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Sexual reproduction is a highly complicated pro-
cess shaped in part by the need to optimise
reproductive investment, which can differ and
evolve antagonistically between the sexes. Sex-
ual reproduction is also intimately linked with
immunity through a variety of means. Combining
these seemingly disparate biological functions has
led to the emergence of the new field of repro-
ductive immunity. One striking parallel between
reproduction and immunity is the detection of
‘other’. Failure to detect pathogens results in dis-
ease. Failure to ignore self causes autoimmunity.
Similarly, individuals, as well as gametes, must
choose appropriate partners avoiding interspecific
mating on one extreme or reproducing with kin
to avoid inbreeding, on the other. The relation-
ship between reproduction and immunity is likely
affected by the mating system and the degree of
sexual conflict. Reproduction and immunity seem
connected in three ways by resource trade-offs
among life-history traits, by disease reduction due
to mate choice of healthy mates and protective
genes for the offspring and by mating-induced
immunity to reduce infection risk.

Introduction

The origin and maintenance of sexual reproduction have endured
as a central question in evolutionary biology. Sexual reproduc-
tion can involve complicated behaviours and physiological pro-
cesses that reflect both evolution to optimise sexual reproduction
overall but also as a consequence of an evolutionary arms race
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between males and females over the optimal reproductive invest-
ment (Andersson, 1994). Antagonistic interests of the sexes led
to fast-evolving and highly diverse reproductive traits in both
sexes, of which male mating strategies and female pre-copulatory
mate choice have been intensively studied (Andersson, 1994;
Eberhard, 1996; Hosken and Stockley, 2004; Jennions and Petrie,
1997). However, sexual reproduction can also increase the risk
of infection due to wounding and/or encounter probability of
microbes. Protection against these infections demands resource
investment in immunity, which, in turn, is a function of the host’s
physiological state (Adamo, 2008a,2008b; Westra et al., 2015)
and behaviour.

There are three broad and likely co-occurring ways that immu-
nity and reproduction might be connected. First, resources for any
individual are finite and thus must be allocated among all func-
tions, including immune defences and reproduction (reviewed
in Schwenke et al., 2016). The rationale for this trade-off is
intuitive; if immune defences increase, fewer resources are avail-
able for reproduction. Second, mate choice can reduce disease
twofold, both to the actor, by choosing healthy noninfectious
mates, and by reducing risk to the offspring by acquiring protec-
tive genes for the next generation (reviewed in Lawniczak et al.,
2007). Finally, mating can directly affect immune responses,
which then determines disease susceptibility. The nature of this
relationship is likely tightly connected to the mating system (see
also: Polyandry and Mating System Evolution) and hence the
degree of Sexual Conflict. Here, we focus on the latter connection
between mating and immunity as the others have been reviewed
thoroughly elsewhere (Lawniczak et al., 2007; Siva-Jothy, 2009;
Morrow and Innocenti, 2012; Schwenke et al., 2016).

There is a striking parallel between immunity and reproduction
at their shared fundament: the detection of ‘other’. During infec-
tion, this is obvious, if not simple. The task of a host is to identify
the nonself and destroy it to prevent harm. The reality is far more
complicated, as it can result in failures to detect pathogens, result-
ing in greater pathology, or failure to ignore self, resulting in
autoimmune responses. In sexual reproduction, processes of iden-
tification are no less important. Individuals, as well as gametes,
must be able to identify appropriate partners while also, prefer-
ably, not reproducing with kin to avoid potential costs of inbreed-
ing (Lihoreau et al., 2008; Ylönen and Haapakoski, 2016). When
looking at the origin of the link between reproduction and immu-
nity, this connection becomes apparent (Box 1). The first sexually
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Box 1 Ancient link between reproduction and immunity
The molecular choice mechanisms in Sexual Selection may have been the evolutionary precursor of the recognition system
in the vertebrate immune system (Boehm, 2006b). This, perhaps surprising, hypothesis is based on some similarities in how
unicellular eukaryotes, such as fungi, and plants determine whether to sexually reproduce with another individual based on
self/nonself (SNS) recognition (see also: Innate Immune Mechanisms: Nonself Recognition), which avoids inbreeding and
an analogous process by which multicellular organisms use SNS discrimination in immune defence (Boehm, 2006a,2006b;
Sanabria et al., 2008); hinting at a very early link of sexual reproduction and immunity. While an intriguing, and in some ways
appealing hypothesis, data are limited to support the proposition.

In plants, a similar speculation has been suggested about the clear parallels between self-incompatibility alleles and disease
recognition alleles (Sanabria et al., 2008) (Box 2). In sexually reproducing animals, the mechanisms which result in the
differential success or differential utilisation of sperm depend on the recognition of gametes are in many cases likely to be
immunological as well (Birkhead and Møller, 1998). Vertebrates also appear to use immunological mechanisms in mate choice.
The Major Histocompatibility Complex (MHC) is primarily used in the presentation of antigens in the immune response, but in
a number of studies across vertebrates, it has been implicated in mate choice (Milinski et al., 2005; Milinski, 2006; Ziegler et al.,
2005). Because the major histocompatibility complex (MHC) is highly polymorphic, it serves as a reliable signal of genetic
similarity to oneself, and odours produced by ligands can be detected by the opposite sex (Milinski et al., 2005; Milinski, 2006;
Ziegler et al., 2005). In mammals, the complex chemical signals are sensed by the vomeronasal organ and provide conspecifics
with information on an individual’s sex, social and reproductive status (He et al., 2008). Vertebrate females might even perform
cryptic female choice (see also: Post-copulatory Reproductive Strategies) and select sperm or ejaculates with a favourable
MHC haplotype for the fertilisation of their eggs to optimise MHC alleles in their offspring (Firman et al., 2017; Milinski, 2006).
In red junglefowl, females favour sperm from males that are dissimilar in their MHC (Løvlie et al., 2013) and female sticklebacks
bias fertilisation towards optimal combinations of MHC haplotypes that maximise offspring fitness (Lenz et al., 2018).

Self-incompatibility and more generally genetic incompatibility between mating partners caused by nonoptimal combinations
of alleles from the MHC (Kalbe et al., 2009) or other immune genes as shown in humans (Hart et al., 2018) and plants (Chae
et al., 2014) might align selection pressure on reproduction and immunity, therefore, maintaining the link. We hypothesise
that the ancient link between reproduction and immunity has set the scene or was the precursor of the derived links between
reproduction and immunity, such as self-incompatibility induced via immune gene incompatibilities in plants (Chae et al., 2014)
and mate choice based on the MHC alleles (Firman et al., 2017; Milinski, 2006; Kalbe et al., 2009).

Box 2 The case for plants
Fertilisation and immunity in plants. Similar selection pressures seem to have shaped the link between fertilisation and immunity
in plants. Especially, in flowering plants, the apparent similarity between self-incompatibility alleles and disease recognition
alleles was identified a decade ago (Sanabria et al., 2008) although it is not clear whether this parallel is an example of
homologous or analogous adaptations. Even though this is perhaps not directly relevant to the induction of post-fertilisation
immunity; nectar and nectaries appear to contain many disease resistance-associated proteins (Zhou et al., 2016; Sasu et al.,
2010). Another important selection pressure that has potentially led to a link between fertilisation and immunity in plants is the
large body of evidence on pollinator transmitted diseases (Antonovics, 2005).

While the process of fertilisation does induce the expression of immune genes (e.g. Mondragón-Palomino et al., 2017; Zhang
et al., 2017), we do not know of any study that has examined post-fertilisation induction of immunity, for example upregulation
of antimicrobials in nectar, in nectaries or in vegetative tissues and the role of this immune response on functional defences
against infectious disease. We suspect no one has thought to look at this potential relationship between fertilisation and immu-
nity. Here, we would like to point out the need for such studies. We are convinced that investigating post-fertilisation immunity
in plants will lead to some very interesting research and add a completely new topic area to the field of reproductive immunity.

reproducing organisms needed a system to recognise potential
partners. Early unicellular organisms are thought to have evolved
a cell-to-cell recognition system for mate selection, which then
has formed the basis for immune recognition systems (Boehm,
2006a,2006b). Therefore, sexual reproduction might be at the
heart of immunity itself. The fundamental links between immu-
nity and reproduction are further intertwined by the presence of

and interactions between sexually transmitted infection and the
genital microbiome and their respective effects on reproduction.

By providing a framework for studying reproductive immu-
nity and identifying different selection pressures we would like
to ignite new research avenues within the field of reproductive
immunity. Here, we review the association of mating and immu-
nity from the early beginning of sexual reproduction to higher
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organisms. We will explore the question of how and why the link
is maintained in such a wide range of organisms and propose three
different selection pressures that might play a role in maintaining
and driving the evolution of reproductive immunity.

Reproductive Immunity

Reproductive immunity involves all immune traits, local and sys-
temic, that assist the process of reproduction. These immune
responses serve diverse functions, such as the protection and
repair of reproductive tissue from mating wounds and transmitted
microbes that can potentially lead to sexually transmitted infec-
tions, and can also directly bias fertilisation, such as by producing
sperm antibodies or other responses that favour fertilisation by
some sperm over others. We propose that the study of reproduc-
tive immunity will benefit from applying an ecological immunol-
ogy framework, which is founded on the basic premise that the
evolution and use of the immune system are costly and thus must
be traded off against other traits, such as survival and repro-
duction, to balance an organism’s investment into all the traits
needed to promote evolutionary fitness (Sheldon and Verhulst,
1996; Boots et al., 2013). While we assume that the same is
likely true for reproductive immunity, the actual costs might be
hard to measure as reproductive immune responses protect the
reproduction itself. Therefore, the costs would be hard to mea-
sure in fecundity, for example. However, hosts still will benefit
if immune responses are induced only when really necessary, to
conserve resources. Thus, localising the expression of immune
agents in and surrounding attacked tissues of the host are likely
to be less costly than globalised/systemic immune responses. This
reduces energetic costs by keeping production of immune agents
at a minimum and agents are used when and where they are
needed (Broderick et al., 2009) and self-harm is minimised (Sadd
and Siva-Jothy, 2006). As with the rest of the immune response,
we predict that the evolution of induced and localised immune
responses (relative to constitutive and global responses) are deter-
mined by the predictability of exposure, here being wounding
and/or parasite exposure (Mayer et al., 2016; Westra et al., 2015)
and virulence (Boots and Best, 2018). To better understand the
link between reproduction and immunity as well as its mainte-
nance we need to investigate the main selection pressures linking
both biological functions and the factors, such as mating rate that
will modulate the investment in reproductive immunity.

Three Selection Pressures Linking
Reproduction and Immunity

Mating harm
In species with copulatory mating, wounding is common and
provides an obvious link between reproduction and immunity
(Reinhardt et al., 2015). We think it is safe to assume that
each copulatory wound triggers an immune response, as signs
of wound repair can be easily detected, for example mating
scars in flies (Kamimura, 2007), velvet worms (Blaxter and Sun-
nucks, 2011), seed beetles (Van Haren et al., 2017) and bedbugs

(Siva-Jothy et al., 2019), and failing to mount a suitable immune
response could be catastrophic to a female’s survival or repro-
ductive success. However, the cost of reproduction induced by
the wound healing processes is completely understudied. Inter-
estingly, in a single mated species, such as the bumblebee, copu-
latory wounding has been shown to be beneficial for the female
(Barribeau and Schmid-Hempel, 2017). The immune response
triggered by wounding lead to higher resistance to a gut para-
site in the bumblebee Bombus terrestris. In this case, copulatory
wounding seems to be a signal for the female immune system and
provides females with protective immunity against parasites (see
section titled ‘ Reproductive Immune Protection’).

Males might also be exposed to high wounding risk depend-
ing on the intensity of pre-copulatory male–male competition
(Clutton-Brock and Huchard, 2013) or aggressive male–female
interactions (e.g. biting while mating in Tasmanian devils
(Hamilton et al., 2019)). Infections from wounds induced by
male–male competition or aggressive male–female interactions
can result in harmful local or systemic infections, which can kill
or reduce fertility (Losdat et al., 2011; Tremellen, 2008). As a
consequence, males should be selected to invest in immunity
to secure fertilisation success, and this would be especially true
under intense pre-copulatory male–male competition and when
males have the opportunity to mate multiply in one or more
breeding seasons.

Sexual selection theory predicts, to some extent, the invest-
ment in immunity by both sexes. We hypothesise that selection
for the evolution of reproductive immune defence will be stronger
in females than males (Oku et al., 2019) as females invest more
resources into each reproductive event than males do. In most
mating systems, females are more likely to secure matings than
males, as fewer males may monopolise mating opportunities.
Furthermore, the time between successive reproductive events
is dictated by the physiological constraints of producing those
gametes, which are more expensive and thus slower to be pro-
duced in females. Thus, investing in immune defence is more
important to females’ lifetime reproductive success than males’.
The differential investment in reproductive immunity should be
stronger in polygamous systems than in monogamous systems,
where sexual conflict is comparatively low. However, the risk of
infection per mating will interact with selection on reproductive
immunity induced by sexual conflict. Species with multiple mat-
ing may have fundamentally different immunological responses
to mating than singly mating species. As an opportunity for sex-
ual conflict increases, the damage caused by mating will likely
increase, although it is unclear as to the specific nature of these
increasing costs. For example, data are lacking on whether mating
costs due to wounds increase linearly over consecutive matings
or in some other fashion (asymptotically, with additional mat-
ing resulting in diminishing costs; exponentially with increasing
costs). The shape of these cost curves may reflect the intensity
of sexual conflict or the current status of sexually antagonistic
coevolution.

Sexual transmission of microbes

In addition to direct mating induced wounding, ecological fac-
tors, such as microbe presence/absence in and on reproductive
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organs and the probability of sexually transmitted infections
might directly affect the investment in both immune and repro-
ductive traits (Otti, 2015). Microbes are sexually transmitted
in many species (Afzelius et al., 1989; Lockhart et al., 1996).
While we tend to only think of classically sexually transmitted
infections (STIs), opportunistic and beneficial microbes, which
inhabit the genitalia (Marius-Jestin et al., 1987; Reinhardt and
Siva-Jothy, 2005), can also be transferred (Bellinvia et al., 2019,
2020). The reproductive organs of a variety of species often har-
bour more than ten different bacterial species. Microbes have
been found on male reproductive organs and semen in verte-
brates (González-Marin et al., 2011; Skau and Folstad, 2003;
Virecoulon et al., 2005; Lombardo and Thorpe, 2000; Hupton
et al., 2003), and female reproductive organs harbour a rich
microbial flora in birds and mammals (Hirsh, 1999; Hickey et al.,
2012, Hupton et al., 2003; Ravel et al., 2011; White et al.,
2011). Humans are among those vertebrates with characterised
and transmissible genital microbiota (Chen et al., 2017). The few
studies that have looked for microbes on or in genitals of insects
have reported an infestation on both the male intromittent organ
and within the female reproductive organs (Otti, 2015; Bellinvia
et al., 2019). Pollen too has distinct species-specific micro-
biomes, which can also have unexpectedly high titers of bacte-
ria (Manirajan et al., 2016). However, we still lack knowledge
about the exact composition of the genital or gamete associ-
ated microbiomes in most species and whether the sexes har-
bour distinct microbial communities, how they are transmitted,
or the effect these microbiomes have on reproduction or host
health.

Direct selection pressures such as mating harm and sexual
transmission of microbes will align reproductive physiology
with immunity. Mating rate, mating system and sexual conflict
will further define the predictability of immune system used in
relation to mating and thus the strength of the selection pressure.
High rates of mating are predicted to induce high rates of wound-
ing and increase the risk of sexually transmitted infections (STIs).
Females could, therefore, be selected for a strong and fast wound
healing and reproductive immune response. The predictability of
risk for harm and infection will select for optimal immune sys-
tem regulation during reproduction. Under stereotyped sublethal
damage, such as gland feeding or hemolymph drinking (Gwynne,
2008; Sakaluk et al., 2004), we would predict the evolution of
prophylactic responses because the immune system is assumed
to be ready. Therefore, such damage is likely less costly, in
comparison to unexpected or intermittent costs. For example, a
sudden attack by a rival, rape/harassment, situation exploitation
come with greater harm, because the immune system is not ready.
However, even if regular sublethal harm occurs, the variation
in inflicted damage between males will impose higher costs,
because the extent to which the immune system has to respond
is difficult to predict. The evolved investment in reproductive
immunity will likely follow the theoretical predictions described
in immune system evolution in general, that is more frequent
encounter and poor condition (Westra et al., 2015; Mayer et al.,
2016) will lead to greater investment in constitutive protection
and greater virulence will lead to greater investment in induced
responses (Boots and Best, 2018). Below we outline two possible
adaptations of the female immune system to reduce the costs

of regular copulatory wounding, mating-induced infections or
increased mating-related infection risk.

Reproductive immune protection

Mating harm can trigger an immune response and give protec-
tive immunity, so harm could paradoxically represent a benefit,
and females may then be selected to allow a certain degree of
harm. This might represent the start of antagonistic sexual con-
flict evolution. Interestingly, in a single mated species, such as the
bumblebee, copulatory wounding has been shown to be benefi-
cial for the female (Barribeau and Schmid-Hempel, 2017). The
immune response triggered by wounding lead to higher resis-
tance to parasites in the bumblebee B. terrestris. In this case,
copulatory wounding provides females with protective immu-
nity against a parasite that is particularly virulent to queens after
mating and diapause (Brown et al., 2003). Because this will prob-
ably improve female colony founding success and survival in
the following year, wounding the female will improve male fit-
ness as well. The induction of protective immunity, therefore,
seems based on mutual male and female interests. However, to
understand which sex is in the driving seat and whether protec-
tive immunity is found commonly further work in monogamous
species is needed.

Reproductive immune anticipation

Depending on how predictable mating is one could assume that
females would evolve to anticipate the male harm or risk of
STI by increasing reproductive immunity in advance of mating
(Zhong et al., 2013; Siva-Jothy et al., 2019) either constitutively
or to induce a response pre- or post-mating. A signal or trait that
informs an individual about when and where mating is happening
will facilitate the evolution of reproductive immune anticipa-
tion. For example, in bedbugs, mating is linked to blood-feeding,
because females cannot avoid being mated, when fully fed (Rein-
hardt et al., 2009). Therefore, the timing of mating can be antici-
pated and the risk of infection due to mating or copulatory wound-
ing is more or less predictable. Indeed, bedbug females prepare
their immune system for the upcoming challenges associated with
mating (Siva-Jothy et al., 2019). Even if no obvious signal exists
that can be linked to the predictability of mating, we assume that
high incidences of STIs or high risk of mating harm can lead to
anticipatory immunity. Female Drosophila shows immune antic-
ipation by upregulating immune genes against sexually trans-
mitted fungal infections (Zhong et al., 2013). For Drosophila,
a signal or trait inducing reproductive immune anticipation is
unknown. We assume that bedbugs and Drosophila are not the
only species in which reproductive immune anticipation occurs
and therefore would like to highlight here also the need for further
research in this area.

Gamete recognition

Gamete recognition with the help of the immune system, for
example specific immunity to sperm, could provide females with
a means to optimise fertilisation and presents a third selection
pressure for aligning reproduction and immunity. At the basis

4 eLS © 2020, John Wiley & Sons, Ltd. www.els.net



�

� �

�

Sexual Reproduction and Immunity

Box 3 What could be the function of immunity to sperm?
In several cases, the female immune system is downregulated after mating (Oku et al., 2019) supposedly to avoid a reduction
in sperm number and fertilisation success, especially if females are sperm-limited and every sperm is sacred. However, the
female immune system might also function as a selective filter of sperm. Recent syntheses on the effects of sperm age (Pizzari
et al., 2008; Reinhardt, 2007) concluded that females would benefit not only from choosing a compatible sperm genotype but
also from selecting beneficial sperm phenotypes, that is between sperm of the same male. Given that sperm cells undergo large
surface, structural and functional changes (Reinhardt, 2007) in response to age, there is ample opportunity for the possibility
of cellular recognition.

To avoid fertilisation with low-quality sperm the female immune response to sperm could act as a filter for dead or deficient
sperm and also for killing microbe/pathogen-‘contaminated’ ejaculates. Using selective spermicide female immunity to sperm
could function as a cryptic choice mechanism to bias fertilisation towards high-quality sperm (female choice immunity).
In human females, immunity seems to cause reproductive incompatibility by selecting against males that express foreign
cell-surface antigens and, thereby, determining antigen polymorphism. Incompatibilities due to antigen mismatch may affect the
evolution of the female immune response itself (Ghaderi et al., 2011). Studies from different invertebrates have shown that their
immune systems can act specifically (Kurtz and Franz, 2003; Sadd and Schmid-Hempel, 2006). The degree of specificity can be
extremely high, as for instance, the copepod immune system is able to differentiate between individuals from the same species
of pathogen (Kurtz and Franz, 2003). However, the mechanisms that can produce such specificity remain largely speculative.

To characterise the specificity of reproductive immunity towards sperm, we suggest two concepts that have been developed
to explain the evolution of the immune system. The danger model states that the immune system has evolved to recognise
dangerous factors (e.g. pathogens, cancer cells) within the organism (Matzinger, 2002), whereas the SNS model suggests that
nonself, mostly thought of as infectious nonself (Bretscher and Cohn, 1970), is targeted by the immune system. Both models
postulate that the recognition system has evolved to target and destroy pathogens. Just as with pathogens, females recognise and
destroy damaged sperm (housekeeping immunity), and also the sperm of nonpreferred males (female choice immunity). We
hypothesise that housekeeping immunity corresponds to the danger/nondanger model for the evolution of the immune system,
while female choice immunity is equivalent to the SNS model, that is recognition of genetic distance. Aged sperm can produce
unviable or otherwise impaired offspring (Reinhardt, 2007; Tarín et al., 2000). Therefore, females that selectively remove old,
damaged or unviable sperm from the fertilisation set will benefit by having increased zygote and offspring viability (Reinhardt,
2007). As this mechanism works not only between males but also between the sperm of one ejaculate, recognition of damaged
sperm would be selected under the danger/nondanger immune system model.

Sexual selection predicts that females benefit from choosing compatible sperm for the fertilisation of their gametes. Female
choice immunity would, therefore, be a mechanism underlying cryptic choice after a mating has occurred. By choosing the
best-suited sperm genotype for her gametes, a female could benefit in terms of offspring quality. In mammals, sperm and seminal
fluid compounds can produce an antisperm immune response, and strong responses can result in infertility. Understanding
the mechanisms underlying reproductive immunity could help to circumvent problems of infertility, for example genetic
incompatibility, old or nonfunctional sperm. In an applied sense such studies could help to improve in vitro fertilisation in
humans and livestock (Suri, 2004) but would also shed light on potential sperm choice mechanisms in higher animals.

of this, we suspect to be the ancient link between reproduction
and immunity (Box 1) that could provide females with a means
to control fertilisation by establishing immunological barriers to
sperm after copulation, that is mounting an immune response to
sperm (Poiani, 2002). In humans and other vertebrates, females
produce antisperm antibodies (Clarke, 2009; Jarora et al., 2014;
Risvanli, 2011). Females might benefit from such an immune
response to sperm by incapacitating damaged sperm, absorbing
dead sperm or even potentially select sperm (Drobnis and Over-
street, 1992; Box 3). Female immunity to sperm might even be
able to alter sperm competition outcomes in the female’s favour
by selecting for stronger sperm. Such immunological responses
to sperm are unlikely to be free, and much like the costs of immu-
nity more generally can represent energetic costs of mounting
the response, autoimmunological self-harm, or harm in reduced

opportunity if the response is harmful to ‘good’ sperm (Sadd and
Siva-Jothy, 2006).

Females here face yet another trade-off. On one hand, elevating
immune responses can limit harm from copulatory wounds or
transmitted infections, on the other, these responses are energet-
ically costly and risk auto-immune self-harm. One solution is
the separation of immune responses to spatially constrained and
relevant organs like the reproductive and sperm storage organs
(Orr and Brennan, 2015; Wigby et al., 2019). In addition, the
evolution of reproductive organs probably made the process of
reproduction more efficient and reduced potential interference
with other physiological processes beyond the immune system.
Consistent with these ideas, the human female reproductive tract
presents reduced innate and adaptive immune protection when
conditions are most amenable to fertilisation; during secretion of
eggs (Wira et al., 2015).
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A Potential Regulation of the Link
between Reproduction
and Immunity

Several original studies and some extensive reviews have shown
that the reproductive system and the immune system are tightly
linked (Siva-Jothy, 2009; Lawniczak et al., 2007; Oku et al.,
2019; Schwenke et al., 2016; Wigby et al., 2019), but are
they coupled to a degree that the physiological or molecular
pathways involved in both use the same pathways or crosstalk
between them? Neurological–endocrinological–immunological
interactions have been described in vertebrates and invertebrates
and may shed light on the simultaneous regulation of immunity
and reproduction. In crickets, for instance, the immune system is
connected to the nervous system via octopamines (Adamo, 2014)
and in Drosophila mating seems to regulate similar neuromod-
ulators in the female reproductive tract (Heifetz et al., 2014). It
remains to be shown if such neuromodulators could regulate both
immunity and reproduction. In bees, a connection similar to the
one in crickets has indirectly been shown by neurotoxins having
immunosuppressive effects (Pamminger et al., 2018). However,
these studies only provide a link between two parts this potential
tripartite interaction and do not investigate reproductive physi-
ology per se. Future studies should investigate simultaneously
all three parts of the interaction and include its link to repro-
ductive processes to provide more information on the pathways
linking immunity with reproduction. Hormones are plausible can-
didates to regulate several physiological processes at the same
time, as postulated by the theory of hormonal pleiotropy (Flatt
et al., 2005; Rolff and Siva-Jothy, 2002). For example, juvenile
hormone (JH) both regulates reproduction (Flatt et al., 2005) and
suppresses immunity in Drosophila (Flatt et al., 2008; Schwenke
and Lazzaro, 2017). As an antagonist to JH, the hormone 20E is
involved in the induction of antimicrobial peptides (Flatt et al.,
2008). Interestingly, the opposite is the case in Bombyx mori, JH
activates immunity whereas 20E inhibits it (Tian et al., 2010),
indicating variation in the link between hormonal regulation of
the immune system across taxa. To date, we only have circum-
stantial evidence for potential mechanistic links between immu-
nity and reproduction and thus, more direct evidence is sorely
needed.

In vertebrates, steroid hormones seem to drive immune func-
tion differences between the sexes and also between mating sys-
tems (Klein, 2000). Vertebrate males often exhibit reduced immu-
nity and suffer more often from infections than females (Klein,
2000). Sexual dimorphism in immune function seems more pro-
nounced among polygamous than monogamous species (Klein,
2000), much as other traits vary more among sexes in polyga-
mous species, such as ornamentation. Further, originally polyan-
drous females evolving under monandry reduce their investment
in immunity (Hangartner et al., 2015). Such evolution indi-
cates a need for females to constantly invest in immunity under
polyandry (Oku et al., 2019). These observations suggest that
immunity, like other life history (see also: Life History The-
ory) traits, is affected by sexual selection and can be understood
through Bateman’s principle, where the sex that invests most

in reproduction benefits most from longer lifespan and main-
tenance mechanisms, such as immunity (McKean and Nunney,
2005; Rolff, 2002). Hence, sexual dimorphism in immune func-
tion is commonly observed in vertebrates and some invertebrates
with females often being the more immunologically protected sex
(Nunn et al., 2008; McKean and Nunney, 2005). To conclude,
we think the current evidence suggests a link between neuro-
logical, endocrinological and immunological pathways and even
crosstalk between them seems possible. However, many more
studies are needed to show strict connections and interactions
between these pathways, especially whether these are also related
to reproductive physiology. Nevertheless, if these pathways are
coupled, the next salient question is ‘why?’, that is what selec-
tion pressures have led to the coupling and why have they been
maintained?

Conclusion

Immunity and sexual reproduction appear to be tightly connected
processes that emerge from the shared requirement of self-nonself
recognition. Here, we explored a number of aspects of these
shared features and the evolutionary implications and predictions
of their relationship. Throughout this article, there are tantalis-
ing glimpses of how these systems of identifying pathogens and
reproductive partners are linked, but these data are often sparse.
Further empirical and theoretical work into, among other things,
the cost/benefit relationship of consecutive matings in relation to
mating harm, potential sexually transmitted infections, the costs
of immune activation upon mating, and the putative tripartite
mechanistic links between hormone, reproduction and immunity
are sorely needed. Studies that begin to address these questions in
plants would be particularly welcome to explore the generality of
the relationships described in this article. These studies could be
helpful to determine the conditions for the evolution of optimal
investment in immunity and the thresholds at which multiple mat-
ing becomes prohibitively expensive. Finally, the investigation of
reproductive immunity across various mating systems might also
reveal different immune strategies (Mayer et al., 2016).
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Glossary

Life history traits These are characteristics or traits that affect
the fitness of an organism, and can be imagined as various
investments in growth, reproduction, and survivorship.
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Major histocompatibility complex (MHC) A group of genes
that code for proteins found on the surfaces of cells that help
the immune system to recognise foreign substances. In
humans, this complex is also called the human leukocyte
antigen (HLA) system.

Mating system A description of who mates with whom in the
animal kingdom. Definitions of different mating systems are
based on how many mates an individual acquires during a
breeding season. In monogamous mating system a female and
a male only have one mate at a time. In polygamous mating
systems, individuals of one or the other sex have more than
one mate during the breeding season.

Pleiotropy This occurs when one gene codes and controls the
phenotype or expression of several different unrelated traits.

Self incompatibility The general name for several genetic
mechanisms in angiosperms, which prevent selffertilisation
and thus encourage outcrossing.

Sexual conflict An evolutionary theory within the framework
of sexual selection based on the observation that a trait that is
beneficial for the reproductive success of one sex can reduce
the fitness of the other sex.
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