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Abstract
Sperm storage organs and their controlling mechanisms are described for Centrobolus spp. The upper
reproductive tract has separate insemination duct, spermatheca and oviduct. Muscles controlling sperm
movement towards the spermatheca were identified as muscles of the bursa and gutter apodematique.
Sensory apparatus connected to the spermathecae were identified. The presence of a fully developed egg
in the bursa of C. inscriptus immediately after mating provides evidence for the egg simulation
hypothesis in Spirobolida.
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1. Introduction
In Centrobolus spp., female physiology imposes both temporal and physical or spatial
constraints on the male's ability to direct sperm towards the ova [1-2]. The role of the female
sperm storage organs evolution can be understood in terms of the morphometric constraints
they place on sperm positioning in Arthropods [3-4]. Female millipedes can store the
spermatozoa transferred during copulation for long periods in specialized spermathecae [5-7].
Viable sperm have been found in the spermathecae of female spirostreptidan millipedes that
were only last mated in the previous season [8]. Female physiological control may be the
ultimate determinant of last male sperm precedence [9-10].
Female morphology in Centrobolus spp. is described with the aim to (1) identify the actual site
of sperm storage and discern the stage in the evolution of the sperm storage organ where
separation of the spermathecae from the oviduct and the further separation of the sperm
insemination duct from the oviduct are recognised as two stages in the evolution of sperm
storage organs [11]; (2) count the number of spermathecae where single and multiple
spermathecae both allow female control over different male ejaculate in different ways [4]; (3)
remark on how the structure of the spermatheca may affect sperm priority patterns and last
male sperm precedence where predicting sperm precedence from the shape of the
spermathecae is complicated [12]; (4) examine the arrangement of muscle tissue and consider
female abilities to control the movement and use of sperm where female morphology can be
used as evidence for cryptic female choice [10]; (5) test if the female is in a race to surrender or
accede selectively where selective acceptance structures include pits and grooves rather than
active rejection structures such as erectable spines [13].
Observational evidence for the 'egg simulation' hypothesis in millipedes, which maintains that
the eggs have to pass through the temporary sperm store to get released from the vulvae is
given [14].
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2. Materials and Methods
The females of four spiroboloid millipedes: Centrobolus inscriptus (Attems 1928), C.
annulatus (Attems 1934), C. fulgidus (Lawrence 1967) and C. ruber (Attems 1928), were
sacrificed in ethyl acetate jars within 24 h of mating with conspecific male(s). The anterior
regions of their reproductive tracts were removed by cutting away the integument between the
second and third diplo-segments and pinching the junction between the oviduct and the bursa
copulatrix. Dissections were immediately placed onto glass slides and viewed with a Wild
M400 light microscope. Additional specimens were stored in 70% ethanol (EtOH) before
histological sectioning. On removal from EtOH, a single specimen of each species was
selected based on the quality of the dissection. The bursa copulatrix was embedded in paraffin
wax (melting point 56-60 °C). Sections (1-3 µm thick) were cut on a rocking microtome,
stained in haematoxylin/eosin and mounted on glass slides in DPX (Gurr) [15].
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Additional vulvae were removed from EtOH, dehydrated and
prepared for Scanning Electron Microscopy (SEM). SEM
micrographs were produced on Cambridge S200 and Leica
440 scanning electron microscopes.
3. Results
No interspecific differences in the external structures of the
vulva and bursa copulatrix were seen under the light
microscope. No differences between oviducts and associated
tissues from stained slides were seen. Thus the female
reproductive morphology is only described for C. inscriptus.
The opaque nature of the female reproductive tract allowed the
form of the major components to be distinguished through the
vulva membranes. The vulvae were simple invaginations of
the body wall that opened behind the second pair of legs.
Within each vulva was a single bursa copulatrix (henceforth
bursa). The bursa was a laterally compressed structure with a
chitinous hinge that articulates two plates. Access to the bursa
could only be gained by severing the connecting tissue and
pulling the plates apart. The surface of these plates was scalelike in appearance with the occasional seta and pit. The most
distinctive features were the short row of approximately ten
hairs pointing inwards. The anterior opening of the bursa was
covered by an operculum, which when displaced, revealed the
opening of the oviduct. A comparison of sections from the
upper and lower regions of the bursa revealed that the sperm
insemination duct was separate from the oviduct. The
insemination duct or furrow tapers further down to a narrow
duct, which lead into single spermatheca ampullae. The duct
leading from the insemination furrow of the bursa was narrow.
The sperm storage organ occupies less than 10% of the bursa
volume; an estimate based on the success of serial thin
sectioning in bisecting it. The sperm formed a compact
motionless mass in the distal portion of the long tubular
spermatheca. The spermatheca was surrounded by bursa gland
cells.
Three sets of muscles were identified [16]: (1) The muscles of
the bursa fan outwards from the tissue surrounding the oviduct
and connect with the bursa plates, (2) gutter apodematique fan
out in opposite directions connecting the spermatheca to each
bursa plate, (3) heavily sclerotized region in the lower
insemination duct is the confluence site for the sensorium. The
presence of a fully developed egg in the bursa immediately
after mating was observed in C. inscriptus (n=1).
4. Discussion
The general form of the female reproductive tract was
conserved at the genus level. The distendable properties of the
vulva membranes allow the male genitalia to penetrate and
contact the insemination site during copulation. The sperm
storage organ is at stage II of sperm storage organ evolution as
insemination duct, spermatheca and oviduct are separate [10].
This is like all juliform millipedes with indirect sperm transfer
by the gonopods (progoneate mating).
The insemination duct provides a temporary sperm storage site
when ejaculate inseminated exceeds the capacity of the
spermatheca. Ejaculate volume and the time that it spends in
the temporary store determine its fate [1, 9, 17]. Larger ejaculate
volumes fill both temporary and spermathecal sperm stores.
The length of time that the sperm are stored depend on: (1)

where it is initially positioned, (2) sperm competition, and (3)
female control.
C. inscriptus plates of the bursa articulate proximally and
function as a prehensor to receive sperm by mechanical gate
opening [11]. Once sperm are received they immediately
occupy the temporary store. The sperm are saucer-shaped,
aflagellate and do not pass through metamorphosis (described
for C. ruber [18]). Sperm movement must be affected by female
processes [10]. The sensory apparatus or facilities considered as
a whole regulate the passage of sperm from the temporary
store into the spermatheca. Sensory muscles connect the
spermatheca to the wall of the bursa and control ejaculate
entrance/exit via the furrow [19].
The eggs develop in paired ovaries within a common median
ovitube that runs from about the 15th diplosegment to the last
podous ring [6]. The mature eggs travel in single file along the
common median ovitube which bifurcates anteriorly into two
short oviducts. The eggs have to pass through the temporary
sperm store to get released from the vulvae. Evidence for the
'egg simulation' hypothesis verifies insemination and oviposition are coupled [14]. Male gonopods stimulate the passage
of ova causing (1) mechanical tensions on the basis of the
vulva and the connection between the bursa and the
operculum, and (2) removal of sperm from around the opening
of the spermatheca in the insemination duct. The presence of a
fully developed egg in the bursa immediately after mating
supports egg simulation. Peristaltic contractions of the oviduct
presumably serve to regulate egg release depending upon
optimum fertility periods [20].
The stage II sperm storage with a single spermatheca
constrains last male sperm priorities. Males have full access to
the temporary sperm stores, provided that the bursa is kept
open and that the sperm remain there during re-mating. The
opportunity for direct sperm removal from the spermatheca is
denied since the inlet duct is narrower than the distal lamella
of the male gonopod. In many diplopods, the lumina of the
receptacula or spermatheca is too narrow for male gonopods to
access [6, 16, 21]. Sperm displaced from the temporary sperm
may affect displacement from the spermatheca by a flushing
strategy of flooding the oviduct with sperm [10].
In conclusion, (1) the actual site of sperm storage is
inaccessible to direct sperm removal, (2) a single sperm store
indicates female control by variation in the timing of
insemination and re-mating interval [1, 17], (3) the bursa is
distendable and its shape has little bearing on sperm
precedence. Muscles with sensory innovations are proposed to
control the spermathecae causing sperm to be drawn in when
they contract and expelled when they relax.
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