


Evolution of male genitalia in the praying mantis genus Tenodera
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Fig. 3. Comparison between the morphology-only tree and the combined-
data tree. Numbers at the nodes indicate the number of morphological
synapomorphies from the genitalia that support that node.

Discussion
Phylogeny of Tenodera

Our study presents the first explicit phylogenetic hypothesis of
Tenodera. A monophyletic Tenodera is strongly supported. In
light of the present phylogeny, it appears that the traditionally
used character systems (Giglio-Tos 1927; Kaltenbach 1996),
while useful for diagnosing species, are inadequate for
phylogenetic inference among species. For instance, the main
character that had been used to distinguish 7. aridifolia from
T. sinensis was overall body size, where the former is known to be
smaller than the latter, but small size appears to have evolved at
least three times in the genus (7. australasiae; T. aridifolia and
T. sp. nov.; T.costalis, T. superstitiosa and T. bokiana). With the
genital characters used in this study, however, it is possible to
confidently distinguish between these two species (Fig. 1).
Based on discrete genital characters such as the shape of the
acutolobus and the orientation of the hypophallus, we treat
T. sinensis as a distinct species from 7. aridifolia.
Furthermore, we have identified what appears to be a novel
lineage that was initially identified as unique but similar to
T. aridifolia. 1t is found only in India, distinct from the Indo-
Malaysian distribution of 7. aridifolia. Molecular data
consistently separate this lineage from T. aridifolia (Figs 1, 2)
and the shape of the hypophallus is also unique (Fig. 4G).
Although this lineage is likely to represent a new species, we
are hesitant to describe it as such because our finding is based on
a single specimen. More specimens will be necessary to
document intraspecific variation to firmly establish the identity
of this species. Our phylogeny recovers 7. superstitiosa and
T. bokiana as two genetically well defined separate species
that are sister to each other (Figs 1 and 2). Other than the
colour of the discoidal spines on the fore legs, we have
identified the orientation and shape of the acutolobus in male
genitalia to be discrete characters that separate the two species.
The disjunct distribution of these two species, T. superstitiosa
being an African species and 7. bokiana being an Indo-Pacific
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species, is also suggestive of the species status of these two
species.

The relationships of 7. australasiae appear to be unstable.
A close examination of genital structures suggests that it is
morphologically similar to 7. superstitiosa and T. bokiana
because all three species have a blade-shaped acutolobus as
well as a similarly shaped hypophallus (Fig. 4B, C, F). The
molecular characters, however, did not group these three
species together. It is possible that 7. australasiae represents a
divergent lineage with convergent forms of genital structure
(Figs 2, 5) and more support could be found with the addition
of more molecular data. Since our analysis represents about half
of the species of Tenodera, this relationship might be resolved
with the addition of other tenoderan species from the Indo-
Pacific region.

Taxonomic and phylogenetic utility of male
genitalia in Tenodera

By mapping genital characters on the MP topology based on all
of the data (Fig. 5), we find several general trends in the
individual genital components in Tenodera compared with the
outgroups. The shape of the titillator is either hooked or straight
and flat in the outgroups and it becomes curved dorsally in
Tenodera (Fig. 5). The smooth-surfaced acutolobus is a
character that is shared between Tenodera and the outgroups
although the shape of this structure does evolve differently in
Tenodera species. The pseudophallus is shorter than the margin of
the right epiphallus in the outgroups, but it extends beyond the
apex of the right epiphallus in Tenodera. Also, Tenodera species
display a unique bend in the pseudophallus that is absent in
outgroup taxa (Fig. 5). Several outgroups have extra extensions
protruding off of the hypophallus, but none of the Tenodera
species have such extensions beyond the main structure of
the hypophallus.

Within ~ Tenodera, several interesting evolutionary
progressions are found in different genital components
(Fig. 4). The acutolobus is located on the right of the left
epiphallus and situated on the end of a stalk that connects it
with the pseudophallus. It can be viewed only after a full
dissection of the genitalia separating the left and right
epiphalli. The size of the acutolobus was mostly consistent
throughout the species. Several species, including 7. aridifolia
(Fig.4A4), T. sinensis (Fig. 4E), T. sp.nov. (Fig. 4G) and T. costalis
(Fig. 4D), display a smooth-surfaced acutolobus (Fig. 4:
structure 1) that ends distally in a spine, similar to the
outgroups, although the shape of the spine differs in the
outgroups. Of these four species, 7. costalis (Fig. 4D) belongs
to a separate clade and its acutolobus differs greatly in its
orientation, being at 180° to the left epiphallus and at 45° to
the pseudophallus stalk, while maintaining a very similar shape
to the other species in the 7. aridifolia clade (Fig. 44, E, G).
The shape of acutolobus (Fig. 4: structure 1) is different in
T. superstitiosa (Fig. 4F), T. bokiana (Fig. 4C) and
T. australasiae (Fig. 4B), in that it is a shape of a blade,
without a spike, and very rough in texture. When optimised
onto the phylogeny, this blade-shaped acutolobus appears to
have evolved at least twice, once in the common ancestor of
T. superstitiosa and T. bokiana, and once in T. australasiae
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Fig. 4. Overall view of non-dissected male genitalia from seven Tenodera exemplars: (4) 7. aridifolia, (B) T. australasiae, (C) T. bokiana,
(D) T. costalis, (E) T. sinensis, (F) T. superstitiosa and (G) T. sp. nov. The parts labelled in species A (and apply to species 4—G) are the left
epiphallus (leph), right epiphallus (reph), titillator (tit), acutolobus (acu), pseudophallus (psph), and the hypophallus (hyp). The acutolobus is not
clearly visible owing to its position under a membranous section of the right epiphallus, which requires further dissection of the genitalia. The scale
bar equals 1 mm. To the right of each illustration are images of three structures investigated in this study: Structure 1=acutolobus
(scale bar=0.25 mm); Structure 2 =pseudophallus (scale bar=0.5 mm); Structure 3 =hypophallus (scale bar=1 mm).
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(Fig. 5). The pseudophallus is located at the base of the
pseudophallus stalk on the right side of the left epiphallus.
Tenodera aridifolia, T. sinensis and 7. sp. nov. have a
pseudophallus (Fig. 4: structure 2) that is much wider posterior
to the bend than the other species (Fig. 5). This bend also occurs
near to the middle of the basal spines. Tenodera aridifolia
(Fig. 44) and T. sinensis (Fig. 4E) display a more acute angle
of'a bend compared a more obtuse bend in 7. sp. nov. (Fig. 4G).
The remaining four species display a narrow pseudophallus
(Fig. 4B-D, F; Fig. 5). These all bend before the spines except
for the pseudophallus of T. costalis (Fig. 4D). Its pseudophallus
does not bend and is more similar to the outgroups in that respect,
though it does extend beyond the right epiphallus, similar to the
other Tenodera species. The hypophallus (Fig. 4: structure 3) is a
comparatively large and sword-shaped structure that originates
from the posterior of the left epiphallus and extends to the right

(continued)

below the pseudophallus. Tenodera aridifolia (Fig. 4A),
T. sinensis (Fig. 4F) and T. sp. nov. (Fig. 4G) each have a
much wider hypophallus with a uniquely pointed terminus
compared with those of the other species. The terminal end of
the hypophallus in these three species has distinct concavity
dorsally and the overall structure is loosely bent. The
remaining four species (Fig. 4B—D, F) display a concavity on
both dorsal and ventral sides of the terminal end of the structure
and a 90° bend midway down the hypophallus.

The character optimisation suggests that certain features of
male genitalia are phylogenetically conserved while other
features are homoplasious. For example, 7. aridifolia
(Fig. 44), T. sinensis (Fig. 4E) and T. sp. nov. (Fig. 4G) share
several characters, while species-specific differences do exist.
Tenodera superstitiosa (Fig. 4F) and T. bokiana (Fig. 4F) share
numerous synapomorphies despite the fact that the former is
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Fig. 5. Tree showing the reconstruction of transitions of genital structures across the phylogeny focusing on the four main structures: (1) acutolobus,
g g g phylogeny g

(2) pseudophallus, (3) hypophallus and (4) titillator. Ancestral states of the certain transitional structures are depicted on ancestral node and were optimized
under either ACCTRAN or DELTRAN. State transitions are illustrated on branches. For each node uniting a species, we included the structure that serves as

the diagnostic genital feature for that species.

distributed in Africa and the latter in Australasia (Table 1). Two
species in particular, 7. costalis (Fig. 4D) and T. australasiae
(Fig. 4B), display a unique combination of traits (Appendices 1
and 2). For example, T. costalis is placed near the 7. superstitiosa
clade in the phylogeny, but has an acutolobus similar to the
T. aridifolia clade (Figs 1; 44, E, G). The phylogenetic placement
of T. australasiae is close to the T. aridifolia clade, whereas
its genitalia are morphologically similar to the 7. superstitiosa
clade (Figs 1; 4C, F).

Evolution of male genitalia in Tenodera

Our finding suggests that the phylogenetic signal from male
genitalia alone may be insufficient to resolve relationships
among individual species of Tenodera, although the
monophyly of the genus was strongly supported by several
genital characters (Fig. 3). This is an unexpected result
because male genital characters are often very informative in
resolving phylogenetic relationships at various levels (Song and

Bucheli 2009). Our genital character matrix contains several
characters that are useful for grouping species within the
genus, with a relatively low level of overall homoplasy (CI:
0.69) and a rather high level of overall synapomorphy (RI: 0.70),
but it also contains several characters that conflict with each
other. Eight characters included in the matrix have a C/ lower than
0.5 (Appendix 1), which implies that about one-third of the genital
characters is highly homoplasious. In contrast, molecular data
alone were able to resolve the relationships unambiguously
(Fig. 2). It is certainly possible that the difference in resolution
between morphology and molecules may reflect the difference in
size of the datasets (24 genital characters versus 2270 nucleotide
characters). However, it is also possible to speculate that the rate
of evolution in male genitalia may actually be higher than
molecular divergence among species. For example, sequence
divergence between 7. aridifolia and T. sinensis is low, which can
be inferred from a short branch length between two species clades
(Fig. 2), but each of them has a unique and distinct set of genital
characters (Fig. 44, E), which implies that the rate of
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morphological divergence may be rapid. Theoretical studies
suggest that traits under sexual selection, such as male
genitalia, evolve very rapidly (Eberhard 1985; Hosken and
Stockley 2004), and in some cases there 1is little
correspondence between phenotypic similarity in male
genitalia and phylogenetic similarity across species (Arnqvist
and Rowe 2002). Added selective pressure from sexual conflict in
cannibalistic mating systems (Miller 2007) may accelerate the
rate of genital evolution in mantises, and our study may be an
example of such rapid genital evolution.

In studying the evolution of male genitalia, it is important to
understand the function of each genital structure. Although it is
difficult to identify the exact function of each genital component
without explicit studies, we can speculate on the putative
function based on the shape and sculpting pattern (Fig. 4). The
left epiphallus consists of three horned processes that are likely to
serve an important function during copulation (Tuxen 1956). The
acutolobus is likely to serve as a hook during copulation or a
sensory structure because it is covered with sensillae in some
species. The pseudophallus is covered with small spines that
are curved backward, which could damage the membranous
parts of female genitalia during copulation. The titillator often
has an apex that is curved outwards, which may be used for
physically connecting with the female during copulation. The
hypophallus serves as the opening of the ejaculatory duct, and
therefore can be considered an intromittent organ.

Classic theory of sexual selection by cryptic female choice
predicts a rapid divergence in male genital shape by a Fisherian
runaway selection (Fisher 1930; Eberhard 1985). In Tenodera,
the titillator, the acutolobus and the hypophallus may be
possible candidates as the internal courtship devices that
would be affected by the female choice. We find that the
titillator is relatively stable across species, whereas the
acutolobus shape is wildly divergent. The hypophallus is
variable across species, but the degree of variation is low
compared with that in the acutolobus. Female mantises can
mate multiple times (Maxwell 1999) and there appears to be
no obvious sperm precedence. Such life history traits suggest
that cryptic female choice might drive the evolution of male
genitalia in mantises.

Male mantises face a very high cost of mating owing to the
sexually cannibalistic behaviour of females. Hurd ef al. (1994)
suggested that females continue to attract and cannibalise
males beyond their need for sperm, to alleviate food limitation
during oogenesis, and there appears to be no direct benefit for
males to engage in sexual cannibalism (Lelito and Brown 2006).
Although genital mutilation reported from spiders (Miller 2007)
does not appear to happen in mantises because there is no genital
structure that can break off during copulation, the pseudophallus
does contain numerous spines that could damage female genital
tracts during copulation. Genital damage has been observed in
the bean weevil (Callosobruchus maculata) where male genitalia
have sclerotised spines that wound female counterparts
(Crudgington and Siva-Jothy 2000). This type of genital
damage can increase the fitness of the male by reducing the
risk of sperm competition and by increasing the immediate
oviposition rates. Armored genitalia may evolve rapidly in
response to sexual cannibalism, and male genitalia might
experience a strong selective pressure to evolve a morphology
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that is effective in damaging females in order to shift the fitness
equation in favour of adaptive male sacrifice (Miller 2007).
Therefore, two different selective pressures, sexual selection
by cryptic female choice and male complicity resulting from
sexual cannibalism, may ultimately drive the rapid evolution of
male genitalia in Tenodera. The mating behaviour of Tenodera
thus presents an exciting research system and explicit mating
experiments with respect to male fitness might shed light on the
evolution of male genitalia.
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Appendix 1. Male genitalia character descriptions and states
The characters listed here are in reference to several structures of mantis male genitalia pictured in Fig. 4 (see also Fig. 5)

(0) The angle of the acutolobus in relation to the left epiphallus: (0) 90° angle; (1) 45° angle; (2) 180° angle. (CI=0.50, RI=0.60)
(1) The angle of the acutolobus in relation to the stalk: (0) 90° angle; (1) 45° angle. (CI=0.33, RI=0)
(2) The overall shape of the acutolobus: (0) apically bulbous with blunt point; (1) apically bulbous with spine; (2) blade; (3) fan; (4) spine. (CI=0.80, RI=0.75)
(3) Of those taxa with state 1 of char 2, the acutolobus spine orientation: (0) straight; (1) curved dorsally. (CI=0.50, RI=0)
(4) Of those taxa with state 2 of char 2, the acutolobus blade notch: (0) absent; (1) present. (Uninformative)
(5) Of those taxa with state 2 of char 2, the acutolobus blade width compared with width of stalk: (0) narrow; (1) wide. (Uninformative)
(6) The nature of the surface of the acutolobus: (0) smooth; (1) rough, small spines present. (CI=0.33, RI=0.50)
(7) The hypophallus orientation (relative to the base of the left epiphallus): (0) 45° bend; (1) 90° arch; (2) Straight with a 90°/right angle joint. (CI=0.66, RI=0.66)
(8) The shape of the distal end of the hypophallus: (0) point; (1) round end; (2) straight with a notch. (CI=1, RI=1)
(9) Of those taxa with state 0 of char 8, the hypophallus point shape: (0) straight point; (1) curved dorsally. (CI=1, RI=1)
(10) Of those taxa with state 1 of char 9, the hypophallus point concavity: (0) minimal; (1) deep. (Uninformative)
(11) Of those taxa with state 0 of char 9, the hypophallus point shape: (0) gradual point; (1) point proceeded by indents on base and apex
of hypophallus. (CI=1, RI=1)
(12) The hypophallus width: (0) narrows at distal portion; (1) widens at distal portion. (CI=0.50, RI=0)
(13) The overall shape of the pseudophallus: (0) flat distal end; (1) wide and rounded; (2) narrow; (3) bulbous. (CI=1, RI=1)
(14) The orientation of the pseudophallus: (0) straight; (1) bent. (CI=0.50, RI=0.80)
(15) Of those taxa with state 1 of char 14, origin of pseudophallus bend: (0) before spines; (1) near middle of basal spines. (CI=1, RI=1)
(16) Of those taxa with state 1 of char 15, the pseudophallus bend angle: (0) obtuse angle; (1) right angle. (Uninformative)
(17) Extension of the pseudophallus beyond the apex of the right epiphallus: (0) no; (1) yes. (CI=0.50, RI=0.50)
(18) The size of the small lobe on the left side of the right epiphallus: (0) absent; (1) pronounced; (2) small. (CI=0.50, RI=0.50)
(19) Extra extensions of the hypophallus: (0) absent; (1) spike; (2) ridge. (CI=1, RI=1)
(20) The shape of the titillator: (0) hooked; (1) straight; (2) curved dorsally. (CI=1, RI=1)
(21) The presence of small spines on the left side of the right epiphallus: (0) absent; (1) present. (CI=1, RI=1)
(22) The hypophallus origin: (0) off base of left epiphallus; (1) out of posterior of left epiphallus. (CI=1, RI=1)
(23) The pseudophallus stalk left margin: (0) straight; (1) depression between two ridges; (2) one ridge; (3) indent near acutolobus. (CI=0.60, RI=0.60)

Appendix 2. Male genitalia character matrix

Taxa Characters

0000000000 1111111111 2222

0123456789 0123456789 0123
Ta. tamolana 000---1100 -0000--001 0103
He. schultzei 000---1100 -0000--001 0103
Po. aeruginosa 113-—--012- --030--000 0013
Pl. guineensis 004---011- --030--102 1010
Pr. ornatipennis 004---011- --030--102 1010
T. sp. nov. 1010--0101 0-11110110 2010
T. sinensis 1011--0101 1-11111110 2011
T. aridifolia 1010--0001 1-01111120 2011
T. australasiae 002-001100 -10210-100 2012
T. costalis 2111--0200 -1020--120 2010
T. superstitiosa 212-111200 -10210-110 2012
T. bokiana 102-011200 -10210-110 2012
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