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SUMMARY Reproductive division of labor is one of the
crucial features in social insects, however, the developmental
mechanisms leading to modifications in the reproductive
apparatus of workers are still not very clear. Ants show a
remarkable diversity in themorphological specialization of the
worker's reproductive apparatus, that allows to distinguish
four types, type 1: workers that have ovaries and a functional
spermatheca, and that reproduce like queens, type 2: workers
have ovaries and a vestigial spermatheca, type 3: workers
have ovaries but no spermatheca, and type 4: workers lost
both ovaries and spermatheca. We investigated morpho-
genesis of the worker spermatheca in 28 ant species

by histological examination. In workers of type 1, the
morphogenesis of the spermatheca is very similar to that in
ant queens. In type2, the spermathecal disc also differentiates,
however, the development is interrupted and remains vestigial.
In types 3 and 4, the absence of the spermatheca in the adult
phase is caused by a degeneration after initial formation of the
spermathecal disc or by a complete lack of the spermathecal
discs. The timing of these interruptionanddegenerationevents
varies among species. The species exhibiting an earlier
interrupting point of spermatheca formation in workers have
a larger queen-worker dimorphism, that seems to be indepen-
dent from ant phylogeny.

INTRODUCTION

Evolution of sterility in females is one of the most important
features and big issues in social animals (Wilson 1971). In
highly eusocial insects such as honeybees and themajority of ant
species, reproduction of helpers is not only regulated by
behavioral and physiological constraints, as observed in
primitively eusocial insects but also by morphological and
functional constraints in the reproductive organs (Michener
1974). Such morphological specializations between castes
would promote an efficient division of labor with lower
conflicts within a colony (Bourke 1999). Recently, these
reproductive suppressions of workers are described as “repro-
ductive constraints” (Khila and Abouheif 2008, 2010). These
authors also proposed five steps of reproductive constraints
according to the degree of modification in the ability of egg
production and sperm storage. To date, the processes of
reproductive modification in worker ovaries have been well
documented. Reduction of ovariole number by apoptosis during
the immature stages has been reported in honeybees and
stingless bees (Hartfelder and Steinbr€uck 1997; Boleli et al.
1999). In ant workers, the development and function of worker
ovaries are regulated by a loss or mis-localization of Vasa

protein and nanos gene which are necessary for germ cell
formation (Khila and Abouheif 2008, 2010). On the other hand,
the developmental mechanisms of the reproductive constraint
for the sperm storage organ, the spermatheca, have not yet been
documented. The sperm storage function is also a key feature for
the reproductive division of labor, especially in social
hymenopteran species, because their sex-determination system
follows haplodiploidy, in which fertilized and unfertilized eggs
develop into females andmales, respectively. Only females with
a functional spermatheca can produce daughters, which are the
main colony members (H€olldobler and Wilson 1990). Thus,
worker virginity leading to the inhibition of daughter production
must be an adaptive trait to reduce conflict within a colony in
social Hymenoptera.

In many species of bumblebees, stenogastrine wasps,
polistine wasps, and vespine wasps, non-reproductive females
(workers) retain an intact spermatheca although they never mate
except in stenogastrine and some polistine species (Wilson
1971; Schoeters and Billen 2000; Gotoh et al. 2008). To date,
a reduction of the spermatheca has been reported only in
workers of honeybees and the majority of ant species, which
show prominent eusociality among the social Hymenoptera
(Snodgrass 1956; H€olldobler and Wilson 1990; Ito and
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Ohkawara 1994; Gobin et al. 2006, 2008; Gotoh et al. 2013). In
ants, there is a variation in the developmental status of theworker
spermatheca from species to species, which we categorize as
follows: in type 1, workers retain a functional spermatheca that is
formed by a spermathecal duct, a pair of spermathecal glands and
a spermatheca reservoir that has columnar epithelial cells only in
the hilar region of the spermatheca reservoir near the opening of
the spermathecal duct (Gobin et al. 2006, 2008). Workers of
these species can mate and reproduce offspring in the absence
of queens, such mated and egg-laying workers are called
“gamergates” (Peeters and Ito 2001). This type has been found in
the subfamilies Amblyoponinae, Ectatomminae, and Ponerinae
(Peeters 1997). In type 2,workers retain a small spermathecawith
flattened cells lining the entire reservoir, but they never mate (Ito
and Ohkawara 1994; Gobin et al. 2006). The function of the
columnar epithelial cells in the hilar region is therefore
considered to be a crucial factor for the sperm storage function
(Wheeler and Krutzsch 1994; Gobin et al. 2006). In the other ant
species, workers lost the spermatheca completely (H€olldobler
andWilson 1990), in which we separate type 3 that retain ovaries
from type 4 that lack ovaries as the spermatheca attaches to the
common oviduct.

To reveal the modification process of the spermatheca in
ant workers, we focus on the degeneration process of the
worker spermatheca in 28 ant species from 18 genera belonging
to the subfamilies Dolichoderinae, Ectatomminae, Formicinae,

Myrmicinae, and Ponerinae. Previously, we defined four
developmental events during morphogenesis of the spermatheca
in ant queens (Gotoh et al. 2009) as follows: (i) invagination of the
spermathecal primordium; (ii) the reservoir wall thickness
becomes unequal in the hilar and distal portion; (iii) the reservoir
diameter increases as the lining epithelial cells become flattened
except for the hilar region; and (iv) the increase in thickness of the
hilar reservoir epithelium. We compared these developmental
events of the queen spermatheca to that of workers.

MATERIALS AND METHODS

Ants
We collected worker larvae, prepupae, pupae, and adults of 28
ant species from Japan, Malaysia, and Indonesia (Table 1). We
classified these species into four groups based on information of
the presence or absence of a spermatheca and ovaries in workers
according to previous studies and our unpublished data (Ito
1994, 1997; Ito et al. 1996, 2007; Iwanishi et al. 2003; Gotoh and
Ito 2008, Table 1).

Sample preparation
We prepared pupae of four relative ages as categorized
by the degree of pigmentation of the compound eyes and the

Table 1. Information of examined species and summary of the developmental process of worker spermatheca

Collection . Red / White . Black / White . Black / Brown
site Invagination Differentiation Unequal Enlargement Increase of No. of ovarioles* *References

of disc  of gland  wall thickness of reservoir wall thickness

Gnamptogenys bicolor E Indonesia 14 + + + + + 2.00 0.76 Q: 10-15, W: 9-16 Q: 220, W: 150 Tanigawa et al., unpubl. data

Ectomomyrmex astutus P Malaysia 10 + + + + + 2.12 0.91 Q: 12, W: 8-15 Q: 180, W: 160-180 Ito, unpubl. data

Ectomomyrmex leeuwenhoeki P Malaysia 8 + + + + + 1.89 0.92 Q: 6, W: 6 Q: 132, W: 120 Ito et al., 2007

Leptogenys sp. 28 P Malaysia 9 + + + + + 1.22 - W: 6 W:  100, 170 Ito, unpubl. Data; Gotoh, unpubl. data

Platythyrea quadridenta P Malaysia 6 + + + + + 1.46 0.86 Q: 6, W: 6 Q: 90, W: 90 Ito, 1994;  Ito, unpubl. data

Mesoponera sp. M-4 P Malaysia 7 + + + + + 1.59 0.93 Q: 6, W: 6 Q: 130, W: 120 Ito, unpubl. data

Mesoponera sp. nr. M-1 P Malaysia 8 + + + + - 1.14 0.82 Q: 6, W: 6 Q?: , W: 100 Ito, unpubl. data; Gotoh, unpubl. data

Odontomachus rixosus P Malaysia 23 + + + + - 1.32 0.72 Q: 6, W: 6 Q: 150, W: 70 Ito et al., 1996

Gnamptogenys costata E Malaysia 15 + + - - - 0.83 0.83 Q: 4, W: 2 Q: ?, W: ? Ito, unpubl. data

Leptogenys  sp. 12 P Malaysia 10 + + - - - 0.90 0.85 Q: 14-16, W: 14-16 Q: 290, W: 40 Ito, 1997;  Ito, unpubl. data

Cryptopone sauteri P Japan 18 + - - - Nothing - 0.70 Q: 6, W:  4 Q: 120, W: 0 Gotoh, unpubl. data

Leptogenys parvula P Malaysia 8 + + - Nothing Nothing - 0.76 Q: 6, W: 2, 4 Q: 60, W: 0 Ito, unpubl. data

Leptogenys sp. 13 P Malaysia 5 + + - Nothing Nothing - 0.82 Q: 6, W: 6 Q: 270, W: 0 Ito, 1997; Gotoh, unpubl. data

Myopias maligna P Malaysia 4 + + - Nothing Nothing - 0.82 Q: 6, W: 6 Q: 130, W: 0 Ito, unpubl. data; Gotoh, unpubl. data

Aphaenogaster japonica M Japan 20 + - - Nothing Nothing - 0.41 Q: 16-32, W: 2 Q: ?, W: 0 Iwanishi et al., 2003

Temnothorax makora M Japan 20 + - - Nothing Nothing - 0.62 Q: 9, W: 2 Q: ?, W: 0 Gotoh, unpubl. data

Leptogenys mutabilis P Malaysia 14 + - - Nothing Nothing - - Q: ?, W: 6 Q: ?, W: 0 Ito, unpubl. data; Gotoh, unpubl. data

Leptogenys myops P Malaysia 12 + - - Nothing Nothing - 0.43 Q: 66-68, W: 6 Q180: , W: 0 Ito, 1997;  Ito, unpubl. data

Linepithema humile D Japan 20 Nothing Nothing Nothing Nothing Nothing - 0.52 Q: 61-67, W: 4 Q: 370, W: 0 Ito, unpubl. data; Gotoh, unpubl. Data

Lasius hayashi F Japan 20 Nothing Nothing Nothing Nothing Nothing - 0.42 Q: > 60, W: 2 Q: 1100, W: 0 Gotoh, unpubl. data

Nylanderia flavipes F Japan 23 Nothing Nothing Nothing Nothing Nothing - 0.55 Q: ?, W: 2 Q: ?, W: 0 Gotoh, unpubl. data

Crematogaster osakensis M Japan 9 Nothing Nothing Nothing Nothing Nothing - 0.33 Q: 24-38, W: 2 Q: 300, W: 0 Gotoh and Ikeshita, unpubl. data

Tetramorium bicarinatum M Japan 14 Nothing Nothing Nothing Nothing Nothing - 0.81 Q: ?, W: 2 Q: ?, W: 0 Gotoh, unpubl. data

Myopias emeryi P Malaysia 7 + Nothing Nothing Nothing Nothing - 0.77 Q:  6, W:  0 Q: ?, W: 0 Ito, unpubl. data

Brachyponera chinensis P Japan 18 Nothing Nothing Nothing Nothing Nothing - 0.78 Q: 20-30, W: 0 Q: 224, W: 0 Gotoh and Ito, 2007

Brachyponera pilidorsalis P Malaysia 8 Nothing Nothing Nothing Nothing Nothing - 0.85 Q: ?, W: 0 Q: ?, W: 0 Ito, unpubl. data

Monomorium floricola M Japan 9 Nothing Nothing Nothing Nothing Nothing - 0.49 Q: 24, W: 0 Q: ?, W: 0 Gotoh, unpubl. data

Pheidole noda major worker M Japan 7 Nothing Nothing Nothing Nothing Nothing - 0.63 Q: 64, W: 0 Q: ?, W: 0 Gotoh, unpubl. data

Pheidole noda minor worker M Japan 27 Nothing Nothing Nothing Nothing Nothing - 0.29 Q: 64, W: 0 Q: ?, W: 0 Gotoh, unpubl. data

Developmental stage (eye color/body color)
. White / White 

Degree of caste dimorphisms

Ty
pe

 3
Ty

pe
 4

Subfamily
‡Species

Ty
pe

 1
Ty

pe
 2

No. of 
samples 

examined 
 

Spermatheca
size (μm)*

Growth rate
of reservoir

size
Ratio of

worker to queen
abdominal width*

‡
D: Dolichoderinae, E: Ectatomminae, F: Formcinae, M: Myrmicinae, P: Ponerinae

+ : Progress of the developmental process, - : Non progress of the developmental process, Nothing : Disappearance of the spermathecal disc.
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body: (I) white eyes and white body; (II) red eyes and white
body; (III) black eyes and white body; (IV) black eyes and brown
body. In Brachyponera chinensis and Cryptopone sauteri, final
instar larvae or prepupae after removal of the cocoonwere reared
on moist filter paper in a plastic box (3.5� 3.5� 1 cm3) that was
placed in an incubator (26� 1°C, 14L10D). The date of pupation
was checked every day and the pupae as needed for analysis were
picked up (see Gotoh et al. 2005, 2009).

Histological observation
The abdomens of relatively large sized species and the whole
body for relatively small species collected in Japan were fixed in
FAA (ethanol: formalin: acetic acid¼ 16:6:1), dehydrated in a
graded ethanol series and cleared in xylene before embedding in
paraffin. Longitudinal serial sections were cut at 4mm, and
stained with hematoxylin and eosin. For the other species, that
were collected in Malaysia and Indonesia, the abdomens were
fixed in 2% glutaraldehyde and transferred to 0.05M Na-
cacodylate buffer with 150mM saccharose. After postfixation in
2% osmium tetroxide, tissues were dehydrated in a graded
acetone series and embedded in araldite. Semithin sections were
cut at 1mm and stained with methylene blue and thionin. We
made technically good sections of at least one individual for
each pupal stage and of four to 27 pupae for one species.
Sections were observed with an Olympus X50 microscope and
photographed with a digital Nikon Coolpix E995 camera. To
measure the change of reservoir size during spermatheca
morphogenesis in workers of types 1 and 2, photographs of
sections were printed, and measurements were made of the
major axis of the reservoir in workers of the red-eyed and black-
eyed pupal stages.

Statistical analysis
To evaluate the eventual correlation between the interrup-
tion points of spermatheca development and queen-worker
dimorphisms, a Kendall’s rank correlation was performed using
R (version 3.1.1). Caste dimorphisms were calculated from the
relative abdominal width of workers with respect to queens.

RESULTS

The developmental process of the spermatheca in ant workers is
described for each type as follows:

Type 1: workers have ovaries and a functional
spermatheca
The spermathecal disc is invaginated and the spermatheca gland
is differentiated at an early pupal stage (Fig. 1A). The thickness
of the spermatheca reservoir wall becomes different between the
hilar and distal epithelium (Fig. 1B). The spermatheca reservoir

size increases due to stretching of epithelial cells except for the
hilar epithelium at the middle of the pupal stage (Fig. 1C).
Finally, the hilar epithelium of the spermatheca reservoir wall
becomes thick (Fig. 1D). After completion of these processes,
the adult spermatheca is formed (Fig. 1E).

Type 2: workers have ovaries and a vestigial
spermatheca
Although workers of four examined species have a similar
vestigial spermathecamorphology in the adult stage (Fig. 1, J and
O), two different developmental patterns are observed. In
workers ofMesoponera sp. nr. M-1 and Odontomachus rixosus,
the spermatheca rudiment occurs and the spermatheca glands are
differentiated (Fig. 1F). The spermatheca wall thickness
thereafter becomes different between the hilar and distal
epithelium (Fig. 1G). After the spermatheca reservoir is enlarged
at the middle of the pupal stage (Fig. 1H), the hilar epithelium
does not become thick (Fig. 1I) and muscular bundles, that are
part of the sperm pump, are observed at the end of the pupal stage
(figure not shown). The growth rate of the reservoir size between
the red-eyed to black-eyed pupal stage is relatively lower than in
type 1workerswith a functional spermatheca (Table 1). In adults,
the hilar epithelium seems to become thin (Fig. 1J) compared to
that at the end of the pupal stage (Fig. 1I). In workers of
Gnamptogenys costata andLeptogenys sp. 12, invagination of the
spermatheca rudiment and differentiation of the spermatheca
gland are observed at an early pupal stage (Fig. 1, K and L),
however, the subsequent spermatheca morphogenesis events do
not occur. The spermathecal wall thickness becomes thinwithout
the events of unequal wall thickness and enlargement of reservoir
and increase of wall thickness (Table 1, Fig. 1,M andN). In these
two species, muscular bundles are also observed at the end of the
pupal stage (figure not shown).

Type 3: species in which workers have ovaries
but no spermatheca
In eight species of this type, although workers in all examined
species have no spermatheca in their adult stage, the
invagination of the spermatheca rudiment is observed at an
early pupal stage (Fig. 2, A–C). This initial structure, however,
degenerates by the end of the pupal stage. The progress of
spermatheca developmental events varies among species. After
invagination of the spermatheca disc, the differentiation of the
spermatheca gland is observed in workers of Leptogenys
parvula, Leptogenys sp. 13, and Myopias maligna, but not in
workers of Cryptopone sauteri, Aphaenogaster japonica,
Temnothorax makora, Leptogenys mutabilis, and Leptogenys
myops (Fig. 2, A–C, Table 1). After completion of these steps,
the spermathecal disc disappears before the middle or end of the
pupal stage (Table 1). Workers of Linepithema humile, Lasius
hayashi, Nylanderia flavipes, Crematogaster osakensis, and
Tetramorium bicarinatum never develop a spermathecal disc.
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Type 4: species in which workers lack both
ovaries and spermatheca
In this type, adult workers have no spermatheca, however, their
developmental process of the spermatheca shows two different
ways. In Myopias emeryi, workers develop a spermatheca
rudiment but without differentiation of the spermatheca gland at
an early pupal stage (Fig. 2D), and then the spermathecal disc
disappears. On the other hand, workers of Brachyponera

chinensis, Brachyponera pilidorsalis, Monomorium floricola,
and Pheidole noda never develop a spermathecal disc.

Overview of spermatheca morphogenesis in
ant workers
In workers with a spermathecal disc, each of the four
developmental events of the spermatheca corresponds to a

Fig. 1. Spermatheca morphogenesis of Gnamptogenys bicolor (Type 1, A–E), Odontomachus rixosus (Type 2, F–J), and Gnamptogenys
costata workers (Type 2, K–O). Pupal stages were categorized by the degree of pigmentation of the compound eyes and the body, I: White
eyes andwhite body, II: Red eyes andwhite body, III: Black eyes andwhite body, IV: Black eyes and brown body. All longitudinal figures are
shownwith the anterior side to the left. The asterisk indicates the hilar region of the spermatheca reservoir. Scale bar in all Figures¼ 100mm.
CO, common oviduct; R, reservoir; SD, spermathecal duct; SG, spermathecal gland.
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particular pupal developmental stage as defined by eye and body
pigmentation (Fig. 3, Table 1), that is, invagination of the
spermathecal disc always occurs when the pupa has white eyes
and a white body. The interruption point of spermatheca
development was earlier in species with a larger caste
dimorphism as calculated by body size (Kendall’s rank
correlation: t¼ 0.49, P¼ 0.0012, Fig. 4), it also seems to
correlate with ovariole numbers, but is not linked with
phylogeny (Fig. 5, Table 1).

DISCUSSION

This is the first study to reveal the developmental processes of
the spermatheca in ant workers. Our preliminary data showed
that spermatheca morphogenesis of queens in Formicinae and
Myrmicinae is similar to that in Ponerinae (Gotoh et al. 2009; A.
Gotoh, personal observation), indicating that the developmental
processes of the functional spermatheca are conserved
irrespective of ant phylogeny. In the spermatheca development
of the workers from 28 species belonging to a wide range of five
ant subfamilies, multiple developmental patterns were ob-
served, that range from complete, as found in queens, via an
interruption of the developmental process, to completely absent.
We classified these patterns in four worker types, though the
variation is rather continuous. As a result, types 2, 3, and 4 in
particular show variation in the pattern within these types.

The developmental process of the spermatheca in type 1
workers, which can mate, closely corresponds to that of queens
(Gotoh et al. 2009). Furthermore, the occurrence of four
developmental events is always consistent with pupal age as

defined by pupal pigmentation. The vestigial spermatheca
observed in workers of type 2 is formed by an interruption of the
developmental process during the pupal stages and by keeping
the spermathecal disc without elimination until the adult phase.
In our previous study, an increase of the spermatheca reservoir
size from the red-eyed to black-eyed pupal stage has been
reported and it should affect ultimate reservoir size (Gotoh et al.
2009). In workers of type 2, O. rixosus andMe. sp. nr. M-1, the
growth rate of reservoir size was relatively lower than in
workers of type 1. We could not compare the growth rate of
the reservoir size in workers to that in their queens because they
are very difficult to collect, however, the lower increase rates of
the spermatheca size from the red-eyed to black eyed pupal stage
should result in a small spermatheca of workers found in the
adult stage (Ito and Ohkawara 1994). The absence of the
spermatheca in the adult stage as found in types 3 and 4 is caused
by a degeneration after formation of the spermathecal disc or by
a complete lack of the spermatheca discs. Thus, the timing of the
interruption points and degeneration of the spermatheca
development shows differences among the same spermatheca
type (e.g., O. rixosus vs. G. costata in type 2) and among the
same genera (e.g.,My. maligna vs.My. emeryi). Even in workers
of types 2–4, the timings of four developmental events were
maintained with respect to pupal age (e.g., invagination of the
disc and differentiation of the spermatheca disc also always
occur at the beginning of the pupal stage). This suggests that the
developmental timing of spermatheca formation in response to
the pupal stage is also conserved among ant species and castes.

This evolutionary lability of spermatheca development is
consistent with the case of wing development in wingless ant
workers (Abouheif and Wray 2002; Shbailat and Abouheif

Fig. 2. Spermatheca morphogenesis of Leptogenys
myops (Type 3, A: stage I and B: stage II),Myopias
maligna (Type 3, C: stage II), and Myopias emeryi
workers (Type 4, D: stage I). All longitudinal figures
are shown with the anterior side to the left. Scale bar
in all Figures¼ 100mm. CO, common oviduct; R,
reservoir; SD, spermathecal duct; SG, spermathecal
gland.

100 EVOLUTION & DEVELOPMENT Vol. 18, No. 2, March–April 2016



2013). In ant workers, wing morphogenesis is also modified
as compared to winged queens. The cancellation of wing
development in workers is caused by an interruption of wing
patterning gene expression and its timing is labile (Abouheif and
Wray 2002; Shbailat et al. 2010; Shbailat and Abouheif 2013).
On the other hand, some common systems to inhibit worker
wing formation among various ant species have been reported.
Recently, a non-labile wing-patterning gene, brinker, of which
the expression is always absent in worker wing discs of four ant
species has been discovered (Shbailat and Abouheif 2013).
Furthermore, final cancellation of worker wing morphogenesis
by apoptosis is conserved among phylogenetically distant

subfamilies (Sameshima et al. 2004; Gotoh et al. 2005). These
studies suggest that these complicated associations of labile and
non-labile developmental processes result in wingless morpho-
logy of workers. Although some spermatheca formation genes
have been identified in Drosophila melanogaster (Anderson
1945; Sun and Spradling 2012), an integrated gene network
of the spermatheca formation remains puzzling. However,
spermatheca formation-gene cascades corresponding to four
developmental steps of the spermatheca should work during the
development of the functional spermatheca and its absence
should trigger the developmental interruption and elimination of
the worker spermatheca. The diversity of interruption points of

Fig. 3. Schematic illustration of the spermatheca
developmental processes. Gray shaded drawings
represent interruption of the spermatheca develop-
ment. R, reservoir; SD, spermathecal duct; SG,
spermathecal gland. Arrow in stage IV of type 1
workers indicates increase of wall thickness in the
hilar epithelium.
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the spermatheca formation network genes may produce lability
of the spermatheca developmental process in four types of ant
workers as observed in the wing degeneration pattern. In the
present study, we did not try to detect apoptosis during the
degeneration of the spermatheca disc, so that further studies will
be necessary. In contrast to wing polyphenisms, however, we
predict that strict systems playing an active role for complete
disc elimination do not work in the case of the spermatheca
modifications, such as non-labile interruption points, non-labile
genes, and apoptosis as found during wing formation of ant
workers, for the following reasons. Many steps are necessary to
ensure the success of fertilization in ants (e.g., production of sex
pheromones, mating behavior, dominance within a colony, and
sperm storage function), in other words, restriction of only a part
of these steps causes worker virginity. In the ancestor of ants,
worker virginity may be established only by behavioral or
physiological reproductive constraints. The robustness of these
reproductive constraints may allow flexible spermatheca
morphological constraints. The timing of spermatheca degener-
ation should therefore have evolved in a flexible way.
Furthermore, we assume that the cost of spermatheca develop-
ment is lower than that of wing development which is also
involved in flight muscle formation, because many examples are
known of species that keep the spermatheca in sterile females
that never mate. For example, ant workers of type 2 in this study
as well as honeybee workers retain a vestigial spermatheca, and
non-reproductive females of social wasps and bees, and queens
of thelytokous species also maintain an intact spermatheca

(Schoeters and Billen 2000; Gobin et al. 2006, 2008; Gotoh et al.
2008, 2012, 2013). In our study, we revealed that species
showing an earlier interrupting point of spermatheca develop-
ment in workers have a larger queen-worker dimorphism as
calculated by abdominal width and evaluated by ovariole
number, independently of phylogeny. In general, larger caste
dimorphisms are considered to be caused by earlier caste
determination (Wheeler 1986). In workers of species with larger
caste dimorphisms, therefore, the genes which affect the earlier
cascade of spermatheca morphogenesis may also be simply
switched off in sequential order, corresponding to the earlier
timing of caste determination with independence of the non-
labile interruption points. In other words, greater caste
dimorphisms bring an earlier interruption of spermatheca
development and result in the evolution of complete worker

Fig. 4. Correlation between degree of caste dimorphism (workers/
queens abdominal width) and interruption point of spermatheca
development along the four events of spermatheca development
during the pupal stage in 26 species excluding Leptogenys sp. 28
and Leptogenys mutabilis from 28 species in Table 1, and including
the data of minor and major workers in Pheidole noda.

Fig. 5. Evolutionary history of the interruption point of
spermatheca development in the Formicidae (A) and within the
Ponerinae (B). Phylogeny based on Ward (2014) in A and
Schmidt (2013) in B.
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virginity at morphological levels, which lead to a reduction
of intracolonial reproductive conflict over diploid daughter
production.

In Pheidole noda, both major and minor workers never
develop the spermatheca discs although they exhibit worker
dimorphism. This is not identical to the caste difference of the
wing disc degeneration pattern between major and minor
workers of other Pheidole species, in whichmajor workers grow
wing discs more than minor workers (Abouheif andWray 2002;
Sameshima et al. 2004). This suggests that the developmental
regulations responsible for caste polyphenisms are also different
among organs as observed in Myrmecina nipponica, where the
developmental pattern is different not only among castes but
also among various organs, as compound eyes, ovaries, and
wings (Miyazaki et al. 2010).

Type 1 workers that are called “gamergates” (¼ mated egg-
laying workers) have evolved secondarily inmany species of the
subfamilies Amblyoponinae, Ectatomminae, and Ponerinae and
some species lost the morphological queen caste completely
(Peeters and Ito 2001). Ancestral forms of reproductive
constraints in early ant evolution may be performed by
behavioral and physiological levels, such as preventing of
mating behavior, but not by the modification of spermatheca
morphology without developmental interruption points as
observed in social wasps (Gotoh et al. 2008, 2009). As lower
caste dimorphism is believed to be a key for the evolution of the
gamergate (Peeters 1991), workers may also keep an intact
spermatheca in the early evolution of type 1 species. As a result
of natural selection, workers may be released from behavioral
and physiological reproductive constraints and obtain the ability
for mating secondarily.

This study is the first step to reveal the modification
mechanisms of the worker spermatheca. We provide an
understanding of the developmental and degenerate process
of the spermatheca in workers of 28 species across various ant
subfamilies. This will hopefully also contribute to an integrated
insight into the evolution of the developmental mechanisms
leading to reproductive division of labor in ants.
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