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Abstract

Gotoh, A., Billen, J., Tsuji, K., Sasaki, T. and Ito, F. 2011. Histological study of

the spermatheca in three thelytokous parthenogenetic ant species, Pristomyrmex

punctatus, Pyramica membranifera and Monomorium triviale (Hymenoptera:

Formicidae). —Acta Zoologica (Stockholm) 00:1–8.

The evolution of obligate parthenogenesis may induce the degeneration of female

mating ability and subsequently affect the morphology of the female reproductive

organs related to mating and ⁄ or sperm storage. Here, we investigated the size and

structure of the sperm storage organ, the spermatheca, in three thelytokous par-

thenogenetic myrmicine ant species, Pristomyrmex punctatus, Pyramica membrani-

fera and Monomorium triviale, and compared it with that of their related sexually

reproducing species. So far, mated individuals have never been found in these

three species, which appears to be in line with their parthenogenetic status.

Although the spermatheca appears to be useless in these species, we could not

find any evidence on the degeneration in size and morphology of their spermathe-

cae. The spermathecal reservoir still has the columnar hilar epithelium, which is

one of the major features for a functional spermatheca in ants.
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Introduction

Parthenogenesis, in which females can produce diploid off-

spring without mating, is observed in several species across a

broad phylogeny (Simon et al. 2003). Different from faculta-

tively parthenogenetic species showing both a sexual and asex-

ual life cycle alternately, the number of obligately partheno-

genetic species lacking sexual reproduction in their life history

is very limited (Vrijenhoek 1998). In general, asexual repro-

duction provides short-term advantages for increasing repro-

ductive rates compared with sexual reproduction because

offspring arises from females only, and such species do not

need a mating effort and can avoid the risk of predation dur-

ing copulation. It also provides long-term disadvantages, such

as difficulties to eliminate deleterious mutations and a reduced

resistance against pathogens because of low genetic diversity

of the offspring (Maynard Smith 1978; West et al. 1999). In

the case of social insects, genetic diversity affects colony

fitness. It is considered that increased intracolonial genetic

variation can cause various types of evolutionary conflict of

interests among colony members (e.g. Wenseleers et al. 2004;

Ratnieks et al. 2006; Hughes and Boomsma 2008), but can

also increase the resistance against parasites and pathogens at

the colony level (Hughes and Boomsma 2004; Seeley and

Tarpy 2007; Reber et al. 2008) and the efficiency of division

of labor (Mattila and Seeley 2007; Wiernasz et al. 2008). In

Hymenoptera including ants, bees, and wasps, males arise

from unfertilized eggs, whereas females develop from fertilized

eggs. Recent studies discovered various types of thelytokous

parthenogenetic reproduction in ants (Himler et al. 2009) and

give a crucial insight into the cost and benefit between sexual

and asexual reproduction in social insects.

Among the known thelytokous parthenogenetic ant species,

there is no evidence so far of sexual reproduction in five species,

Mycocepurus smithii (Himler et al. 2009; Rabeling et al. 2009),

Cerapachys biroi (Tsuji and Yamauchi 1995), Pristomyrmex
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punctatus (Itow et al. 1984; Tsuji 1988; previously named Pris-

tomymex pungens, Wang 2003), Pyramica membranifera (Ito

et al. 2010) and Monomorium triviale (Sasaki and Tsuji in prep-

aration). In these studies, the confirmation of obligate parthe-

nogenesis was provided, e.g. by the dissection of female

reproductive organs, by checking the emergence of females

produced by virgin females in artificial colonies, by the observa-

tion of the colony composition in field collected colonies, and

by the examination of the colony’s genetic structure. These

investigations, however, cannot completely discard the possi-

bility of sexual reproduction. Showing degeneration of repro-

ductive organs like the spermatheca or mating apparatus

would be used as one of the strong evidences for obligatory

asexual life history as indicated in C. biroi and M. smithii (Tsuji

and Yamauchi 1995; Ravary and Jaisson 2004; Himler et al.

2009). However, there is no information on the developmental

status of the reproductive organs in the other three thelytokous

ant species. We therefore investigated whether the spermatheca

is degenerated in terms of size and histology compared with

that of related sexually reproducing species in queens of these

species, Pr. punctatus, Py. membranifera and M. triviale.

In Pr. punctatus, all females can produce diploid offspring

without mating (Itow et al. 1984). Their colony mainly con-

sists of typical workers with two ovarioles without a sperma-

theca and ocelli (S-type individuals in Dobata et al. 2009).

Some colonies produce large sized females, ergatoid queens,

having a spermatheca and four ovarioles (L-type individuals

in Dobata et al. 2009; and see Dobata et al. 2010) and they

are more engaged in reproduction rather than colony tasks

such as foraging or nursing (Itow et al. 1984; Tsuji 1988;

Sasaki and Tsuji 2003; Dobata et al. 2009). In Py. membrani-

fera and M. triviale, queens can produce workers and queens

without mating, whereas their workers are obligatorily sterile

because they lack ovaries (Ito et al. 2010; Sasaki and Tsuji in

preparation). No males of Py. membranifera and M. triviale

have been found at all until now, while those of Pr. punctatus

occasionally appear and their morphologies of external and

internal reproductive organs are similar to other ant species

(Itow et al. 1984). The presence of a spermatheca has been

confirmed in queens of Pr. punctatus, Py. membranifera and

M. triviale (Itow et al. 1984; Ito et al. 2010; Sasaki and Tsuji

in preparation). However, mated females having a sperma-

theca filled with sperm have never been collected in the three

species (Dobata et al. 2009; Ito et al. 2010; Gotoh, Tsuji,

Sasaki and Ito, personal observation).

The spermatheca of hymenopteran females comprises a

spermathecal reservoir, a pair of spermathecal glands, a sper-

mathecal duct connecting to the common oviduct, and a

sperm pump (Wheeler and Krutzsch 1994). In ants, the struc-

ture of the spermatheca reservoir wall is specialized among

Hymenoptera, as the reservoir wall consists of a columnar

epithelium in the hilar region showing high cellular activity

and a squamous epithelium showing no significant cell organ-

elles in the distal region. In the other hymenopteran species,

the reservoir wall shows a uniform thickness (Wheeler and

Krutzsch 1994; Pabalan et al. 1996; Schoeters and Billen

2000; Martins et al. 2005; Gotoh et al. 2008). Ultrastructural

observation of organelle contents of the columnar epithelium

indicates that these cells play an important role for sperm stor-

age (Wheeler and Krutzsch 1994; Gobin et al. 2006, 2008).

In ant workers which never mate, the developmental status of

the spermatheca is strongly linked to mating ability. They lack

the spermatheca completely in most ant species (Hölldobler

and Wilson 1990). In contrast, obligate virgin workers of

some poneroid and ectatommine ants retain the spermatheca

but their relative spermatheca size is smaller than that of the

queens (Ito and Ohkawara 1994), while the structure of the

spermatheca is modified as the columnar cells in the hilar

region of the spermathecal wall are replaced by squamous

cells (Gobin et al. 2006, 2008). These studies indicate that

the columnar epithelial cells in the hilar region of the sperma-

theca reservoir are of crucial importance for the functionality

of the spermatheca. As this part is degenerated first after the

evolution of obligate virginity, we looked at the hilar epithe-

lium of the spermatheca reservoir wall of the three partheno-

genetic species in this study.

Materials and Methods

Ants

The three thelytokous parthenogenetic species and their

related sexually reproducing species were collected in Japan

and Malaysia (Table 1). A sexual species closely related to

M. triviale was chosen from the same genus. In Pr. punctatus

and Py. membranifera, however, we used available specimens

of different genera but belonging to the same tribe as related

sexual species because of the difficulty to collect congeneric

species and their queens in Japan in these cases. The phylo-

geny based on morphological characters supported close

relationships between the genera Pristomyrmex and Acantho-

myrmex in Myrmecinini, and between the genera Pyramica

and Strumigenys in Dacetini within each tribe (Bolton 1999;

Ogata and Okido 2007).

Ergatoid queens of Pr. punctatus show a variable number of

ocelli (average number = 1.34 ± 1.07, range 0–3: Dobata

et al. 2009) and body size (Sasaki and Tsuji 2003; Dobata

et al. 2009). Ergatoid queens with three conspicuous ocelli

have a distinctly larger body size than workers and tend to be

larger than those without ocelli. The ergatoid queens without

ocelli show an overlap in body size distribution with the work-

ers (Sasaki and Tsuji 2003). To eliminate confusion because

such morphological variation may also exist in spermatheca

morphology, we here decided to use ergatoid queens with

three conspicuous ocelli.

Size measurement and histological studies

The spermatheca with ovaries was dissected. The sperma-

theca reservoir width was measured using an ocular
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micrometer (magnification ·400). Measurement of the

width of the fourth abdominal segment was performed

using Motic Images Plus version 2.0s (SHIMAZU). The

reservoir width divided by the width of the fourth abdomi-

nal segment was used as the relative spermatheca size to

correct for body size differences between species. For histo-

logical analysis, the spermathecae with ovaries were fixed in

2% glutaraldehyde and transferred to 0.05 M Na-cacodylate

buffer with 150 mM saccharose. After postfixation in 2%

osmium tetroxide, tissues were dehydrated in a graded ace-

tone series, embedded in araldite and cut into 1 lm serial

sections. Semithin sections stained with methylene blue

were observed with an Olympus ·50 microscope and photo-

graphed with a digital Nikon Coolpix E995 (Nikon Cor-

poration, Tokyo, Japan). Thin sections (70 nm) were made

with a Reichert Ultracut E (Reichert Technologies, Vienna,

Austria) microtome and double-stained with uranyl acetate

and lead citrate. Sections were observed with a Zeiss EM

900 electron microscope (Carl Zeiss International, Oberko-

chen, Germany).

Results

Relative spermatheca size

The relative spermatheca size of Pr. punctatus and M. triviale

is not significantly different from that of the related sexu-

ally reproducing species (Mann–Whitney U test: Z =

)0.95033, P = 0.3419 between Pr. punctatus and A. ferox,

and Z = )1.04083, P = 0.29 between M. triviale and M. in-

trudens; Fig. 1A,C). In Py. membranifera, the relative sperma-

theca size is not significantly different from that of Py. benten

(Mann–Whitney U test: Z = 0.41779, P = 0.6761; Fig. 1B),

but is larger than that of S. lewisi (Mann–Whitney U test:

Z = )0.2087, P = 0.0369; Fig. 1B).

Morphology of the spermatheca

The thelytokous parthenogenetic species possess the basic

spermatheca structures which are commonly found in ants

with sexual reproduction: a cuticle-lined spermatheca reser-

voir with columnar epithelial cells in the hilar part and squa-

mous cells in the distal part, a pair of spermathecal glands, a

spermathecal duct and a sperm pump (Fig. 2A–C). Ultra-

structural observations show that the columnar cells in the

hilar epithelium contain abundant mitochondria, but Golgi

apparatus and endoplasmic reticulum are scarce (Fig. 3A–C).

There are only few mitochondria and almost no organelles in

the distal epithelium (Fig. 3a–c). The spermathecal gland is

made up by secretory cells and duct cells. The end apparatus

of the secretory cells is characterized by very long microvilli.

The duct cells carry the spermathecal gland secretion from

the secretory cells to the lumen of the spermatheca reservoir

via the spermathecal gland duct (Figs 2A–C and 4A–C).

These features are also observed in the spermatheca of Stru-

migenys lewisi and Monomorium intrudens which are sexual

related species of Py. membranifera and M. triviale respectively

(Figs 2D, 3D,d and 4D).

Table 1 List of species studied, sample size and information of queen ovariole number, colony type and colony size (the obligate parthenoge-

netic species are listed in bold)

Species

Number of individuals

examined for

Collection site

Number of

ovarioles ⁄
queen Colony type Colony size ReferencesSections

Size

measurement

Myrmecinini

Pristomyrmex punctatus 7 16 Kagawa, Japan 4 Polygyny 5000–100 000 Itow et al. (1984);

Tsuji (1995)

Acanthomyrmex ferox 0 3 Ulu Gombak,

Malaysia

6 Monogyny 17–61 (n = 20) Gobin and Ito (2000);

Ito (personal observation)

Dacetini

Pyramica membranifera 12 5 Kagawa and

Hiroshima,

Japan

4 Polygyny 5–303 (n = 5) Ito et al. (2010)

Pyramica benten 0 5 Ehime, Japan 4 Monogyny 15, 50 Ito and Gotoh (personal

observation)

Strumigenys lewisi 7 3 Kagawa, Japan 4 Polygyny 15–239 (n = 15) Ito and Gotoh (personal

observation)

Solenopsidini

Monomorium triviale 8 6 Kagawa and

Ibaraki, Japan

10–24 (n = 45) Polygyny 132 + 93 (mean +

SD; n = 74)

Sasaki and Tsuji (in

preparation); Ito (personal

observation)

Monomorium intrudens 8 6 Kagawa, Japan 25–37 (n = 8) Polygyny 556–8027 (n = 3) Ito (personal observation)
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Discussion

Among thelytokous parthenogenetic ants, M. smithii have

kept the spermatheca (Himler et al. 2009; Rabeling et al.

2009), however, no histological study of their spermatheca is

available. The earlier two studies dealing with the sperma-

theca in obligately parthenogenetic insect species reported

that the spermatheca completely degenerates in thrips, Helio-

thrips haemorrhoidalis (Bene et al. 1998), and that the relative

spermatheca size of the cleptoparasitic thelytokous bee,

Nomada japonica is slightly smaller than that of its congeneric

sexually reproducing species (Maeta et al. 1987). In this

study, we show that the relative spermatheca size of thelyto-

kous parthenogenetic species is not reduced when compared

with sexual related species. Furthermore, histological features

in the spermatheca of thelytokous parthenogenetic species are

also similar to those of all other ant species studied so far

(Wheeler and Krutzsch 1994; Gobin et al. 2006, 2008)

A B

DC

Fig. 2—Semithin sections of the spermatheca in queens of three thelytokous parthenogenetic species, Pristomyrmex punctatus (A), Pyramica mem-

branifera (B) and Monomorium triviale (C), and in a queen of a sexually reproducing species, Monomorium intrudens (D). Scale bar in all figures

50 lm. de, distal epithelium; he, hilar epithelium; R, reservoir; SD, spermathecal duct; SG, spermathecal gland; m, muscle; dc, duct cells.
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Fig. 1—Comparison of the relative spermatheca size between thelytokous parthenogenetic species (gray box) and related sexual species (open

box). The bottom and top of the box indicate lower and upper quartiles, respectively. The horizontal line in the box shows the median. The end

of the extended vertical lines from the box show the minimum and maximum of all data, but data were plotted with open circles if they exist

beyond 1.5 times the length of the box from the lower or upper quartiles.
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including the sexually reproducing related species studied

here. Thus, we conclude that the size and the structures of the

spermatheca are not degenerated in three thelytokous parthe-

nogenetic ants. Especially the hilar epithelium of the sperma-

theca reservoir wall and their cellular organelles are still

maintained in these parthenogenetic species, which suggests

that females of these species have not lost the anatomical abil-

ity of sperm storage.

In C. biroi, where workers and intercastes reproduce thely-

tokous parthenogenetically, all females lack the spermatheca

A B

ba

C

c d

D

Fig. 3—Ultrastructure of the hilar (A–D) and distal region (a–d) of the spermathecal reservoir in the thelytokous parthenogenetic species Pristo-

myrmex punctatus (A and a), Pyramica membranifera (B and b) and Monomorium triviale (C and c), and the sexually reproducing species Monomo-

rium intrudens (D and d). Scale bars = 2 lm. ct, cuticle; M, mitochondria; N, nucleus; SD, spermathecal duct.
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(Tsuji and Yamauchi 1995; Ravary and Jaisson 2004); how-

ever, asexual life history may not affect the loss of the sperma-

theca in this species, because workers in other Cerapachys

species also seem to lack the spermatheca completely (e.g.

C. jacobsoni and C. suscitatus; Ito, personal observation) and

obligately parthenogenesis of C. biroi may have evolved after

the loss of the worker spermatheca in this genus. The same

case occurs in workers of Pr. punctatus, because workers of

other Pristomyrmex species seem to have lost the spermatheca

(e.g. P. brevispinosus, P. costatus, P. bicolor and P. rigidus; Ito,

personal observations). Here, we investigated only ergatoid

queens of Pr. punctatus with three conspicuous ocelli; how-

ever, the ergatoid queens do not always show three ocelli (0–

3; Dobata et al. 2009). The ergatoid queens with three ocelli

have a tendency to show a larger head width than females

without ocellus (Sasaki and Tsuji 2003) and it is suggested

that their morphological variations are affected by ergatoid-

queen specific genotypes (L-type specific genotypes in Dobata

et al. 2009, 2010; Dobata and Tsuji 2009). The morphologi-

cal variation may also exist in the spermatheca morphology,

therefore these individuals with reduced ocelli and relatively

smaller body size among ergatoid queens might possess a

reduced spermatheca as Itow et al. (1984) described that

‘Ergatoid queens with ocelli in Pr. punctatus possess more or

less degenerated spermatheca.’

The evolution of disappearance and rudimentation in use-

less organs is a widespread phenomenon among organisms

(Porter and Crandall 2003). If females of the three ant species

examined in this study have already established an asexual life

history, an explanation for the existence of an intact sperma-

theca is that the making and maintenance cost is relatively low

in this organ; however, it is unlikely for the following reasons.

The spermatheca of reproductive females in ants shows an

unusual ability to store a lot of sperm for a long period, some-

times beyond three decades in some ant species (Hölldobler

and Wilson 1990; Keller 1998), although the amount of

stored sperm and the period of sperm storage are unclear in

related species group of the three thelytokous parthenogenetic

species we studied. In addition, spermatheca size relative to

body size in ant queens is prominently larger and shows

unique structures among social Hymenoptera (Wheeler and

Krutzsch 1994; Gotoh et al. 2008). Their developmental pro-

cess seems to be more complicated relative to wasps (Gotoh

et al. 2009). In the making and maintenance process of the

A B

DC

Fig. 4—Ultrastructure of the spermathecal gland in the thelytokous parthenogenetic species Pristomyrmex punctatus (A), Pyramica membranifera

(B), and Monomorium triviale (C), and the sexually reproducing species Monomorium intrudens (D). Scale bar in all figures 5 lm. ct, cuticle; dc,

duct cells; mv, microvilli; N, nucleus; SGL, spermathecal gland lumen.
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ant spermatheca, enlargement of spermatheca size and devel-

opment of a columnar epithelium in the hilar region of the

spermatheca reservoir wall may need an energy cost because

worker ants in the basal group never develop these features.

Thus, a functional spermatheca seems an expensive organ;

however, it is hard to estimate the metabolic cost during the

development and maintenance in any organs, so that these

arguments may be highly controversial.

The other possible explanation is the short evolutionary

time after they became asexual and this is most likely; the

occurrence of obligate thelytokous parthenogenesis may have

evolved recently and this time span may not be enough to

modify spermatheca morphology in these ants. On the other

hand, worker sterility in ants may have established early in

the evolutional history of ants, but we should note that the

degeneration speed of the spermatheca in ant workers may be

different from that of thelytokous species because the degene-

ration in workers could be associated with the evolutionary

forces to reduce worker reproductive potential in ant societies

(Khila and Abouheif 2010). However, in the case of thelytok-

ous species, such evolutionary forces are absent and other

adaptive significances of spermatheca degeneration are still

unclear except for the possibility of the high energy cost for

the making and maintenance of the spermatheca. In the asex-

ually reproducing bushcricket, Poecilimon intermedius, females

diminished the morphology of acoustic organs and the func-

tion of hearing for sexual communication compared with

related species, in which it was estimated that this asexual spe-

cies was separated from sexual sister-species 200,000 years

ago and then they obtained asexual life history (Lehmann

et al. 2007). To date, there is no information of the age of spe-

ciation from sister-species in the three thelytokous partheno-

genetic species studied here. Phylogenetical analysis will be

needed to understand their history of asexuality and the sub-

sequent useless period of their spermatheca.

To date, many empirical data support the evidence of obli-

gate asexual life history in three species (Itow et al. 1984; Tsuji

1988; Sasaki and Tsuji 2003; Dobata et al. 2009; Ito et al.

2010; Sasaki and Tsuji, in preparation), therefore we expect

that the possibility of sexual reproduction is very low at pres-

ent. However, we cannot dismiss the possibility of occasional

mating. For example, these three species might still reproduce

sexually in some limited populations as found in Platythyrea

punctata (Schilder et al. 1999; Hartmann et al. 2005). In fact,

in Pr. punctatus using genetic data recently, Dobata et al.

(2010) suggested the possibility of rare sexual reproduction in

the past. Many biologists persist that species without sexual

reproduction are an evolutionary dead-end in most cases

because of their disadvantages (Simon et al. 2003). If sexual

reproduction, even with very rare frequency, provides an

advantage for colony fitness in ants (e.g. against parasites and

pathogens, and the efficiency of division of labor; see Intro-

duction), an intact spermatheca may be maintained for spo-

radic sexual reproduction. We should continue to pay more

attention to the absence or presence of sexual reproduction

carefully and further studies are needed to reveal why the

three ant species examined in this study have kept an intact

spermatheca.
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