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Traumatic insemination (TI) is a rare reproductive behaviour characterized
by the transfer of sperm to the female via puncture wounds inflicted
across her body wall. Here, we challenge the claim made by Kamimura
(Kamimura 2007 Biol. Lett. 3, 401–404. (doi:10.1098/rsbl.2007.0192)) that
males of species of the Drosophila bipectinata complex use a pair of claw-
like processes (claws) to traumatically inseminate females: the claws are
purported to puncture the female body wall and genital tract, and to
inject sperm through the wounds into the lumen of her genital tract, bypass-
ing the vaginal opening. This supposed case of TI is widely cited and
featured in prominent subject reviews. We examined high-resolution scan-
ning electron micrographs of the claws and failed to discover any obvious
‘groove’ for sperm transport. We demonstrated that sperm occurred in the
female reproductive tract as a single-integrated unit, inconsistent with the
claim that sperm are injected via paired processes. Laser ablation of the
sharp terminal ends of the claws failed to inhibit insemination. We
showed that the aedeagus in the complex delivers sperm through the vagi-
nal opening, as in other Drosophila. The results refute the claim of TI in the
Drosophila bipectinata species complex.
1. Introduction
Traumatic insemination (TI) is a form of mating behaviour during which males
deploy specialized ‘devices’, such as spines and stylets, to puncture the female
body wall and transfer sperm through the wound(s) they inflict [1]. This extra-
ordinary behaviour is distinguished from other forms of ‘traumatic mating’,
where only non-sperm components of the ejaculate, or no ejaculate at all, transfer
to the female through themale-inflicted wounds [1–4]. Though rare, TI has arisen
independently in a number of animal groups [3,5], and the evolutionary drivers of
this unusual form of insemination are the focus of ongoing debate [1,5–9].

It has been claimed by Kamimura [10] that TI occurs in species of the Droso-
phila bipectinata complex, a small taxonomic grouping of four very similar
species within the ananassae subgroup, of the melanogaster species group, that
includes: Drosophila bipectinata Duda, 1923; Drosophila parabipectinata Bock, 1971;
Drosophila malerkotliana Parshad and Paika, 1965; and Drosophila pseudoananassae
Bock, 1971 [11]. Specifically, males of this complex are purported by Kamimura
to use a pair of claw-like phallic structures to pierce both the female body wall
and reproductive tract, and to inject sperm into the lumen of her reproductive
tract through thewounds. If true, then TI in the complex would be an astonishing
evolutionary innovation within the genus, family and order.

In Drosophila, the ‘typical’ route of sperm transfer, storage and use is well
documented in Drosophila melanogaster [12]: the ejaculate, comprising sperm
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and seminal plasma, passes via the tip of the aedeagus into
the female bursa (uterus) through her gonopore (vaginal
opening) [13–16]. The ejaculate, immediately after transfer
to the female, exists in this and other species as a single
sperm mass readily visualized by teasing open her reproduc-
tive tract and releasing it [15,17,18].

In Kamimura’s study, a laser scanmicrograph showing two
areas of coloration adjacent to the tips of the basal processes
was claimed to demonstrate TI (Fig. 1c(ii) in [10]); the follow-
ing is the relevant excerpt: ‘TI clearly occurs in the bipectinata
complex, as the basal processes pierce the pockets during copu-
lation and sperm is ejaculated through the wounds but not
through the genital orifice…’ [10]. We were sceptical about
this conclusion, as no evidence for the passage of sperm via
such a route was actually provided. The following statement
likewise gave us pause, as no direct evidence for it was pre-
sented either: ‘The basal processes of this group have a
groove on the dorsal surface which may transport semen’
[10, p. 404].

Here, we challenge the claim that TI occurs in the bipecti-
nata complex. Our results provide observational and direct
experimental evidence contradicting it: the evidence supports
sperm transfer occurring via the route described for otherDro-
sophila, that is, from the aedeagus into the reproductive tract
via the female gonopore. Recently, Rice et al. [19] showed
that the claws have a distinct developmental origin, deriving
from the lateral portions of the central primordium of the phal-
lus observable during pupal metamorphosis. Since most cells
of the central primordium normally give rise to the aedeagus,
the term aedeagal lateral processes for the claw-like structures
was proposed [19], a termwe adopt here and use interchange-
ably with ‘claws’. Historically, the claws were thought to be
arms of a bifid aedeagus [11,20–23] and were termed ‘basal
processes’ by Kamimura [10].

We examined scanning electron micrographs (SEMs) of the
claws at varying orientations andmagnifications to search for a
possible conduit for sperm—namely, Kamimura’s purported
‘groove’. We then addressed two additional predictions. If
insemination occurs traumatically via the paired claws, we
would expect the sperm mass to occur as two discernible
units within the female reproductive tract immediately after
and/or during mating. To this end, we examined the sperm
masses extracted from the female reproductive tract
both immediately after the terminus of uninterrupted, full
length (ca10.5 min) copulations, andafter pairswere interrupted
6–8 min after the onset of coupling, that is, during sperm trans-
fer. Reproductive structures of both sexes were also examined
after interrupted copulation, which led us to image the func-
tional aedeagus and to identify the path of sperm passage to
the female. As a final test, we used laser surgical ablation [24]
to eliminate the pointed tips of the claws. If, as claimed byKami-
mura, the claws serve to pierce the female’s body wall and to
transfer sperm to her reproductive tract, males with surgically
ablated piercing devices should fail to transfer sperm.
2. Material and methods
(a) Source and culturing of flies
Drosophila bipectinata, D. parabipectinata and D. malerkotliana cul-
tures were established with field-caught flies; collection and
culture methods are provided in the electronic supplementary
material. Specimens from these cultures, used for morphological
examination and imaging, are vouchered in the Australian
Museum (K.380306, -07, -27).

(b) Laser surgery
Laser surgical ablation is described in the electronic supplemen-
tary material. Pulses of laser light were used to ablate one-
quarter to one-third of both claws of individual males—the ‘cut’
group. After surgery, males recovered in groups of 3–5 in food
vials for at least 4 days until being paired with virgin females.
‘Uncut’ control males were treated identically, except that instead
of cutting the claws, 2–4 large setae near the end of the abdomen
were ablated [24].

(c) Mating trials and dissections
Cut and uncut males were individually paired with a virgin
female in 46 mating trials (detailed in the electronic supplemen-
tary material): the mating pairs in 42 trials (34 D. bipectinata, 8
D. parabipectinata) involved cut males, and males in four trials
(2 D. bipectinata, 2 D. parabipectinata) were uncut controls.
Immediately after decoupling, females were dissected and the
sperm mass released into physiological saline to determine
whether it occurred as a single unit or more than one unit. In sep-
arate trials (n = 12), copulation was interrupted 6–8 min after
starting; immediately upon interruption, the female reproductive
tract was dissected to visualize the sperm mass.

(d) Imaging phallic structures
Genitalia were dissected from fresh and alcohol-preserved speci-
mens and imaged using light and scanning electron microscopy
(detailed in the electronic supplementary material). Membrane-
clearing KOH was used for preparing the specimens in figure 1a–e,
but not figure 1f–i. To search for possible sperm conduits along the
claws, multiple SEMs were taken at different magnifications (350–
3500 ×) and orientations. Genitalic preparations of 28D. parabipecti-
nata, 29 D. bipectinata and 3 D. malerkotliana were imaged using
electron microscopy; a total of 166 SEMs of claws were examined
and archived.
3. Results
(a) Phallic architecture of the bipectinata species

complex
The phallic structures of all four species in the bipectinata com-
plex are similar [13]; here, we describe the phallic architecture
ofD. bipectinata andD. parabipectinata as representing the com-
plex. The aedeagal lateral processes (claws) are large, curved,
apically pointed and bare (figures 1c,d and 2a–e), approxi-
mately 100 µm in length from base to tip, and they articulate
with the apex of the phallapodeme (arrowed in figure 1d ).
The claws are bilaterally symmetrical and arise from the lateral
portions (shoulders) (figure 1a,d,e), not the centre, of the phal-
lapodeme apically. The membranous aedeagus arises
centrally between the claws (figure 1f,g), but is not apparent
after processing with KOH (figure 1a,d ).

We see no connection between the base of the pregonites
and the claws (figure 1d,e), which confirms that the claws are
not ‘basal extensions’ of the pregonites evident in allied species
of the D. ananassae complex [21,25]. The postgonal sheath
(sensu [19]) folds and bends freely, and is bilaterally symmetri-
cal, lobe-like and ‘cloaks’ the claws dorsally (figure 2a–d ).
When viewed via light microscopy, the postgonal sheath is lar-
gely membranous and translucent (figure 1c), with hardened



aed lat proc

(a)

(d)

( f )

(h) (i)

(g)

(e)

(b) b

a aed lat proc

pg sh

pg sh

postgonal sheath

phallapodeme

hypandrium

sperm

aed lat proc

100 mm100 mm

100 mm

300 mm

sperm

oviscapt

300 mm

aed

pregonite

aed lat proc

c

d

e

f

(c)

aed lat proc

prensisetae

epandrium

pallapodeme

Figure 1. Light microscope images of reproductive structures of the bipectinata complex. (a) Hypandrium inside male body. (b,c) Drawing and digital image of posterior
end of hypandrium, showing the aedeagal lateral processes (a, aed lat proc, claws) and the postgonal sheath (e, pg sh). Ridges and thickened processes (b, c, d, f ) of the
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(h,i) Sperm seeping from the female gonopore (sperm teased further out arrowed in (i)).
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outer ridges and leaf-like structure connected near the base of
each claw (figure 1b–e).

(b) The traumatic insemination hypothesis
We could identify no channel, groove or fold, medially,
laterally, dorsally or ventrally on the claws that could function
as a conduit for sperm (figure 2). In some preparations, we
observed the tip of one or both claws to have an irregular
depression or lesion (typically≤ 1 µm in diameter), which
could, owing to the irregular (torn) edges, be the result of
abrasion (figure 2e).

When females were dissected at copulation termination,
the sperm within the bursa invariably occurred as a single
mass (electronic supplementary material, figure S1A). Out
of a total of 12 matings interrupted at 6–8 min after the
start of mating, 11 also invariably produced a single sperm
mass within the female reproductive tract (electronic sup-
plementary material, figure S1B). In three of these 11 cases,
the sperm mass was small and appeared irregular in shape,
amorphous, not smoothly oval or rounded, but nevertheless
unquestionably as a single undifferentiated unit. In one
interrupted mating, there was no ejaculate transfer at all.

The aedeagus was discoveredwhen anaesthetized copulat-
ing pairs were gently pulled apart while submerged in saline
solution. This organ in D. bipectinata is translucent, membra-
nous and pliable, and it appears to have a textured (scaly)
surface (figure 1f ). Sperm were readily identified emanating
from its tip (figure 1f,g) and could be gently drawn further
out using a minuten pin. The aedeagus arises from between
the bases of the aedeagal lateral processes (figure 1f,g)—in
our SEMs, a reticulated mat of tissue between the bases of
the claws could be discerned (figure 2f ), which we interpret
to be the collapsed aedeagus. In the female of the separated
pair, sperm was observed seeping from the gonopore (the ori-
fice of her reproductive tract through which eggs also exit)
(figure 1h), and likewise, could be drawn further out of the
gonopore (arrowed figure 1i).

Of the 30 total copulations achieved by cut males
(figure 2g,h), 22 (73%) resulted in sperm transfer to the
bursa as a single mass (electronic supplementary material,
table S1 and figure S1C,D). Among the eight cut males that
copulated but failed to transfer sperm to the female bursa,
two remained fastened to the female in an end-to-end pos-
ition after dismounting. In one case, ejaculate seeped out
from between the pair and remained attached to the male’s
terminalia after the pair separated (electronic supplementary
material, figure S2). This viscous, whitish mass contained
sperm, indicating that it was leaked ejaculate, and that
sexual union was incomplete.
4. Discussion
In their authoritative review of copulatory wounding, Lange
et al. [1] listed a set of criteria for establishing the existence of
traumatic mating in a given species. Here, building upon this
work and that of Tatarnic et al. [5], we suggest that evidence
for TI should minimally include (i) a specific wounding struc-
ture(s) that demonstrably breaches the female body wall; (ii)
physical features of said structure(s), such as a canal, lumen,
groove and/or pore, for the transfer and delivery of sperma-
tozoa; and (iii) the transfer of spermatozoa across the female
body wall. Several studies have demonstrated TI by fulfilling
these criteria (e.g. [9,26–28]), a textbook example of which
occurs in bed bugs (Cimicidae) ([26,27,29]; and see electronic
supplementary material, figure S3).

By contrast, we contend that none of these criteria was
convincingly met by Kamimura [10]. In the first place, whereas
Kamimura claimed that integumental piercing is achieved by
the claws, there was no direct evidence presented for physical
penetration of the female body wall (nor the genital tract for
that matter). The second criterion (the functional morphology
of the organ) was not fulfilled either, as convincing visual evi-
dence for a structure that could guide and transfer sperm
across the female body wall was also not provided, and accord-
ing to the present investigation, does not exist (and see below).
Finally, although Kamimura claimed that ‘sperm is ejaculated
through the wounds but not through the genital orifice’ [10, p.
404], the evidence he presented—areas of pink coloration in
laser scan micrographs—we regard as unconvincing since the
presence of sperm within the pink ‘clouds’ was not confirmed,
let alone sperm transfer via the claws to the reproductive tract.

Our results refute the hypothesis of TI in the bipectinata
species complex, and therefore in Drosophila, and for that
matter in Diptera as far as we know. Sperm transfer in the bipec-
tinata complex occurs as in D. melanogaster, from the male
aedeagus into the female reproductive tract via her gonopore.
We examined SEMs of the dorsal, lateral and ventral surfaces
of the claws inD. parabipectinata,D. bipectinata andD. malerkotli-
ana and could identify no obvious ‘groove’ for sperm transport.
We next tested the prediction that immediately after and/or
during mating, the ejaculatory mass within the female should
be discernible as two units. The prediction failed, as sperm
invariably occurred as a single mass, comporting with previous
work [30]. We also tested the experimental prediction that after
surgically eliminating the sharp terminal ends of the claws, inse-
mination would be inhibited. This prediction also failed, as a
majority of males (73%) without these sharp ends successfully
inseminated females, and in all these cases, the sperm occurred
as a single mass within the female reproductive tract.

Another decisive blow to the TI hypothesis is that
we unambiguously imaged the functional aedeagus in the
D. bipectinata complex. Pulling apartmating pairs ofD. bipectinata
clearly revealed sperm releasing simultaneously from the tip of a
hitherto unknown aedeagus and the counterpart female gono-
pore, thus identifying the route of gamete transfer between the
sexes. The aedeagus is membranous and becomes translucent
in pre-dissection KOH treatment and readily collapses upon
itself during scanning electron microscopy preparation,
suggestingwhy ithasbeendifficult todiscern inprevious studies.

The likely functions of the claws that we can discern are at
least twofold, both of which are mechanical in nature and
likely to be generating inter-locus sexual conflict [6]. One is
that the claws serve to assist the male in achieving copulation
by facilitating the grasping of the female and opening or
orienting her gonopore—ability to ‘coerce’ previously insemi-
nated females to mate may be an especially important
determinant of male post-copulatory fitness [31,32]. A
second potential (non-mutually exclusive) function is that
they serve to anchor the genitalia and maintain intimate con-
nection during copulation, thus facilitating the eversion of the
aedeagus through the female gonopore and ejaculate transfer.
A key observation in this regard is the seepage of ejaculate
from between a mating pair involving a cut male (electronic
supplementary material, figure S2), suggesting that claw
removal resulted in the backflow of ejaculate, consistent
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with the anchoring hypothesis. We emphasize that additional
experiments, which are beyond the scope of the present
study, are needed to satisfactorily characterize the function
of these remarkable structures now that we have demon-
strated that they do not serve to traumatically inseminate
females. Here, our primary objective was to address the TI
hypothesis, and our results have led us to reject the assertion
that TI occurs in the Drosophila bipectinata species complex.
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