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Genitalia are among the most studied phenotypes because they exhibit high anatomical diversity, experience fast
evolutionary rates and may be shaped by several evolutionary mechanisms. A key element to uncover the mech-
anisms behind such impressive diversity is their copulatory function. This topic has been overlooked, especially
concerning structures not directly involved in sperm transfer and reception. Here, we conduct a hypothesis-driven
experimental study to elucidate the operation of various external genital parts in five species of stink bugs with
differing levels of phylogenetic relatedness. These insects are unique because their male and female genitalia are
externally well developed, rigid and composed of multiple components. In contrast with their anatomical complexity
and diversity, we show that genital structures work jointly to perform a single function of mechanical stabilization
during copula. However, distinct lineages have evolved alternative strategies to clasp different parts of the opposite
sex. In spite of a high functional correspondence between male and female traits, the overall pattern of our data does
not clearly support an intersexual coevolutionary scenario. We propose that the extraordinary male genital diversity
in the family is probably a result of a process of natural selection enhancing morphological accommodation, but we
consider alternative mechanisms.

ADDITIONAL KEYWORDS: coevolution — Edessa — Euschistus — functional morphology — Mormidea — Podisus —
sexual selection — sperm competition.

INTRODUCTION

Extraordinarily divergent genitalia are ubiquitous
across animal taxa with internal fertilization. The evo-
lutionary forces behind this trend have sparked heated

and how morphology relates to function (Jagadeeshan &
Singh, 2006; Simmons, 2014; Wulff & Lehmann, 2016).
In the taurus scarab beetle (Ontophagus taurus), two
distinct functionalities have been described to four male

debate over the last decades, but most models of nat-
ural and sexual selection proposed have been at least
partially supported (Hosken & Stockley, 2004; Masly,
2012; Brennan & Prum, 2015; Firman et al., 2017).
Distinguishing among these models in a particular group
can be challenging because genitalia may exhibit simi-
lar patterns of differentiation and coevolution under dif-
ferent pressures. Thus, uncovering the origins of genital
diversification is paramount to discern among alterna-
tive evolutionary mechanisms. In this sense, a key ques-
tion is how different genital parts engage during copula
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genitalic sclerites: three sclerites act directly in sperm
transfer comprising an integrated unit, while the other
acts as a holdfast structure (Werner & Simmons, 2008).
Such findings are crucial to explain how different parts
are able to influence paternity or stabilize the geni-
talia in copula (Werner & Simmons, 2008), illustrating
the importance of studies on functional morphology to
detect sources of selection. The scarcity of studies on
functional morphology of genitalia has been repeatedly
pointed as a key obstacle that hinders the progress on
this research field (Simmons, 2014; Brennan & Prum,
2015). Although functional integration between male
and female is usually thought as a major source of coev-
olution, evidence for such correlation is yet limited. In
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fact, the most comprehensive study dealing with this
subject has found weak evidence to such correlation
(Richmond, Park & Henry, 2016).

Insects are probably the most representative organ-
isms in studies on genital evolution. Assessments of
their genital functionalities have revealed peculiar
and unique modes of operation such as traumatic
insemination (Tatarnic, Cassis & Hochuli, 2006;
Kamimura, Tee & Lee, 2016), mating plugs (Baer,
Morgan & Schmid-Hempel, 2001; Seidelmann, 2015),
sonorous genitalia (Sueur, Mackie & Windmill, 2011)
and female penises (Yoshizawa et al., 2014). Three
major biases may be identified in studies with insect
genitalia. First, thorough investigations covering both
functional and evolutionary aspects have been mostly
conducted with a few model groups such as flies (e.g.
Eberhard & Ramirez, 2004), beetles (e.g. Hotzy et al.,
2012) and water striders (e.g. Fairbairn et al., 2003).
Second, the historical male bias that characterizes
the research on genital evolution as a whole (Ah-King,
Barron & Herberstein, 2014) also seems to apply to
insects. Third, given the growing acceptance of sexual
selection as a preponderant mechanism, studies exam-
ining structures associated to sperm transfer and sen-
sory communication are increasingly predominant in
relation to those examining structures with secondary
sexual functions. However, recent studies provide une-
quivocal evidence that male and female genitalia may
be shaped by alternative processes other than the tra-
ditional cryptic female choice and sexual antagonistic
coevolution (e.g. Wojcieszek et al., 2012; House et al.,
2013; Anderson & Langerhans, 2015; Varcholova et al.,
2016). This raises the question of whether these mech-
anisms of sexual selection are indeed overwhelmingly
prevalent as usually thought, especially considering
our elusive knowledge on the function and diversity of
genitalia in numerous understudied groups.

Among insects, stink bugs (Hemiptera: Penta-
tomidae) stand out for particularities in male and
female genitalia. Both sexes exhibit highly complex
andwell-developedinternal and external genital parts
(Sharp, 1890; Marks, 1951) with presumable diverse
functionalities (Genevcius, Caetano & Schwertner,
2017). While a couple of studies with pentatomids
have linked their intromittent genitals to a complex
system of sperm selectivity, transfer, regulation and
storage (Adams, 2001; Stacconi & Romani, 2011), the
function of non-intromittent external parts in copula
remains virtually unknown. The non-intromittent
part of the male organ (=pygophore, male external
genitalia herein) is characterized by extraordinary
diversity and species specificity, being consistently
the most decisive characteristics in taxonomic stud-
ies and showing strong phylogenetic structure at
different levels (e.g. Grazia, Schuh & Wheeler, 2008;

Ferrari, Schwertner & Grazia, 2010; Genevcius,
Grazia & Schwertner, 2012). The structure comprises
a capsule and associated structures that can take
the form of folds, projections and hooks, originated
from a series of modifications and fusions between
the ninth and tenth abdominal segments (Bonhag
& Wick, 1953; Schaefer, 1977). The female external
genitalia is composed of various flattened plates that
cover the genital opening, derived from the eighth,
ninth and tenth segments (Scudder, 1959). A recent
study has found an evolutionary correlation between
the pygophore and a pair of female plates, but the
functional significance of this trend remains to be
investigated (Genevcius et al., 2017). Although our
knowledge on how these structures operate is vague,
their remarkable diversity and species specificity
suggest an important sexual and evolutionary role in
the family which has never been scrutinized.

In this study, we examined the role of the genital
parts that presumably interact externally during copula
in Pentatomidae. Given the morphology of the external
genitalia of its members, the group offers an interesting
model to study the interplay between genitalia func-
tion, complexity and evolution in structures disassoci-
ated to sperm transfer. We reviewed the literature and
compiled a series of testable hypotheses of functional
mechanics in the group (Table 1). We performed mating
trials for five species showing varying degrees of phylo-
genetic relatedness and conducted a series of detailed
morphological observations to address the following
questions: (1) How do the external parts of the male and
female genitalia interact with one another during cop-
ula? (2) Do the modes of operation vary across species
of different lineages of the family? Our results revealed
an entangled mechanism of functional integration in
which several parts of the genitalia operate in a coop-
erative fashion to provide stabilization during copula.
Furthermore, we show significant among-species vari-
ation in the attachment mechanism, suggesting dis-
tinct evolutionary strategies to clasp the opposite sex
exhibited by different lineages. We discuss how our data
adequate to the functional hypotheses, the evolutionary
implications of the genital interactions observed and
possible underlying mechanisms.

MATERIAL AND METHODS
MORPHOLOGY AND TERMINOLOGY OF GENITAL PARTS

The terminology used to refer to the male genital com-
ponents in Heteroptera has been historically incon-
sistent. Schaefer (1977) compiled and discussed the
contrasting classification in Pentatomomorpha (which
includes Pentatomidae and related families), pro-
posing a unified terminology. Here, we followed his
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Table 1. Hypotheses of functional morphology of the external genitalia compiled from literature with reference to the
taxon to which each hypothesis has been proposed

Structure Taxon

Functional hypothesis

Reference

Support

Parameres

Parameres

Parameres

Ventral rim of
pygophore

Ventral rim of
pygophore

Pygophore

Pentatomidae

Hemiptera

Piezodorus lituratus
(Pentatomidae)

Geocorisae (Terrestrial
Heteropterans)

Geocorisae (Terrestrial
Heteropterans)

Pentatomidae

H1. ‘The functions of the claspers [...]
to assist in separating the genital sclerites
of the female, and to assist as clasping
organs during copulation’.

H2. ‘Also, it appears [...] that the parameres
do operate to some extent in keeping apart
the gonapophyses which hide the female
gonopore...’

H3. ‘During copulation in Pentatominae the
male gonopods are pressed against the
outside of the 2nd valvifers of the female’

H4.¢...the infolded portion of the ventral
rim, [...] presumably share the function
of holding and guiding the aedeagus during
copulation.

H5. ‘These structures [the infolded portion
of the ventral rim] appear to have limited
functional significance, because they are
usually immovable and not provided with
muscles; they may provide tactile clues to

the female and/or provide support to the
various movable structures during
copulation.’

H6. ‘The aesthetic aspect of the arrangement
[of the genital chamber] in many of the
higher species, [...], is very remarkable, but
I do not think there is at present evidence
that would justify us in attaching any
special biological importance to it.’

Baker (1931)

Singh-Pruthi

(1925)

Leston (1955)

Schaefer (1977)

Schaefer (1977)

Sharp (1890)

Corroborated

Rejected

Rejected

Partially
rejected

Partially
rejected

Partially
rejected

Column ‘structure’ refers to the terminology used here, while the original terminology is indicated in bold within the hypothesis quote. Column

‘support’ denotes whether the hypothesis was supported herein.

terminology with a few additions of other recent stud-
ies (Genevcius et al., 2012).

The male genitalia is roughly a tube-like sclerotized
capsule (=pygophore) with associated structures (e.g.
a pair of claspers) and an internal phallus. Although
some authors refrain to use the terms ‘external’ and
‘internal’ genitalia, we designate internal genitalia
as the movable intromittent parts that penetrate the
female internal tract, whereas the capsule itself, the
parameres and the tenth segment are considered as
external genitalia. The pygophore can be divided into
a dorsal and a ventral wall. Since it remains twisted in
180° inside the male’s body while in rest position, the
ventral and the dorsal sides are opposite to the body’s
plans (Schaefer, 1977). All structures can be seen in
dorsal view, including the posterior extremity of the
ventral wall, denominated ventral rim (Fig. 1).

We follow Grazia et al. (2008) to the female parts,
which compiled the nomenclature and reviewed homol-
ogy statements. The morphology of the female geni-
talia is relatively simpler, comprising a series of soft
tubes and chambers (the internal genitalia) covered by
various sclerotized plates (the external genitalia). The
opening of the female internal tract gets covered by
the larger genital plates, the gonocoxites 8 (Fig. 1E, F).
The terminology of all genital parts and respective
abbreviations used in this work are described in
Figure 1 and Table 2.

SPECIES CHOICE, COLLECTION AND REARING

We investigated the functional morphology of
male and female external genitalia in five species
of Pentatomidae in a hypothesis-driven approach
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GENITAL FUNCTIONAL INTEGRATION IN STINK BUGS 777

Figure 1. Male (A-D) and female (E, F) external genitalia of the studied genera, with terminology and abbreviations indi-
cated. Female genitalia are represented with the internal tract exposed (E) and unexposed (F). A and F = Euschistus heros;
B and E = Mormidea v-luteum; C = Edessa meditabunda; D = Podisus nigrispinus. Scale bar is 0.25 mm.

(Table 1). To examine whether the general system
of attachment between the genitalia vary within
the family, we chose species with different levels of
relatedness. Even though a complete phylogeny of
the family does not exist, different phylogenetic stud-
ies support the recognition of different groups within
Pentatomidae (Gapud, 1991; Bistolas et al., 2014;
Banho, 2016; Wu et al., 2016) with certain congruence
with the current taxonomic classification in tribes
and subfamilies (Rider et al., 2017). The five species
studied herein represent three of the four major and
most diverse lineages of Neotropical pentatomids

(i.e. Asopinae, Discocephalinae, Edessinae and
Pentatominae).

We selected two species from the same genus,
Mormidea v-luteum (Lichtenstein) and Mormidea
maculata (Dallas), and a third species from the same
tribe as the Mormidea, Euschistus heros (Fabricius).
The three species belong to the group of the Neotropical
Carpocorini (subfamily Pentatominae). The fourth and
the fifth species belong to other subfamilies: Podisus
nigrispinus (Dallas) (Asopinae) and Edessa medit-
abunda (Fabricius) (Edessinae). We manually collected
specimens in the municipality of Diadema, Sdo Paulo,
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778 B.C.GENEVCIUS AND C. F. SCHWERTNER

Table 2. Abbreviations of the genital parts used in text
and figures

Abbreviation Structure
Female
gex8 Gonocoxite 8
gex9 Gonocoxite 9
gnp8 Gonapophysis 8
1tg8 Laterotergite 8
1tg9 Laterotergite 9
Male
ed.r Extension of dorsal rim
m.e. Median excavation
p.la. Posterolateral angle
Par Paramere
Pyg Pygophore
S.p. Superior process

Brazil (-23.7204, -46.6276) and maintained them
in laboratory inside plastic cages of 2 L. Males were
reared separately from females prior to the experi-
ments using the following conditions to all species:
26 = 2°C, 70 £ 10% relative humidity and photophase
of 14 1.:10 D. Individuals of E. heros and Ed. medit-
abunda were fed on bean pods (Phaseolus vulgaris)
and peanut seeds (Arachis hypogaea), M. v-luteum
and M. maculata on branches of Brachiaria sp. and
P. nigrispinus on larvae of Tenebrio molitor.

EXPERIMENTAL APPROACH

We randomly formed couples which were maintained in
separate cages during the mating trials. The number of
couples observed per species (n) varied from three to 12
(E. heros = 12, Ed. meditabunda = 3, M. v-luteum = 10,
M. maculata = 8, P. nigrispinus = 3). All observations
were consistent showing no differences among pairs of
the same species. Mating pairs were frozen in copula in
a —20°C freezer. Because pentatomids commonly tend
to copulate for several hours (McLain, 1980; Rodrigues
et al., 2009), we were able to wait several minutes after
copula had started to guarantee that genitalia were
properly coupled. After 20 min in the freezer, mating
pairs were pinned and promptly analysed in a stereomi-
croscope Leica MZ205C. Photographs were taken firstly
of the attached genitalia and secondly after slight
manipulations, using a Leica DFC450 and the Leica
Application Suite software with Z-stacking acquisition.

RESULTS

The arrangement between male and female genitalia
from a dorsal view of the pygophore was similar in all

species. Left and right gcx8 were the only mobile struc-
tures of the female genitalia. They touch the dorsal side
of the pygophore and are pressed against the lateral
rim (Fig. 2) by the parameres internally (Fig. 3). This
connection apparently comprises the tightest point of
attachment between the two genitalia. In P. nigrispi-
nus, the gex8 is also grasped externally by the superior
processes (=genital plates according to some authors).
The parameres and the superior processes function as
tweezers to keep the gcx8 opened (Fig. 3). The opening
angle of the gcx8 differed slightly among species. In
M. v-luteum and Ed. meditabunda, the gcx8 remains
virtually parallel to the male’s body plan (Fig. 2C, D),
whereas the angle is around 45° in the remaining
species (Fig. 2A, B). In all five species, the connection
between genitalia is probably mediated by several sen-
sory setae mostly concentred on the e.d.r. and p.l.a. of
males and on the internal angles of the gcx8 of females
(Fig. 3).

The ventral rim of the pygophore makes direct
contact with the female plates in all species except
P nigrispinus. However, we found three different modes
of accommodation between these two traits, each mode
corresponding to one genus. In E. heros, the ventral
rim of the pygophore is pronouncedly differentiated to
engage with the female plates (Fig. 4A); the postero-
lateral angles fit between the 1tg8 and 1tg9 while the
sinuosity of the ventral rim matches the 1tg9 and tenth
segment (Fig. 4A). In the Mormidea, the ventral rim of
the pygophore is less modified showing only a simple
v-shaped median excavation (Fig. 1B); the m.e. fits the
gex9, whereas the 1tg8, Itg9 and tenth segment remain
untouched by the pygophore (Fig. 4B, C). In Ed. medit-
abunda, the p.l.a. of the pygophore makes contact with
the outer side of the 1tg8 (Fig. 4D). In such species, both
the Itg9 and tenth segment lie in the median excava-
tion of the pygophore (Fig. 4D), and the tenth segment
is untouched by the ventral rim. We could not visual-
ize whether the gcx9 engages with a specific portion
of the male genitalia in E. heros and Ed. meditabunda
because it was covered by the pygophore ventrally and
by the gex8 dorsally. In P. nigrispinus, the ventral rim
of the pygophore is not well developed and does not
engage with any of the female plates. In this species,
the attachment between the genitalia is mediated
exclusively by the parameres, lateral rim and superior
processes (Fig. 3A).

In the Carpocorini (i.e. E. heros, M. v-luteum and
M. maculata), the e.d.r. of the pygophore is well devel-
oped and bifurcated (Fig. 1A, B). This structure is used
to accommodate the gnp8 (Fig. 5A), which is covered
by the gex8 while in rest position (Fig. 1E, F). In these
three species, the bifurcation of the e.d.r. fits thor-
oughly the median longitudinal elevation of the gnp8
(Fig. 5A). In P. nigrispinus and Ed. meditabunda, the

© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 122, 774786

Downl oaded from https://academ c. oup. cont bi ol i nnean/ articl e-abstract/ 122/ 4/ 774/ 4564436
by guest
on 24 Novenber 2017



GENITAL FUNCTIONAL INTEGRATION IN STINK BUGS 779

Figure 2. Attached genitalia after 20 min in copula, dorsolateral perspective of the pygophore. Male traits are highlighted
in green and female traits in pink. A = Euschistus heros; B = Podisus nigrispinus; C = Edessa meditabunda; D = Mormidea
v-luteum. Scale bar is 0.4 mm.

e.d.r. is vestigial and do not participate in the connec-
tion with the gnp8 (Fig. 3A). We could also visualize the
interaction between some anatomical parts that were
not focus of our study but can be relevant to interpret
mechanisms of evolution (see ‘Discussion’ section). In
Ed. meditabunda, the last pre-genital abdominal seg-
ment (i.e. the seventh segment) is strongly extended
and thickened. The male projections of the seventh
segment anchor on the inner side of the female projec-
tions (Fig. 2C). Such anchoring may be important to
avoid the rotation of the individuals in copula. After
slight manipulation to decouple the mating pairs,
we could visualize the intromittent male genitalia
(=phallus) inflated inside the female tract (Fig. 5B).
While the external parts could be easily untied, this
internal connection was much tighter.

In summary, both the dorsal rim of the pygophore
and the parameres work jointly to support and keep

the gcx8 opened in all species (Figs 2, 3). In addition,
the similarity among all species (except P. nigrispinus)
was the perpendicular connection between the pygo-
phore and the female genitalia in which the female
plates accommodate the ventral rim of the pygophore.
However, each genus exhibited a different pattern with
respect to which plates engage with the curvatures
of the ventral rim and in which portion of the ven-
tral rim the plates get supported (Fig. 4). In E. heros,
the ventral rim touches all the unmovable plates; in
the Mormidea, only the gcx9 interacts with the ven-
tral rim; in Ed. meditabunda, the 1tg9 and the tenth
segment lie in the median excavation and the p.l.a.
touches the outer side of the 1tg8; in P. nigrispinus,
the ventral rim does not touch the female genitalia at
all. Furthermore, the Carpocorini (i.e. Euschistus and
Mormidea) showed an additional point of stabilization,
between the e.d.r. and the gnp8.
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780 B.C.GENEVCIUS AND C. F. SCHWERTNER

Figure 3. Genitalia of Podisus nigrispinus during copula
(A) and after a slight manipulation, with the structures
hidden by the gcx8 indicated (B). Scale bar is 0.2 mm.

DISCUSSION

Our study revealed a unique pattern of strong func-
tional integration among multiple parts of male and
female external genitalia. Several male parts, mostly
located in the dorsal face, accommodate one or more
parts of the female external genitalia. Some of such
male structures are apparently modified and special-
ized to this function. Interestingly, the mechanism of
attachment between the genitalia varied among the
lineages once certain homologous parts of the male
genitalia in different species engage with different
parts of the female genitalia. Below we discuss how
our data fit the functional hypotheses derived from lit-
erature, the evolutionary trends of the genitalia and
the probable underlying mechanisms.

HYPOTHESES OF FUNCTIONAL MORPHOLOGY

Sharp (1890) suggested that the pygophore does not
participate directly in the copulatory process and it
should instead function to protect the internal parts
(H6; Table 1). Although it is not possible to discard this
‘protective hypothesis’ with our data, we uncovered an
important role of accommodation of the female parts
by the pygophore, rejecting his hypothesis at least
partially. The most explicit fastening structure of the
male genitalia was the ventral rim of the pygophore,
which fits either the 1tg8, 1tg9 and the tenth segment
or the gex9. The ventral rim has apparently evolved
to retract in its parts that touch the female plates.
Since the female genitalia is being pushed towards the
outside by the parameres, such fit between the ven-
tral rim and the female plates probably helps to avoid
the male capsule do slide laterally. Particularly in
P. nigrispinus, where the ventral rim does not partici-
pate in the genital attachment, the superior processes
appear to perform this function. These results are to a
certain extent in disagreement with Schaefer’s (1977)
hypotheses that the ventral rim has limited function-
alities and should mainly support the internal parts of
the male genitalia (H4 and H5). Although the ventral
rim per se is clearly engaged with the female genitalia
externally, it is possible that certain structures derived
from the ventral rim (e.g. the cup-like sclerite) interact
with the internal parts during and after intromission.
Unfortunately, we were not able to visualize the opera-
tion of the internal parts because they were completely
covered by the male capsule and the female plates.

We showed that the parameres operate in holding
the female gcx8 opened to provide access of the phal-
lus to the internal female genitalia. This result is in
line with Baker’s (1931) hypothesis (H1) and with the
operation mode observed in true bugs of other families
(e.g. Moreno-Garcia & Cordero, 2008). However, the
parameres keep the gcx8 separate by pressing their
inner surface, contrary to Leston’s (1955) hypoth-
esis which suggest contact with the outer surface of
the gex8 (H3). Our results also refute Singh-Pruthi’s
(1925) hypothesis (H2) by showing that the female
gonapophyses 8 are supported by the e.d.r. of the
pygophore and not by the parameres. In summary, we
fully rejected H2 and H3, partially rejected H4, H5
and H6 and corroborated H1.

FUNCTIONAL INTEGRATION AND GENITAL EVOLUTION

Anatomically diverse genitalia are usually thought
to be also diverse in function (Huber, 2004; Song &
Wenzel, 2008), implying that distinct selective pres-
sures should operate within a single genitalia (Rowe &
Arnqvist,2012). This has been shown true even to struc-
tures that are physically connected (Song & Wenzel,
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GENITAL FUNCTIONAL INTEGRATION IN STINK BUGS 781

Figure 4. Attachment between the ventral rim of the pygophore (green) and the female plates (pink) from ventral (A—C)
and ventrolateral (D) perspective of the pygophore. A = Euschistus heros; B = Mormidea maculata; C = Mormidea v-luteum;
D = Edessa meditabunda. Scale bar is 0.5 mm.

2008). In contrast with this general view, we show that
the multiple components of the Pentatomidae exter-
nal genitalia are integrated to function exclusively as
anchoring structures. The ventral rim of the pygophore
is the most obvious example since it interacts with at
least three of the five female external parts in most
species (i.e. 1tg8, 1tg9 and tenth segment). The female
gcx8 is analogous and shows a similar level of integra-
tion, interacting simultaneously with the lateral rim,
e.d.r and the parameres. These results indicate that
the external genitalia of the Pentatomidae comprise a
system of strong level of functional integration, which
means that their parts are prone to vary in a combined
and coordinated manner. Accordingly, we suggest that
virtually all external genital parts studied here should
be directly or indirectly integrated to each other to
some degree, a process similar to the one shown in
a dung beetle (House & Simmons, 2005; Werner &
Simmons, 2008).

In systems as such, it is intuitive to predict that
changes in one component would entail changes in
another to maintain the coordination integrity among
the parts (Klingenberg, 2014). For instance, as the gcx8
is supported on one side by the parameres and by the
lateral rim on the other, some level of evolutionary cor-
relation among these three traits would be expected.
Nevertheless, our data are limited in supporting
an intersexual coevolutionary process between the
genitalia. While various anchoring parts of the male
genitalia are morphologically peculiar and species spe-
cific, the female plates were relatively more constant
among the species we studied. For example, the e.d.r.
of E. heros, M. v-luteum and M. maculata is differenti-
ated to grasp the female gnp8, but the gnp8 is mostly
invariable among all species we analyzed. Several
other structures of the male genitalia seem much more
diverse among species than the female plates such as
the parameres, the tenth segment and the ventral rim,
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782 B.C.GENEVCIUS AND C. F. SCHWERTNER

gnp8

phallus

Figure 5. Genitalia of Mormidea maculata in copula (A)
illustrating the connection between the e.d.r. of the pygo-
phore (green) and the female gnp8 and gex8 (pink); connec-
tion of the internal genitalia of Mormidea v-luteum exposed
after manipulation (B). Scale bar is 0.3 mm.

what is consistently observed across the taxonomic lit-
erature (e.g. Ferrari et al.,2010; Genevcius et al., 2012).
These observations suggest that a probable process of
selection enhancing the mechanical fitness of the geni-
talia should be acting essentially or predominantly
over male genitalia, while female genitalia should be
subjected to a weaker selective pressure (Genevcius
et al., 2017). Alternatively, female genitalia may be
constrained due to other processes such as intersexual
differences in gene expression and regulation during
the developmental process (Aspiras, Smith & Angelini,
2011).

Although we found no explicit evidence of coevolu-
tion, it should be noted that our approach only allows
for examination of qualitative variation exhibited by

the genitalia. Thus, we cannot rule out the hypothesis
that female genitalia may evolve in response to male
genitaliain a small scale,detectable only by approaches
that take continuous variation into account. This
hypothesis is somewhat in line with a recent study
with stink bugs which shows lesser changes in female
genitalia compared to fast-evolving male genitalia
in a coevolutionary scenario (Genevcius et al., 2017).
Because rates of genitalia change have rarely been
quantified to males and females simultaneously, simi-
lar scenarios with other groups are unknown and we
are not able to speculate about its prevalence across
animals. We believe that various structures of the
Pentatomidae genitalia are candidate to be tested for
coevolution using continuous data: the margins of the
gcx8 and the curvatures of the dorsal rim of the pygo-
phore, the shape of the parameres and the concavity
of the gcx8, the length of the spines of the seventh
segment, among others. Future fine-scale studies will
allow one to test whether different levels of functional
integration exhibited by different lineages are good
predictors of evolutionary correlation.

CONVERGENCE AND EVOLUTIONARY TRENDS OF THE
PENTATOMIDAE GENITALIA

The overall taxonomic literature of stink bugs docu-
ments high levels of pygophore species specificity.
However, if pygophore conformation has fitness con-
sequences and female plates are more evolutionarily
conserved, one would expect the repeated evolution
of certain male shapes across different lineages.
Within Euschistus, the biconvex ventral rims of
the pygophore in several species are similar to the
observed to E. heros, for instance in E. atrox, E. acu-
tus, E. cornutus, E. emoorei, E. irroratus, E. nica-
raguensis, E. schaffneri and E. stali (Rolston, 1974;
Bunde, Grazia & Mendonga-Junior, 2006). As at least
four of these species belong to well-separated line-
ages (Weiler, Ferrari & Grazia, 2016; Bianchi et al.,
2017), we may presume at least four episodes of
convergent evolution within this genus. By briefly
analyzing the taxonomic literature, we found five
other species belonging to other tribes and subfami-
lies that exhibit similar ventral rims: Acledra spp.
(Faundez, Rider & Carvajal, 2014), Cahara incisura
(Fan & Liu, 2013), Braunus sciocorinus (Baréo et al.,
2016), Edessa puravida (Fernandes et al., 2015),
Mecocephala bonariensis (Schwertner, Grazia &
Fernandes, 2002). This series of potential conver-
gences reinforce that shape changes of the pygophore
in the parts that touch the female plates (and vice
versa) are advantageous strategies to perform an
effective genital coupling in Pentatomidae.
Interestingly, our analyses revealed that pygophores
of different species have evolved in distinct directions
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to achieve morphological stability in copula. This idea
is supported by the fact that certain male parts in
different species engage with different parts of the
females. For instance, the ventral rim of the pygophore
engages with the female 1tg8, Itg9 and tenth segment
in E. heros, with the gcx9 in the Mormidea spp., with
the 1tg8 in Ed. meditabunda and does not engage
with the female genitalia at all in P. nigrispinus. We
observed certain particularities in the modes of inter-
action among male and female parts to the four gen-
era studied here, despite the fact that female genitalia
are relatively similar in these species. This raises the
intriguing question of how many other modes of mor-
phological correspondence exist within Pentatomidae.
We believe the extraordinary diversity of pygophores
and the existence of peculiar female plates across sev-
eral lineages of Pentatomidae (Schuh & Slater, 1995;
Rideret al.,2017) suggest the existence of a high diver-
sity of alternative mechanisms of genital coupling.

Another intriguing implication of our results con-
cerns the use of genital characters in phylogenetic
analyses of pentatomids. We hypothesize that several
genital structures of the Pentatomidae, if not all, may
be more phylogenetically dependent among each other
than previously thought due to a mechanism favour-
ing their morphofunctional integrity. This raises the
question of whether using disproportional amounts of
genital characteristics in phylogenetic reconstructions
may result in strongly genitalia-biased phylogenies
that rely on few dependent evolutionary processes.
We are not arguing that genital characters should be
rejected a priori, especially considering their proven
phylogenetic usefulness in insect systematics (Song &
Bucheli, 2010). However, since character independence
is basically a presumption of the majority of phyloge-
netic methods (O’Keefe & Wagner, 2001), this issue
should be considered with caution.

WHICH EVOLUTIONARY MECHANISMS ARE MOST
LIKELY?

The majority of studies on sexual behaviour of pen-
tatomids report long copulations, sometimes spanning
several days. Such mechanism of prolonged copulation
seems to be controlled by the male to avoid male—male
competition for mates and thereby avoid sperm com-
petition (McLain, 1980; Wang & Millar, 1997). The
mechanism employed by males to hold the females
is unknown to date, but our results shed some light
on this topic. We showed that the external structures
of the genitalia are not associated to sperm transfer/
storage and thereby should not influence paternity
because they interact externally and work as anchor-
ing structures. By manipulating the genitalia to inves-
tigate the tightest points of attachment between the

individuals, we observed that the external connection
was relatively fragile and could be easily untied. On
the other hand, the attachment between the inflated
phallus and the female internal tract was much
stronger (Fig. 5B), indicating that such internal con-
nection might be the determinant mechanism to avoid
female access to other males. It should be considered
the possibility that while individuals were alive, the
parameres could be boosted by muscles to hold the
females and the external connection could be actually
stronger than we observed with recently dead speci-
mens. However, a functional study with other terres-
trial true bug with relatively similar genitalia suggest
a passive mode of operation of the male parts coupled
with a cooperative movement of the female plates
(Moreno-Garcia & Cordero, 2008). While it remains to
be tested whether the inflated phallus has a role in
physically displacing rival sperm, our study suggest
that they participate at least indirectly in the avoid-
ance of sperm competition by holding females and pre-
venting them from subsequent copulations.

Our results coupled with other experiments with
true bugs suggest that both sperm transfer/storage
and female holding are performed by interactions of
the internal genitalia (Moreno-Garcia & Cordero,
2008; Stacconi & Romani, 2011; Genevcius et al.,
2017). Accordingly, the external traits are probably
disassociated to any function that may directly influ-
ence paternity and intersexual conflict for the control
of mating. The apparent absence of male—female coev-
olution and damaged genitalia in museum collections,
as well as the passive mating behaviours exhibited
by pentatomids (e.g. Wang & Millar, 1997), provide
additional support for this hypothesis. Therefore, we
believe our data are more indicative of a scenario of
natural selection to the external genitalia, which could
happen essentially via pure morphological accommo-
dation or species specificity reinforcement (Brennan &
Prum, 2015). Since different studies with pentatomids
report viable copulation between species with dif-
ferentiated external genitalia (Foot & Strobell, 1914;
Kiritani, Hokyo & Yukawa, 1963), we believe selection
favouring the interlocking effectiveness of genitalia
rather than species reinforcement is more plausible
(Richmond et al., 2016). However, because we do not
know whether and how the external genitalia may
interact with the internal parts, an additional aspect
should be considered. If the pygophore is used to pro-
vide support to the movable internal structures as
hypothesized by Schaefer (1977), the morphological
diversity exhibited by the external genitalia may have
arisen also as a by-product of sexual selection acting
on the shape of internal parts. Because most of these
mechanisms are not mutually exclusive, discerning
among them will be possible through an examination
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of the internal and external parts using histological
and micro-computed tomography techniques.

CONCLUSIONS

Our study revealed an interesting interlocking genital
system in which male and female external structures
are functionally integrated to stabilize the genitalia
during mating. Furthermore, species from different
lineages have evolved to engage with distinct parts of
the opposite sex. Because female genitalia are greatly
more constant than male genitalia when comparing
species, the processes that lead to such morphologi-
cal stability are certainly more directed to the male
parts. Literature data and our observations indicate
neither intersexual conflict nor a direct participation
of the external parts in sperm transfer and storage.
Accordingly, we believe the genital traits we studied
here are more prone to a process of natural selection,
most probably enhancing the morphological accommo-
dation rather than species reinforcement. To discern
among mechanisms of evolution, further studies should
attempt to determine why selection should favour a
stable and strong coupling, which may be either coop-
erative or conflicting. Fine-scale analyses using histol-
ogy and micro-CT scan techniques will make possible
to investigate the functioning of the internal parts and
to test whether these parts are functionally integrated
to the external genitalia.

ACKNOWLEDGEMENTS

We are grateful to R. Carrenho, A. C. Lima and
D. Calandriello for the support with field collections
and lab assistance; T. Roell for helping with species
identification; M. N. Rossi for providing access to the
stereomicroscope; D. S. Caetano for valuable com-
ments on an early version of the manuscript; and two
anonymous reviewers who greatly helped to improve
the manuscript. BCG was supported by Fundacéo de
Amparo a Pesquisa do Estado de Sdo Paulo with a
Ph.D. fellowship (FAPESP proc. 2014/21104-1).

REFERENCES

Adams T'S. 2001. Morphology of the internal reproductive sys-
tem of the male and female two-spotted stink bug, Perillus
bioculatus (F.) (Heteroptera: Pentatomidae) and the trans-
fer of products during mating. Invertebrate Reproduction &
Development 39: 45-53.

Ah-King M, Barron AB, Herberstein ME. 2014. Genital
evolution: why are females still understudied? PLoS Biology
12: 1-7.

Anderson CM, Langerhans RB. 2015. Origins of female
genital diversity: predation risk and lock-and-key explain
rapid divergence during an adaptive radiation. Evolution 69:
2452-2467.

Aspiras AC, Smith FW, Angelini DR. 2011. Sex-specific
gene interactions in the patterning of insect genitalia.
Developmental Biology 360: 369—-380.

Baer B, Morgan ED, Schmid-Hempel P. 2001. A nonspe-
cific fatty acid within the bumblebee mating plug prevents
females from remating. Proceedings of the National Academy
of Sciences 98: 3926-3928.

Baker AD. 1931. A study of the male genitalia of Canadian
species of Pentatomidae. Canadian Journal of Research 4:
181-220.

Banho CA. 2016. Caracterizac¢do filogenética de percevejos ter-
restres das familias Coreidae e Pentatomidae (Heteroptera:
Pentatomomorpha) por meio de marcadores moleculares.
Unpublished Master’s Thesis, Universidade Estadual
Paulista.

Barao KR, Garbelotto Tde A, Campos LA, Grazia J.
2016. Unusual looking pentatomids: reassessing the tax-
onomy of Braunus Distant and Lojus McDonald (Hemiptera:
Heteroptera: Pentatomidae). Zootaxa 4078: 168-186.

Bianchi FM, Depra M, Ferrari A, Grazia J, Valente VL,
Campos LA. 2017. Total evidence phylogenetic analysis
and reclassification of Euschistus Dallas within Carpocorini
(Hemiptera: Pentatomidae: Pentatominae). Systematic
Entomology 42: 399-409.

Bistolas KS, Sakamoto RI, Fernandes JA, Goffredi
SK. 2014. Symbiont polyphyly, co-evolution, and neces-
sity in pentatomid stinkbugs from Costa Rica. Frontiers in
Microbiology 5: 1-15.

Bonhag PF, Wick JR. 1953. The functional anatomy of the
male and female reproductive systems of the milkweed bug,
Oncoleptus fasciatus (Dallas) (Heteroptera: Lygaeidae).
Journal of Morphology 93: 177-283.

Brennan PL, Prum RO. 2015. Mechanisms and evidence
of genital coevolution: the roles of natural selection, mate
choice, and sexual conflict. Cold Spring Harbor Perspectives
in Biology 7: 1-21.

Bunde PRS, Grazia J, Mendonca-Junior MDS. 2006.
New species of Euschistus (Mitripus) from Argentina and
southern Brazil (Hemiptera, Pentatomidae, Pentatominae).
Theringia Série Zoologia 96: 289-291.

Eberhard WG, Ramirez N. 2004. Functional morphology of
the male genitalia of four species of Drosophila: failure to con-
firm both lock and key and male-female conflict predictions.
Annals of the Entomological Society of America 97: 1007-1017.

Fairbairn DJ, Vermette R, Kapoor NN, Zahiri N. 2003.
Functional morphology of sexually selected gentalia in
the water strider Aquarius remigis. Canadian Journal of
Zoology 81: 400-413.

Fan ZH, Liu GQ. 2013. The genus Cahara Ghauri, 1978 of
China (Hemiptera, Heteroptera, Pentatomidae, Halyini)
with descriptions of two new species. ZooKeys 319:
37-50.

Faundez EI, Rider DA, Carvajal MA. 2014. A new species
of Acledra s. str. (Hemiptera: Heteroptera: Pentatomidae)

© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 122, 774786

Downl oaded from https://academ c. oup. cont bi ol i nnean/ articl e-abstract/ 122/ 4/ 774/ 4564436
by guest
on 24 Novenber 2017



GENITAL FUNCTIONAL INTEGRATION IN STINK BUGS 785

from the highlands of Argentina and Bolivia, with a check-
list and key to the species of the nominate subgenus. Zootaxa
3900: 127-134.

Fernandes JAM, Da Silva VdJ, Correia AO, Nunes BM.
2015. New species of Edessa Fabricius, 1803 (Hemiptera:
Pentatomidae) from Costa Rica. Zootaxa 3999: 511-536.

Ferrari A, Schwertner CF, Grazia J. 2010. Review, cladis-
tic analysis and biogeography of Nezara Amyot & Serville
(Hemiptera: Pentatomidae). Zootaxa 2424: 1-41.

Firman RC, Gasparini C, Manier MK, Pizzari T. 2017.
Postmating female control: 20 years of cryptic female choice.
Trends in Ecology & Evolution 2223: 1-15.

Foot K, Strobell EC. 1914. Results of Crossing Euschistus
variolarius and Euschistus servus with reference to the
inheritance of an exclusively male character. Zoological
Journal of the Linnean Society 32: 337-373.

Gapud VP. 1991. A generic revision of the subfamily Asopinae,
with consideration of its phylogenetic position in the family
Pentatomidae and superfamily Pentatomoidea (Hemiptera-
Heteroptera). The Philippine Entomologist 8: 865-961.

Genevcius BC, Caetano DS, Schwertner CF. 2017. Rapid
differentiation and asynchronous coevolution of male and
female genitalia in stink bugs. Journal of Evolutionary
Biology 30: 461-473.

Genevcius BC, Grazia J, Schwertner CF. 2012. Cladistic
analysis and revision of the obstinata group, genus Chinavia
Florian (Hemiptera: Pentatomidae). Zootaxa 3434: 1-30.

Grazia J, Schuh RT, Wheeler WC. 2008. Phylogenetic rela-
tionships of family groups in Pentatomoidea based on morph-
ology and DNA sequences (Insecta: Heteroptera). Cladistics
24: 932-976.

Hosken DdJ, Stockley P. 2004. Sexual selection and genital
evolution. Trends in Ecology & Evolution 19: 87-93.

Hotzy C, Polak M, Ronn JL, Arnqvist G. 2012. Phenotypic
engineering unveils the function of genital morphology.
Current Biology 22: 2258-2261.

House CM, Lewis Z, Hodgson DdJ, Wedell N, Sharma
MD, Hunt J, Hosken DdJ. 2013. Sexual and natural selec-
tion both influence male genital evolution. PLoS ONE 8:
1-8.

House CM, Simmons LW. 2005. The evolution of male geni-
talia: patterns of genetic variation and covariation in the
genital sclerites of the dung beetle Onthophagus taurus.
Journal of Evolutionary Biology 18: 1281-1292.

Huber BA. 2004. Evidence for functional segregation in
the directionally asymmetric male genitalia of the spider
Metagonia mariguitarensis (Gonzalez-Sponga) (Pholcidae:
Araneae). Journal of Zoology 262: 317-326.

Jagadeeshan S, Singh RS. 2006. A time-sequence func-
tional analysis of mating behaviour and genital coupling in
Drosophila: role of cryptic female choice and male sex-drive
in the evolution of male genitalia. Journal of Evolutionary
Biology 19: 1058-1070.

Kamimura Y, Tee HS, Lee CY. 2016. Ovoviviparity and geni-
tal evolution: a lesson from an earwig species with coercive
traumatic mating and accidental breakage of elongated
intromittent organs. Biological Journal of the Linnean
Society 118: 443-456.

Kiritani K, Hokyo N, Yukawa J. 1963. Co-existence of the
two related stink bugs Nezara viridula and N. antennata
under natural conditions. Researches on Population Ecology
5: 11-22.

Leston D. 1955. The function of the conjunctiva in copulation
of a shieldbug, Piezodorus lituratus (Fabricius) (Hemiptera,
Pentatomidae). Journal of the Society for British Entomology
5:101-105.

Marks EP. 1951. Comparative studies of the male genitalia
of the Hemiptera (Homoptera-Heteroptera). Journal of the
Kansas Entomological Society 24: 134-141.

Masly JP. 2012. 170 years of “lock-and-key”: genital morph-
ology and reproductive isolation. International Journal of
Evolutionary Biology 2012: 1-10.

McLain DK. 1980. Female choice and the adaptive signifi-
cance of prolonged copulation in Nezara viridula (Hemiptera:
Pentatomidae). Psyche 87: 325-336.

Moreno-Garcia M, Cordero C. 2008. On the function of male
genital claspers in Stenomacra marginella (Heteroptera:
Largidae). Journal of Ethology 26: 255—260.

O’Keefe FR, Wagner PdJ. 2001. Inferring and testing hypoth-
eses of cladistic character dependence by using character
compatibility. Systematic Biology 50: 657-675.

Richmond MP, Park J, Henry CS. 2016. The function and
evolution of male and female genitalia in Phyllophaga
Harris scarab beetles (Coleoptera: Scarabaeidae). Journal of
Evolutionary Biology 29: 2276-2288.

Rider DA, Schwertner CF, Vilimova J, Kment P, Thomas
DB. 2017. Higher systematics of the Pentatomoidea. In:
McPherson J, ed. Biology of invasive stink bugs and related
species. Boca Raton: CRC Press, 25-200.

Rodrigues AR, Torres JB, Siqueira HA, Teixeira
VW. 2009. Podisus nigrispinus (Dallas) (Hemiptera:
Pentatomidae) requires long matings for successful repro-
duction. Neotropical Entomology 38: 746-753.

Rolston LH. 1974. Revision of the genus Euschistus in
Middle America (Hemiptera, Pentatomidae, Pentatomini).
Entomologica Americana 48: 1-102.

Rowe L, Arnqvist G. 2012. Sexual selection and the evolution
of genital shape and complexity in water striders. Evolution
66: 40-54.

Schaefer CW. 1977. Genital capsule of the trichophoran male
(Hemiptera: Heteroptera: Geocorisae). International Journal
of Insect Morphology and Embryology 6: 277-301.

Schuh RT, Slater JA. 1995. True bugs of the world (Hemiptera:
Heteroptera): classification and natural history. Ithaca:
Cornell University Press.

Schwertner CF, Grazia J, Fernandes JAM. 2002.
Revisdo do género Mecocephala Dallas, 1851 (Heteroptera,
Pentatomidae). Revista Brasileira de Entomologia 46:
169-184.

Scudder GGE. 1959. The female genitalia of the heteroptera:
morphology and bearing on classification. Transactions of the
Royal Entomological Society of London 111: 405-467.

Seidelmann K. 2015. Double insurance of paternity by a
novel type of mating plug in a monandrous solitary mason
bee Osmia bicornis (Hymenoptera: Megachilidae). Biological
Journal of the Linnean Society 115: 28-37.

© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 122, 774-786

Downl oaded from https://academ c. oup. cont bi ol i nnean/ articl e-abstract/ 122/ 4/ 774/ 4564436

by guest

on 24 Novenber 2017



786 B.C.GENEVCIUS AND C. F. SCHWERTNER

Sharp D. 1890. On the structure of the terminal seg-
ment in some male Hemiptera. Transactions of the Royal
Entomological Society of London 3: 399-427.

Simmons LW. 2014. Sexual selection and genital evolution.
Austral Entomology 53: 1-17.

Singh-Pruthi CA. 1925. The morphology of the male geni-
talia in Rhynchota. Transactions of the Royal Entomological
Society of London 1-2: 127-267.

Song H, Bucheli SR. 2010. Comparison of phylogenetic signal
between male genitalia and non-genital characters in insect
systematics. Cladistics 26: 23-35.

Song H, Wenzel JW. 2008. Mosaic pattern of genital diver-
gence in three populations of Schistocerca lineata Scudder,
1899 (Orthoptera: Acrididae: Cyrtacanthacridinae).
Biological Journal of the Linnean Society 94: 289-301.

Stacconi MV, Romani R. 2011. Ultrastructural and func-
tional aspects of the spermatheca in the American harle-
quin bug, Murgantia histrionica (Hemiptera: Pentatomidae).
Neotropical Entomology 40: 222—-230.

Sueur J, Mackie D, Windmill JF. 2011. So small, so loud:
extremely high sound pressure level from a pygmy aquatic
insect (Corixidae, Micronectinae). PLoS ONE 6: 1-6.

Tatarnic NdJ, Cassis G, Hochuli DF. 2006. Traumatic
insemination in the plant bug genus Coridromius Signoret
(Heteroptera: Miridae). Biology Letters 2: 58—61.

Varcholova K, Semelakova M, Paudulova L, Dzurinka M,
Canady A, Panigaj L. 2016. Abiotic factors affect the occur-
rence of different morphological characteristics in Erebia
medusa (Lepidoptera: Nymphalidae). Biologia 71: 1167-1176.

Wang Q, Millar JG. 1997. Reproductive behavior of Thyanta
pallidovirens (Heteroptera: Pentatomidae). Annals of the
Entomological Society of America 90: 380-388.

Weiler L, Ferrari A, Grazia J. 2016. Phylogeny and biogeog-
raphy of the South American subgenus Euschistus (Lycipta)
Stal (Heteroptera: Pentatomidae: Carpocorini). Insect
Systematics & Evolution 47: 313-346.

Werner M, Simmons LW. 2008. The evolution of male geni-
talia: functional integration of genital sclerites in the
dung beetle Onthophagus taurus. Biological Journal of the
Linnean Society 93: 257—-266.

Wojcieszek JM, Austin P, Harvey MS, Simmons LW. 2012.
Micro-CT scanning provides insight into the functional
morphology of millipede genitalia. Journal of Zoology 287:
91-95.

Wu YZ, Yu SS, Wang YH, Wu HY, Li XR, Men XY,
Zhang YW, Rédei D, Xie Q, Bu WdJ. 2016. The evolu-
tionary position of Lestoniidae revealed by molecular
autapomorphies in the secondary structure of rRNA
besides phylogenetic reconstruction (Insecta: Hemiptera:
Heteroptera). Zoological Journal of the Linnean Society
177: 750-763.

Waulff NC, Lehmann GU. 2016. Function of male genital titil-
lators in mating and spermatophore transfer in the tettigo-
niid bushcricket Metrioptera roeselii. Biological Journal of
the Linnean Society 117: 206-216.

Yoshizawa K, Ferreira RL, Kamimura Y, Lienhard C.
2014. Female penis, male vagina, and their correlated evolu-
tion in a cave insect. Current Biology 24: 1006-1010.

© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 122, 774786

Downl oaded from https://academ c. oup. cont bi ol i nnean/ articl e-abstract/ 122/ 4/ 774/ 4564436

by guest

on 24 Novenber 2017



