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Abstract

Sexual reproduction is pervasive in animals and has led to the evolution of sexual dimorphism. In most animals, males and
females show marked differences in primary and secondary sexual traits. The formation of sex-specific organs and eventually
sex-specific behaviors is defined during the development of an organism. Sex determination processes have been extensively
studied in a few well-established model organisms. While some key molecular regulators are conserved across animals, the
initiation of sex determination is highly diverse. To reveal the mechanisms underlying the development of sexual dimorphism and
to identify the evolutionary forces driving the evolution of different sexes, sex determination mechanisms must thus be studied in
detail in many different animal species beyond the typical model systems. In this perspective article, we argue that spiders
represent an excellent group of animals in which to study sex determination mechanisms. We show that spiders are sexually
dimorphic in various morphological, behavioral, and life history traits. The availability of an increasing number of genomic and
transcriptomic resources and functional tools provides a great starting point to scrutinize the extensive sexual dimorphism present
in spiders on a mechanistic level. We provide an overview of the current knowledge of sex determination in spiders and propose

approaches to reveal the molecular and genetic underpinnings of sexual dimorphism in these exciting animals.
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Introduction

The transfer of genetic information from generation to gener-
ation is a key prerequisite for life on earth. Two main strategies
have been established: during asexual reproduction, one indi-
vidual passes its entire genetic information on, for instance by
simple cell divisions in bacteria, budding in yeast, fragmenta-
tion in annelids or sea stars and vegetative propagation in
plants. In contrast, sexual reproduction requires the combina-
tion of the genetic material of two individuals. This is
achieved by the generation of haploid gametes, which can
be morphologically identical (isogamy) or distinct (anisoga-
my). Most animals are anisogamic with small male gametes
and much larger female gametes. The gametes are produced in
male- (e.g., testes) and female-specific (e.g., ovaries) organs.
Anisogamy sets the stage for sexual selection since small male
gametes can be produced in large number whereas gamete
numbers are more limited in case of larger eggs. All else being
equal, anisogamy will lead to males competing for access to
females. Additionally, the need to transfer the male gamete to
the female gamete often resulted in the formation of special
organs in both sexes such as sperm transfer and sperm storage
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organs. These sexually dimorphic organs for gamete forma-
tion and transfer are often the most obvious phenotypic man-
ifestations of sexual differences (Bell 1982).

While it is well accepted that sexual selection is a ma-
jor driver for the evolution of sexually reproducing organ-
isms, it is less well established why anisogamy and thus
sexual dimorphisms are pervasive in animals. The trade-
off hypothesis argues that the separation of sexes is of
major advantage because costs can be efficiently allocated
between sexes. Male gametes for instance are often opti-
mized to be highly mobile, while female gametes are of-
ten optimized to nurture the zygote after fertilization
(Bulmer and Parker 2002; Parker et al. 1972). A second
main hypothesis argues that the separation of sexes facil-
itates the avoidance of self-fertilization, thereby maintain-
ing genetic variation (Charlesworth and Willis 2009).
Since both hypotheses are supported by empirical data
(reviewed in Bachtrog et al. 2014), it remains a major
challenge to reveal the exact forces driving anisogamy
and sexual dimorphisms.

Sexual reproduction is costly for an organism. It is, for
instance, time- and energy- consuming to search for or to
attract mating partners, and the generation of haploid
gametes and the development of specialized organs to
host and transfer gametes is a major investment for an
organism. Therefore, organisms that reproduce asexually
can propagate much faster and should outperform sexual-
ly reproducing organisms (Bell 1982). However, only
very few animal and plant species reproduce predomi-
nantly asexually, suggesting that the investment in sexual
reproduction must provide a selective advantage (e.g.,
Otto 2009). An obvious advantage of combining different
genetic variants segregating in a population is that delete-
rious mutations cannot accumulate over time (Agrawal
2001; Hussin et al. 2015). Additionally, in the light of
competitiveness among males, where a single male can
in principle fertilize many females while others do not
mate at all, sexual reproduction facilitates sexual selection
because individuals can choose with whom to mate.
Therefore, in addition to primary sexually dimorphic traits
many secondary phenotypic differences, such as massive
horns in males of some ungulates or beetles, long noses in
males of the proboscis monkeys and colorful structures
that are used for display in many birds and jumping spi-
ders evolved between sexes (Andersson 1994; Huber
2005). In addition to morphological traits, sexes differ
extensively in behavioral and life history traits. Males
may grow much larger than females if body size promises
high mating success (reviewed in Fairbairn 2013) as
known for many mammals that defend harems, such as
elephant seals. However, in many arthropods, females
grow larger than males and this is often explained by
female fecundity that positively correlates with size
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(Blanckenhorn 2005). Males often show elaborate behav-
ioral displays to impress females perhaps most spectacu-
larly in birds of paradise (Ligon et al. 2018). Such traits
evolved under sexual selection because they entail advan-
tages in male-male competition and/or female choice
(Andersson 1994).

To understand the evolution of sex and sexual dimor-
phism more mechanistically, we need to gain comprehen-
sive insights into the molecular and genetic mechanisms
underlying sex determination. The analysis of sex deter-
mination mechanisms in a few genetically established
model systems such as Drosophila melanogaster and
Caenorhabditis elegans revealed conserved as well as
highly diverse aspects of this process. It has for instance
been shown that the expression of genes coding for
Doublesex and Male-abnormal-3 Related Transcription
factors (Dmrt) seems to play central roles in sex determi-
nation in many animals studied to date (Bachtrog et al.
2014; Bopp et al. 2014; Cline and Meyer 1996; Gamble
and Zarkower 2012). In contrast, the processes leading to
the expression of Dmrt genes are highly variable, as ex-
emplified by the fact that the male determining factor of
the house fly Musca domestica can be located on any
chromosome in different populations (Hamm et al.
2015). In light of the diversity of sex determination sys-
tems, many more taxa need to be studied to understand
how sex determination mechanisms and sexual dimor-
phisms evolve (Gamble and Zarkower 2012; Zuk et al.
2014). This is even more relevant since some of the spe-
cies in which sex determination has been intensively stud-
ied with respect to genetics and development show only
modest sexual dimorphism.

In this perspective article, we argue that spiders, a di-
verse group of predators with more than 48,000 described
species (World Spider Catalogue, 2019, last accessed
January 2020), are an excellent group in which to study
various aspects of sexual dimorphism, sexual reproduc-
tion, and sex determination because they comprise the
most remarkable sexual size dimorphism among terrestrial
animals as well as highly elaborated sexual signals com-
parable to those of birds of paradise (Fig. 1 a, e, f). We
first outline the extent of sexual dimorphism in morphol-
ogy, behavior, and life history in araneomorph spiders.
Although morphological and behavioral specializations
of the sexes are striking, we know very little about the
genetic and genomic background of sex differences in
adults and how they are defined during development.
We argue that spiders are an ideal group for the study
of sex differences in development across the entire life
span, from the fertilized egg through to maturation and
beyond. The time is ripe for exploring these fundamental
aspects since genomic resources have become available
for an increasing number of spider species (Garb et al.
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Fig. 1 Dimorphism in primary and secondary sexual traits (size, shape,
and color) in selected spider species. (a) Argiope bruennichi sexual di-
morphism in body size and shape, female above, male below (phot. S.
Nessler). (b) A. bruennichi, close-up of male secondary copulatory organs
(pedipalps) (phot. S.-W. Lin). (c) A. bruennichi female ventral side with
genital region (arrow: scape) (phot. S.-W. Lin). (d) A. bruennichi, close-
up of scape (arrow) on the female genital opening (phot. S.-W. Lin). (e)

2018). We highlight first results on the genetics and ge-
nomics of spider sex determination and propose potential
starting points to elucidate the genomic basis of the mul-
tifaceted sexual dimorphism in spiders.

Phenotypic manifestation of sexual
dimorphism in spiders

Morphology

Adult spiders exhibit extensive sexual dimorphism in external
morphology. Males can be much smaller than females like in
many orb-weaving spiders (Fig. 1a) or much more colorful like
in many jumping spiders (Fig. le). The most reliable way to
distinguish the sexes is by the shape of their paired pedipalps
which are situated anterior to the four pairs of walking legs.
While they are leg-like structures in females that are used to
probe substrate and prey, they serve as secondary sexual organs
in males that often have the appearance of enlarged boxing
gloves (Fig. 1b) (Foelix 2011). Sperm is produced in paired
testes inside the opisthosoma but transferred and stored until
mating in specific organs at the tips of the male pedipalps.
These palpal organs can be simple and tear-shaped
or comprised of a complex set of sclerites and inflatable
membranes (Fig. 1b). Palpal organs are generally highly
species-specific and used for species identification (Foelix

Maratus mungaich, dimorphism in shape and color of male (above) and
female (below) (phot. A. Aceves-Aparicio). (f) Prosoma of male (upper)
and female (lower) erigonines, lateral view. From left to right:
Hybauchenidium aquilonare, Shaanxinus hirticephalus, Walckenaeria
acuminata (phot. S.-W. Lin & L. Lopardo). Scale bars: b, d, 0.5 mm; f,
1 mm

2011). When the male encounters a receptive female, the palpal
organ is inflated by hydraulic pressure which causes consider-
able changes in the relative positions of the sclerites. Some
sclerites are used as locking devices that attach to specific struc-
tures on the female’s genital region, and some are introduced
into the female genital openings (Huber 1995; Uhl et al. 2007).
In many species, the genital opening of the females is charac-
terized by species-specific sclerotized structures that surround
or overlap the paired copulatory ducts, as in many entelgyne
spiders (Fig. 1 ¢, d). When the sperm is discharged into the
sperm storage sites of the female, the sperm are stored in an
encapsulated state in these spermathecae until egg laying
(Vocking et al. 2013). Females produce eggs in paired ovaries
(Foelix 2011). During the egg-laying process, the stored sperm
is activated in the spermathecae and meets the eggs in the ovi-
duct or genital atrium. In spiders, the number and arrangement
of the spermathecae and their connected ducts are as highly
diverse and species-specific as are the copulatory mechanisms.
Consequently, there are manifold possibilities of interactions
between male and female genital structures that allow e.g. sep-
arate storage of different ejaculates, differential sperm activa-
tion, removal of rival sperm, or plugging of female ducts to
prevent the female from remating (e.g., Herberstein et al.
2011; Schneider and Andrade 2011; Uhl et al. 2010). The gen-
ital morphology of spiders therefore opens up many ways for
females to control paternity and for males to secure paternity—
resulting in sexual conflicts.
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Adult male and female spiders generally differ in body
weight, but they can be of similar size and shape or differ
markedly, depending on species. In similarly-sized species,
such as most cursorial spiders, adult females differ from males
- not only in the form of the pedipalps but also in body shape-
mainly because females build up resources in the opisthosoma
for egg production (but see Fernandez-Montraveta and
Marugan-Lobon 2017). Strong sexual dimorphism in size
with large females and small males occurs in many orb web
spiders (Foellmer and Moya-Larano 2007; Robinson and
Robinson 1973). The most extreme case of reversed sexual
size dimorphism among terrestrial animals can be found in the
family Nephilidae (Kuntner and Coddington 2020), where
tiny males enter the web of a giant female for mating, which
then - more often than not - ends with him being a mate and a
meal. Spider species with larger males than females are rare
(e.g., Lycosidae: Aisenberg et al. 2007; Pholcidae: Huber et al.
2013; Argyroneta aquatica: Schiitz and Taborsky 2003).
Apart from differences in size and overall body shape, males
of many species may carry ornaments, such as intriguing color
patterns (Stavenga et al. 2016), enlarged legs that are equipped
with bristles (Stratton 2005), or even eye-stalks or bizarre
protrusions on their prosoma, the front body part (Hormiga
2000; Huber and Nuifieza 2015; Michalik and Uhl 2011;
Vanacker et al. 2003). In fact, males and females of the same
species were described as different taxa due to their extreme
differences in size, shape, and color (e.g., Kuntner et al. 2012).
Generally, morphological sex differences do not appear until
one or two molts before maturation (see below).

After the molt to maturity, males of the web-building spe-
cies change their sedentary lifestyle to start searching
for mates. As an adaptation to this transition they reduce the
number of silk glands and spinnerets (and references in
Correa-Garhwal et al. 2017; Kovoor and Peters 1988).
Mainly those silk glands seem to be left that produce the silken
dragline, whereas all silk glands and spinnerets remain active
in the females. As a consequence, males lose the ability to spin
a capture web after the final molt; if males require food during
their adult phase, kleptoparasitism in the web of the females is
the only foraging option (Foelix 2011; MartiSova et al. 2009).
However, recent gene expression studies in L. geometricus
and L. hesperus showed that silk gene expression in males
was more diverse than expected if only dragline silk were
produced. Males showed high expression of minor ampullate
silk genes which are perhaps used to spin sperm webs or to
produce silk for dispersal, so-called ballooning events
(Correa-Garhwal et al. 2017).

Behavior
Spiders are known for their diverse hunting strategies, with or

without silk, that range from highly specialized pheromone
traps by the bolas spider (Eberhard 1980) or spiders that

@ Springer

mimic ants, to exquisite silken structures designed to capture
cursorial or aerial prey (Pekar et al. 2017). However, these
behaviors are not known to show much sexual dimorphism
until the adult stage. Besides the obvious morphological sex-
ual dimorphisms, equally fascinating sex differences can be
observed in the mating behavior of spiders.

Mating behavior

When it comes to spiders mating, the phenomenon of sexual
cannibalism is likely the most widely known behavior that
shows a clear sex difference, since it is generally the male that
is killed by the female (Elgar and Schneider 2004) although
exceptions do occur (Sentenska and Pekar 2013; Sentenska
and Pekar 2014). However, there are more interesting sex
differences in spider behavior during the entire process
- starting with finding a mate. The first fundamental sex dif-
ference is that males are generally the searching sex, although
searching females were also observed (Aisenberg and
Gonzalez 2011).

The sexes find each other mostly because males find fe-
males, but there are differences between the two major life
styles in spiders, namely between species that hunt with a
web and those that do not. In the latter cursorial spiders, in-
cluding jumping, wolf, crab, and wandering spiders, male
mate search seems to be primarily based on chemical cues
on dragline silk of receptive females. Studies on several cur-
sorial spider species have shown that males respond to female
draglines and follow them (Anderson and Morse 2001; Beyer
etal. 2018; Rypstra et al. 2009). Seismic signaling by males to
attract and impress females does also occur. Male wolf spiders
drum on dead leaves to attract females, and the drumming rate
was found to be a reliable indicator of male condition similar
to the vocalization displays of red deer (Kotiaho et al. 1996;
Mappes et al. 1996). Web-building females stay in their web
while adult males abandon their sit-and-wait life style and
actively search for mates. This alteration in life-style comes
along with several morphological changes (see above). Other
than using draglines as carrier for chemical cues, receptive
females of web-building species produce volatile pheromones
that males respond to by approaching the web. Sex phero-
mones are characterized for a handful of species to date
(Fischer 2019; Schulz 2004; Uhl 2013).

Mate approach and courtship can be dangerous since spi-
ders are generally cannibalistic (Elgar and Schneider 2004).
Many wolf and jumping spiders are known to use multimodal
displays, mostly combinations of visual signaling and vibra-
tions (Hebets and Papaj 2005; Herberstein et al. 2014; Uhl and
Elias 2011). In web spiders, males mostly use vibratory sig-
nals on the web and/or chemical signals to reveal their identity
and suppress an aggressive response from the female (Becker
et al. 2005; Wignall and Herberstein 2013). Spiders are highly
interesting models to investigate the evolution of complex



Dev Genes Evol (2020) 230:155-172

159

signaling, and there is some excellent research to build upon,
both on the production side and on the perception side (Barth
2002).

Once males find a female, regardless of whether they
enter a web or not, they face the challenge of male compe-
tition. Many studies have investigated pre-mating competi-
tion leading to contests and mate guarding (Schneider and
Andrade 2011). More indirect male behaviors that occurin a
female web reduce male-male competition, for example in
the sheet web spiders Nereine (previously Linyphia)
litigiosa and Linyphia triangularis. In theses species, males
wrap up and remove large parts of the web of the females
and thereby reduce the amount of pheromone transmitted
into the air and consequently the probability that a rival
finds the female (Schulz and Toft 1993; Watson 1986,
1990, 1991). Excluding rivals is highly beneficial for males
only if females are polyandrous, which appears to be com-
mon in spiders.

As a result of anisogamy, evolutionary interests of males
and females may not align, for example concerning mating
rate (Arnqvist and Rowe 2005), inducing a sexually antago-
nistic coevolution (Rice 1996). A conflict of interest is partic-
ularly evident in sexually cannibalistic spiders and has been
studied in detail in species characterized by a monogynous
mating system (Schneider and Fromhage 2010). Monogyny
evolved several times independently in spiders and is associ-
ated with extreme sexual size dimorphism. Conflict arises
between males that invest maximally in monopolizing pater-
nity with a single female while the female appears to counter
this strategy by cannibalizing the male before he achieves this
goal. A resulting antagonistic coevolution has led to fascinat-
ing behaviors in both sexes, and their convergent evolution
provides ideal conditions to study the evolution of extreme
mating strategies (Schneider 2014).

Theory has shown that a monogynous strategy evolves
under a male-biased sex ratio and is only stable if the mating
investment will yield a higher than average paternity share
(Fromhage and Schneider 2012). Males achieve this for ex-
ample by breaking off pieces of their genitalia that will be used
to plug the genital openings of females and prevent future
rivals from gaining paternity (Fromhage and Schneider
2005; Nessler et al. 2007; Uhl et al. 2010). In many species
that show an extreme sexual size dimorphism, males are can-
nibalized by the females during mating—often the first
mating—or die spontaneously after having used both palps.
The most spectacular and best-known mating behavior is per-
haps the male somersault in Latrodectus hasselti where the
male abdomen comes to rest on the female chelicerae during
copulation (Andrade 1996). The female starts feeding on the
male but he has pulled all important organs to the front part of
the abdomen (Andrade et al. 2005). Thereby males survive
their first copulation and can inseminate both spermathecae
of a female. Males have also evolved curious ways to

circumvent female control of mating by immature mating in
L. hasselti and L. geometricus (Biaggio et al. 2016) and by
mating while the female is molting in A. bruennichi (Uhl et al.
2015).

In species in which males survive copulations, they may
cohabit with the female after mating which likely has a mate
guarding function. Males may also cohabit for other reasons
as for example to steal prey from females (kleptoparasitism,
e.g., MartiSova et al. 2009). Males of Stegodyphus lineatus
(Eresidae) have been shown even to gain weight during the
days of cohabitation; however, females stop renewing their
webs if a male is present (Erez et al. 2005). Generally, except
for the monogynous mating systems mentioned above, male
fitness increases with the number of receptive females he en-
counters and mates with (Bateman 1948). Accordingly, males
should economize on time spent with mate-guarding and
stealing prey and continue to search for females. In cursorial
species, females cannot easily be defended by males, which
should have general implications on the evolution of mating
systems. Mating behavior is highly diverse in spiders and
many more fascinating behaviors wait to be discovered.
Variation occurs not only between spider families or genera
but also between closely related species, offering interesting
material for evolutionary studies.

Dispersal behavior

Most spiders show a gregarious phase after hatching that
lasts but a few days (Chiara et al. 2019) while it is extended
for longer in brood-caring species and permanent in social
species. Solitary spiders disperse as small spiderlings via a
mechanism called ballooning. The spiders become air-
borne by releasing silk threads under favorable certain en-
vironmental conditions such that the drag will lift them
(Cho et al. 2018; Weyman 1993). Ballooning and short
distance dispersal can be triggered by density and resource
availability (Puzin et al. 2019) and vary individually
(Johnson et al. 2015) for example due to paternal effects
(Mestre and Bonte 2012). All these factors may differ in
relevance between males and females.

In many animals, sexes differ in their dispersal behavior
and commonly discussed causes are inbreeding avoidance,
local mate competition, or local resource competition (see Li
and Kokko 2019 for a recent review). In social Stegodyphus
spiders, larger and even mature spiders have been observed to
balloon (Schneider et al. 2001; Wickler and Seibt 1986). Here,
adult females mate within their natal colony and either stay
and reproduce or disperse to found new colonies (Lubin and
Bilde 2007). Males mate with their sisters leading to high
degrees of inbreeding. However, males also show short dis-
tance dispersal and enter other colonies (Aviles and Purcell
2012; Settepani et al. 2017; Smith et al. 2016; Lubin et al.
2009; Smith et al. 2016) thus causing gene flow between
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colonies. While we can directly observe dispersal in large
adult Stegodyphus, sex differences in species with juvenile
dispersal can only be inferred from population genetic studies
that cannot easily differentiate between sex-specific dispersal
behavior and sex-specific mortality during dispersal. The the-
oretical predictions for sex-specific dispersal are likely to ap-
ply to spiders but empirical tests are rare (Mestre and Bonte
2012). Further, endosymbionts such as Wolbachia, Rickettsia,
or Spiroplasma that are known as sex ratio distorters are pre-
dicted to favor male dispersal and female philopatry (Bonte
et al. 2009).The lack of diagnostic genetic or morphological
markers that allow sexing large numbers of spiderlings pre-
vents research on sex differences in spider dispersal.

Life history
Reproductive investment strategies

Males invest their resources into mate searching and male-
male competition as well as sperm production while female
spiders invest substantially in their offspring. Maternal alloca-
tion strategies range from the production of a few, very small
eggs followed by intensive brood care to the production of
hundreds of eggs that are deposited inside a more or less
protective silken cocoon and then left alone (Foelix 2011).
Paternal care is extremely rare in spiders (Mora 1990), and
most males of web-building spiders are long dead when the
females start to lay eggs. Therefore, the sexes differ signifi-
cantly in reproductive investment in spiders.

Plasticity in growth

Spiders are much more flexible in all life-history variables
than earlier studies suggested. Indeed, spiders have been re-
cently advocated as ideal model organisms for the study of
adaptive plasticity (Andrade 2019). Generally, individuals re-
spond to external cues in all known life-history decisions and
show a high degree of plasticity (Andrade 2019).

Maturation time is the final crucial life-history decision
each individual has to make (Roff 1992). Early maturation
might be problematic for both sexes because mates may not
be available yet and maturing too late entails the same risk.
Biotic variables such as prey or predator abundance as well as
abiotic conditions such as temperature might further punish
early or late maturation. Spiders grow discontinuously
through molting, a costly and risky process (Foelix 2011).
Spiders are soft and cannot move when shedding the old skin
and before the new skin has hardened. Hence, the number of
molts should be optimized by selection. Species differ in the
number of molts required until maturation and the number of
molts to reach maturation differs between females and males
in many species (Foelix 2011). Evidence is increasing that
both instar number and instar duration are plastic traits in both
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sexes and respond to external conditions such as prey avail-
ability and quality, daylength, temperature, and even social
cues. Growth studies have shown that females and males re-
spond differently to variation in diet (Neumann et al. 2017;
Uhl et al. 2004) suggesting sex-dependent growth strategies
and divergent selection pressures on male and female life-
history traits (Kleinteich and Schneider 2010; Uhl et al.
2004). Particularly in species with a large sexual size dimor-
phism, males are affected most strongly by food restriction
during early life, while females are generally able to compen-
sate early restrictions if conditions improve later in life.
Studies in Trichonephila senegalensis have shown that fe-
males delay maturation and reach the body size of sisters that
were raised under high food conditions (Neumann et al.
2017). Body size and body condition are generally good pre-
dictors for fecundity in spiders (Head 1995), and current
knowledge supports that females optimize body size if neces-
sary, at the cost of delayed maturation. In contrast, male re-
productive success may often depend more strongly on the
timing of maturation than on body size, particularly under
scramble competition.

The divergent growth patterns of males and females sug-
gest early differences in the processes underlying growth. Sex
differences could be caused by differential maternal alloca-
tion, positions in the egg-clutch might differ between the
sexes, and sibling cannibalism might be sex-specific as well.
Regulation of molting including time between molts, number
of instars, and weight increase per time likely differ as well. So
far, we are lacking the tools to sex early developmental stages
and to our knowledge the mechanisms behind growth plastic-
ity are completely unexplored. Trophic eggs are described in
some species and there might be competition over such extra
resources. Another potential factor that may provide a head
start and increases variation in early growth is sibling canni-
balism. Cannibalism among siblings in or outside the cocoon
has been reported from many species, but it has been inten-
sively studied in only a small number of species. In
Latrodectus hesperus, for example, it was convincingly
shown that hatching asynchrony enhances sibling cannibalism
(Johnson et al. 2016).

Development of sexual dimorphism in spiders
The subadult instar and sexual maturation

While sexual dimorphisms are obvious in adult traits such as
morphology, behavior, and life history, the developmental and
molecular mechanisms underlying the formation of sexually
dimorphic traits remain largely elusive. In araneomorphs, the
first morphological sex differences are apparent in the last
instar before sexual maturation (i.e., subadult instar) when
the male pedipalps thicken distally. A morphological analysis
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of bulb development inside the tip of the pedipalp in
P tepidariorum suggests that its morphogenesis involves a
complex sequence of events (Quade et al. 2019). This work
established that the anlagen of the bulb are already present in
the distal tip of the pedipalp in the pre-subadult stage, strongly
suggesting that male-specific development is initiated much
earlier. Interestingly, spermatogenesis already begins during
subadult stages in the cellar spider Pholcus phalangioides
(Michalik and Uhl 2005), and Loxosceles intermedia
(Margraf et al. 2011) suggesting that the male genital system
must develop prior to this stage already. It is likely that also the
development of external female genitalia precedes the sub-
adult stage since the epigyne is already visible below the cu-
ticle before the final molt in some spiders (Biaggio et al. 2016,
Uhl unpublished). Body shapes can also start to differentiate
between sexes throughout the last two instar stages (Uhl un-
published). Based on these observations, the development of
sex differences must be initiated prior to the pre-subadult stage
in males and females. However, it remains to be established
whether the development of primary and secondary sexual
traits is a gradual process that is initiated already during em-
bryogenesis or is initiated only few molts before maturation.
Hence, a thorough morphological description of organ devel-
opment is missing that allows identifying crucial stages at
which the anatomy diverges between males and females.

Developmental genetics underlying sex
determination

Developmental processes are regulated by the action of devel-
opmental gene products. While the genetic underpinnings of
early spider embryonic development, such as axis formation
(Akiyama-Oda and Oda 2006; Oda et al. 2019; Pechmann
et al. 2017), segmentation (Paese et al. 2018; Pechmann et al.
2011; Schonauer et al. 2016; Stollewerk et al. 2003), or visual
system development (Samadi et al. 2015; Schomburg et al.
2015), are being revealed these days, the genetic mechanisms
regulating sex determination are entirely unclear. In general, the
sex in animals can be defined by environmental cues, by genet-
ic factors or a combination thereof. Environmental sex determi-
nation can for instance be observed in crocodiles where the
temperature during early embryonic development plays a piv-
otal role (Janzen and Paukstis 1991). A combination of several
environmental cues such as photoperiod, food resources, and
density has been shown to determine the sex in the branchiopod
crustacean Daphnia magna (Kato et al. 2011). However, in the
majority of animals, sex is determined genetically. Our current
understanding of these processes in arthropods is mostly based
on detailed genetic analyses in the well-established model sys-
tem D. melanogaster where the sex determination cascade can
be subdivided into three main steps (reviewed in Bopp et al.
2014; Cline and Meyer 1996; Gamble and Zarkower 2012;
Herpin and Schartl 2015):

1) Instruction: The genomic architecture of an individual
provides the first instructive signal. In Drosophila the
instruction is derived from the interpretation of the pro-
portion of X chromosomes to autosomes. Females have a
1:1 ratio with two X-chromosomes and two copies of
each autosome, while males possess a 0.5 ratio. The pres-
ence of two X chromosomes in females leads to the ex-
pression of the gene Sex lethal (SxI).

2) Transduction: The activity of the SxI protein in females
results in female-specific splicing of the pre-mRNA of the
transformer (tra) gene what results in a functional Tra
protein. Tra itself is a splicing factor that regulates the
female-specific pre-mRNA splicing of the doublesex”
(dsx") gene. The male splice variant of tra is not function-
al. This results in the absence of TRA protein, which in
turn causes the production of a male-specific splice form
of the Dsx gene.

3) Execution: dsx’ codes for a transcription factor that acti-
vates the expression of genes required for female devel-
opmental programs.

In the presence of only one X chromosome in males, no SxI
will be generated resulting in male-specific splicing of #ra pre-
mRNA. A premature stop codon prevents the generation of a
functional Tra protein what leads to the formation of a male-
specific Dsx™ transcription factor, which in turn activates tar-
get genes required for male development.

Some of these three common steps underlying the molec-
ular control of sex determination in D. melanogaster are high-
ly conserved across different animals. For instance, the trium-
virate Sx1/Tra/Dsx or their orthologs are pivotal in many cases
(Bopp etal. 2014). A database search (OrthoDB and NCBI) in
available spider genomes revealed that most spider species
possess one or more orthologs of the well-known sex deter-
mination genes. Therefore, these genes are an excellent
starting point to reveal candidate factors involved in spider
sex determination. In the following, we first summarize sparse
data on potential genetic mechanisms and we then propose
strategies to identify sex determination factors in spiders,
starting with the final readout of the sex determination
cascade.

Execution and beyond

The final readout of embryonic sex determination is the sex-
specific expression of genes, which control dimorphic organ
development and later regulate dimorphic organ function. We
broadly refer to this sex-specific readout as execution step.
Therefore, one excellent method to identify genes regulating
sex-specific organ development or function in spiders is
studying sex-specific gene expression (Fig. 2a). It has for in-
stance been shown that male and female spider toxins possess
different activities and that the sexes produce different levels
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of toxins (Rash et al. 2000; de Oliveira et al. 1999).
Intriguingly, a genome-wide survey of latrotoxin genes in
the house spider P. tepidariorum revealed that a phylogeneti-
cally clustered group of these toxins is only expressed in males
(Gendreau et al. 2017). Silk glands are as characteristic as
venom glands for spiders, and due to their different dispersal
and reproduction strategies (see above), female and male spi-
ders have different requirements for the silk they produce. A
genome-wide expression analysis of genes expressed in male
and female silk glands in three Theridiidae species showed
that indeed the complement of expressed genes is highly
sex-specific. Interestingly, the authors found species-specific
patterns of sex-specific silk gene expression, suggesting that
males have different requirements in different species (Correa-
Garhwal et al. 2017).

These examples demonstrate that the analysis of specific
tissues is a powerful approach to identify organ-specifically
expressed genes that show different expression profiles
among sexes. While the findings exemplified above are based
on the analysis of a few spider-specific organs, it is still un-
clear in how far other organs are characterized by sex-specific
gene expression. Nowadays such genome-wide differential

expression data between sexes can easily be obtained for a
variety of species and tissues since next generation sequencing
technologies facilitate the establishment of reference tran-
scriptome resources (Grabherr et al. 2011; Haas et al. 2013).
Since gene expression is highly dependent on the temporal
and spatial context (reviewed in Buchberger et al. 2019), it
is advisable to apply comparative gene expression studies to
as specific tissue samples as possible. This way even low
abundant transcripts can be detected in the tissue of interest.
In summary, we argue that a comprehensive analysis of
genome-wide expression differences in various organs and
spider lineages will reveal common and lineage-specific as-
pects of sex-specific gene expression.

Transduction

While the identification of sex-specific gene expression in
adult spider organs provides insights into the functional or-
gans, it remains to be established which molecular mecha-
nisms control the sex-specific gene expression. Sex-specific
gene expression on the execution level must be regulated be-
forehand by sex determining factors at the transduction level.
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Data on sex determination mechanisms in animals suggest
that the number of key factors may be limited. Comparative
studies showed that the transduction step involving differen-
tial splicing of a #ra like gene and the subsequent activation of
female- or male-specific Dsx transcription factors seems to be
conserved in many insects (reviewed in Bopp et al. 2014).
Indeed, dsx like genes that code for Doublesex and Male-
abnormal-3 Related Transcription factors (Dmrt) have been
implicated in sex-specific development in vertebrates
(Matson et al. 2010; Yoshimoto et al. 2008), C. elegans
(Mason et al. 2008; Shen and Hodgkin 1988), crustaceans
(Kato et al. 2008; Kato et al. 2011), and planarians (Chong
etal. 2013), making it a prime candidate to play a major role in
specifying sex differences in spiders. A recent phylogenetic
analysis of Dmrt genes in various arthropods showed that the
P tepidariorum genome contains one copy of the Dmrti1E,
Dmrt93B, and Dmrt99B family, respectively, and two copies
of Dsx-like genes (Panara et al. 2019). While Dsx/ showed no
expression during embryonic development, Dsx2 (isoform B)
expression has been observed in the embryonic anlagen of the
spinnerets, which are highly sexually dimorphic structures in
adult P. tepidariorum (Moon and An 2006; Panara et al.
2019). Intriguingly, the same isoform of Dsx2 has been shown
to be differentially expressed in developing male and female
pedipalps (Schomburg 2017), making Dsx2 an excellent can-
didate for further functional studies (see below).

Although core events, such as the involvement of alterna-
tive splicing and Dmrt genes, are highly conserved in sex
determination of arthropods studied to date, various lineage-
specific aspects have also been revealed. For instance, in the
silk moth Bombyx mori the cascade leading to female-specific
Dsx splicing does not rely on the presence of a #ra gene but is
initiated by the expression of a PIWI-interacting RNA
(piRNA) (Kiuchi et al. 2014). In the light of the diversity in
aspects of the sex determination cascade, it may be risky to
rely on the usual suspects only in the search for candidate
genes in spiders. To identify sex determining factors indepen-
dently from a candidate gene approach, unbiased genome-
wide approaches are necessary. If the number of genomic loci
contributing to the core of the sex determination cascade is
limited, one could identify common upstream regulators of
genes with sex-specific expression. To this end, the regulatory
sequences of genes of interest could be surveyed for transcrip-
tion factor binding motifs using established tools such as
HOMER (Heinz et al. 2010). Since motif information specif-
ically for spiders is sparse, one could query existing motif
databases, such as JASPAR (Mathelier et al. 2016; Sandelin
et al. 2004) to link identified motifs to putative transcription
factors (Fig. 2b). User friendly tools to statistically evaluate
the putative enrichment of motifs in a set of sex specifically
expressed genes have been established (e.g., Herrmann et al.
2012). However, a key prerequisite for such a proposed anal-
ysis is the availability of high-quality genomes with

comprehensive gene model annotations that allow identifying
potential regulatory sequences. An increasing number of spi-
der genomes are being sequenced these days. Since spider
genomes tend to be rather large (for a recent overview see
Garb et al. 2018), it may be additionally important to narrow
down relevant regulatory sequences. This could be achieved
by generating stage and tissue specific ATAC-seq datasets to
assess genome-wide chromatin accessibility (Buenrostro et al.
2013, 2015) (Fig. 2b).

Besides the involvement of Dmrt genes in sex determina-
tion, differential splicing seems to be a common theme in
many insects studied so far (Salz 2011). As outlined above,
D. melanogaster sex determination involves male- and
female-specific splicing of #ra that itself codes for a splicing
factor. Eventually, sex-specific Dsx isoforms activate male-
and female-specific gene expression. Recent work revealed
that the male determining factor in the house fly
M. domestica is a paralog of a general splicing factor
(Sharma et al. 2017). Although differential splicing does not
seem to play a major role in C. elegans sex determination
(Cline and Meyer 1996), it has been suggested that the male
determinant sex-determining region on Y (Sry) in mammals
codes for a transcriptional regulator that is also involved in
pre-mRNA splicing (Lalli et al. 2003). Since sex-specific
splicing is involved in many organisms, one approach to iden-
tify genes involved in spider sex determination could be to
identify such events in different tissues and developmental
stages (Fig. 2¢). Several methods have been established to
infer alternative splicing events from RNA sequencing data.
Many pipelines require the a well-annotated genome refer-
ence, but de novo transcriptome assemblies can also be used
to identify and quantify differential splicing events (Benoit-
Pilven etal. 2018). The availability of an increasing number of
transcriptomic datasets in spiders will therefore allow to re-
analyze this data with respect to sex-specific splicing events.
Hence, the application of genomic and transcriptomic re-
sources and comparative tools will contribute to a better un-
derstanding of sex determination mechanisms in spiders.

Instruction

In contrast to transduction, instruction is very variable in all
arthropod species studied so far. A few mechanisms identified
in animals comprise the above described autosome to
gonosome ratio (Drosophila), male determining factors that
can be located on any chromosome (Musca), signals coming
from the presence of a Y chromosome or its absence (Aedes
aegypti), and ploidy level (Hymenoptera) (but see Herpin and
Schartl 2015 for a review). Sequences homologous to sex
lethal and csd can be found in spider genomes available to
date. However, they do not necessarily have the same function
and warrant further inspection. Lack of conservation in the
instruction upstream of 7@ makes a candidate approach based
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on orthology unlikely to be successful, more so because phy-
logenetic distance between insects and spiders is considerable.

To date, the karyotypes of 867 species of spiders were
characterized through cytogenetic analyses, and a comprehen-
sive review and database were compiled by Araujo et al.
(2012), www.arthropodacytogenetics.bio.br/spiderdatabase.
This compilation of studies, some of them published at the
turn of the twentieth century, not only contributes to our
understanding of karyotype evolution in spiders but also
delivers insights into the sex chromosome system of many
of them. Thanks to this substantial body of literature, one
can hypothesize which of the induction mechanisms listed
above might act.

A variation of the male heterogametic XY sex determina-
tion system, X;X,0, is found most frequently throughout all
spider genera. In this system, female karyotypes are 2n=auto-
somes+ X;X;X,X, and male karyotypes are 2n=autosomes+
X1X50. The X;X,0 SCS is considered a plesiomorphic feature
in spiders because it occurs in members of the phylogenetical-
ly basal family Liphistiidae (Mesothelae) (Suzuki 1954). In
most of the spider taxa karyotyped so far, we can thus exclude
a role of the Y chromosome. Further, a mechanism found in
haplodiploid species such as some Hymenopterans, where the
ploidy level determines offspring sex, is highly improbable.
Instruction through either X:A ratios or X chromosome num-
ber would thus be the first working hypothesis in spiders.

Functional validation of candidate genes

The function of candidate genes identified by genome-wide
approaches could be tested by gene knockdown during em-
bryonic development applying RNA interference (RNAI).
This method is well-established in P. fepidariorum where
RNAI is systemic and parental, meaning that the injection of
double-stranded RNA in mothers results in efficient gene
knockdown in their offspring (Hilbrant et al. 2012).
Subsequently, offspring at the subadult instar stages and older
should be investigated with respect to their pedipalp morphol-
ogy and the formation of the epigyne to determine the pheno-
typic sex. An informative readout of the experiment could be
the analysis of the sex ratio among offspring within cocoons
that originate from injected and control females, respectively.
If the adult sex ratio is significantly different in RNAi-treated
cocoons, the targeted gene most likely interferes with the sex
determination pathway. Such an approach could be signifi-
cantly improved if the phenotypic sex could be determined
much earlier during development. One reason for the need
of an early sex identification is the observation that the
RNAI effect ceases over time and gene expression often re-
covers in later stages of development. Additionally, one could
significantly reduce the time and resource investment if the
spiders would not have to be kept until adulthood. Therefore,
more comparative morphological studies are needed to
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identify external and internal features that show differences
between sexes. Additionally, a proper molecular characteriza-
tion of the genotypic sex will facilitate the establishment of
efficient assays to determine the sex for each individual in
RNAI and control experiments. A discrepancy between the
genetic and the phenotypic sex could be used to identify sex
determining genes in RNAi experiments.

In summary, extensive knowledge acquired in a few model
systems provides a solid basis to start searching for genes
involved in sex determination in spiders following a candidate
gene approach. The increasing number of established genomic
resources furthermore facilitates the unbiased identification of
putative lineage-specific sex determining factors. Eventually,
identified candidate genes can be functionally tested using
RNAi-mediated gene knockdown. These exciting develop-
ments in sequencing technology and functional assays in com-
bination with the extensive sexual dimorphism in various phe-
notypic traits such as morphology, behavior, and life history
make spiders an excellent model to study the genetic basis, the
phenotypic consequences, and the evolutionary forces under-
lying sexual dimorphism.

Sex chromosome evolution: what can we learn
from spiders

As aforementioned, the instruction of sex differentiation is a
highly variable mechanism in animals, and even varies
substantially between members of the same genus or the
same species, in extreme cases. Indeed, Hamm et al. (2015)
described how the male determining factor is localized on
different chromosome in different Musca populations. In spe-
cies with genetic sex determination, such as spiders, sex chro-
mosomes are thought to be key to the establishment of sepa-
rate male and female phenotype. Vicoso (2019) very recently
reviewed data on the variability of sex-determining genes and
sex chromosomes in non-model species and more especially
invertebrates. This review highlights the incredible diversity
of sex-determining systems, and shows the importance of
broadening our knowledge by sampling all biological diversi-
ty to better understand sex chromosome evolution.

Various hypotheses concerning the origin of the X;X,0
SCS system in spiders have been put forth and are reviewed
in Araujo et al. (2012). Competing hypotheses include but are
not limited to (1) duplication of the ancestral single X (Revell
1947) or (2) centric fission of this ancestral single X and ad-
ditional rearrangements (Patau 1948). In both cases, these
events would have been followed by differentiation and en-
hanced by a lack of recombination between the two X, leading
to them becoming X; and X,. All authors agree on the partial
or complete lack of homology between these X chromosomes
(Hackman 1948, Suzuki 1952, Mittal 1964). Kral et al. (2006)
revealed that while the X;X,0 sex chromosome system pre-
dominates in entelegyne spiders, it has been found in only
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two genera of basal araneomorphs. Systems with 3 X chro-
mosomes or more, as well as SCS with Y chromosomes, are
thought to be derived from the ancestral karyotype (see e.g.
Datta and Chatterjee 1988 for Araneids and references in
Araujo et al. 2012). Some genera are highly diverse in this
regard, with numerous neo Y chromosomes appearing in
Habronattus spiders, for example (Maddison and Leduc-
Robert 2013).

To date, all analyses and hypotheses about the evolution of
X chromosomes in spiders rely on classical cytogenetic
methods, measuring basic chromosomal characteristics such
as chromosome length, number, meiotic condensation, meiot-
ic segregation, and cell ultrastructure (e.g. Kral et al. 2006 and
citations in Araujo et al. 2012). Little has been done in the way
of gene content on X chromosomes or X-linked regions. This
is not surprising given the relatively new availability of whole
genome sequencing techniques. In terms of genome sequenc-
ing, spiders are lagging behind other groups (reviewed in Garb
et al. 2018), partly because of their sheer size (between
723 Mb and 5.60 Gb, Gregory and Shorthouse 2003).
However, various affordable approaches are suitable for X-
linked region discovery and ultimately analysis of X chromo-
some evolution. The difficulty to obtain sex chromosome se-
quences is increasingly being overcome by methodological
advances (reviewed in Muyle et al. 2017; Palmer et al.
2019). Promising methods associate reasonable sequencing
volume and high sensitivity, such as SEX-DETector (Muyle
et al. 2016). One of its advantages is its reliance on RNAseq
data, as opposed to DNAseq. The procedure analyzes allelic
segregation in a family with two parents and around 5 off-
spring of each sex obtained through a controlled cross. This
allows circumventing issues with genome assembly for spe-
cies with large genomes and is also more cost effective. Other
methods include the sequencing of one individual of each sex
and depth of coverage distribution. This method relies on the
assumption that any X-linked genome region would be twice
more abundant in females than in males. Such differential
coverage analyses have been successfully applied to snakes
(Vicoso et al. 2013) and Lepidoptera (Fraisse et al. 2017),
among others. Recent work aiming at finding sex-linked re-
gions in the tarantula Grammostola rosea led to
the identification of 16 X-chromosome-linked molecular
markers for use in a quantitative PCR approach (pers. com-
munication Petr Nguyen, MSc. thesis Pechova (2018)).
Among these, two were also found to be sex linked in
P, tepidariorum, despite the two species being phylogenetical-
ly very distant.

The sex-specific X chromosome count has driven its spe-
cialization, and understanding the forces that drive this spe-
cialization has been a longstanding goal of evolutionary biol-
ogy (Charlesworth et al. 2005). X chromosomes are under a
peculiar selection regime because they are transmitted through
females two-third of the times; this may lead to the acquisition

of specialized gene content. X chromosomes will accumulate
an excess of dominant mutations that are beneficial to females
(Rice 1984), potentially leading to the accumulation of genes
with female functions on this chromosome. The exposure of
recessive alleles to selection in males causes higher substitu-
tion rates in X-linked loci, a phenomenon termed faster X
hypothesis. The evolution of the X chromosome also regards
its gene content. While high gene turnover on X chromosomes
has been observed in Dipteran insects (Vicoso and Bachtrog
2015), a study on Hemiptera showed that differentiated sex
chromosomes are extremely stable (Pal and Vicoso 2015).
Bechsgaard et al. (2019) very recently published the first study
on the evolution of X-linked regions in spiders. Their ap-
proach made clever use of flow cytometry to sort sperm cells
from the social spider Stegodyphus mimosarum into two
groups, those containing X chromosomes and those who did
not. Reduced representation libraries were then sequenced,
and X chromosome-to-autosome diversity estimated. This
study provides evidence in support of the faster X hypothesis
in spiders and calls for further investigation in other spiders.

Further, the X often evolves mechanisms of dosage com-
pensation, which regulate the expression of X-linked genes to
compensate for their haploidy in males (Charlesworth 1998).
Sex chromosome dosage compensation (SCDC) is achieved
in different ways depending on the species, and regarded as
complete or partial, depending on whether all X-linked genes
are affected or only a fraction, respectively. While in mam-
mals a whole X chromosome copy is inactivated in genetic
females (Heard et al. 1997), in D. melanogaster the expression
of X-linked genes is upregulated in males (reviewed in
Lucchesi and Kuroda 2015). This mode of dosage compensa-
tion is broadly conserved across flies (Vicoso and Bachtrog
2015) and seems also predominant in other insects (e.g., stalk-
eyed fly, Australian sheep blowfly and other references in Gu
and Walters 2017). Continuing to broaden the scope of taxa in
which dosage compensation has been assayed is one clear
path forward to further our understanding of sex chromosome
evolution and SCDC (Gu & Walters 2017).

Open questions and future challenges
Sexing at all developmental stages

Until now, sex could not be determined until later stages of
development without rendering further analysis impossible:
chromosome spreads are destructive, as is sperm sorting
through flow cytometry. To understand the cascade of sex
determining events and the genes involved in instruction and
transduction in spiders, a holistic approach must be applied.
Reliable methods must be employed to either manipulate off-
spring sex or to determine the sex at any stage. The former
could be achieved through artificial insemination with sperm
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sorted through flow cytometry and thus leading to female or
male-only broods. The latter would be possible once molecu-
lar markers for X chromosome are available, and their relative
copy number to autosome-linked regions can be quantified
through quantitative PCR (D'Haene et al. 2010; Hoebeeck
et al. 2007; for an example in reptiles see Rovatsos and
Kratochvil 2017). If X chromosomes are conserved through-
out Araneids, one could easily use the knowledge gained on
one species to apply the molecular markers to another species.

Monogenic vs. polygenic sex determination

So far it is unclear whether single loci on sex chromosomes
contribute to sex determination, as is common in
D. melanogaster, C. elegans, and most mammals, or if this
process is controlled by multiple genes, such as in zebrafish
(Bradley et al. 2011). Interestingly, it has been proposed that
the involvement of multiple genes may be an indication for a
more recent split of females and males from a hermaphroditic
ancestor. In this case, at least two genes are necessary to define
the two sexes, one factor that suppresses the female fate and
one that suppresses the male fate. In contrast, the presence of
one central sex determining factor may be the result of long-
term establishment of such a system (Bachtrog et al. 2014).
Therefore, the identification of the number of sex determining
genes in spiders may have a direct implication for the evolu-
tion of sexes.

Nonautonomous vs. cell-autonomous sex
determination

Dimorphic development can be coordinated by two main
mechanisms. If the sex determining signal is interpreted in
each cell from early stages on, sex-specific gene expres-
sion and thus development is triggered cell-autonomously.
This is the typical mode observed in D. melanogaster
(Cline 1993). In mammals, however, dimorphic develop-
ment is triggered by nonautonomous signals, such as hor-
mones which are mostly secreted from the gonads
(Wilhelm et al. 2007). It may be interesting to find out
whether sex determination in spiders is coordinated cell-
autonomously or non-autonomously. Once a thorough an-
atomical description of sexually dimorphic development
will be available, one could compare the earliest stages
that show morphological differences between sexes for
different organs. If dimorphic development is highly co-
ordinated in various organs, it is likely that cell-
autonomous processes are at play from early stages on.
In contrast, the dimorphic development of different organs
at different stages may imply that inductive nonautono-
mous processes are at play.
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Sexual dimorphism in growth plasticity

As outlined above, growth in spiders is highly plastic and males
and females respond differently to external cues. It is generally
accepted that plasticity in response to the environment is often
associated with epigenetic modifications, such as DNA meth-
ylation and histone modifications (Cavalli 2006; Duncan et al.
2014; Fagiolini et al. 2009). It will thus be of major interest to
unravel the general contribution of epigenetic modifications to
phenotypic plasticity in spiders. First results of genome-wide
bisulfite sequencing to study methylation patterns in the social
spider Stegodyphus dumicola showed a higher level of methyl-
ation in gene loci and a link between methylation and gene
expression has been established. A comparative genomics anal-
ysis included in this study furthermore suggests that DNA
methylation is common in spiders (Liu et al. 2019). With a
general understanding of the epigenetic and genetic mecha-
nisms underlying phenotypic plasticity, it will be exciting to
test whether epigenetic factors are somehow linked to the sex
determination cascade in spiders to drive sex-specific responses
to an ever-changing environment. With the availability of more
high-quality genomes in the future, it will be possible to com-
prehensively study the epigenetic landscape in spiders with
respect to sexual dimorphisms in plasticity on a macroevolu-
tionary as well as microevolutionary scale.

Evolution of sex ratios

While many animals possess a 1:1 sex ratio, skewed sex ratios
are similarly pervasive. In some social insects the sex is deter-
mined by the haplodiploidy system in which unfertilized haploid
eggs give rise to males, while fertilized diploid eggs develop into
females (Gardner and Ross 2013). With this system, the sex ratio
can be directly controlled. Another source of skewed sex ratio is
the unequal transmission of X or Y chromosomes, a process
known as sex chromosome meiotic drive. Meiotic drives can
be caused by mutations in sex chromosomes that interfere with
meiosis, or they can be induced by endosymbionts to ensure their
propagation (Hurst and Jiggins 2000; Jaenike 2001).
Interestingly, social spiders have skewed sex ratios towards fe-
males (Vollrath 1986), while it is more equal in solitary spiders.
Since spiders have diploid chromosomal sex determination the
ratio cannot be controlled directly as in a haplodiploid system,
where unfertilized eggs develop into males. A recent study in two
social spider species with female-biased sex ratio (Stegodyphus
dumicola and S. mimosarum) and one subsocial species with a
1:1 sex ratio (S. africanus) showed that the bias in social spiders
is achieved on the level of sperm production. The analysis of the
DNA content of the sperm showed that much more sperm cells
with X chromosomes were produced which leads to an excess of
females. These findings are consistent with X chromosome mei-
otic drive. Furthermore, the authors provide data suggesting that
endosymbionts do not cause the drive (Vanthournout et al. 2018).
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In addition to sperm analysis, sex-specific markers could be used
on spiderlings at different developmental stages to assess whether
male killing or any other sex-biased mortality occurs in broods. It
will be highly interesting to reveal the mechanisms driving
skewed sex ratios in different spider lineages to contribute to a
better understanding of the genomic basis of this process.

Conclusion

Once key mechanisms underlying sex determination in spi-
ders are unraveled, we will able to revisit many interesting
phenomena in spiders, ranging from sex allocation, sex-
specific growth strategies, adaptive variation in early sex-
differences in developmental pathways to sex differences in
dispersal - to name just a short selection of the topics. The
findings obtained in spiders will contribute to a better general
understanding of the evolution of sexual dimorphism and the
underlying mechanisms. They will further elucidate
the developmental responses to biotic and abiotic factors that
can cause plasticity in physiology, morphology, and behavior.
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