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Abstract
Social wasps show an obvious evolution of the differentiation in behavior and external size between reproductive and non-reproductive fe-
males, with no clear differences in the Stenogastrinae, via overlap in the Polistinae, to clear differences in the Vespinae. In this study, we ex-
amined the morphological appearance of the spermatheca in representative species of these three subfamilies. The general anatomical
organization of the spermatheca comprises a reservoir, a duct and two spermathecal glands, and is in line with its common structure in other
social Hymenoptera. All examined wasp species have a spermathecal reservoir with uniform wall thickness, which is similar to the situation
in the bees, but differentiates them from the ants. Within the wasps, the shape of the reservoir, the shape of the spermathecal glands and their
attachment site to the spermatheca differs among the Stenogastrinae, Polistinae and Vespinae. The reservoir wall is thick in the Polistinae and
Vespinae, while in the Stenogastrinae, it varies from thin in Parischnogaster to thick in Eustenogaster, with an intermediate situation in
Liostenogaster. In all examined species, we found no differences in the spermathecal development between reproductive and non-reproductive
wasps.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In insects, females after mating store sperm in the sperma-
theca, which is located at the dorsal side of the common ovi-
duct and which is known to contribute to the maintenance of
sperm until it is released at the time of egg fertilization (Dallai
et al., 1993; Palit and Pal, 1999; Costa-Leonardo and Patricio,
2005). The structure of the spermatheca has been investigated
in several hymenopteran species including Colletidae, Andre-
nidae, Halictidae, Apidae, Vespidae and Formicidae (Poole,
1970; Dallai, 1975; Wheeler and Krutzsch, 1994; Pabalan
et al., 1996; Martins and Serr~ao, 2002; Martins et al., 2005;
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Gobin et al., 2006). The spermatheca consists of a sperm re-
servoir, a pair of spermathecal glands and a sperm duct which
connects the reservoir to the common oviduct. The associated
spermathecal glands are supposed to provide energy to the
sperm when it is released from the reservoir (Wheeler and
Krutzsch, 1994), while a muscular sperm pump located at
the distal portion of the spermathecal duct may regulate the
number of sperm released. The reservoir wall consists of a sin-
gle cuticle-lined layer of epithelial cells.

In social Hymenoptera, the specialization of the spermatheca
becomes an especially important feature of their reproductive
biology, because they only mate once at the beginning of their
adult life and then have to keep sperm viable for the rest of their
often long lifetime. In bees, the reservoir size is correlated with
colony size, and the thickness of the cell layer of the reservoir as
well as gland shape is correlated with social structure (Pabalan
et al., 1996; Martins and Serr~ao, 2002). Furthermore, spermathecal
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morphology of social Hymenoptera provides an important in-
sight into the evolution of caste specialization. In honeybee
queens, the spermathecal reservoir wall shows a uniform thick-
ness with columnar epithelial cells (Dallai, 1975). Honeybee
workers, on the other hand, only retain a small vestigial sperma-
theca (Snodgrass, 1956). In bumblebees, workers retain the
spermatheca which exhibits an isometric growth to that of
queens, although worker mating has not been observed. How-
ever, sugar was detected in the elongated spermathecal duct of
bumblebee queens but not in that of workers (Schoeters and
Billen, 2000). In ants, queens show columnar epithelial cells
only in the hilar region of the reservoir near the opening of the
spermathecal duct, whereas the distal part of the reservoir epi-
thelium is formed by flattened cells (Wheeler and Krutzsch,
1994; Gobin et al., 2006). In the majority of ant species, the
workers lack a spermatheca (Hölldobler and Wilson, 1990).
Workers of some poneroid ants retain a spermatheca with
flattened cells lining the entire reservoir, but they never mate
(Ito and Ohkawara, 1994; Gobin et al., 2006). The function of
these columnar epithelial cells is therefore considered an essen-
tial condition for spermathecal functionality (Wheeler and
Krutzsch, 1994; Gobin et al., 2006).

Morphological information on the spermatheca of wasps is
provided by Martins et al. (2005), but does not include steno-
gastrine and vespine species. This report moreover is rather
Table 1

List of species examined, with data on their mating characteristics (þ, all females

examined

Possibility of mating

except for foundress

Maxi

of cel

Facultative eusocial

Stenogastrinae

1. Eustenogaster calyptodoma þa 1

2. Eustenogaster micans þa No re

3. Parischnogaster mellyi þa 3

4. Parischnogaster jacobsoni þa 3

5. Parischnogaster alternata þa 4

6. Liostenogaster flavolineata þa 8

Primitive eusocial

Polistinae

7. Parapolybia indica �f 150e

8. Polistes japonicus �f <10

9. Polistes nipponensis þb <10

10. Polistes jokahamae �f 150e

11. Polistes chinensis �c 500e

Advanced eusocial

Vespinae

12. Vespa analis �f <150

13. Vespa ducalis �f <150

14. Vespa crabro �f 400

15. Vespa mandarinia �f 5000e

16. Vespa simillima �f 5000e

a O’Donnell (1998).
b Hagiwara and Kojima (2002).
c Suzuki (1998).
d Turillazzi (1989).
e Matsuura (1998).
f There is no description of female mating except for foundress (Matsuura and
superficial and does not deal with the individual’s reproductive
status. We therefore investigated the morphology of the sper-
matheca in reproductive versus non-reproductive females
among stenogastrine, polistine and vespine wasps. Social
wasps are of crucial importance for the understanding of the
evolution of caste dimorphism because their social structure
varies greatly (Table 1, Hunt, 1999). In the Stenogastrinae,
all females are reproductively totipotent, newly eclosed fe-
males becoming helper or foundress according to the condi-
tion of the colony (Turillazzi, 1989). According to Hines
et al. (2007), the evolution of eusociality in the Stenogastrinae
has originated independently from that in the Polistinae and
Vespinae. Most polistine wasps show primitive eusociality,
in which body size is not remarkably different between repro-
ductives and non-reproductives, and non-foundress females
(¼workers) can mate in some species (Reeve, 1991; Yamane,
1996; Suzuki, 1998). In contrast, vespine wasps display the
most advanced form of eusociality; with a distinctive size dif-
ference between reproductives and non-reproductives (Jeanne,
1980), non-foundress females never mate to our knowledge.

2. Materials and methods

Six species representing the subfamily Stenogastrinae were
collected in Ulu Gombak, Malaysia: Eustenogaster calyptodoma,
can mate; �, only foundress can mate), colony size and number of individuals

mum number

ls per nest

Number of individuals examined

(examined individuals for reservoir size/wall thickness)

Reproductives Non-reproductives

3d 13 (13/8) 17 (17/8)

ports 1 (1/1) 1 (1/1)

5d 9 (8/7) 1 (1/1)

7d 2 (2/2) 2 (2/2)

7d 14 (11/4) 4 (4/3)

9d 7 (7/6) 5 (5/4)

300e 5 (5/3) 3 (3/2)

0e 8 (8/3) 6 (6/3)

0e 12 (12/7) 1 (1/1)

300e 24 (24/10) 19 (14/7)

1000e 5 (5/4) 50 (10/30)

0e 4 (4/2) 3 (3/2)

0e 11 (11/4) 13 (13/4)

0e 19 (18/6) 1 (1/1)

10,000e 12 (11/6) 10 (5/4)

10,000e 8 (8/3) 2 (2/2)

Yamane, 1984; Reeve, 1991).
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Eustenogaster micans, Liostenogaster flavolineata, Parisch-
nogaster mellyi, Parischnogaster jacobsoni and Parischnogaster
alternata. The polistine species (Parapolybia indica, Polistes ja-
ponicus, Polistes nipponensis, Polistes jokahmae and Polistes chi-
nensis) and vespine species (Vespa analis, Vespa ducalis, Vespa
crabro, Vespa mandarinia and Vespa simillima) were collected
in Kagawa, Ehime and Hiroshima prefectures, western Japan. In-
formation on the colony size and the possibility of mating is given
in Table 1.

The definition of ‘caste’ has been controversial among re-
searchers (O’Donnell, 1998); some authors claim that among
social wasps only the Vespinae display real caste differentia-
tion because of their clear morphological distinction between
reproductives and non-reproductives. In the present article,
we use ‘reproductives’ for individuals of which the sperma-
theca is filled with sperm and ‘non-reproductives’ for individ-
uals with empty spermatheca. To avoid confusion, we do not
use the terms queen or worker.

The spermatheca with ovaries was dissected out of 325
individuals. Reservoir width was measured using an ocular
micrometer (magnification �63) and the external shape of
the spermatheca was drawn. Tissues were then fixed in FAA
(ethanol:formalin:acetic acid 16:6:1), dehydrated in a graded
ethanol series and cleared in xylene before embedding in par-
affin. Longitudinal serial sections were cut at 4 mm and stained
with hematoxylin and eosin. Sections were observed with an
Olympus B�50 microscope and photographed with a digital
Nikon Coolpix E995 camera. Measurement of reservoir wall
Fig. 1. The external appearance of the spermatheca according to dissection images,

the three wasp subfamilies, Stenogastrinae (A), Polistinae (B) and Vespinae (C). SG

200 mm in (C).
thickness was done following the methodology described by
Eelen et al. (2006). Measurement of abdomen width was
performed using Motic Images Plus version 2.0s (SHIMAZU).
The reservoir diameter and thickness of the reservoir wall (both
relative to abdominal width) were compared between reproduc-
tives and non-reproductives using a ManneWhitney U-test
(Stat View version 5.0, for Mac). The number of individuals
examined for each size category is given in Table 1. For compar-
ison, data of three ponerine ants from Ito and Ohkawara (1994),
Gobin et al. (2006) and own unpublished data are shown.

For ultrastructural observation of Po. chinensis and V. man-
darinia, spermathecae were fixed in 2% glutaraldehyde and
transferred to 0.05 M Na-cacodylate buffer with 150 mM sac-
charose. After postfixation in 2% osmium tetroxide, tissues
were dehydrated in a graded acetone series and embedded in
araldite. Sections were cut at 70 nm with a Reichert Ultracut E
microtome and double-stained with uranyl acetate and lead cit-
rate. Sections were observed with a Zeiss EM 900 electron
microscope.

3. Results
3.1. General morphology
The external appearance of the spermatheca varies among
the wasp genera studied (Fig. 1). The reservoir shape is spher-
ical (Eustenogaster and Liostenogaster) or ovoid (Parisch-
nogaster, Parapolybia, Polistes, and Vespa). The shape of
looking at the dorsal side in reproductive females of representative species of

¼ Spermathecal gland, R¼ reservoir. Scale bar is 100 mm in (A) and (B) and
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the spermathecal gland varies from globular (Eustenogaster),
elongated (Parischnogaster and Liostenogaster) to tubiform
(Parapolybia, Polistes and Vespa). The gland dorsally attaches
to the anterior region of the spermatheca (all stenogastrines
studied and Polistes nipponensis), to the central region (Pa.
indica, Po. japonicus, Po. jokahamae and Po. chinensis) or
to the posterior region (all Vespa species studied) (Fig. 1).
In all species studied, the general morphology of the sperma-
theca is similar in reproductive and non-reproductive individ-
uals. Also the size of the spermatheca, as expressed by the
reservoir diameter, is not statistically different between repro-
ductive and non-reproductive individuals (Fig. 2A), even in the
Vespinae, where caste differences in external appearance with
regard to reproductive status are most distinctive among social
wasps. This is in strong contrast to the case of ants with obli-
gate sterile workers. For some species (e.g. non-reproductive
females of Po. nipponensis and V. crabro), our sample size
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Fig. 2. (A) Relative spermatheca size, as revealed by measurements of the reservoir

the spermathecal wall. Species codes of wasps (1e16) correspond to numbers in Tab

and 19, Pachycondyla chinensis. The data of ants were derived from Ito and Ohkaw

standard deviation. Standard deviation was not shown for ants, because size of sper

Statistical difference between reproductives and non-reproductives is found only in
is small, however, the same trend of lack of differences ac-
cording to reproductive status is apparent.
3.2. Histology and ultrastructure
Light microscopical observation shows further characteris-
tics of the spermatheca. The reservoir wall always has a uni-
form thickness with columnar epithelial cells (Figs. 3e5),
except in the three Parischnogaster species, where the entire
lining is made up of flat epithelial cells (Fig. 3C, D). Of the
remaining two stenogastrine genera, Eustenogaster species
have thick epithelial cells while the thickness of these in Lio-
stenogaster is intermediate. The epithelium of both the reser-
voir and the spermathecal duct is lined with a cuticle.
Histology also reveals more details about the precise opening
site of the spermathecal glands into the spermatheca. In the
Stenogastrinae (Fig. 3) and Polistinae (Fig. 4), the
10 11 12 13 14 15 16 17 18 19

10 11 12 13 14 15 16 17 18 19

Reproductives

Non-reproductives

ae Vespinae Ponerinae
(Ants)

diameter in 16 social wasps and three ponerine ants. (B) Relative thickness of

le 1. For the ant species: 17, Odontomachus rixosus; 18, Leptogenys kraepelini;

ara (1994), Gobin et al. (2006), and our unpublished data. Vertical bar indicates

mathecae and abdomen was measured independently for different individuals.

the relative thickness of the spermathecal wall of V. mandarinia ( p< 0.01).
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spermathecal gland duct opens into the proximal part of the
main spermathecal duct, whereas it opens directly into the res-
ervoir in the Vespinae (Fig. 5). All polistine and vespine spe-
cies studied are characterized by the presence of a prominent
sheath of connective tissue and muscle fibres that surround the
reservoir as well as the distal portion of the spermathecal duct
(Figs. 4, 5), while such layer does not occur among the six
Fig. 3. Cross-sections through the stenogastrine spermatheca of reproductive (A, C

B), Parischnogaster alternata (C, D) and Liostenogaster flavolineata (E, F). Scale b

SG¼ spermathecal gland, sgd¼ spermathecal gland duct.
stenogastrine species studied (Fig. 3). In the contact region be-
tween the reservoir and the distal portion of the spermathecal
duct, the latter shows a muscular supply that constitutes the
sperm pump (Figs. 3e5). In all species, each of the paired
spermathecal glands is formed by secretory cells that open
into a central cuticle-lined spermathecal gland duct (Figs.
3e5). No differences in the histological characteristics are found
, E) and non-reproductive females (B, D, F) of Eustenogaster calyptodoma (A,

ar in all figures 100 mm. m¼Muscle, R¼ reservoir, SD¼ spermathecal duct,





Fig. 4. Cross-section through the polistine spermatheca of reproductive (AeC) and non-reproductive females (DeG) of Polistes jokahamae. (A, D) Survey of

spermatheca. (B, E) Details of epithelial cells of reservoir. (C) Opening of spermathecal gland duct into spermathecal duct. An identical organization was observed

among all polistine wasps. (F) Spermathecal gland, G¼ spermathecal duct. Scale bar¼ 50 mm. ec¼ epithelial cells, m¼muscle, R¼ reservoir,

SD¼ spermathecal duct, SG¼ spermathecal gland, sgd¼ spermathecal gland duct, cs¼ surrounding connective tissue sheath.

Fig. 5. Cross-section through the vespine spermatheca of reproductive (AeC) and non-reproductive females (DeF) of Vespa mandarinia. An identical organization

was observed among all vespine wasps. (A, D) Survey of spermatheca. (B, E) Details of reservoir wall and spermathecal gland. (C, F) Spermathecal duct. Scale

bar¼ 100 mm, ct¼ cuticle, ec¼ epithelial cells, m¼muscle, R¼ reservoir, SD¼ spermathecal duct, SG¼ spermathecal gland, sgd¼ spermathecal gland duct,

cs¼ surrounding connective tissue sheath.



206 A. Gotoh et al. / Arthropod Structure & Development 37 (2008) 199e209



207A. Gotoh et al. / Arthropod Structure & Development 37 (2008) 199e209
between reproductive and non-reproductive females of all exam-
ined wasps. In contrast to the ants, the relative thickness of the
reservoir wall in almost all species is slightly higher in the
non-reproductive females, although these differences are not
statistically significant, except for a slight difference in V. man-
darinia (Fig. 2B).

Electron microscopy of V. mandarinia and Po. chinensis re-
vealed that the cellular organization of both the spermatheca
reservoir and the spermathecal glands is similar in all females,
regardless of reproductive status (Fig. 6). The epithelial cells
of the reservoir contain rounded nuclei in their basal part
(Fig. 6A, B), and have abundant mitochondria and apical mi-
crovilli (Fig. 6C, D). Other organelles like Golgi apparatus and
endoplasmic reticulum are not developed. The spermathecal
gland consists of secretory cells that open into the spermathe-
cal gland duct through accompanying duct cells (Fig. 6E). The
junction between each secretory cell and its accompanying
duct cell is formed by the end apparatus, as is characteristic
for class-3 exocrine glands in the classification of Noirot and
Quennedey (1974). Typically for wasp exocrine glands, the
end apparatus is branched. The microvilli of the end apparatus
display an irregular appearance due to the occurrence of large
spaces between them (Fig. 6F, G). Also ultrastructural observa-
tion showed no remarkable differences between reproductive
and non-reproductive females in the two species examined.

4. Discussion

This study is the first to bring a comparative study of the
spermatheca among the three subfamilies of the Vespidae,
and also for the first time compares spermathecal structure
and development according to reproductive status. The general
organization of the spermatheca is in line with previous de-
scriptions of the female reproductive system in other social
Hymenoptera (bees: Dallai, 1975; Pabalan et al., 1996; bum-
blebees: Schoeters and Billen, 2000; ants: Wheeler and
Krutzsch, 1994; Gobin et al., 2006). Our main finding is the
similar development of both the spermathecal reservoir and
the spermathecal gland in all wasps studied, irrespective of re-
productive condition. The apparently contradictory finding of
a slightly thicker reservoir wall in non-reproductive females
(Fig. 2B) can be explained by the relative nature of these
measurements, as absolute wall thickness has been divided
by abdomen size. Due to the larger abdomen in reproductive
individuals because of the development of the ovaries, this
may result in the slightly higher relative wall thickness in
non-reproductives. For the Stenogastrinae and some of the po-
listine wasps, the uniform appearance of the spermatheca in
all females meets the expectation, as all stenogastrine females
have the potential to mate (Turillazzi, 1989, 1991), while also
Fig. 6. Ultrastructure of the spermathecal reservoir and spermathecal gland in Polist

of connective tissue of reproductive female of P. chinensis (scale bar¼ 10 mm). (B)

(C) Apical region of reservoir wall of reproductive female of P. chinensis (scale bar

mandarinia (scale bar¼ 1 mm). (E) Survey of spermathecal gland of reproductive fe

mathecal gland of reproductive female of V. mandarinia (scale bar¼ 5 mm). (G)

bar¼ 1 mm). cs¼Connective tissue sheath, ct¼ cuticle, dc¼ duct cells in sperma

thecal gland duct.
the non-foundress females of some polistine species have the
opportunity to mate (Reeve, 1991; Yamane, 1996; Suzuki,
1998). In contrast, among the Vespinae, where morphological
differences associated with reproductive division of labour are
well established (Matsuura, 1991), mating is restricted to the
foundress females only. Also these vespine wasps, however,
show no structural differentiation of their spermatheca with
respect to reproductive status, with a functional spermatheca
present in all individuals. Caste-related dimorphism of the sper-
matheca therefore is restricted to the honeybees and the majority
of the ants (Snodgrass, 1956; Ito and Ohkawara, 1994; Gobin
et al., 2006). The similarity of the spermatheca between repro-
ductives and non-reproductives in social wasps could perhaps
be explained in the light of their relatively short longevity and
thus fairly high turnover of reproductives. Social wasps usually
live less than a year, whereas honeybee and ant queens live sev-
eral years, which makes selection for long sperm maintenance
less of an issue in wasps. The lack of difference between repro-
ductive and non-reproductive females in species of the highly
advanced eusocial genus Vespa, however, still remains puzzling.

Our histological as well as ultrastructural data show the
spermatheca to be functionally active. For the reservoir, this
is reflected by the lining with columnar epithelial cells, that
contain an abundance of mitochondria to sustain the metabolic
activities, and apical microvilli, that are indicative for the
transepithelial transport of metabolites. The uniform thickness
of the reservoir lining indicates that the reservoir trait of social
wasps closely resembles the situation in honeybees and bum-
blebees (Dallai, 1975; Schoeters and Billen, 2000) rather than
the ants (Wheeler and Krutzsch, 1994; Gobin et al., 2006)
These results suggest that the specialized feature of the reser-
voir structure where a thick transport epithelium is located
only in the hilar region is found only in ants among the Ves-
poidea. The presence of a thick reservoir is common for the
spermatheca of all wasps studied, except for the three steno-
gastrine species of Parischnogaster, where a flat epithelial lin-
ing occurs. In bees, species with advanced sociality have
a relatively large spermatheca and thick reservoir wall, the
thickness of which seems associated with colony size and
the period sperm is stored (Pabalan et al., 1996; Martins and
Serr~ao, 2002). Parischnogaster is not different in sociality
and colony size among the Stenogastrinae (Turillazzi, 1989;
Carpenter, 1991), so that the trend found in bees does not
hold for stenogastrine wasps. In ants, too, variations of the
thickness of the columnar epithelium are not linked with
higher fecundity (Gobin et al., 2006). The size and structure
of the spermatheca reservoir, especially the thickness of the
reservoir epithelium, vary among social Hymenoptera, and
the variation could be related to the longevity (Keller, 1998),
to mating strategy, to fecundity of reproductive females, and
es chinensis and Vespa mandarinia. (A) Reservoir wall and surrounding sheath

Reservoir wall of non-reproductive female of P. chinensis (scale bar¼ 5 mm).

¼ 1 mm). (D) Apical region of reservoir wall of non-reproductive female of V.

male of P. chinensis (scale bar¼ 10 mm). (F) Details of end apparatus in sper-

Details of end apparatus in non-reproductive female of V. mandarinia (scale

thecal gland, M¼mitochondria, mv¼microvilli, N¼ nucleus, sgd¼ sperma-
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also to the efficacy of sperm use (Tschinkel and Porter, 1988;
Stein et al., 1996). Further investigation on the function of the
reservoir epithelium may shed light on the significance of the
diversity.

The structural organization of the spermathecal gland is in
agreement with that of other Hymenopteran species (Dallai,
1975; Wheeler and Krutzsch, 1994; Pabalan et al., 1996; Mar-
tins and Serr~ao, 2002; Martins et al., 2005; Gobin et al., 2006),
and consists of class-3 secretory cells that open via accompa-
nying duct cells into the spermathecal gland ducts (Noirot and
Quennedey, 1974). The branched aspect of the end apparatus
distinguishes the wasps from the other Hymenoptera, although
this does not apply to the spermathecal glands only, but is
characteristic for all exocrine glands in wasps that are com-
posed of class-3 secretory cells (e.g. sternal glands: Delfino
et al., 1979; venom glands: Delfino et al., 1983). King and
Ratcliffe (1969) described two spermathecal types in the
Hymenoptera according to the attachment position of the sper-
mathecal glands either directly to the reservoir or to the sper-
mathecal duct. In the present work, we found stenogastrine
and polistine wasps to correspond to the latter type (this is
also the case for ants; Wheeler and Krutzsch, 1994; Gobin
et al., 2006), whereas in vespine species (as well as most
bee species: Pabalan et al., 1996; Schoeters and Billen,
2000) the glands open directly into the reservoir. Whether
both types reflect any functional differences remains unknown.

In their 2005 article, Martins et al. describe a fibrous struc-
ture covering the spermathecal reservoir in Polistinae but not
in Eumeninae, which they explain as a protection for the
sperm from harmful substances. We found a similar connec-
tive tissue sheath also in all vespine and polistine species stud-
ied, but not in the stenogastrines we had available. Together
with the characteristics of epithelium thickness, the absence
of the connective tissue sheath in Stenogastrinae indicates
that Stenogastrinae are distinctive from PolistinaeþVespinae.
However, the opening site of the spermathecal glands of Sten-
ogastrinae is similar to that of the Polistinae but different from
the Vespinae. Our observation of spermatheca structures seems
to provide additional diagnostic characters for the three sub-
families. For a better understanding of the precise phylogene-
sis of the characteristics of the spermathecae, however,
studying the spermathecae in Eumeninae which is the sister
group of PolistinaeþVespinae (Hines et al., 2007), is crucial.
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