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ABSTRACT The morphology of insect genitalia is often highly species-speciÞc, and its variation
has been suggested as an important impetus for evolution. Structural variation of the male genitalia
and the female spermathecae in Phlebotomine sand ßies is unique among the blood sucking Diptera.
Wedescribe the Þne structures involved inmating forPhlebotomus papatasi (Scopoli). Relationships
among the length of the spermathecal duct and aedeagal Þlament were studied in 26 species of Old
World phelebotomine sand ßies comprising 12 subgenera. In most taxa the aedeagal Þlaments were
very longallowingdirect insemination into the spermathecae, indicating that intrasexual competition
among males occurs as sperm precedence. There was a positive correlation between the lengths of
the spermathecal ducts and aedeagal Þlaments, indicating that an evolutionary “arms race” occurs
between males and females over the control of fertilization. The pattern of genitalia variation in
phlebotomine sand ßies also indicated that differences in the lengths of the spermathecal ducts and
aedeagal Þlaments aredistributedunevenly amongclosely related species.Genital differencesdonot
seem to occur in populations of the Phlebotomus argentipes Annandale & Brunetti complex, whereas
differences showed strongly in closely related Phlebotomus papatasi and P. bergeroti Parrot, and in
sympatric Phlebotomus martini Parrot and P. celiae Minter.

KEYWORDS Phlebotomine sandßies, spermathecal ducts, aedeagal Þlaments, coadaptation, arms
race

THE MORPHOLOGY OF insect genitalia is an important
taxonomic feature because of its variation. In addition,
genital differentiation has been explored in a wide va-
riety of taxa to unravel evolution. Studies on insect mat-
ing systems have concentrated on the “lock-and-key”
mechanism and the postmating sexual selection (by fe-
male choice) mechanism. The former explains that hy-
bridinferioritydrivestheevolutionofmalegenitaliawith
a proper mechanical Þt to female genitalia (Shapiro and
Porter 1989, Mikkola 1992, Edwards 1993), whereas the
latterproposes thatdivergentevolutionofgenitalia is the
result of sexual selection brought about by variation in
postinsemination paternity success among males (Eber-
hard 1985, 1994) and of an evolutionary “arms race”
between males and females over the control of fertili-
zation (Arnqvist and Rowe 1995, Arnqvist 1998).

The lock-and-key mechanism has been tested for
many groups of insect species. For example, in the
feather wing beetle, Bambra invisibilis (Coleoptera:
Ptiliidae), Dybas and Dybas (1981) discovered a
strong correlation between the lengths of both the
spermathecal lumen and the spermathecal duct, and
sperm length. They suggested that sperm precedence
might have resulted in morphological coadaptation

between the sizes of the male sperm and female sper-
matheca. InApameamoths (Lepidoptera:Noctuidae),
the sperm transferring organs in males and sperm
storing organs in females form a postcopulatory, but
prezygotic, isolationmechanism(Mikkola 1992).Crit-
icism of the lock-and-key mechanisms is directed
mainly at the idea that insect genitalia function as an
isolationmechanism. In his extensive reviewof animal
genitalia, Eberhard (1985) concluded that the lock-and-
key mechanism was based not only on a mechanical Þt,
but also on neural and physiological responses of the
female to male anatomy. His arguments against lock-
and-key mechanisms were well suited to the species-
speciÞcity of male external genitalia, but not to the in-
ternal parts that perform sperm transfer. The female
internal genitalia are soft, involuted, hard to study, and
generally lesswell known (Mikkola 1992). Eberhard did
not criticize neutralist interpretations of insect genitalia
beyond their mention and dismissal, because these con-
cepts historically have not presented a signiÞcant chal-
lenge to the incumbent, lock-and-key mechanism (Ed-
wards 1993). According to Shapiro and Porter (1989),
the lock-and-key hypothesis purports “to explain spe-
cies-speciÞc genital morphology in terms of mechanical
reproductive isolation.”

In contrast, the sexual selection hypothesis pro-
poses that genital evolution is more than twice as
divergent in groups in which females mate several
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times than in groups in which females mate only once,
and this pattern is not found for other morphological
traits (Arnqvist 1998). Furthermore the interaction of
male genital and ejaculate characteristics (sperm, ac-
cessory materials) with the physical and biochemical
environment of the female sperm storage organ pro-
vides the opportunity for postcopulatory sexual selec-
tion by ÔcrypticÕ female preferences (Thornhill 1983,
Eberhard 1994). Comparative studies revealing cor-
relations between sperm length and female storage
organs or reproductive tracts in a wide variety of taxa
such as Drosophila (Hihara and Kurukawa 1987),
stalk-eyed ßies (Presgraves et al. 1999), and birds
(Briskie and Montgomerie 1992) are explained by
sperm competition for access to female sperm storage
structures.

Structural variation in the spermathecae of Phle-
botomine sand ßies is unique among the blood-suck-
ing Diptera, in that there is considerable variation
among species but very little variation within species.
The length of the spermathecal duct and its comple-
mentary aedeagal Þlament varies among members of
the subfamily Phlebotominae. These two complemen-
tary internal parts of the genitalia may function as an
important species isolation mechanism that performs
copulation and insemination. To date, only three re-
searchers have described the physical relationship be-
tween the aedeagal Þlaments and spermathecal ducts.
In Phlebotomus major Annandale (Sinton 1925) and
Phlebotomus perfiliewi Parrot (Hertig 1949), the Þla-
ments are inserted to the base of the spermatheca,
whereas in Lutzomyia migonei (Ortiz and Hernandez-
Marque 1963), the aedeagal Þlaments occupy only
two-thirds of the duct length. Apart from these frag-
mentary notes, little is known about the relationship
between the spermathecal ducts and the aedeagal
Þlaments and theunderlying causes for structural vari-
ation among phlebotomine sandßies.

The objective of the current article was to describe
the Þne structure of the genitalia of P. papatasi in-
volved in mating to investigate the interrelationships
between spermathecal ducts and aedeagal Þlaments
among26 speciesofOldWorldphlebtomine sandßies,
and to consider whether the length of the aedeagal
Þlaments and spermathecal ducts could be used to
identify closely related species.

Materials and Methods

The mating process of P. papatasi Scopoli was de-
scribed from a colony originating from Israel and
maintained at the London School of Hygiene and
Tropical Medicine, London, UK. Male genitalia and
female spermathecae were studied from freshly pre-
pared specimens using a compound microscope and
subsequently a polyvar phase contrast microscope.
The cross-section of the spermathecal duct obtained
from a transmission electron microscopic study (un-
published data) was used here to relate its functional
morphology with that of the aedeagal Þlament.

Slide mounted sand ßy specimens in the collection
of the Department of Entomology, The Natural His-

tory Museum, London, UK, were used to study the
interrelationships between the dimensions of the ae-
deagal Þlaments and the spermathecal ducts. Using
camera lucida drawings, measurements were made of
the spermathecal duct fromthebaseof the spermathe-
cal body to the base of the spermathecal ductÑeither
the common duct or the individual ductÑand of the
aedeagal Þlaments, from the tip to thebasewhere they
join the sperm pump. The structure of the sper-
matheca often was not visible in mounted specimens.
Such specimens were either remounted or the Ber-
leseÕs medium moistened. Measurements from the Þg-
ures of Abonnenc (1959, 1967), Kirk and Lewis
(1951), Lewis and Lane (1976), Lewis (1977), and
Quate (1965) also were used. Regression analysis was
done using the MS EXELzXLS statistical package (Mi-
crosoft, Redmond, CA).

Results

Phlebotomus papatasi, like most Phlebotomine sand
ßies, mate tip-to-tip with the “inverse interlock” of the
genitalia (Fig. 1). Because the male genitalia of phle-
botomines is rotated 1808 24 h after emergence, the
developmentally ventral parts including gonocoxites,
gonostyles, aedeagal sheaths, parameres, and aedeagal
complex are shifted to the dorsum; and the dorsal
structures, lateral lobes and cerci, are moved to the
ventrum. The aedeagal complex consists of an ejacu-
latory apodeme, a sperm pump (to which the testes
are attached), and a pair of bifurcated, long genital or
aedeagal Þlaments (Fig. 2). The female has two cap-
sular spermathecae (Fig. 4) and their associated in-
dividual ducts (Fig. 3) lead either directly to an open-
ing into the bursa copulatrix (in the subgenera,
Phlebotomus including P. papatasi, Paraphlebotomus
and Synphlebotomus) or to a common duct continuing
into the bursa copulatrix (in most subgenera). When
mating takes place, the male clasping genitalia Þrmly
hold the rear of the female abdomen. Aedeagal Þla-
ments are applied closely to the spermathecal ducts
for sperm transfer, while the aedeagal sheathes and
parameres serve to protect and guide the aedeagal
Þlaments. The aedeagal Þlaments forma “syringe-like”
organ with a smooth surface throughout their length
(Fig, 2). In cross-section, the spermathecal duct lu-
men is circular (Fig. 5), surrounded by a nonsclero-
tized “rubber-like” cuticle and an epithelial layer in-
terlaced with muscle Þbers. The duct cuticle and its
epithelial layer and muscle Þbers are actually an ex-
tension of the bursa copulatrix. The diameter of the
aedeagal Þlament approximates that of the spermathe-
cal duct (Figs. 3Ð5), whereas its length (mean 5 0.37
mm, n 5 18) is 2.6 times the spermathecal duct
(mean 5 0.14 mm, n 5 9).

Twenty six species comprising 12 subgenera of Old
Worldphlebotominesandßieswereexamined(Table1).
Overall, 22 of the 26 taxa were represented by a single
specimenwith clearly observable genitalia of both sexes.
Data (i.e., mean lengths) on the spermatheca and ae-
deagal Þlaments of the remaining six closely related spe-
cies including P. papatasi (9 males and 18 females) and
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P. bergeroti (3 males and one female), P. martini (10
males and four females) and P. celiae (12 males and 10
females) and P. argentipes complex (domestic, Madras,
six males and seven females; peridomestic, Madras, 10

males and Þve females) were summarized from pub-
lished accounts by Abonnenc (1959) and Parrot (1937,
1941),Gebre-Michael andLane (1993), and Ilango et al.
(1994), respectively.

Figs. 1–5. Genitalia of P. papatasi. (1) Male and female during copulation (scale bar 5 0.5 mm) (see the text for details).
XX, female; XY, male; Ng, gonostyle; Nt, gonocoxite; Ns, lateral lobe. (2) Terminal part of aedeagal Þlaments (AF) of male
(scale bar 5 0.1 mm). (3) Observed from a saline squash, showing a single spermatheca (scale bar 5 0.01 mm), a cluster of
large cells in the spermathecal gland (GL) are visible with hair-like processes opening into the cylindrical, segmented
spermathecal body (HE) and its base is connected to a longnarrow spermathecal duct (IN). Thewhole structure is supported
by a thin epithelial layer (EP) and muscle Þbers (MF) that are difÞcult to differentiate. (4) A pair of spermathecal ducts
(scale bar 5 0.01 mm). These ducts (IN) are separated, attached to the bursa copulatrix (QT) with a narrow external oriÞce
(ON) and lumens that are of uniform width throughout. (5) Transmission electron micrograph of cross section of the
spermathecal duct (scale bar 5 2 m), a circular lumen (UM) is surrounded by a thin cuticle lining (Ts), a single layer of
epithelial cells (EP) interlaced with muscle Þbers (MF).
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In 25 of the 26 taxa examined, the male aedeagal
Þlaments were longer than the female spermathecal
ducts. However, in Sergentomyia (Sintonius) clydei
Sinton, the aedeagal Þlamentsweremuch shorter than
the spermathecal ducts. In Idiophlebotomus and
Spelaeophlebotomus species, the spermathecal ducts
were much shorter and narrower than the male ae-
deagal Þlaments, which were long and stout and sup-
ported by abdominal rods (Lewis 1987). In remaining
subgenera from both the Old and New World, the
length of the spermathecal ducts was approximately
equal to the length of the aedeagal Þlaments.

Therewas a signiÞcantpositivecorrelationbetween
the length of the spermathecal duct and the conspe-
ciÞc aedeagal Þlament among the 26 species investi-
gated (r2 5 0.27, r 5 0.52, P 5 0.005, Fig. 6). Among
small samples of P. argentipes from South Asia there
was no signiÞcant correlation between the lengths of
the spermathecal duct and aedeagal Þlament (r 5 20.
37, P . 0.05). In contrast there was a strong negative
relationship between the lengths of the spermathecal
duct and aedeagal Þlament in P. papatasi and P.
bergeroti (r 5 21.0), whereas P. martini and P. celiae
exhibited a strong positive relationship (r 5 1.0).

Table 1. Taxa examined showing the mean length of the spermathecal duct and aedeagal filament

Species
No. of

specimens*
Spermathecal

duct, mm
Aedeagal

Þlament, mm

Idiophlebotomus tubifer 1 0.16 0.64
Idiophlebotomus wellingsae 1 0.12 0.74
Phlebotomus (Euphlebotomus) argentipes

(domestic, Madras) 6?, 7/ 0.26 0.58
-do- (peridomestic, Madras) 10?, 5/ 0.28 0.62
-do- Patna 1 0.28 0.63
-do- Sillong 1 0.30 0.58
-do- Sri Lanka 1 0.26 0.70
-do- Malaysia 1 0.28 0.48

P. (Euphlebotomus) philippinensis 1 0.18 0.72
P. (Euphlebotomus) mesghali 1 0.30 0.60
P. (Euphlebotomus) kiangsuensis 1 0.34 0.54
P. (Euphlebotomus) yunshengensis 1 0.80 1.08
P. (Anaphlebotomus) stantoni 1 0.58 0.60
P. (Larroussius) keshishiani 1 0.42 1.28
P. (Larroussius) burneyi 1 0.15 0.54
P. (Adlerius) longiductus 1 0.41 1.16
P. (Synphlebotomus) martini 10?, 4/ 0.37 0.85
P. (Synphlebotomus) celiae 12?, 10/ 0.26 0.63
P. (Phlebotomus) papatasi 9?, 18/ 0.14 0.37
P. (Phlebotomus) bergeroti 3?, 1/ 0.18 0.23
Grassomyia indica 1 0.15 0.38
Sergentomyia (Neophlebotomus) dhandai 1 0.17 0.31
Sergentomyia bailyi (nicnic group) 1 0.11 0.23
Sergentomyia punjabensis 1 0.09 0.16
S. (Parrotomyia) babu 1 0.12 0.19
S. (Sintonius) clydei 1 0.76 0.47

a Unless mentioned otherwise, 1 indicates one male and one female examined.

Fig. 6. Spermathecal duct length plotted as a function of the aedeagal Þlament length for 26 species of Old World
Phlebotomine sand ßies.
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Discussion

In P. papatasi, the diameter of the aedeagal Þlament
approximated that of the spermathecal duct, but the
length of the aedeagal Þlament was much longer than
the spermathecal duct. These Þndings indicated that
the aedeagal Þlament is too long for direct insemina-
tion into the spermathecae and it confers high adap-
tive value and selective advantage to biomechanical
improvements that increase precision and control in
the transfer of sperm. This evidence is further sup-
ported by the fact that during insemination (Ilango
1995) the great length of the duct provided physical
evidence for sperm displacementÑan intrasexual
competitive mechanism whereby the male who was
Þrst to mate, precludes displacement by sperm de-
rived from subsequent matings (Parker 1970). Not
only can the long lumen of the duct accommodate
many spermatophores, but it also can allow the sper-
matozoa, released fromthe spermatophoreafterblood
feeding, to compete with one another to monopolize
the available storage space within the spermatheca
(Ilango 1995). Therefore, male and female genitalia of
a species are complementary in form, indicating that
strong stabilizing selection is acting on these repro-
ductive structures.

The patterns of interspeciÞc and intraspeciÞc vari-
ation in spermathecal duct length(0.09Ð0.76mm)and
aedeagal Þlament length (0.16Ð1.28 mm) among the
26 species, clearly demonstrated that the spermathe-
cal duct length did not simply evolve to accommodate
the length of the aedeagal Þlament. If these male and
female internal genitalic structures serve mainly as a
locking function, they theoretically would be homog-
enous, but they show a great variation and species-
speciÞc diversity. The presence of species-speciÞc di-
versity and a positive correlation between lengths of
aedeagal Þlaments and spermathecal ducts indicated
that evolutionary “arms races” may occur between
males and females over the control of fertilization
(Briskie and Montgomerie 1992).

Like the length of the aedeagal Þlaments and sper-
mathecal ducts, the base of the spermathecal ducts
and its complementary male genitalic structure, the
aedeagal sheaths, show species speciÞcity. The sper-
mathecal ducts are separated in the members of the
subgenera Phlebotomus, Paraphlebotomus, and Syn-
phlebotomus; and their spermathecal duct lumen is
circular throughout its length. Unlike the latter, the
opening of the common duct reveals distinct and spe-
cies-speciÞc variation particularly among the mem-
bers of the subgeneraEuphlebotomus, Larroussius, and
Adlerius. In P. (Euphlebotomus) argentipes the base of
the common duct is ovoidal but with a circular lumen
with lateral extensions formingawing-like structureÑ
the lateral grooves. These grooves are reduced as they
ascend and eventually merge with the lumen of the
commonduct. The structural organization of the com-
mon duct in P. argentipes presumably performs two
vital functions during mating: Þrst, it accommodates
and holds the trilobed aedegal sheaths Þrmly in the
lateral grooves, and second the aedeagal Þlaments

protrude and retract in the circular lumen like a sy-
ringe. If alternately executed, these two complemen-
tary processes could constitute an injection mecha-
nism. InP. langeroni and in all species of the subgenera
Larroussius and Adlerius, the opening of the common
spermathecal duct is large and broad and in certain
groups of species is supported on either side by a
pouch (Leger et al. 1983) that presumably accommo-
dates the enlarged basal aedeagal sheath. These dif-
ferences in the pattern of internal genitalia among
species suggest that these structures alsomay function
as evolutionary “arms races.” However, knowledge on
the relationship between the width and lumen of the
spermathecal ducts from other sand ßy taxa is com-
pletely unknown, and further study would be reward-
ing.

Genital Differences in Closely Related Species of
Disease Vectors. During courtship on the host, the
males of P. orientalis Parrot (Ashford 1974), P. argen-
tipes (Lane et al. 1990) and Lutzomyia logipalpis Lutz
& Neiva (Ward et al. 1988) beat their wings in short
pulses and form leks in P. argentipes (Lane et al. 1990,
Ilango et al. 1994). These behaviors were associated
with aggregation pheromone in P. papatasi (Schlein et
al. 1984), P. argentipes (Lane et al. 1990), and L. lon-
gipalpis (Ward et al. 1988) characteristic of mammo-
philic sand ßies (Lane et al. 1990). However, in cross-
ing experiments between two sympatric populations
of L. longipalpis, which possibly consisted of two sib-
ling species, Ward (1989) reported that although
courtship and copulation had taken place, no sperm
was transferred into the spermatheca. It remains to be
seen whether or not courtship is followed by copula-
tion and sperm transfer among other closely related
species of sandßies.

Phlebotomus argentipes sensu lato occurs from Iran
and Afghanistan in the west, through the Indian sub-
continent andMalaysia to Indonesia. It is the vector of
visceral leishmaniasis, causedbyLeishmaniadonovani,
in three main foci: in the northeast (West Bengal and
Bihar), south (TamilNadu), andwest (Gujarat) India.
This species shows geographical variation in several
morphological characters including wing and color
(Annandale 1911), antennal ascoids (Lane 1988), and
cuticular hydrocarbons (Kamhawi et al. 1992). Lane
(1988) associated the length of antennal ascoids (fe-
maleÕs secondary sexual traits presumably involved in
the emission of pheromone) with that of population
differences. Recently, two morphological species
were described based on the differences in morphol-
ogy, mating behavior, and habitat (Ilango et al. 1994).

The small samples of P. argentipes drawn from dif-
ferent geographical regions in Southern Asia, indi-
cated that there was no correlation in the genitalic
characters indicating apparent absence of the char-
acter displacement (divergence of morphological or
behavioral characters higher or more in sympatric,
closely related species than allopatric, unrelated spe-
cies, Brown and Wilson 1956). However, perceptible
evidence for the existence of character displacement
was reported with differences in the relative size of
the antennal sensilla chaetica (Ilango 2000) and in the

September 2000 ILANGO AND LANE: COADAPTATION OF PHLEBOTOMINE GENITALIA 657

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

e/article/37/5/653/954498 by guest on 23 M
ay 2023



oviposition behavior among three intraspeciÞc vari-
ants (Ilango 1999) of P. argentipes studied from the
state of Tamil Nadu, southern India. It is probable that
when the internal, primary genitalia fail to act as iso-
lation mechanism, as in the case of P. argentipes sensu
lato, then selection takes place on the external, sec-
ondary sexual characters like antennal structures in-
volved in the precopulatory sexual behaviors. There-
fore, it seems that differences in the sensilla chaetica
amongpopulations of the P. argentipes (complex)may
replace the internal genitalia as an isolation mecha-
nism.

From Portugal and Morocco in the west to India in
the east, P. papatasi is very common throughout its
range, is peridomestic, and bites humans avidly. It is a
vector of cutaneous leishmaniasis, caused by L. major
in many countries and suspected as a vector in many
more, e.g., Saudi Arabia, Afghanistan, and North Af-
rica. There also have been suggestions that P. papatasi
acts as a vector of Le. donovani, the causative agent of
visceral leishmaniasis,wherenoother likelyvectorhas
been found, e.g., Iraq and Saudi Arabia. P. papatasi is
also an established vector of phlebotomus fever virus.
P. bergeroti, the closest relative of P. papatasi, occurs
in Mediterranean Algeria, a band south of the Sahara,
Arabian Peninsula and into Iran (Lewis 1982). Like P.
papatasi, it bites humans readily and has been sus-
pected as a vector of cutaneous leishmaniasis in the
Sahara and around Mecca in Saudi Arabia (Lewis and
Buttiker 1980). Existing morphological characters dis-
tinguishing P. papatasi and P. bergeroti include differ-
ences in the genitalia (i.e., length of the paramere and
position of spines on the style) of males or the relative
length of the ascoids on antennal segments IV of fe-
male (Lane and Fritz 1986). There is an absolute
difference in the length of the aedeagal Þlaments and
the spermathecal ducts (Abonnenc 1959). Because
there is a negative correlation between the aedeagal
Þlaments and the spermathecal ducts in P. papatasi
and P. bergeroti, the genital differences may not func-
tion as a source of species isolation but precopulatry
behaviors are possibly sources of speciation.

Phlebotomus martini and P. celiae are sympatric and
associated with the transmission of visceral leishman-
iasis in East Africa. Gegre-Michael and Lane (1993)
distinguished the females of P. martini from P. celiae
from laboratory-bred and wild caught ßies using a
series of morphological features including the labrum,
labrum length/wing length, and spermathecal ducts.
Because of the presence of a strong correlation be-
tween the lengths of the aedeagal Þlaments and the
spermathecal ducts in P. martini and P. celiae, the
genital variation between these two species are prob-
able sources of speciation.
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