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a b s t r a c t

In many ant species, the queens can keep spermatozoa alive in their spermatheca for several years, which
goes along with unique morphological characteristics of the queen’s spermatheca. The relative sper-
matheca size in ant queens is prominently larger than that in social wasps. Furthermore, the epithelium
lining the spermatheca reservoir of ants consists of columnar cells in the hilar region and squamous cells
in the distal region, whereas it is formed by columnar cells only in social wasps. To study the evolution of
the unique spermatheca morphology in ant queens, we compared the various processes during sper-
matheca development between two ponerine ant species of the genus Pachycondyla (¼ Brachyponera)
and three polistine wasp species of the genus Polistes. From histological observations, we can define four
developmental events in the ant queens: (1) invagination of the spermatheca primordium, (2) the
reservoir wall thickness becomes unequal, (3) the reservoir diameter doubles as the lining epithelial cells
become flattened except for the hilar region, and (4) the increase in thickness of the reservoir epithelium
is limited to the hilar region which doubles in thickness. In polistine wasps, the second and the third
developmental events are absent and the entire epithelium of the spermatheca wall becomes thick in the
final step. We therefore conclude that for ant queens the second and third steps are crucial for the
enlargement of the spermatheca size, and that the second to the fourth steps are crucial for the
specialization of the reservoir wall structure.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Insect females must often store sperm in their internal repro-
ductive system, as a considerable time lag can exist between
mating and the fertilization of oocytes. This is especially the case for
females in social Hymenoptera, as they can reach a lifespan of many
years and mate only once at the beginning of their adult life
(Hölldobler and Wilson, 1990; Keller, 1998). They moreover can
produce millions of offspring, which indicates that they can keep
enormous amounts of live sperm during their long life. As sperm
storage occurs in the spermatheca, the structure of this organ plays
an important role in the reproductive biology of these insects.

The spermatheca of Hymenoptera consists of a reservoir lined
with a simple epithelium, a pair of spermathecal glands, and
a spermathecal duct (Dallai, 1975; Wheeler and Krutzsch, 1994;
al Institute for Basic Biology,
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Schoeters and Billen, 2000; Martins and Serrão, 2002; Martins
et al., 2005; Gobin et al., 2006, 2008; Gotoh et al., 2008). The
spermatheca structure of ant queens shows two remarkably
distinct features from other Hymenoptera. First, the reservoir wall
of ant queens consists of columnar epithelial cells only in the hilar
region near the opening of the spermatheca duct, while squamous
cells occur in the distal region (Wheeler and Krutzsch, 1994; Gobin
et al., 2006). In females of other social Hymenoptera including Apis
mellifera, some Bombus species, and many polistine and vespine
wasps, however, the reservoir wall always has a uniform thickness
with columnar epithelial cells (Poole, 1970; Dallai, 1975; Pabalan
et al., 1996; Schoeters and Billen, 2000; Martins and Serrão, 2002;
Martins et al., 2005; Gotoh et al., 2008). These columnar cells are
considered to be important for sperm storage because of their
cytoplasmic composition and the lack of such cells in the sperma-
theca of ant workers that never mate (Dallai, 1975; Wheeler and
Krutzsch, 1994; Schoeters and Billen, 2000; Gobin et al., 2006,
2008). Second, the relative spermatheca size (spermatheca width/
abdomen width) of ant queens is considerably larger than that of
social wasps (Gotoh et al., 2008; Ito and Gotoh, unpublished data).
These morphological characteristics of the spermatheca in ant

mailto:aya.got@nibb.ac.jp
www.sciencedirect.com/science/journal/14678039
http://www.elsevier.com/locate/asd


A. Gotoh et al. / Arthropod Structure & Development 38 (2009) 521–525522
queens should be associated with sperm storage mechanisms and
therefore their life-history strategy. Ant queens often have a very
long lifespan that can exceed 20 years (Keller, 1998), whereas
reproductive females in social wasps usually live less than a year.
Ant queens in general also produce much more offspring than
wasps, e.g. several millions in army ants and leaf-cutting ants
(Hölldobler and Wilson, 1990), compared to less than 1000 in
Polistes species and 10 000 in Japanese Vespa species (Matsuura,
1998). A study of the morphological changes in the spermatheca of
ant queens in comparison to other Hymenoptera should therefore
give crucial insight for the evolution of the life history of ants. Our
knowledge of the structural organization of the spermatheca in
ants, wasps and bees so far is limited to adults only (Wheeler and
Krutzsch, 1994; Schoeters and Billen, 2000; Martins et al., 2005;
Gotoh et al., 2008).

In this article, we therefore look at the evolution of spermatheca
morphology by studying the events during the development of the
spermatheca in ant queens in comparison to that of polistine
wasps. In Polistes wasps, the appearance of the spermatheca wall is
similar to other social Hymenoptera, but the presence of prominent
connective tissue surrounding the spermatheca reservoir and part
of the spermathecal duct is unique for polistine and vespine species
among the Vespoidea (Martins et al., 2005; Gotoh et al., 2008). The
developmental pattern of the spermatheca reservoir and glands
during the immature stages have never been observed histologi-
cally to date, although the segmental origin and gross morphology
of the spermatheca have been investigated in many insect species
(Zander, 1916; George, 1934; George and Muliyil, 1935; D’Rozario,
1942; Matsuda, 1976; Papácek and Soldán, 1987; Sendi et al., 1993).
Therefore this is the first histological report of spermatheca
morphogenesis among insects.
2. Materials and Methods

2.1. Sample Preparation

Colonies containing queen broods of two species of Pachy-
condyla ants, Pachycondyla (¼ Brachyponera) chinensis from western
Japan and Pa. (¼ Brachyponera) pilidorsalis were collected in Ulu
Gombak, Peninsular Malaysia (Table 1). Females of three polistine
species, Polistes chinensis, Po. jokahamae and Po. snelleni were
collected in Kagawa and Hokkaido, Japan (Table 1). In polistine
wasps, it is not possible to distinguish between future reproductive
and future non-reproductive females because of their morpholo-
gical similarity during the immature stage. The morphogenesis of
the spermatheca, however, might be similar among all females
Table 1
List of species studied, collected season, range of sample stage and sample size.

Species Collected season Range of individual
stage examined

n

Polistinae (wasps)
Polistes chinensis July. 2004, June and

Aug.a 2007
Final instar larva to
adult

48

Polistes jokahamae June and early July
2007

Young pupa to adult 25

Polistes snelleni Aug.a 2007 Young pupa to old pupa 12
Ponerinae (ants)
Pachycondyla

(¼Brachyponera)
chinensis

Maya 2005 Prepupa to adult 48

Pachycondyla
(¼Brachyponera)
pilidorsalis

Julya 2005 Young pupa to adult 12

a Reproductive season (Matsuura, 1995; Gotoh and Ito, 2008; Ito, unpubl. data).
because there is no difference of spermatheca morphology
between reproductive and non-reproductive females (Gotoh et al.,
2008). Therefore, we used female pupae regardless of their future
reproductive function. However, to avoid the effect of body size on
spermatheca size, we did not use females produced in the founding
season (April to early June), when smaller females are often
produced (Table 1).

To determine an individual’s age, each final instar larva or pre-
pupa after removal from the cocoon was put on a filter paper, which
was kept dry in wasps but moist in ants, in a plastic case (3.5� 3.5�
1 cm) and placed in an incubator (26 � 1 �C, 14L10D). This method
turned out to be successful (Gotoh et al., 2005), and allowed to
observe the growth and assess the timing of pupation. The date of
pupation was checked every day. If final instar larvae or prepupae
were not available, relative pupal age was assessed by the degree of
coloration of the compound eyes and the body. A precise pupal age
was determined for Pa. chinensis, Po. chinensis and Po. jokahamae,
and relative age was estimated from body coloration in Pa. pili-
dorsalis and Po. snelleni. Some pupae of Po. chinensis and Po. joka-
hamae without precise age determination were also used. Larvae of
Po. chinensis and adults of the ant and wasp species except Po.
snelleni were also collected from their nest. Thus, individuals of
various immature and adult stages were obtained (Table 1) and
used for histological observation.

2.2. Histological Observation

The abdomens of Polistes and the whole body of Pa. chinensis
samples were fixed in FAA (ethanol: formaline: acetic acid ¼
16:6:1) and dehydrated in a graded ethanol series and cleared in
xylene before embedding in paraffin. Longitudinal serial sections
were cut at 4 mm in Pa. chinensis and at 6 mm in Polistes, and stained
with hematoxylin and eosin. Pa. pilidorsalis abdomens were fixed in
2% glutaraldehyde and transferred to 0.05M Na-cacodylate buffer
with 150 mM saccharose. After postfixation in 2% osmium
tetroxide, tissues were dehydrated in a graded acetone series and
embedded in araldite. Semithin sections were cut at 1 mm and
stained with methylene blue. Sections were observed with an
Olympus X50 microscope and photographed with a digital Nikon
Coolpix E995 camera.

To measure the change of reservoir size and reservoir wall
thickness during morphogenesis, photographs of sections were
printed, and measurements were made of the major axis of the
reservoir and of five parts of the reservoir wall thickness including
the cuticle layer in Po. chinensis (n¼ 6) and the thickness of the hilar
and distal region of the reservoir in Pa. chinensis (n¼ 12). As the age
throughout the pupal stage is known, we can plot the various
developmental processes with regard to pupal age.

3. Results

3.1. Morphogenesis of the Spermatheca in Polistine Wasps

Invagination of the spermathecal disc starts during the larval
stage in Po. chinensis and continues until the beginning of the pupal
stage in all polistine species studied. Prominent connective tissue
surrounding the whole spermatheca rudiment develops during the
prepupal and early pupal stage (Fig. 1A), while only the reservoir
and part of the spermathecal duct is covered by it until 4 days after
pupation in Po. chinensis (not shown) and Po. jokahamae (Fig. 1B–E).
The spermathecal gland has already differentiated from the sper-
mathecal duct on the day of pupation in Po. chinensis (not shown)
and Po. jokahamae (Fig. 1A). During the first days of the pupal stage,
the spermathecal duct is elongated, but from the 3rd day on, it
appears folded (Fig. 1B). From the middle to late pupal stage, the



Fig. 1. Comparison of spermatheca morphogenesis between Polistes jokahamae (A–E) and Pachycondyla chinensis queens (F–J) with schematical indication of pupal body coloration
representing the relative pupal stage. The asterisk indicates the hilar region of the reservoir wall in ants. Arrows show the thickness of the reservoir epithelium. Scale bar in all Fig.
100mm. CO ¼ common oviduct, cs ¼ connective tissue sheath, R ¼ reservoir, SD ¼ spermathecal duct, SG ¼ spermathecal gland, VG ¼ vagina.
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reservoir size slightly increases while the reservoir wall keeps an
almost constant thickness (Fig. 1B–C, from day 5–9 in Figs. 2A and
2C). Finally, the entire reservoir wall increases its thickness twice
inward just before eclosion (Fig. 1D, day 12 in Fig. 2C). At this time,
muscular bundles that will function as a sperm pump will appear.
After these developmental steps, the adult spermatheca is formed
(Fig. 1E). These developmental patterns during the pupal stage are
found in females of all three polistine species regardless of the
collection season.
3.2. Morphogenesis of the Spermatheca in Ants

Most of the spermatheca morphogenesis of ant queens is also
performed during the pupal stage. In both species of ants, four
conspicuous main developmental events can be defined as follows,
in which stages II to IV seem to be modified from the common
ancestor with polistine wasps.

Invagination of the spermathecal disc occurs from the prepupal
to the pupal stage in Pa. chinensis. The spermathecal gland has
already differentiated from the spermathecal duct on the day of
pupation in Pa. chinensis (not shown) and during the early pupal
stage in Pa. pilidorsalis (Fig. 1F). In stage II, which is the early pupal
stage, the reservoir wall thickness is not uniform anymore, as the
hilar epithelium becomes thicker than the distal one (Fig. 1G, day 2
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Fig. 2. Schematical drawings showing the spermatheca reservoir size (A–B) and reservoir w
spermatheca developmental events during the pupal stage. The spermatheca reservoir wal
in Fig. 2D). Subsequently, the distal epithelium undergoes consid-
erable stretching with a simultaneous decrease of cell height and
increase of the apical and basal cell surface, as follows from
observation of distance between nuclei and epithelial thickness.
This stretching results in a twofold increase of the reservoir size
(Fig. 1H, from day 2 to days 6–7 in Fig. 2B, D). The growth period of
the reservoir size from the completion of spermathecal invagina-
tion to the stagnation of the size increase is similar between
polistine wasps and ants (from day 1 to day 9 in Fig. 2A and from
day 1 to days 6–7 in Fig. 2B). Finally, the epithelial thickness
doubles, this event being similar to spermatheca development in
polistine wasps, but in ants it occurs only in the hilar region (Fig. 1I,
day 10 in Fig. 2D). At this time, muscular bundles acting as a sperm
pump will appear also in ants. After these developmental steps in
both species, the adult spermatheca is formed (Fig. 1J).
4. Discussion

Our histological observation shows a similarity of the sperma-
thecal morphogenesis between polistine wasps and ant queens: the
spermathecal gland disc differentiates after invagination of the
spermatheca reservoir at the beginning of the pupal stage and the
reservoir wall thickness increases just before eclosion. However,
remarkable differences are also found. First, the degree of reservoir
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enlargement from the middle to late pupal stage is different. This
difference is caused by morphological changes of the epithelial cells
in ants, in which the growth period of the spermatheca reservoir
from the completion of spermathecal invagination until the stag-
nation of the size does not take longer in ants (heterochrony) than
in polistine wasps. In polistine wasps, the reservoir diameter
enlarges slightly without changes of the reservoir wall thickness,
whereas the reservoir diameter shows a twofold increase by flat-
tening of the distal epithelium in ant queens, suggesting that
obtaining this developmental event is essential for the evolution of
the very large spermatheca in ant queens. The phenomenon in
which surface area spread caused by planar extension of epithelial
cells at the expense of cell height during morphogenesis is common
among animals (Fristrom, 1988) and a similar process is also
observed in the formation of wing blades in insects (Schöck and
Perrimon, 2002). It is not clear, however, whether the ancestor of
ant queens used such existing system for enlarging the reservoir
during spermathecal morphogenesis. Second, the region of the
thick epithelium in the spermathecal reservoir is different, even
though the reservoir epithelium of both the ponerine ants and the
polistine wasps becomes thick just before eclosion. The thickness of
the entire region of the spermatheca reservoir increases in polistine
wasps whereas only the epithelium in the hilar region thickens and
the epithelium in the distal region remains thin in ant queens. This
step seems to be the most important for the morphological
specialization of the spermatheca of ant queens. The columnar
epithelial cells of the reservoir wall contain abundant mitochondria
and lack a Golgi apparatus and endoplasmic reticulum, which is
a common feature among social Hymenoptera (Dallai, 1975;
Wheeler and Krutzsch, 1994; Schoeters and Billen, 2000; Gobin
et al., 2006). On the other hand, the squamous epithelium contains
only a few mitochondria, indicating that their cellular activity is
restricted (Wheeler and Krutzsch, 1994; Gobin et al., 2006). The
reason why the area of the columnar cells is limited only to the hilar
region of the ant spermatheca is still unknown. In our study, we
show that only the hilar epithelial region of ant queens becomes
thick in stage IV, while the hilar epithelial thickness does not
change during the process of reservoir enlargement during stages II
and III. This suggests that the flattened epithelial cells in the distal
region no longer have the potential to differentiate to columnar in
stage IV, and that these developmental constraints may determine
the specialized morphology of the spermatheca of ants. In other
words, ant queens might evolve their very large spermatheca by
converting the distal epithelium into flattened cells that have no
significant activity, and correspondingly reducing the area covered
by columnar cells with high metabolic activity. Therefore, increase
of reservoir size, rather than being surrounded by columnar cells,
might be crucial for keeping the large amounts of sperm for many
years in ant queens.

Our research is the first detailed histological description of
morphogenesis of the spermatheca among insects. As the
morphology of the spermatheca in insects shows a great diversity
and seems to be linked to the period of sperm storage, life history
and mating strategy (Simmons, 2001), study of the morphological
evolution of the spermatheca from the viewpoint of comparative
developmental biology should be significant for understanding the
evolution of the ecological and behavioral diversity in insects.
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Papácek, M., Soldán, T., 1987. Development of the female internal reproductive
system of Notonecta glauca (Heteroptera, Notonectidae) and the life cycle in
South Bohemia. Acta Entomologica Bohemoslovaca 84, 161–180.

Poole, J.K., 1970. The wall structure of the honey bee spermatheca with comments
about its function. Annals of the Entomological Society of America 63, 1625–
1628.
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