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In dioecious parasite species, genetic structure can dif-
fer between sexes, as recently demonstrated for the
digenetic trematode Schistosoma mansoni and the
ectoparasitic tick Ixodes ricinus. This article presents
some of the methods that allow detecting such a pat-
tern in natural populations. The proximate and ultimate
factors that potentially generate a sex-specific genetic
structure are discussed, as are evolutionary and epi-
demiological consequences for dioecious parasites
and vectors.

Successful transmission of parasites from one generation
to the next involves three sequential steps: (1) establish-
ment of infection; (2) development and reproduction in
or on the host; and (3) dispersal of propagules to new
infection sites [1]. Characteristics of these steps can differ
among species, leading to differences in their respective
POPULATION GENETIC STRUCTURE (see Glossary) [2,3].
Differences in traits related to transmission can also
be expected between two populations of the same species
(e.g. if the host species or environments are different
among populations), and even between distinct groups
within the same population, shaping thus a group-specific
population structure. Males and females, in dioecious
species, represent good candidates for such groups.

Sexes are often submitted to different selection pres-
sures and, as a consequence, display variable life history
traits (see, for example, Ref. [4]). Some of these traits can
substantially affect the distribution of genetic variability
and lead to sex differences in population genetic structure.
This possibility is very well documented in some verte-
brates where differences in juvenile dispersal rate between
males and females were shown to generate a sex-specific
genetic structure in adult populations (see Refs [5-7]
for details about conditions where sex-specific genetic
structure is expected to occur under sex-biased dispersal
patterns).

Numerous parasite species are dioecious. This is the
case for some Trematoda (e.g. Schistosoma mansoni, the
cause of intestinal human schistosomiasis), the majority
of Nematoda [e.g. Ascaris lumbricoides (human ascaris),
Onchocerca volvulus (river Dblindness)], all Acantho-
cephala [e.g. Onicola canis (thorny-headed worm of dogs
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and cats)] and Acaria (e.g. ticks). Some of these parasites
could present sex differences in transmission patterns
(establishment, development, dispersal) (see Ref. [8] for
S. mansoni) and, thus, potentially display a sex-specific
genetic structure, as already demonstrated for two very
different parasite species: S. mansoni, a water-dependent
endoparasite [9], and Ixodes ricinus, a terrestrial ectopara-
site [10]. In both cases, male allele frequencies observed
from microsatellite markers were significantly more simi-
lar among samples than were female-allele frequencies.

How to detect sex-specific genetic structure?

The genetic structure is sex-specific when the distribu-
tion of the genetic variability observed from neutral
AUTOSOMAL GENETIC MARKERS differs between males and
females. Therefore, a comparison between classical para-
meters (e.g. Wright’s F-statistics [11]) (Box 1) describing
how alleles are distributed within and among males and
females is a way to detect a sex-specific genetic structure.
Complementary approaches, based on recently described
individual ‘assignment indices’, are also able to detect this
phenomenon [6,7] (Box 1).

Glossary

Allelopathy : Production of toxic chemicals to suppress the growth and/or
survivorship of local competitors.

Altruism : Refers to actions of one individual that increase the survival and
reproduction of another individual, the recipient of altruism, and decrease the
survival and reproduction of the altruist.

Arms race : In host-parasite systems, an arms race designates the fact
that hosts evolve defenses against parasites, and parasites evolve
countermeasures to overcome them.

Autosomal genetic marker : A gene located on an autosome (not on a sex
chromosome).

Genetic differentiation : Two populations are genetically differentiated when
they present different allele frequencies at the considered loci.

Inbreeding : Refers to the process of mating with a relative.

Local competition : Designates competition among relatives of the same sex
for a limiting resource (e.g. mating partners or breeding sites).

Philopatry : Refers to individuals that stay or return to their natal site or group
to breed.

Population genetic structure : Defined as the total genetic diversity and its
distribution within and among populations.

Proximate factors : Characterize the physiological and behavioural mechan-
isms involved in an adaptation; describe how an adaptation operates by
opposition to ultimate factors.

Ultimate factors : Correspond to the evolutionary factors that determine the
direction of evolution of a particular trait; describe ‘why’ an adaptation should
arise.
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Box 1. Parameters to compare male and female population
genetic structure obtained with autosomal markers

For each parameter presented below, expectations are given for the
case where males and females display differential dispersal rates.
Thedispersing sexis designated ‘D’ and the philopatricone ‘P’. All the
parameters described here are available in the software Fstat V. 2.9.3
(updated from Ref. [32]), which can be downloaded for free from:
http://www.unil.ch/izea/softwares/fstat.html

Locus-based parameters

e F;s measuresthe discrepancy within samples between the observed
and the expected heterozygosity under Hardy—Weinberg expec-
tations [11] {F;s (D) > F;s (P)}.

e F, measures the extent of genetic differentiation between
samples [11] {Fs; (D) < Fs (P)}.

o Relatedness (r) measures the average relatedness within samples
when compared with the whole population [33]. It is connected to
Fg through the relation r = 2F;/(1 + Fi;){r(D) < r(P)}. Note that F;;
(the discrepancy between the observed and expected hetero-
zygosity under Hardy—-Weinberg expectations in the overall
population) is linked to Fg; and F;s by the formula: (1 - F;) =
a- Fis)(1 - Fst)~

Individual-based parameters: assignment indices
An individual assignment index (Al) corresponds to the expected
frequency of its multilocus genotype within the population where it
was collected [34]. A rough comparison in Al between individuals
sampled in different populations is rendered inaccurate when
those populations differ in genetic diversity. Thus, Al is corrected
(Alc) by subtracting from its value the average probability computed
among all individuals sampled in the population. Two indices can
be used to detect sex-specific genetic structure: the mean (mAlc)
and the variance (vAlc) of the corrected assignment index [7]
{mAlc (D) < mAlc (P)}; {vAlc (D) > vAlc (P)}.

The respective power of these different statistics is highly
dependent on sampling, dispersal rate, intensity of the dispersal
bias and population structure (see Ref. [7] for details).

The comparison between male and female biparentally
inherited markers (e.g. microsatellites) generally relies on
a particular sampling scheme of individuals among sub-
populations. Indeed, alleles are randomly transmitted to
both sexes (i.e. no difference is ever expected between
male and female genetic structure in newborn offspring).
In other words, sex-specific genetic structure must be
recreated each generation. It is thus crucial to sample
those individuals that survive the step where males and
females differ from one another; otherwise, the ability to
detect sex-specific genetic structure is reduced [6,7].
Detecting that crucial step where sex-specific genetic
structure is recreated at each generation requires samp-
ling individuals within cohorts and then comparing results
from one cohort to the next.

Another way to infer sex-specific genetic structure
comes from the comparison between markers with dif-
ferent mode of inheritance (e.g. uniparentally versus
biparentally inherited markers) [6]. The justification of
this approach is that, for uniparentally inherited markers
[e.g. mitochondrial DNA (mtDNA) or Y-linked markers],
one sex does not transmit them to its offspring. By con-
trast, for biparental markers, both sexes contribute to the
genetic diversity of the progeny. In this respect, differences
in the level of genetic structure between the two kinds of
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markers can be expected under certain conditions. For
example, for species in which females are philopatric and
males disperse, GENETIC DIFFERENTIATION between popu-
lations is expected to be higher when estimated using
maternally inherited markers (e.g. mtDNA markers) than
using biparental markers. However, such methods still
raise many statistical and practical problems, and so need
to be interpreted cautiously [6]. Indeed, differences in
population differentiation between markers could also
result from differences in their respective mutation
rates, effective sizes and recombination rates (for review,
see Ref. [6]).

Potential proximate factors
Sex-specific genetic structure is a pattern recurrently
found in free-living organisms and particularly in verte-
brates. Encountered in mammals [5,12], birds [13,14],
reptiles [15] or fishes [16], it is generally due to sex dif-
ferences in juvenile dispersal. Male mammals often disperse
more than females [17], thus leading to a more uniform
allele distribution among sub-populations in males than in
females. Conversely, the opposite pattern is generally found
in birds where females disperse more than males [18,19].
Parasite dispersal from one host or population to
another occurs: (1) during free-living stages; (2) as
passively carried by a host; or (3) through an active
manipulation by the parasite of its host behaviour [20]. All
these dispersal routes raise a possibility for a sex differ-
ence in migration, hence in population genetic structure.
Sex-specific dispersal abilities in free-living stages of a
parasite species are possible. Cases where immature male
and female parasites differ in their preference among
hosts with different mobility might also lead to sex-specific
genetic structure. This phenomenon was assumed to explain
the genetic patterns observed in I. ricinus [10]. Finally, we
can speculate that a sex difference in host manipulation,
where parasites induce host dispersal to achieve their own
dispersal, should conduct to similar patterns.
Sex-specific genetic structure can also arise as a conse-
quence of sex- and genotype-specific selection processes
occurring during recruitment or establishment phases.
Competitive exclusion between individuals of one sex
could be one of these processes. For example, we suppose
that individuals of one sex could have evolved mechanisms
(e.g. ALLELOPATHY) to prevent the installation of either
related or unrelated individuals. Indeed, Brown and
Grenfell [21] demonstrated, with simulation models, the
theoretical feasibility for established adult schistosomes
to manipulate adaptively their host immune system to
enhance the exclusion of larval competitors. Moreover,
because of within-sex competition, they argued that induced
immune responses might well turn out to be sex-specific,
whether immunity targets kin or non-kin competitors. The
resulting truncation of the genetic diversity of one sex
would thus generate a sex-specific genetic structure. This
hypothesis remains to be tested, but it is noteworthy
that Prugnolle and collaborators [9] effectively observed a
sex-specific genetic structure in S. mansoni that cannot
easily be explained by sex dispersal differences per se.
Whatever the PROXIMATE FACTORS involved (sex-biased
dispersal or competitive exclusion processes), a sex-specific
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genetic structure is not a stable state in time because in
offspring the difference between males and females does
not exist anymore, given that they inherit randomly
chosen alleles from their parents. Therefore, it is import-
ant to note that a sex-specific genetic structure is stable
across generations only if the proximate factors operate
recurrently at each generation.

Potential ultimate factors

Dispersal rate ultimately evolves as a compromise between
costs (e.g. difficulty to find proper new sites, mortality
during migration, non-acquaintance to foreign territories
or mates), and benefits (e.g. avoidance of INBREEDING
and/or kin competition) [22]. Sex-biased dispersal is thus
expected as soon as the cost—benefit balance differs between
sexes [23]. As such, if sex-biased dispersal prevents strong
inbreeding in any case, other ULTIMATE FACTORS potentially
interfere [23].

A sex difference in the intensity and/or susceptibility to
LOCAL COMPETITION for mates or for resources is one of
these factors [24]: the sex submitted the most to local
competition would disperse the most. So, a male-biased
dispersal could have been selected for in dioecious para-
sites in which male—male local mate competition is
supposed to be strong (see, for example, Ref. [25]).

An alternative would be a sex difference in the sus-
ceptibility to dispersal costs [18]: the sex that benefits the
most from its familiarity to its natal territory would
disperse the least. This arises when philopatric indivi-
duals make better use of local resources (translated into
higher fecundity) or have a greater probability to mate
than immigrants of the same sex. Some parasitoids could
be good candidates for this scenario in that finding a
suitable host appears to be a formidable task [26]. When
hosts are gregarious and confined to certain patches of the
environment, it could indeed be advantageous for females
to stay in the patch where they emerged (i.e. to evolve
toward stronger PHILOPATRY than males). Co-operation
and reciprocal ALTRUISM could also provide stronger philo-
patry benefits to one sex than to the other one when
territory owners are less aggressive towards related than
towards unrelated intruders (e.g. Ref. [27]; see, however,
Ref. [28]). Here, local settlement is facilitated by acquain-
tance not with territory, but with relatives of the same sex.
This mechanism was possibly assumed to explain why,
within hosts, S. mansoni females are more related to one
another than are males [9]. To confirm this hypothesis, it
would be necessary to test whether settled S. mansoni
females could disfavor the settlement of unrelated female
competitors. Some parasitoid females are also known to
defend hosts or sites containing hosts against conspecific
females [26]. In such systems, aggressiveness could then
be negatively correlated with relatedness, leading to the
evolution of female philopatry.

Evolutionary and epidemiological implications

The evolutionary potential of a species is dependent on the
extent and pattern of its genetic variations [29]. This
seems particularly important for parasites that have to
adapt continuously to their environment changes driven
by their hosts along the permanent ARMS RACE that
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characterizes host—parasite interactions (see, for example,
Ref. [30]). Sex-specific genetic structure, hence genetic
differentiation between males and females within repro-
ductive units, necessarily increases (if adults mate
randomly) offspring heterozygosity relative to Hardy-—
Weinberg expectations [31]. This is likely to provide a
parasite advantage in the arms race against the host by
promoting the effects of two fundamental consequences of
sex: (1) segregation; and (2) recombination. Such predic-
tions underline the relevance to look for this pattern in
dioecious parasite species.

Such a pattern might also profoundly modify the
perception we have on the epidemiology of the concerned
parasite: sex-specific genetic structure reflects sex dif-
ferences in transmission (establishment, development,
dispersal) or in host—parasite interactions. In this case,
the epidemiology and the ecology of the parasite species
considered should be analyzed by considering males and
females separately. The same considerations relate also to
vectors and associated pathogens. Indeed, if the vector
displays sex-biased dispersal, we might suppose that some
mechanisms will evolve in the transmitted parasite to
prefer the sex that displays the most appropriate dispersal
pattern. Thus, endemic stability and epidemic risk will not
be dependent on the same sex.

Conclusion

Further research on parasites should now consider the
possibility of sex-specific genetic structure, as well as
the biological mechanisms that are likely to create this
pattern. Indeed, we think that sex differences in genetic
structure are likely to be widespread in parasites for three
reasons. First, this pattern has repeatedly been detected in
free-living organisms [6]. Second, it was detected in the
two parasite species that were studied so far [9,10]. Third,
the immunological interactions that characterize the
host—parasite system are likely to reinforce this pattern.
Methods and theoretical concepts described above should
allow the determination of its genesis, importance and
distribution among parasite species.
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