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Introduction

Abstract

Enzyme polymorphism in phosphogluconate dehydrogenase (Pgdh) is a
striking example of single gene polymorphism involved in sexual conflict in
bulb mite Rhizoglyphus robini. Males homozygous for the S Pgdh allele
were shown to achieve higher reproductive success than FF homozygous
males, while negatively influencing fecundity of their female partners. Here,
we investigate proximate mechanisms responsible for the increased repro-
ductive success of SS males and find that the S allele is associated with
shorter time until copulation, higher copulation frequency and increased
sperm production. We also show that Pgdh alleles are probably codominant,
with SS males gaining the highest reproductive success, FF males — the low-
est — and FS-heterozygous males taking an intermediate position in all fit-
ness parameters differentiating males of different genotypes. Additionally,
we confirm the negative effect that S-bearing males impose on the fecundity
of females they mate with, showing a clear pattern of interlocus sexual con-
flict. We discuss that this effect is probably associated with increased copula-
tion frequency. Whereas, contrary to what we have predicted, the S allele
does not cause increased general male mobility, we speculate that the S
allele-bearing males are more efficient in forcing copulation and/or detecting
females.

on males often favours traits that increase male sperm
competitiveness (Chapman et al., 1995), facilitate coerc-

Evolutionary interests of males and females are usually
not the same, leading to different reproductive roles of
the sexes. This results in sexual conflict, where a trait
that is beneficial for one sex is detrimental to the other
(Parker, 1979). Sexual conflict may take one of two
forms. Intralocus sexual conflict is expressed when the
direction of selection on a shared trait changes depend-
ing on the sex (Chippindale ef al.,, 2001; Bonduriansky
& Chenoweth, 2009). Interlocus sexual conflict, on the
other hand, emerges when a trait that increases male
reproductive success simultaneously reduces the fitness
of their female partners (Parker, 1979; Chapman et al.,
2003; Arnqvist & Rowe, 2005). This is because selection
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ing females into mating (Arnqvist & Rowe, 2005) or
reduce the re-mating rate of the male’s partners (Rice,
1996) at the expense of female lifetime reproductive
success (Rice, 1996; Chapman et al., 1998, 2003; Arn-
qvist & Rowe, 2005; Edward ef a/, 2011; Brommer
et al., 2012).

Perhaps the best-described example of interlocus sex-
ual conflict is the existence of over 80 (Swanson et al.,
2001) seminal fluid proteins transferred to females
while mating in Drosophila melanogaster (Chapman et al.,
1995), which influence female behaviour and physiol-
ogy. These proteins allow the males to up-regulate the
females’ egg-laying rate (Chapman et al., 2003; Liu &
Kubli, 2003); reduce their re-mating rate (Chapman
et al., 2003; Liu & Kubli, 2003); and manipulate their
sperm retention and storage (Avila et al., 2010), feeding
rate (Carvalho et al., 2006), food preference (Ribeiro &
Dickson, 2010) and water balance (Cognigni et al.,
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2011), eventually shortening the females” lifespan and
lowering their fitness (Chapman et al., 1995, 2000;
Neubaum & Woltner, 1999; Heifetz et al., 2000; Chap-
man, 2001; Lung et al., 2002).

Because sexual conflict originates from anisogamy, it
is commonly observed in a wide range of sexually
reproducing species (reviewed in Chapman et al., 2003;
Arngvist & Rowe, 2005). Both intra- and interlocus
sexual conflict are also believed to play a substantial
role in a number of evolutionary processes, with the
latter being potentially important in the evolution of
reproductive isolation and speciation (Rice & Holland,
1997; Parker & Partridge, 1998; Rice, 1998; reviewed in
Gavrilets & Hayashi, 2005; Gavrilets, 2014), driving pat-
terns of genetic polymorphism in females (Franke et al.,
2002; Gavrilets & Waxman, 2002; Gavrilets & Hayashi,
2005; Hardling & Bergsten, 2006; Hayashi ef al.,, 2007)
and influencing the evolution of ageing and senescence
(Promislow, 2003; Bonduriansky ef al, 2008; Fricke
et al., 2013; see also Priest et al, 2008). In extreme
cases, sexual conflict can even lead to the extinction of
a population (Kokko & Brooks, 2005).

Given its ubiquity and importance in evolution, it is
extremely surprising that there are almost no examples
where variation in male reproductive success and in
male effects on female fitness can be linked with the
exact mechanisms of sexual conflict and genetic poly-
morphism associated with it (but see Herndon & Wolf-
ner, 1995; Filice & Long, 2016). Here, we investigate
proximate mechanisms of sexual conflict that are asso-
ciated with phosphogluconate dehydrogenase (Pgdh)
polymorphism in the bulb mite Rhizoglyphus robini
(Acari, Acaride), where the alternative alleles cause
large differences in male reproductive success, affecting
male sperm competitiveness. Furthermore, males bear-
ing the ‘winning” form of Pgdh have detrimental effects
on their female partners’ fitness, providing a spectacular
example of a gene involved in the sexual conflict
(Konior et al., 2006; tukasik et al.,, 2010).

Phosphogluconate dehydrogenase (Pgdh) is an
enzyme in the pentose phosphate pathway, which is an
alternative to the glycolysis pathway for converting glu-
cose. Unlike in glycolysis, no ATP is generated in this
pathway. Instead, the pentose phosphate pathway pro-
duces NADPH which is necessary for reduction transfor-
mations such as fatty acids synthesis (Murray et al.,
2003). Furthermore, the pentose phosphate pathway is
a source of ribulose-5-phosphate used for nucleotide
biosynthesis (Murray et al., 2003). Thus, by affecting
the rate of nucleic acid synthesis, different Pgdh forms
may differentially affect cell division and spermatogene-
sis rates. Polymorphisms between Pgdh variants have
been reported to influence the phenotype in plants and
animals by affecting such components of fitness as the
probability of survival and salinity resistance in the wild
(Stockwell & Mulvey, 1998; Conte et al., 2003).

Konior ef al. (2006) have demonstrated that males
homozygous for the Pgdh form which moves slower
during electrophoresis (SS) have ca. 50% advantage in
sperm competition with males homozygous for the
Pgdh form which moves faster during electrophoresis
(FF). Furthermore, they have shown that females
mated with FF males have ca. 30% higher fecundity
rate than females mated with SS males. These observa-
tions are consistent with the predictions of antagonistic
evolution models, according to which males achieving
the highest reproductive success (owing to their ability
to manipulate female preferences, behaviour or physiol-
ogy) should impose the most detrimental effect on
females (Holland & Rice, 1998).

Neither the mechanism of winning sperm competi-
tion nor of males’ detrimental effect on the fitness of
their female partners is yet known. The main aim of
this study was to attempt to reveal these mechanisms.
We predict that males with SS genotype in Pgdh genes
might produce a higher number of sperm cells, which
could be the explanation for their higher success
rate in sperm competition. Previous studies also indi-
cate that frequent copulations decrease female fitness
(Kotodziejczyk & Radwan, 2003), which leads us to a
prediction that SS males are more mobile and, hence,
copulate more frequently, than FF males. This could
be a possible mechanism of the detrimental effect on
females imposed by SS males.

Materials and methods

Pgdh genotyping

Using transcriptomic data generated in another project
(Stuglik et al., 2014), we obtained a sequence of the
Pgdh region for R. robini. Based on this 527-nucleotide-
long sequence, we found four SNPs which were differ-
ent between individuals with alternative enzyme forms.
Using these sites, we designed PCR primers allowing to
differentiate between Pgdh genotypes. However, none
of the primer pairs allowed the differentiation of all
possible Pgdh genotypes (SS, FS and FF). Thus, we
decided to use the three primers enabling us to differ-
entiate individuals possessing F allele (SF and FF) from
those lacking it (SS). The following sequences were
used: 5'-GCCATTTCAGCATTGGACTT-3', 5-AATAGTIT
TGTTCACACGTACCC-3' and 5'-AATAGTTTTGTTCACA
CGTACCA-3'. To discriminate FF from SF genotypes,
every individual whose genotype we were going to
assess was mated with an individual from the base pop-
ulation in which the S allele is fixed. Based on the
presence of SS homozygotes in offspring, we were able
to assess the genotype of the individual (for SF
heterozygote, about half of the offspring were SS
homozygotes; for FF homozygote, there were no SS
homozygotes among offspring).
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Establishment of experimental population with
increased frequency of F allele

Ten natural bulb mite populations from ditferent loca-
tions were tested for Pgdh polymorphism. Twenty indi-
viduals from each of these populations were genotyped,
and both alleles were detected in one of them—a popu-
lation from Mielec, Poland—which was used to estab-
lish an experimental population for further
experiments. In this population, six individuals (of 20
that were genotyped) were shown to possess at least
one F allele. We collected ca. 100 individuals from the
Mielec population and allowed them to propagate in
standard laboratory conditions (24 °C, > 90% humidity,
constant darkness, powdered yeast provided ad libitum
as a food source) for one month, which is enough for
mites to complete two generations. After this time, we
assessed the Pgdh genotype of 40 females (females are
larger and, therefore, it is easier to extract DNA in
quantities sufficient for PCR). We found that the pro-
portion of F allele was 26% (23 SS individuals, 13 SF
individuals and four FF individuals).

Previous research (Konior et al., 2006) showed that
the F allele is removed by selection from laboratory
populations very quickly because of the higher repro-
ductive success of males with the S allele. To obtain a
population with a high frequency of the F allele, we
selected 100 pairs of individuals from our experimental
population and allowed them to reproduce in individ-
ual vials, thereby eliminating reproductive competition
between males. After 7 days, we assayed all parents for
the presence of the F allele. In 36 pairs, at least one
parent was the bearer of the F allele. To obtain an
experimental population with an elevated proportion of
the F allele, we used the offspring of these 36 pairs. We
allowed such a population to expand freely for an addi-
tional month to obtain a sufficient number of individu-
als for the main experiments.

Male mating behaviour and general mobility

In the experiments, we used naive males—males which
were isolated and housed in individual vials before
reaching adulthood and hence virgin. To obtain such
males, we randomly selected 50 previously mated
females from the experimental population and allowed
them to lay eggs for 2 days in a common container. On
the third day, the females were removed and the eggs
were allowed to develop in the absence of adult indi-
viduals. After the emergence of tritonymphs (the last
juvenile stage of the bulb mite), they were isolated to
individual vials and allowed to reach the adult stage.
Experimental observations were conducted 3-5 days
after the adults emerged.

Each naive male from the experimental population
(117 males in total) was mated with a virgin female
from the stock population (homozygous for the S allele)
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in a fresh vial. Such a pair was observed for 3 h under
a stereomicroscope. To determine differences between
males in mating behaviour, we noted latency to the
first copulation and the number of copulations. Latency
to the first copulation was treated as a proxy of male
effectiveness in finding female partner. Number of cop-
ulations was predicted to vary between males differing
in Pgdh genotype due to possible changes in metabo-
lism. After observations, the pairs were left for addi-
tional 7 days for further observations.

To assess copulation frequency in longer periods of
time, we checked all vials four times a day on days 2, 4
and 6 (checked every 2 h, in total, 12 checks per vial)
and noted whether pairs were in copula or not. On
those days, after the fourth observation, the pairs were
moved to fresh vials to prevent high egg densities. All
the vials were kept for further egg number assessment
(see the next subsection).

To assess the general mobility of males, we observed
each male for 5 min on days 3, 5 and 7 and noted the
amount of time for which the male was actively mov-
ing. If the male was in copula during our checks, we
skipped such a vial and came back to it later, as we
were interested in the amount of time that males spent
voluntarily on seeking females and food. In further
analysis, we used the mean male mobility during those
three checks as a proxy of general male mobility which
was predicted to be affected by male genotype.

After 7 days of interaction, the adults were removed.
All the males were genotyped, whereas females were
discarded. As we were interested in male genotypes
and therefore needed the males’ offspring, we trans-
ferred 14 eggs from each pair to a new container and
allowed them to develop before genotyping. If there
were less than 14 eggs, all eggs were left for further
development. In nine cases of 117, females did not lay
any eggs, so we excluded those observations from fur-
ther analysis as we could not assess the male Pgdh
genotype.

Confirmation of negative influence of males with the
S allele on fecundity of females

Previous research showed that males bearing the S
form of Pgdh are harmful to females and reduce their
fecundity in monogamous matings (Konior et al.,
2006). We wanted to confirm these findings by assess-
ing the female fecundity after 7 days of constant inter-
action with males differing in their Pgdh genotypes.

To assess female fecundity, we counted eggs laid by
females used in the previous experiment after 7 days of
interaction with a single male. Seven-day oviposition
period is representative of a female’s lifetime egg pro-
duction, as oviposition rate is constant during the first
3 weeks when the females manage to lay the vast
majority of their eggs (Konior ef al., 2001; Tilszer et al.,
2006). The cases in which female did not lay eggs (nine
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females of 117) were excluded from further analysis, as
we could not differentiate male and female infertility in
our design and were unable to assess the male geno-

type.

Sperm production

To assess the number of sperm produced by males dif-
fering in the Pgdh form, we mated males from the
experimental population with five females each, to
avoid male fertility limitation by female fecundity.
Females of R. robini do not lay unfertilized eggs, so the
number of laid eggs is a good estimation of the sperm
amount transferred by a male (Radwan & Siva-Jothy,
1996). To obtain same-age males, we selected 100 pre-
viously mated females from the experimental popula-
tion and allowed them to lay eggs for 24 h. After this
period, females were removed and eggs were allowed
to develop. After 14 days, when all individuals were
mature and had time to interact, we isolated 63 males
to individual vials to allow them to restore their sperm
supplies. After 3 days, we mated each male with five
virgin females from the stock population obtained by
isolating tritonymphs and keeping them separately prior
to the experiment. Such groups stayed together for
5 days, after which males were removed from the vials
and females were left for another 2 days of oviposition.
After 7 days, females were also removed and the num-
ber of eggs laid by the females was scored. Males were
then genotyped for Pgdh.

Statistics

To test the influence of genotype on latency to first
copulation, we used Kruskal-Wallis test owing to the
abnormal distribution of the data. Analysis was carried
out using observations for 108 males.

The influence of male genotype on the number of
copulations during the continuous observation was
assessed using Generalized Linear Model with the num-
ber of copulations as a dependent variable and male
genotype as a fixed factor with a quasi-Poisson distribu-
tion of errors. Analysis was carried out using observa-
tions for 108 males.

Male genotype effects on mating frequency in a
longer period of time were analysed using ancova, with
mating frequency (proportion of matings to all controls)
as a dependent variable, male genotype as a fixed factor
and male mean mobility as a covariate. Analysis was
carried out using observations for 108 males.

Male genotype influence on female fitness was
checked using anova with female fecundity as a depen-
dent variable and male genotype as a fixed factor. Anal-
ysis was carried out using data for 108 pairs.

To test the influence of male genotype on the num-
ber of sperm produced, we used anova with the number
of eggs laid by females as a dependent variable and

male genotype as a fixed factor. Analysis was carried
out using data for 63 males.

To test for the differences between particular geno-
types, we applied post hoc tests. The Nemenyi post hoc
test was used for the analysis of latency to copulation.
In all other cases, Tukey’s HSD test was used.

All statistical analyses were performed in R version
3.4.1 (R Development Core Team, 2017). Normality of
model residuals was inspected visually using Q—Q plots,
and homoscedasticity of variance was ensured by
inspecting plots of residuals vs. fitted values (Crawley,
2012).

Results

Male mating behaviour and general mobility

Latency to first copulation was significantly influenced
by male genotype (y*=61.673, d.f.=2, N =108,
P < 0.001, Fig. la). Post hoc analysis (Nemenyi test)
revealed that all genotypes differed significantly from
each other (FF-FS: P = 0.0007, SS-FS: P = 0.0005, FF—
SS: P <0.001). As expected, SS males started copula-
tions in the shortest time (mean + SE = 1606.76 +
34.41 s), FF males had the longest latency to first copu-
lation (2302.36 + 37.91 s), and an intermediate result
was observed with heterozygous males (1928.69 £+
37.26 s).

Furthermore, the number of copulations during con-
stant observation was significantly influenced by male
genotype (Fs105 = 5.454, P = 0.005, Fig. 1b). Tukey’s
HSD test revealed that S-homozygous males copulated
significantly more frequently than F-homozygous males
(P = 0.003) with heterozygous males showing an inter-
mediate frequency; however, difference between
heterozygous males and both types of homozygotes was
not significant (SS-FS: P = 0.256, FF-FS: P = 0.253).

Male genotype significantly influenced the frequency
of copulations measured in longer periods of time
(F2,104 = 6.169, P =0.002, Fig. 2a). However, mean
male mobility did not affect copulation frequency
(F1,104 = 2.314, P=0.131, Fig. 2b). Again, SS males
had the highest frequency of copulations, FF males had
the lowest, and FS males showed intermediate results.
The difference between homozygotes was statistically
significant (P = 0.002), whereas the differences
between both types of homozygotes and heterozygotes
were not (SS-FS: P = 0.069, FF-FS: P = 0.489).

The influence of male genotype on fecundity of
females

Female fecundity was significantly altered by male Pgdh
genotype (F, 105 = 9.296, P < 0.001). Females mated to
F-homozygous males laid the highest number of eggs
and those mated with S-homozygotes laid the lowest
number of eggs. Females mated with heterozygotes

© 2018 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 31 (2018) 657-664
JOURNAL OF EVOLUTIONARY BIOLOGY © 2018 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



W (a) | kKKK |
c XXk * k%
§ 3000 | ! :
<
>
2500
Q. . .
£ 2000 ' == N
9 .. .. . .
> 1500 . *‘"’ N
3 :
C
5 .
© 1000
FF FS SS
Male genotype
(b) : *% |
) n.s n.s
< [ Il ]
9 s R
S .
3
o 6 ‘ )
o
5
@
O
e o2 e
>
E | T
FF FS SS

Male genotype

Fig. 1 Latency to copulation (a) and number of copulations
during constant observation period (b) for males differing in Pgdh
form. Raw data and boxplots are presented. Asterisks represent
differences between genotypes revealed in post hoc tests [Nemenyi
test (a) and Tukey’s range test (b)]. Model details are presented in
Materials and Methods section. Significance levels are < 0.01 (**),
< 0.001 (***), < 0.0001 (****). Abbreviation n.s stands for
nonsignificant difference.

showed intermediate fecundity (Fig. 3). The differences
in fecundity between females mated to FF males
and FS males and between females mated to FF
males and SS males were statistically significant
(P=0.009 and P < 0.001, respectively), whereas the
difference between females mated to SS males and FS
males was not significant (P = 0.614).

Sperm production

Sperm production was significantly influenced by male
genotype (F,¢0 = 5.624, P = 0.006) with SS males pro-
ducing the highest number of sperm and FF males the
lowest number. FS males again showed intermediate
values (Fig. 4). However, only the difference between
two types of homozygotes was statistically significant
(P =0.004), whereas the others were not (FF-FS:
P =0.159, SS-FS: P = 0.331, Fig. 4).
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Fig. 2 Copulation frequency (a) and mean male mobility (b) for
males differing in the Pgdh form during the 7-day trial. Raw data
and boxplots are presented. Asterisks on panel A represent
statistically significant differences between genotypes. Model
details are presented in Materials and Methods section.
Significance level is < 0.01 (**). Abbreviation n.s stands for
nonsignificant difference.

Discussion

Even though interlocus sexual conflict is predominant
in nature, surprisingly few studies have identified its
genetic background. Thus, enzyme polymorphism in
phosphogluconate dehydrogenase (Pgdh) is a striking
example of single gene polymorphism involved in a sex-
ual conflict. Nevertheless, proximate mechanisms under-
lying its effect on male and female fitness have not been
identified so far. In the present study, we investigate
mechanisms explaining the increased reproductive suc-
cess of males bearing the S allele of Pgdh and their detri-
mental effects on female fitness. We demonstrate that
Pgdh genotype affects several male traits, including the
production of sperm and behavioural traits.

We show that the S allele of Pgdh is responsible for
increased production of sperm. This confirms earlier
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Fig. 3 Fecundity of females mated to males differing in the Pgdh
form during the 7-day trial. Raw data and boxplots are presented.
Asterisks represent statistically significant differences between
genotypes. Model details are presented in Materials and Methods
section. Significance levels are < 0.01 (**) and < 0.001 (¥**).
Abbreviation n.s stands for nonsignificant difference.
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Fig. 4 Number of eggs fertilized by males differing in the Pgdh
form (Rhizoglyphus robini females do not lay unfertilized eggs;
hence, number of laid eggs is a good proxy for number of
produced sperm). Raw data and boxplots are presented. Asterisks
represent statistically significant differences between genotypes.
Model details are presented in Materials and Methods section.
Significance levels is < 0.01 (**). Abbreviation n.s stands for
nonsignificant difference.

suggestions that higher sperm production is a possible
mechanism of elevated sperm competitiveness of SS
males in comparison with FF males reported in previ-
ous studies (Konior et al., 2006; tukasik et al, 2010).
However, it is uncertain whether this is the only factor
that differentiates sperm produced by different Pgdh
genotype males. For example, our design does not
allow to rule out the possibility that increased sperm

production by SS males is accompanied by increased
sperm quality (e.g. large size (Radwan, 1996) or higher
viability of sperm). Further investigation of this prob-
lem could possibly involve measurements of various
sperm parameters.

We also demonstrate that Pgdh genotype influences
male behaviour, being another cause of the different
reproductive success of males with different Pgdh vari-
ants. Males bearing the S allele are more efficient in
initiating copulation and copulate more frequently than
those lacking it. Frequent copulations may be associated
with deleterious effect imposed by SS males on their
female partners (Konior et al., 2006; this study) as mul-
tiple matings have been shown to be deleterious to
females in R. robini (Kotodziejczyk & Radwan, 2003)
and some other species. For example, in Drosophila
grimshawi, males exhibiting higher courtship vigour
have a higher probability of mating, but they also nega-
tively affect female fecundity (Droney, 2003). Similarly,
in D. melanogaster, repeated mating is costly to females
(Chapman et al., 1995). Larger males, which mate more
often, cause the highest reduction in female fitness (Fri-
berg & Arnqvist, 2003). Interestingly, in our study,
increased frequency of copulations of SS males was not
associated with elevated general mobility of these
males, ruling out the possibility that SS males mate
more frequently just because they move more and sim-
ply encounter females more often. It may suggest that
males with an advantageous form of Pgdh are more
effective in detecting females and/or in forcing females
to copulate. However, verifying these hypotheses needs
further experimental effort.

Our results suggest codominance of Pgdh alleles. S-
homozygous males start copulation sooner, copulate
more frequently and produce more sperm that F-homo-
zygous males, whereas SF heterozygotes show an inter-
mediate value in all of these measurements. Although
differences between all three genotypes were statisti-
cally significant only in the case of latency to first copu-
lation, our results show a clear and repeatable pattern.
Similarly, in an earlier study, Eukasik et al. (2010)
found that sperm competitiveness of FS males was
lower than that of FF males and higher than that of SS
males. However, the difference between FS and both
homozygotes was also not statistically supported.

The fact that the effects of both alleles are present in
heterozygotes (codominance) clearly affects the dynam-
ics of the F and the S allele frequencies. As the F vari-
ant quickly declines and becomes lost from populations
under laboratory conditions (Konior ef al.,, 2006; fuka-
sik et al., 2010), the S allele advantage in male competi-
tiveness has to outweigh the costs associated with
fecundity decline of their partners. This is often the case
in nonmonogamous populations in which males mate
with multiple females. As mites are highly promiscu-
ous, copulations are frequent in large, dense laboratory
conditions and males bearing the S allele are indeed
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likely to rapidly outcompete rivals. Interestingly, in nat-
ural populations of R. robini, both alleles might be
maintained. Konior ef al. (2006) reported two popula-
tions in which F allele proportion was 0.22 and 0.34,
respectively. It was also shown that alleles frequencies
vary substantially among populations and years
(Eukasik et al,, 2010) although exact mechanism driv-
ing those differences was not shown. It would be inter-
esting to see whether females are able to evolve
counter-adaptations reducing harm induced by S males
on their fecundity (as predicted by the theory of sexual
conflict; Rice, 1998; Arnqvist & Rowe, 2002; Wigby &
Chapman, 2004) or whether they could evolve a pref-
erence for FF males in Pgdh polymorphic populations.

The mechanisms maintaining Pgdh polymorphism in
nature are still a puzzle and need investigation. Further
studies of this problem should shed more light on the
conditions under which polymorphism of genes under
sexual conflict (and thus sexual conflict itself) is main-
tained and on the forces sustaining genetic variation in
general.
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