaphrodites and five males. These combinations served to assess
a possible bias in escape caused by presence of conspecifics, which
is known to influence nematode behaviour, especially that of males
(Gems & Riddle 2000; Lipton ef al. 2004; Chasnov et al. 2007).
Escape was measured towards either pathogenic or non-pathogenic
B. thuringiensis as the percentage of worms that left the central lawn
after 24 h (15 replicates pet treatment).

Analysis of resistance of offspring from self-fertilised or
outcrossed hermaphrodites

The resistance of offspring derived from selfed or outcrossed her-
maphrodites was studied using two independent experiments, pet-
formed by different experimenters in different locations:
Expetiment 1 at Tuebingen University and experiment 2 at Kiel
University. The experiments also differed in the degree of pathoge-
nicity expressed by nematocidal B. #huringiensis (see below). Resis-
tance was always compared between F2 offspring of selfed or
outcrossed hermaphrodites that went through one generation of sel-
fing during the F1 to minimise potential effects on resistance due
to mating, which may, for example, be caused by male-induced
harm (Gems & Riddle 1996; Wegewitz ez al. 2008).

For both experiments, selfed and outcrossed offspring were gen-
erated by adding either only hermaphrodites (experiment 1: two het-
maphrodites; experiment 2: six hermaphrodites) or a mixture of
males and hermaphrodites (experiment 1: four males and two her-
maphrodites; experiment 2: three males and three hermaphrodites)
to a 3-cm PFM plate inoculated with £. /i and non-pathogenic B.
thuringiensis. Virgin F1 L4 hermaphrodites were transferred to 6-cm
PFM plates (with non-pathogenic B. thuringiensis and E. coli) and
allowed to reproduce by selfing. F2 L4 hermaphrodites were either
exposed to pathogenic or non-pathogenic B. thuringiensis—E. coli mix-
tures on PFM plates (concentrations as above; 10 hermaphrodites
per replicate in experiment 1 and six in experiment 2). Freshly
thawed pathogenic B. thuringiensis were used in experiment 1,
whereas in experiment 2 the bacteria were maintained at room tem-
perature for « 2 days, resulting in reduced pathogenicity. Survival
was thus scored after 48 h in experiment 1 (25 replicates per treat-
ment) and after 120 h in experiment 2 (40 replicates per treatment).

Statistical analyses

Variation in male frequency across the evolution experiments was
assessed with a general linear model including generation and treat-
ment as fixed factors, and replicate nested within treatment as ran-
dom factor. The Wilcoxon rank sum test was used to assess
variations between males and hermaphrodites or between pathogen
and control treatments in host resistance, male sexual activity and
escape behaviour. In case of multiple testing for escape behaviour
analysis, we adjusted significance levels using the false discovery rate
(Benjamini & Hochberg 1995). The difference in either the mean or
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vatiance of sutvival between outcrossed vs. selfed F2 offspring was
examined with either the Wilcoxon rank sum or the Brown—Forsy-
the test, which both take into account that the data was nonpara-
metric. Statistical analyses were performed using jmMp 1IN 9.0 (SAS
Institute Inc.), and graphs were generated using SigmaPlot 12.0
(Systat Software Inc.).

RESULTS

Male C. elegans frequencies were scored during two fully independent
evolution experiments, which both comprised a coevolution and a
control treatment (Fig. 1). Both experiments consistently demon-
strated that coevolution leads to significantly reduced yet compara-
tively stable male frequencies of 10-20% if compared with control
conditions (/> 10, P < 0.0021; Fig. 2; Fig. S1 and Table S1).

To identify possible causes for the lower yet stable male frequen-
cies, separate focused experiments were performed, using nema-
todes from the genetically diverse starting population of the second
evolution experiment. We first tested whether lower male frequen-
cies might be due to lower male pathogen resistance. This hypothe-
sis was assessed by scoring survival and infection load as proxies
for pathogen resistance. Indeed, male survival was lower than het-
maphrodite survival in the presence of pathogenic B. thuringiensis
(£ = 2.06, P = 0.039; Fig. 3a), but not under non-pathogenic condi-
tions (£ =0, P> 0.99; average male and hermaphrodite survival
was 0.967 £ 0.033 and 0.956 £ 0.044 respectively). Similarly, males
were more heavily infected than hermaphrodites (Z = 2.22,
P = 0.0206; Fig. 3b).
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Figure 2 Male frequency over time across two fully independent evolution
experiments (a, b). The coevolution treatment is shown in red and the control in
grey (Fig. 1). The results are given as means with 2 x standard errors of the
mean (SEM), including per time point and treatment 15-20 replicates for the
first and 5-10 replicates for the second evolution experiment. The dashed grey
line indicates a male frequency of 10%.
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Figure 3 Male pathogen resistance and sexual activity. (a) Host survival on
pathogenic B. thuringiensis. (b) Host infection load. (c) Male sexual activity,
measured as the average number of males either courting or copulating with a
hermaphrodite. (d) Resulting male frequency in the F1 generation. Bars show
means with 2 X SEM; asterisks indicate significant differences.
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Figure 4 Escape behaviour for (a) hermaphrodites and (b) males. Escape was
evaluated in response to either pathogens (patterned boxes) or non-pathogens
(solid boxes) for single worms, 10 worms of the same gender or 10 worms of
50% hermaphrodites (H) and 50% males (M). Bars show means with 2 x

SEM. Asterisks in (b) indicate the treatments for which males and
hermaphrodites show significant differences. Crosses in (a) and (b) point to
significant differences between pathogen and control treatments for a particular
sex and group composition. The dashed grey line indicates an escape of 75% for
comparisons across panels.

We next asked whether pathogen exposure affects other traits
known to influence male frequencies. One of these traits is male
sexual activity, which affects male abundance because of the andro-
dioecious mating system. Indeed, the average number of males that
cither mated or courted hermaphrodites was lower under patho-
genic than control conditions (£ = 4.43, P < 0.001; Fig. 3¢c). More-
over, the decreased male sexual activity translated into lower male
numbers in the offspring generation (Z = 3.81, P < 0.001; Fig. 3d).

Another relevant trait is male-specific behavioural escape from
pathogens, which might limit availability of males for outcrossing.
Our analysis of this trait revealed an intricate behavioural response
contingent on gender type, presence of the pathogen and potential
mates (Fig. 4). In the treatments with only one of the genders, male
nematodes left non-pathogenic bacteria more frequently than her-
maphrodites (Z > 4.4, P < 0.0001, Fig. 4), whereas both avoided
pathogens at similar rates (Z < 0.9, P> 0.3, Fig. 4). This observa-
tion is consistent with previous reports of high male roaming activ-
ity in the absence of hermaphrodites, aimed at finding mates
(Lipton e al. 2004). Importantly, in mixed-gender groups that
reflected the conditions of the evolution experiment, almost 100%
of males escaped from pathogens, significantly more than observed
for hermaphrodites (£ = 3.57, P = 0.0003; Fig. 4).

We finally asked whether males — in spite of the above selective
disadvantages — may still provide a selective benefit by increasing
offspring resistance after male-dependent outcrossing. Offspring
were assayed in the F2 generation after having gone through one
generation of selfing to remove potential maternal effects associated
with outcrossing. The comparison was performed twice by different
experimenters in different locations using small differences in the
exact protocol. Both comparisons consistently demonstrated that
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Figure 5 Survival of progeny from outcrossed vs. selfed grandparents for two
fully independent experiments (a, b). In both experiments, survival was measured
under either pathogenic or control conditions for the F2 generation, derived
from cither outcrossed or selfed grandparents, including one generation of
selfing in the F1 to remove potential parental effects caused by mating. Bars
represent means with 2 x SEM and asterisks indicate significant differences in
the mean sutvival rate.
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outcrossing led to a significant increase in the mean but not the
variance of F2 offspring resistance (Comparisons of the means,
Z>22, P<0.025 Comparisons of the wvariance, [/ <3.1,
P> 0.08; Fig. 5). No significant differences were observed for the
controls (in all cases, P > 0.17; Fig. 5).

DISCUSSION

Our study provides experimental evidence for the potential impor-
tance of sex differences in host defence during host—parasite coevolu-
tion. It is based on the observation of male frequencies in two fully
independent evolution experiments and a subsequent systematic anal-
ysis of the selective advantages and disadvantages of males during
their interaction with parasites. The expetiments were performed with
genetically diverse starting populations and, thus, consider natural
variation in C. elegans, contrary to most work in this species. We con-
sistently found a reduction in male abundance when C. elegans was
experimentally forced to coadapt with its microparasite B. thuringiensis.
As male numbers were scored under pathogen-free conditions for
offspring of parents from the evolution experiments (first-generation
offspring for the first evolution experiment; third-generation off-
spring for the second evolution expetiment) and as C. elgans sex ratio
is considered to directly reflect outcrossing rates (e.g. Teotonio ef al.
2006, 2012; Lopes et al. 2008; Morran et al. 2011), we conclude that
coevolution causes a dectrease in outcrossing frequency. This finding
is in apparent contrast to the Red Queen hypothesis, which predicts
increased outcrossing rates during coevolution. Indeed, this predic-
tion was recently confirmed in a related C. elgans coevolution experi-
ment (Motran ¢ al. 2011). This experiment had a distinct focus and
differed in several aspects from our approach such as usage of: (1)A
different pathogen, S. marcescens; (2) C. elegans populations with a dif-
ferent genetic background that were additionally genetically manipu-
lated to express alternative reproductive modes; and (3)A different
selection environment, which forced worms to either resist or escape
S. marcescens in the pathogen treatments (Morran e a/. 2011). The
study identified an increase in male frequency during coevolution,
suggesting increased outcrossing. Outcrossing during coevolution
provided a selective advantage because it associated with increased
resistance (Morran ef al. 2011, 2012).

In our case, reduced male frequencies are explained by their low-
ered ability to cope with pathogenic B. thuringiensis. We identified
three key characteristics that are likely of relevance in this context:
reduced male resistance against B. thuringiensis, decreased male sexual
activity in the presence of the pathogen and possibly enhanced male
escape behaviour. The decreased sexual activity might have been a
direct consequence of lower male resistance, because it may con-
strain male performance during the mating process, starting with
initial perception of hermaphrodite sex pheromones, followed by
male movement towards hermaphrodites, localisation of the vulva,
male spicule insertion into the vulva and subsequent sperm transfer
(Barr & Garcia 20006). Nevertheless, low sexual activity should have
still amplified the effect on male abundance through the reduced
production of males in the offspring generation (e.g. LaMunyon &
Ward 1995). Furthermore, the enhanced escape behaviour of males
may have additionally biased sex ratio if it reduced male-hermaph-
rodite encounter and thus mating rates. Note that experimental evo-
lution was petformed in wormballs (Schulte ef @/ 2010) that
minimise, but may not fully exclude nematode escape responses
against pathogens.

© 2013 Blackwell Publishing Ltd/CNRS

Intriguingly, previous experimental analysis of C. elgans sex-ratio
evolution demonstrated that it is the reduction in male mating abil-
ity and the subsequent lower male abundance, which lead to rapid
loss of males from nematode populations (comparison of strains
N2, JU440 vs. CB4856, PX174, and strain N2 vs. CB4856 respec-
tively in Teotonio ez al. 2006; Wegewitz et al. 2008). The importance
of male mating ability on male abundance is corroborated by math-
ematical models (e.g. Cutter e¢f a/. 2003). These findings strongly
suggest that the male disadvantages recorded here and especially
their combination should have similarly caused male frequencies to
drop to values close to zero in the coevolving host populations.
This is still true if a low male immigration rate of 1.25% per genera-
tion is taken into account, which was part of the design of both
evolution experiments to prevent random loss of genetic variation
(see Materials and Methods): Previous evolution expetiments with
C. elegans populations of similar census size (100 individuals) dem-
onstrated that a comparable male immigration rate (1%) led to an
invasion success of below 3%, even if immigrant males had high
mating ability (males of genotype CB4856, Wegewitz e/ al. 2009).
Consequently, based on the currently available information, the
most parsimonious explanation for the observed lowered yet stable
maintenance of males at a frequency of more than 10% is that
males also provide a selective benefit in the presence of parasites.

One possible male benefit can be derived from the Red Queen
hypothesis, if male-dependent outcrossing increases offspring resis-
tance. The Red Queen hypothesis would thus still apply irrespective
of the lower male abundance during coevolution. In this case, male
benefits may be due to a so-called short-term effect (e.g. in case of
heterozygote advantage and the increased abundance of heterozyg-
otes through outcrossing) and/or a long-term effect (e.g. the
increase in recombination leads to a break-up of alleles with nega-
tive association, Agrawal 2000). The former would result in a higher
mean and the latter in a higher variance of pathogen resistance
(Agrawal 2000). Our results clearly support the first alternative
(Fig. 5). Therefore, we identified an indirect benefit for males. This
benefit seems to stem from a short-term advantage of outcrossing,
for example, as a consequence of heterosis in the presence of para-
sites. Our finding of a selective advantage of outcrossing is thus in
general agreement with the C. elgans coevolution experiment by
Mortran and co-workers (Morran e a/. 2011, 2012) — in spite of the
contrary observations on male frequencies.

In conclusion, our systematic analysis demonstrated that male
hosts can provide both a direct selective disadvantage and also an
indirect selective benefit in the presence of parasites. The direct dis-
advantage is most likely a consequence of intraspecific selective
constraints (e.g. sexual selection), whereas the indirect benefit is
important during interspecific selection among hosts and parasites.
Our results thus point to a conflict among intra- and interspecific
selective constraints. These opposing selective constraints are likely
to have acted jointly during our coevolution experiments and should
thus be responsible for the observed reduced yet stable male fre-
quencies.

What are the possible consequences of these two opposing selec-
tive constraints on host—parasite coevolution? Two main alterna-
tives are conceivable. The first possibility is that reduction in male
performance under pathogen pressure may result from a general
mechanism. For example, all males — irrespective of the undetlying
genotype — may reduce mating activity when parasites are present.
Chance then determines which male genotypes achieve successful
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matings. In the long term, low male mating activity and low out-
crossing rates should decrease genetic diversity and thus the adap-
tive potential of the host. This effect may, however, be
compensated for, if outcrossed rather than selfed offspring shows
higher resistance, as shown in this study. In this case, reduced out-
crossing rates may still allow the host to adapt to the evolving
antagonist, in general agreement with previous theoretical models
(Agrawal & Lively 2001), although adaptation may not be as fast as
under high outcrossing frequencies. The second possibility is that
reduction in male performance may be genotype specific. For
example, male host genotypes vary in resistance towards parasites.
In this case, only the resistant genotypes mate, thus resistance
alleles should spread faster through the host population, leading to
high adaptation rates. This effect may even be enhanced if out-
crossing on its own produces an increase in offspring resistance. In
case of C. elegans—B. thuringiensis coevolution, our published results
of the first evolution experiment (Schulte ez /. 2010) showed that
coevolved hosts increased in pathogen resistance, although the
increase appeared moderate. Moreover, male frequencies remained
low and did not increase again across time (Fig. 2), which they
should if outcrossing leads to higher resistance in both genders, as
specifically expected under the second alternative above. Therefore,
this particular case seems to be more consistent with the first alter-
native.

How widespread is the interference of these selective forces dur-
ing host—parasite coevolution? Irrespective of which gender shows
lower immunocompetence, the difference between the sexes leads
to a bias in the availability of genotypes in one sex. This influences
the potential for adaptation in response to outcrossing (see discus-
sion above). For C. elegans, it seems to depend on the pathogen,
which gender is more or less immunocompetent. For example, in
contrast to our results, male C. elgans showed higher resistance than
hermaphrodites towards a fungal pathogen (van den Berg e al
2006). The coevolution experiment by Morran and co-workers
revealed increased male frequencies during coevolution and higher
pathogen resistance for outcrossed populations. This suggests high
male resistance, although this trait was not analysed for each sex
separately, but rather for entire populations with variable sex ratios
(Morran ef al. 2011, 2012). More generally, sex-specific vatiation in
immune defence is expected to be common among animals. A
reduction in male immunocompetence is predicted by Bateman’s
principle (Rolff 2002), and it is indeed observed across a large vari-
ety of vertebrate and invertebrate taxa (reviewed in Nunn e7 al
2009; see also Aisenberg & Peretti 2011; Roth ez a/ 2011). Sex dif-
ferences in immunity may also result from other intraspecific influ-
ences such as higher parasite exposure of one sex due to
differential dispersal behaviour or host sex-dependent variation in
parasite virulence (Stoehr & Kokko 2006; Restif & Amos 2010).
For the full appreciation of host—parasite coevolutionary dynamics,
it is therefore essential to take into account these widespread sex-
specific variations in immunocompetence.

ACKNOWLEDGEMENTS

We thank Nils Anthes, Marsha Bundman, Sylvia Cremer, Thomas
D’Souza, Dieter Ebert, Patrick Gunther, Barbara Hasert, Martina
Hohloch, Gerrit Joop, Joachim Kurtz, Carsten Makus, David
Lahnemann, Olivia Roth, Anna Sheppard, Paul Schmid-Hempel,
Gregor Schulte, Thorsten Reusch and Henrique Teoténio for sup-

port and advice; Curt Lively, Olivier Restif, several anonymous ref-
erees and one editor for valuable comments on the manuscript; and
the German Science Foundation for funding within the priority
programme SPP1399 on host—parasite coevolution (grant SCHU
1415/8).

AUTHOR CONTRIBUTIONS

LM, RDS, GJ, NKM, HS devised the study; LM, RDS, NT, ST,
LLC performed the experiments; LM, RDS, LLC, GJ, HS analysed
the data; and LM, GJ, NKM, HS wrote the manuscript.

REFERENCES

Agrawal, AF. (2006). Evolution of sex: why do organisms shuffle their
genotypes? Curr. Biol., 16, R696-704.

Agrawal, A.F. & Lively, CM. (2001). Parasites and the evolution of self-
fertilization. Evolution, 55, 869—879.

Aisenberg, A. & Peretti, A.V. (2011). Sexual dimorphism in immune response,
fat reserves and muscle mass in a sex role reversed spider. Zookgy, 114, 272—
275.

Barr, M.M.Garcia, L.R. (2006). Male mating behaviour. In: WormBook (ed. The C.
clegans  Research Community). http://www.wormbook.org. doi/10.1895/
wormbook.1.78.1.

Bell, G. (1982). The masterpiece of nature. The evolution and genetics of sexuality.
University of California Press, Berkely and Los Angeles, California.

Benjamini, Y. & Hochberg, Y. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. /. R. Stat. Soc. B., 57, 289—
300.

van den Berg, M.C.W., Woerlee, J.Z., Ma, H.S. & May, R.C. (20006). Sex-
dependent resistance to the pathogenic fungus Crypococcus neoformans. Genetics,
173, 677-683.

Borgonie, G., van Driessche, R., Leyns, F., Arnaut, G., De Waele, D. &
Coomans, A. (1995). Germination of Bacillus  thuringiensis ~ spores  in
bacteriophagous nematodes (Nematoda: Rhabditida). /. Zuvert. Path., 65, 61—
67.

Chasnov, J.R., So, W.K., Chan, C.M. & Chow, K.L. (2007). The species, sex, and
stage specificity of a Caenorhabditis sex pheromone. Proc. Natl Acad. Sei. USA,
104, 6730-6735.

Cutter, A.D., Aviles, L. & Ward, S. (2003). The proximate determinants of sex
ratio in C. elegans populations. Genet. Res., 81, 91-102.

Ebert, D. (1998). Experimental evolution of parasites. Science, 282, 1432—-1435.

Ebert, D., Altermatt, F. & Lass, S. (2007). A short term benefit for outcrossing
in a Daphnia metapopulation in relation to parasitism. /. R. Soe. Interface, 4,
777-785.

Gandon, S. & Otto, S.P. (2007). The evolution of sex and recombination in
response to abiotic or coevolutionary fluctuations in epistasis. Genetics, 175,
1835-1853.

Gems, D. & Riddle, D. (1996). Longevity in Caenorhabditis elegans reduced by
mating but not gamete production. Nature, 379, 723-725.

Gems, D. & Riddle, D.I.. (2000). Genetic, behavioural and environmental
determinants of male longevity in Caenorbabditis elegans. Genetics, 154, 1597-610.

Hamilton, W.D. (1980). Sex versus non-sex versus parasite. Oikos, 35, 282-290.

Hasshoff, M., Bohnisch, C., Tonn, D., Hasert, B. & Schulenburg, H. (2007). The
role of Caenorhabditis elegans insulin-like signaling in the behavioural avoidance
of pathogenic Bacillus thuringiensis. FASEB J., 21, 1801-1812.

Hodgkin, J. & Doniach, T. (1997). Natural variation and copulatory plug
formation in Caenorbabditis elegans. Genetics, 146, 149—-164.

Hodgkin, J., Horvitz, HR. & Brenner, S. (1979). Non-disjunction mutants of the
nematode Caenorbabditis elegans. Genetics, 91, 67-94.

Hodgson, E.E. & Otto, S.P. (2012). The red queen coupled with directional
selection favours the evolution of sex. /. Evol. Biol., 25, 797-802.

Jokela, J., Dybdahl, M.F. & Lively, C.M. (2009). The maintenance of sex, clonal
dynamics, and host-parasite coevolution in a mixed population of sexual and

asexual snails. Am. Nat., 174, S43-53.

© 2013 Blackwell Publishing Ltd/CNRS



468 L. Masri et al.

Letter

Kerstes, N.A., Berenos, C., Schmid-Hempel, P. & Wegner, K.M. (2012).
Antagonistic  experimental coevolution with a parasite increases host
recombination frequency. BMC' Ewvol. Biol., 12, 18.

King, K.C., Delph, L.F., Jokela, J. & Lively, C.M. (2009). The geographic mosaic
of sex and the Red Queen. Curr. Biol, 19, 1438—-1441.

King, K.C,, Jokela, J. & Lively, C.M. (2011). Parasites, sex, and clonal diversity in
natural snail populations. Evolution, 65, 1474—1481.

Koskella, B. & Lively, C.M. (2009). Evidence for negative frequency-dependent
selection during experimental coevolution of a freshwater snail and a
sterilizing trematode. Evolution, 63, 2213-2221.

LaMunyon, C.W. & Ward, S. (1995). Sperm precedence in a hermaphroditic
nematode (Caenorbabditis elegans) is due to competitive superiotity of male
sperm. Experientia, 51, 817-823.

Lipton, J., Kleemann, G., Ghosh, R., Lints, R. & Emmons, S.W. (2004). Mate
searching in Caenorhabditis elegans: a genetic model for sex drive in a simple
invertebrate. /. Neurosci., 24, T427-7434.

Lively, C.M. (2010a). An epidemiological model of host-parasite coevolution and
sex. /. Evol. Biol., 23, 1490-1497.

Lively, C.M. (2010b). A review of Red Queen models for the persistence of
obligate sexual reproduction. /. Hered., 101, S13-20.

Lopes, P.C., Sucena, E., Santos, M.E. & Magalhaes, S. (2008). Rapid
experimental evolution of pesticide resistance in C. elegans entails no costs and
affects the mating system. PLoS ONE, 3, e3741.

Morran, LT., Schmidt, O.G., Gelarden, I.A., Parrish, R.C. 2nd & Lively, C.M.
(2011). Running with the Red Queen: host-parasite coevolution selects for
biparental sex. Seence, 333, 216-218.

Motran, L.T., Parrish, R.C. 2nd, Gelarden, L.A. & Lively, C.M. (2012). Temporal
dynamics of outcrossing and host mortality rates in host-pathogen
experimental coevolution. Ewolution, DOI: 10.1111/ev0.12007.

Nunn, C.L., Lindenfors, P., Pursall, R. & Rolff, J. (2009). On sexual dimorphism
in immune function. Phil. Trans. R. Soc. Lond. B., 364, 61—69.

Restif, O. & Amos, W. (2010). The evolution of sex-specific immune defences.
Proc. R. Soc. Lond. Ser. B-Biol. Sei., 277, 2247-2255.

Rolff, ]. (2002). Bateman’s principle and immunity. Proc. R. Soc. Lond. B,269, 867-872.

Roth, O., Scharsack, J.P., Keller, I. & Reusch, T.B. (2011). Bateman’s principle
and immunity in a sex-role reversed pipefish. /. Evol. Biol., 24, 1410-1420.

Salathe, M., Kouyos, R.D. & Bonhoeffer, S. (2009). On the causes of selection
for recombination underlying the red queen hypothesis. An. Nat., 174(Suppl
1), S31-42.

Schulenburg, H. & Ewbank, J.J. (2007). The genetics of pathogen avoidance in
Caenorhabditis elegans. Mol. Microbiol., 66, 563—570.

Schulte, R.D., Makus, C., Hasert, B., Michiels, N.K. & Schulenburg, H. (2010).
Multiple reciprocal adaptations and rapid genetic change upon expetimental

© 2013 Blackwell Publishing Ltd/CNRS

coevolution of an animal host and its microbial parasite. Proc. Natl Acad. Sci.
USA, 107, 7359-7364.

Schulte, R.D., Makus, C., Hasert, B., Michiels, N.K. & Schulenburg, H. (2011).
Host-parasite local adaptation after experimental coevolution of Caenorhabditis
elegans and its microparasite Bacillus thuringiensis. Proc. R. Soc. Lond. B, 278,
2832-2839.

Schulte, R.D., Hasert, B., Makus, C., Michiels, N.K. & Schulenburg, H. (2012).
Increased responsiveness in feeding behaviour of Caenorbabditis elegans after
experimental coevolution with its microparasite Bacillus thuringiensis. Biol. Lett.,
8, 234-230.

Stiernagle, T. (2006). Maintenance of C. elegans. In: WormBook (ed. The C. elegans
Research Community). http://www.wormbook.org. doi/10.1895/wormbook.
1.101.1.

Stoehr, A.M. & Kokko, H. (2006). Sex differences in immunocompetence: what
does life history theory predict? Bebav. Ecol., 17, 751-756.

Teoténio, H., Manoel, D. & Phillips, P.C. (2006). Genetic variation for
outcrossing among Caenorhabditis elegans isolates. Evolution, 60, 1300-1305.

Teoténio, H., Carvalho, S., Manoel, D., Roque, M. & Chelo, LM. (2012).
Evolution of outcrossing in expetimental populations of Caenorhabditis elegans.
PLoS ONE, 7, ¢35811.

Wang, J., Nakad, R. & Schulenburg, H. (2012). Activation of the Caenorbabditis
elegans FOXO family transcription factor DAF-16 by pathogenic Bacillus
thuringiensis. Dev. Comp. Immunol., 97, 193-201.

Wegewitz, V., Schulenburg, H. & Streit, A. (2008). Experimental insight into the
proximate causes of male persistence variation among two strains of the
androdioecious Caenorbabditis elegans (Nematoda). BMC' Exol., 8, 12.

Wegewitz, V., Schulenburg, H. & Streit, A. (2009). Do males facilitate the spread
of novel phenotypes within populations of the androdioecious nematode
Caenorhabditis elegans? J. Nematol., 41, 247-254.

SUPPORTING INFORMATION

Additional Supporting Information may be downloaded via the online
version of this article at Wiley Online Library (www.ecologyletters.com).

Editor, Gabriele Sorci

Manuscript received 10 October 2012
First decision made 13 November 2012
Manuscript accepted 9 December 2012



