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ABSTRACT

Its serial architecture makes the insect ovary an interesting playground to study the regulation of cell death 
and identify critical check points along the apical-basal axis of the ovarioles. In Drosophila melanogaster, 
cell death is observed at two points: (1) in the germarium, where entire germ cell clusters may die in response 
to environmental conditions, and (2) as an obligatory event at the end of oogenesis, when nurse cells dump 
their cytoplasm into the oocyte and, subsequently, when the follicle epithelial cells form a chorion. The social 
organization of bees, wasps and ants depends on the monopolization of reproduction by a queen. This has 
marked consequences on the ovary phenotype of queens and workers. The role of programmed cell death in 
larval ovary development and in adult ovary function is best studied in honey bees. During larval development, 
workers loose over 90% of the ovariole primordia. This cell death is induced by a low juvenile hormone titer 
causing breakdown of the actin cytoskeleton in germ cell clusters. The actin cytoskeleton also plays a major 
role in the control of cell death in the ovary of adult bees, where many TUNEL-labeled and pycnotic nuclei 
are detected in a germarial region rich in actin agglomerates. This suggests that common mechanisms may 
regulate cell death in the ovaries of bees, both during the shaping of the caste-speci� c ovary phenotypes 
during larval development, and during the tuning of reproductive activity in adult bees.
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INTRODUCTION

The production of eggs presents a high investment 
for any female and the number of offspring produced 
is subject to intense selection. Regulation of ovary 
activity to avoid investing valuable resources in eggs 
when there is little chance that they result in viable 
and fertile offspring, thus, is an important � tness 
component. Consequently, cell death is a common 
phenomenon in the germline of most if not all animal 
phyla [48]. It has been reported in Caenorhabditis 
elegans [28], in Hydra [51],  in sponges [22,30,83], 
in mice [58] and in many insect species, including 
� ies, mosquitoes and bees [7,14,53,55,69].

The ovary of insects is composed of several 
ovarioles. These represent a serial organization of 

functional units with a clear proximal-distal axis 
along which oocytes develop from stem cells to 
fully chorionated eggs. This axis is also coincident 
with the anterior-posterior axis of the embryo [9].  
Because of this highly structured architecture, the 
ovarioles of insects are an interesting system to study 
and investigate regulatory mechanisms in oogenesis. 
At the distal end of the germarium, germline 
stem cells undergo differential mitotic divisions 
generating germ cells committed to proceed through 
all steps of oogenesis, until they reach the follicle 
growth zone where oocytes take up large amounts 
of yolk protein precursor (vitellogenin) from the 
hemolymph, before the surrounding follicle cells 
lay down an outer protective egg shell, the chorion. 
The structural details of the insect ovary and its 
different types of ovarioles have been meticulously 
compiled by Büning [9], and the physiological, 
especially hormonal control mechanisms underlying 
vitellogenesis have been extensively reviewed 
by Raikhel et al. [64], so that the present review 
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can concentrate on the role of programmed cell 
death (PCD). This aspect is only now beginning to 
emerge as a mechanism that may play a major role 
in tuning reproductive activity and which is capable 
of generating reproductive plasticity and alternative 
ovary phenotypes, particularly in the female castes 
of social insects. We will discuss the role of PCD in 
the ovary under two headings, � rst, its occurrence 
and putative function during oogenesis in adult 
female insects, and second, the role of PCD in larval 
development and its effect on ovary phenotype.

Programmed cell death in the � y ovary - brief 
overview

The mechanisms underlying cell death in Dro-
sophila melanogaster are very similar to those 
described in mammals [35,72,86]. Seven caspases 
have been annotated in the Drosophila genome, 
three belonging to the class of initiators (Dredd/Dcp-
2, Dronc and Strica/Dream) and four to the class of 
effector caspases (Dcp-1, Drice, Decay and Damm/
Daydream) [42]. Besides the caspases, � ve further 
genes play a major role in PCD in Drosophila, three 
positive regulators, reaper (rpr) [92], head involution 
defective (hid) [26] and grim [13], and two negative 
regulators, DIAP-1 and DIAP-2 [34]. The mRNAs of 
rpr, hid, grim, DIAP-1 and DIAP-2 have all been de-
tected in the Drosophila ovary, but interestingly, rpr, 
hid and grim are not necessary to induce cell death in 
nurse cells [23].
 Oogenesis starts with the asymmetric division 
of a germline stem cell generating a cystoblast that 
undergoes four mitotic divisions with incomplete 
cytokinesis. In this cluster of 16 cells, one is 
determined to become the oocyte, while the others 
assume the nurse cell fate. During all further stages 
of oogenesis, these 16 cells remain connected by 
large cytoplasmatic bridges known as ring canals. 
Fly oogenesis is well characterized and has been 
divided into 14 stages [40]. PCD is a prominent 
feature observed in nurse cells in stage 11-13 follicles 
[23], after these cells dumped all their cytoplasm into 
the oocyte shortly before the chorion is laid down. At 
the end of this cytoplasm dumping event, which lasts 
about 30 min [43], the nuclei of the nurse cells start 
to show signs of cell death and the nurse cell residues 

are phagocytosed by cells of the follicle epithelium. 
An actin network retains the nuclei in the nurse cell 
chamber and prevents them from being dumped into 
the oocyte together with the cytoplasm [16,60]. The 
massive transfer of cytoplasm into the oocyte has 
been attributed to a myosin-based contraction of the 
subcortical actin network of nurse cells [91]. Nurse 
cells in quail and singed mutants do not show this 
actin network that retains the nucleus and do not 
undergo PCD. In these � ies, the nucleus drifts into 
the ring canal and blocks the transport of cytoplasm 
into the oocyte [11]. Apoptosis of nurse cells at the 
end of oogenesis is, thus, a fundamental phenomenon 
in the polytrophic meroistic ovary and has also been 
described in other higher dipterans, such as Dacus 
oleae and Ceratitis capitata [53,55], suggesting that 
a genetically conserved mechanism governs nurse 
cell PCD [55].
 An interesting question is how the oocyte is 
protected from undergoing apoptosis as well in 
this syncytial structure, and some studies indicate 
that nurse cell apoptosis may be quite distinct from 
cell death in somatic tissues [49]. First of all, PCD 
in nurse cells is of independent reaper, hid or grim 
expression [23]. Second, the over expression of 
DIAP-1 did not inhibit PCD in stage 11-13 nurse 
cells, while it prevented cell death in other tissues 
and also in earlier stages of oogenesis (stage 8, 
for example), suggesting a caspase-independent 
pathway for PCD in nurse cells [59].
 Shortly after the nurse cells have dumped their 
cytoplasm, the somatic follicle epithelium cells also 
undergo apoptosis. The last function of these cells 
is the massive synthesis of chorion proteins, which 
form the protective egg shell [46,47,84]. The follicle 
epithelium cells die at stage 14, and at stage 14b the 
egg is released into the lateral oviduct by a contrac-
tion of the epithelial sheath at the base of the ovariole 
[40,44]. This contraction is thought to provide the 
mechanical force required to remove the remnants 
of the follicle epithelial cells from the chorion be-
fore they are phagocytosed by the epithelium of the 
lateral oviduct [54]. Even though apparently trivial, 
removal of the follicle epithelium cell remnants is an 
important step, since their persistence can block the 
passage of the egg into the lateral and from there into 
the common oviduct [54]. 
 Besides this normal cell death at the end of 
oogenesis, entire follicles can undergo apoptosis in 
response to poor nutrition of the female or to other 
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adverse conditions [49]. In these cases, PCD has 
been evidenced in the germarium (oogenesis stages 
2a/b) and about half way through oogenesis (stage 
8). This cell death was observed in response to 
nutritional protein deprivation, blocking of ecdysone 
signaling, chemical treatment, or anomalous 
development of individual follicles [12,18,20,25,52]. 
PCD in stage 8 results in the degeneration of entire 
follicles, including follicle cells, nurse cells and the 
oocyte. At this stage, cell death is not accompanied 
by changes in the actin cytoskeleton [12,52]. The 
sequence of cell death events at de� ned steps in the 
oogenesis program is, therefore, essential not only 
for the normal progression of oogenesis but also for 
its � ne tuning with nutritional and environmental 
conditions. Not surprisingly, PCD also provides 
an interesting means of reducing fecundity in 
parasitized mosquitoes [37].

Programmed cell death and differential fertility 
in honey bee queens and workers

 In highly eusocial bees, wasps and ants, the 
queen is the reproductively dominant female in the 
colony, while the workers are mostly functionally 
sterile. The honey bee queen exerts this dominance 
via her pheromones. Nevertheless, one in a thousand 
workers in a honey bee colony - which may contain 
10,000 to over 50,000 workers - may not succumb to 
this pheromonal repression and may start to lay eggs 
[65,88]. These few workers can produce a signi� cant 
portion (i.e., 7% in certain cases) of the haploid eggs, 
but only a very small proportion of these eggs will 
actually give rise to males [65,87,89]. Most of the 
worker-produced eggs are removed by other workers 
in a process termed policing [3,6,65,66,67]. The 
proportion of workers with activated ovaries varies 
signi� cantly between the different species of the 
genus Apis. In a sample of 800 workers of the dwarf 
honey bee, Apis � orea, not a single worker showed 
signs of ovary activation [29]. This stands in contrast 
with Apis cerana, where up to 5% of the workers had 
activated ovaries [56]. 
 The ovary of honey bees is of the polytrophic-
meroistic type, like that of Drosophila melanogaster, 
but its ovarioles are much elongated and numerous 
follicles in all stages of development can be 
found along its proximal-distal axis (Fig. 1). This 
organization makes it possible that a queen, who 

possesses approximately 200 of these serial units in 
each of her ovaries, is capable of producing up to 
2,000 eggs per day. In contrast, workers generally 
possess only 1-12 ovarioles in each ovary and these 
usually do not show signs of progressive oogenesis 
as long as a queen is present in the colony. These 
dramatic differences in fertility obviously require 
tight tuning of individual reproduction to colony 
conditions. Recent studies therefore investigated 
at which time point(s) oogenesis may be blocked 
in the ovary of adult queen and worker honey bees 
[4,5,57,82]. In histological sections we detected 
germ cells with pycnotic nuclei in the upper portion 
of the germarium, that is, in the region where 
cystocytes undergo sequential mitotic divisions (Fig. 
2a), and also in the region where nurse cells and the 
oocyte form a comet-like arrangement, just before 
getting surrounded by follicular epithelium cells 
and separating basally from the germarium. Such 
indications of PCD were detected in both castes, 
yet, the incidence of pycnotic nuclei in these regions 
was considerably higher in ovarioles dissected from 
workers kept in the presence of the queen, than in 
queenless workers or in queens.
 While queens start to lay eggs at high rates soon 
after mating, possibly after transfer of male factors 
[15], but not while unmated, the initial stages of 
oogenesis appeared to proceed normally also in virgin 
queens, and to follow similar dynamics, independent 
of mating status. Oogenesis in queens, thus, seems to 
be largely controlled at the late stages, primarily at 
initiation of vitellogenesis by enhanced vitellogenin 
synthesis in the fat body [2]. This is in accordance 
with the detection of cellular disintegration in 
previtellogenic follicles of virgin queens. The 
mechanism of resorption of previtellogenic follicles 
has been investigated in Drosophila melanogaster, 
where it correlates with an elevated ecdysteroid titer 
[79]. Radioimmunossay analyses of the ecdysteroid 
titer in honey bees revealed a small peak of 
ecdysteroids around day 4 after bees emerged from 
the brood cells. The physiological function of this 
hormone peak in bees is still a mystery, but its timing 
- it precedes the initiation of the queen’s mating 
� ights - is consistent with an involvement in follicle 
degeneration in virgin queens.
 A closer look at the ovarioles of workers reared in 
the presence of the queen revealed a high incidence 
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of disintegration of the fusomal cytoskeleton in the 
regions were pycnotic nuclei were preferentially 
encountered. By � uorescence-labeled phalloidin 
staining we detected disorganized early fusomes 
and large actin agglomerates in the region where 
fusomes are gradually transformed into ring canals 
(Fig. 2c). In the larval stages, the maintenance 
of fusome integrity is dependent on an elevated 
juvenile hormone (JH) titer [76,77]. In adult bees, 
however, other regulatory mechanisms will have 
to be considered, since the JH titers in egg-laying 
queens and workers are much lower than in older, 
non-laying workers [32,73], due to repression by an 
elevated vitellogenin titer [27]. 
 The presence of the queen is a critical factor in 
the progression of oogenesis in the worker ovary, 
and it is especially the queen’s pheromones that are 
thought to exert a repressor action [17,41,50,93]. For 
this reason we investigated whether workers reared 
in the absence of the queen since the embryonic 
stage differ from workers reared in the presence of 
the queen with respect to PCD incidence along the 
ovarioles. TUNEL labeling revealed foci of cell 
death in the upper germarial regions, coincident with 
the occurrence of pycnotic nuclei (Fig. 2b) and with 
actin cytoskeleton disintegration [82]. In addition 

Figure 1. Diagram of a single ovariole of an adult honey 
bee queen. The drawing is a reconstruction from 3 �m his-
tological resin sections that were stained with methylene-
blue/basic fuchsin [31]. It starts with the proximal portion 
of the terminal � lament, just above the germarium. The 
germinal � lament consists of stacked disc-shaped somatic 
cells, but also contains interspersed groups of putative 
germline stem cells [82]. The apical part of the germarium 
shows the mitotic divisions of germline cells, followed by 
the condensation of fusomes in the central region of the 
cystocyte clusters, and further below, the zone of transfor-
mation of the fusomes into ring canals, accompanied by a 
structural reorganization of the clusters into comet-shaped 
arrangements. The latter exhibit a clear trophocytes/oocyte 
polarity and are gradually invested and separated from one 
another by prefollicular cells. Follicles consisting of nurse 
cell and egg chambers are sequentially pinched off from 
the basal region of the germarium. The most basal follicle 
in this diagram shows the trophic stalk through which the 
nurse cells release their products into the oocyte. This 
stalk contains many membranous inclusions and mito-
chondria. Note that investing membranes of the ovariole 
had been removed before � xation.
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we detected TUNEL-labeled cells in the terminal 
� lament, in the trophic chamber of growing follicles 
and in follicle epithelial cells. The principal region 
of cell death in the ovary of worker bees corresponds 
to region 2a/2b in the Drosophila ovary, where 
Drummond-Barbosa and Spradling [20] evidenced 
a local control of PCD, suggesting a conserved 
mechanism regulating PCD in the early stages of 
oogenesis. Workers reared in the presence of the 
queen showed a higher incidence of PCD signs in 
the germarium than orphan workers, especially those 
that were never exposed to the queen’s pheromones.
 With progressive age and the transition of a 
worker from the nurse bee to the forager stage, 
cell death signs in the ovary become ever more 
pronounced. Ultrastructure analyses revealed that 
the germarium in ovarioles of guard bees and 
foragers is severely reduced and shows the typical 
� gures of advanced autophagy (Figs. 2d-e). In older 
foragers it is only the delimiting tunica propria and 
the peritoneal sheath that are left of the ovarioles.
 Analyses of ovariole structure have also been 
performed in stingless bees (Meliponina), the sister 
group of the honey bees (Apina), in particularly in 
Scaptotrigona postica, Tetragonisca angustula and 
Frieseomelitta xanthopleura, as well as in other 
species of bees [75]. Pycnotic nuclei were detected 
in the ovaries of all species, indicating that cell death 
is a common phenomenon in the worker caste ovary. 
It is generally associated with advanced age and the 
change in function from the nurse bee to the forager 
stage. There is considerable variability, however, in 
ovary function and worker egg-laying in the nurse 
bee stage of stingless bees, so that the regulation 
of cell death may play a role in the species-speci� c 
patterns of worker reproduction in honey bees and in 
stingless bees. The employment of cell death in the 
control of worker reproduction has been taken to the 
extreme in Frieseomelitta varia, where the ovary is 
completely degraded during the pupal stage and is 
transformed into a storage organ-like structure [7].

Programmed cell death and the establishment of 
alternative ovary phenotypes in eusocial bees 

 The degeneration of the entire ovary during 
postembryonic development in the stingless bee ge-
nus Frieseomelitta marks one extreme in ovary phe-
notype development in highly eusocial bees [80,81]. 

The other extreme are stingless bee genera where 
workers and queens do not differ in basic ovary struc-
ture, that is, ovariole number and ovary functionality 
[21], or the primitively eusocial bumble bee workers 
in the competition phase of the colony cycle [24]. 
An intermediate situation characterized by a high 
level of phenotypic and developmental plasticity is 
the ovary of the honey bee. There is not only a con-
siderable variation in ovariole number between the 
different species in this genus (Table 1), but also is 
the high ovariole number of queens and the strongly 
decreased ovariole number in workers [78], a result 
of a gradual and sequential decision process. This 
has been shown in experiments where queens were 
reared from worker larvae transferred to queen cells 
at different ages [90]. We noted a signi� cant reduc-
tion in ovariole number when these queens had been 
reared from worker larvae that had already passed the 
second larval instar before being  transferred [19].
 Like all the other morphological and anatomical 
caste characters of honey bees, this caste-speci� c 
development of ovary phenotypes is a result of 
differential feeding of the larvae in the early stages, 
and of a marked nutritional switch in the fourth and 
early � fth larval instar. This differential nutrition 
causes a caste-speci� c activation of the corpora allata 
[62] and of the prothoracic gland [31], resulting in a 
high JH titer in young queen larvae and an earlier 
increase in the ecdysteroid titer in � fth instar queen 
larvae, when compared to workers [63,70].
 Investigation of the dynamics of ovary devel-
opment in the honey bee began ninety years ago 
[94]. Both castes start out with a similar number of 
ovariole primordia (150 and more) in each ovary, 
yet while this high ovariole number is maintained in 
queens, workers loose over 90% of these until pupa-

Table I. Variation in ovariole numbers in queens and 
workers of different honey bee species and in two sub-
species of Apis mellifera. Indicated are mean numbers of 
ovarioles per ovary (reported ranges in parentheses). Data 
from Velthuis [85] and Ruttner [74].

Apis species or 
subspecies

queen ovariole 
number

worker ovariole 
number

Apis mellifera ligustica 173 (155-190) 3.3 (1-24)
Apis mellifera mellifera 162 (127-183) 5.3 (1-12)
Apis cerana 73 8.6 (4-21)
Apis dorsata 130 33 (17-60)
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tion. A detailed analysis of ovariole ultrastructure in 
the larval stages has revealed a large number of de-
generating germline cells in worker ovarioles at the 
beginning of the � fth larval instar [33,69]. TUNEL 
labeling of larval ovaries con� rmed the ultrastruc-
tural evidence of PCD in the worker caste [76]. Ap-
optotic cells are � rst detected in late feeding-staged 
larvae in the central region of the ovariole primordia 
(Fig. 3b), when germline cells start to undergo the 
incomplete mitotic divisions leading to the forma-
tion of germ cell clusters. During the subsequent 
phases of the � fth instar, the number of TUNEL-la-
beled cells increases and reaches also the apical and 
basal regions of the ovarioles, leading to the entire 
disintegration of most ovarioles. In queen ovaries, 
cell death is a rare and sporadic event during the 
larval stages. This guarantees that the high number 
of ovariole primordial established in the early larval 
stages is maintained throughout metamorphosis and 
until emergence of the adult queen. Complementary 
labeling of S-phase nuclei by incorporation of the 
bromodeoxyuridine (BrdU) showed that cell death in 
worker ovarioles in the � fth larval instar is preceded 
by mitotic activity [76]. The passage through a mi-
totic cycle before a worker bee’s germ cells initiate 
a cell death program can be interpreted as part of a 
conserved mechanism, as it has also been encoun-
tered in mammalian tissues [1]. It may represent a 
mechanism in cell death induction that is charac-
teristic for eukaryotic cells that die prior to having 
reached a state of terminal differentiation.
 The massive cell death detected by TUNEL 
labeling in late feeding stage worker larvae is only 
the � nal manifestation in a series of PCD events, 
since in our ultrastructure analyses we could detect 
cells exhibiting advanced stages of degeneration 
already in ovarioles of early � fth-instar worker 
larvae (Fig. 3a). Sporadic cell death in early larval 
stages has also been reported by Reginato and 
Cruz Landim [68]. The temporal coincidence of 
PCD events in worker larvae with the appearance 
of numerous cystocyte clusters as a consequence 
of incomplete cytokinesis in germ cells led us to 
investigate the cytoskeleton structure in developing 
bee ovaries. TRITC-phalloidin labeling revealed 
that F-actin constitutes a major component of the 
polyfusomes that start to form in the germ cell 

region of fourth larval instar ovaries in both castes. 
While the number and size of polyfusomes markedly 
increases in � fth-instar queen ovaries (Fig. 3c), 
the F-actin distribution in worker ovaries changes 
dramatically, with many cells exhibiting apparently 
unorganized actin agglomerates in their cytoplasm 
(Fig. 3d). In terms of timing, the manifestation of 
a disorganized actin cytoskeleton, thus, precedes 
the onset of massive cell death that was detected 
by TUNEL labeling, and in terms of functional 
signi� cance, this observation resembles the situation 
described in the ovaries of adult bees, where actin 
agglomerates were also detected in ovariole regions 
that showed a high incidence of pycnotic nuclei (see 
Fig. 2).
 The timing of PCD events in the differentiation 
of the alternative ovary phenotypes in honey bees 
suggested that the caste-speci� c differences in the 
hemolymph JH titer may be critical for the decision 
whether PCD is initiated or not in the germ cell 
region of the developing ovary. When we applied JH 
to fourth-instar worker larvae, a protocol frequently 
employed in studies on caste development in honey 
bees and stingless bees [10,61,71], we observed 
that an arti� cially elevated JH titer diminished 
the mitotic activity in the worker ovary during the 
critical phase of PCD induction and also prevented 
disintegration of the fusomal and cortical actin 
cytoskeleton [76,77]. Such a parallel action of JH 
on DNA synthesis and cytoskeleton organization 
has also been observed in salivary glands of the 
fruit � y, Drosophila melanogaster, and the tobacco 
hornworm, Manduca sexta [38,39].

FINAL CONSIDERATIONS

 Comparing PCD characteristics observed in the 
larval and adult ovary of honey bee workers suggests 
that maintenance of the fusomal actin cytoskeleton 
plays an important role in preventing the induction of 
cell death in the early stages of oogenesis. This early 
decision of whether to keep a germ cell cluster alive 
or drive it to apoptosis via cytoskeletal degradation 
has primarily been detected in the ovaries of social 
bees. It has not been described in such detail in other 
insects, including Drosophila, where it has been 
reported to be limited to the narrow 2a/b zone [20]. 
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The long germarium of the honey bee ovary with its 
numerous germline cysts developing in sequence 
(Fig. 1) facilitates the detection of these events. Also 
in the context of ovariole number determination, the 
honey bee ovary is an interesting playground for 
investigations into this important � tness parameter, 
which is not easily studied in other insects due to a 
much reduced natural variation in ovariole number. 
There is variation, however, in many insect species, 

and we know very little about the determinants of 
such variation. Studies on ovariole number deter-
mination in Drosophila have revealed both genetic 
factors and environmental in� uence, primarily nutri-
tion, to affect this � tness character [36,89]. In honey 
bees, larval nutrition is clearly the major determinant 
of ovariole number [19], yet recently, we could de-
tect also a genetic component. This was revealed by 
a microsatellite analysis of worker genotype, which 

Figure 3. Programmed cell death in the ovary of honey bee larvae. A. Ultrastructure of germ cell cluster in the ovary of 
early 5th instar worker larva, arrows indicate degenerating nuclei. B. DNA fragmentation in the ovary of late 5th instar 
worker larva, the arrows point to some of the TUNEL labeled nuclei. C. TRITC-phalloidin staining in the ovary of early 
5th instar queen larva, F-actin is organized and forms the central material of fusomes (arrows). D. TRITC-phalloidin 
staining in the ovary of early 5th instar worker larva, the F-actin cytoskeleton is disorganized and shows agglomerates 
(arrows), a few well organized fusomes are still visible (arrowhead).
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showed a strong correlation between paternal geno-
type of a worker with the number of ovarioles in her 
ovaries and the facility with which these can become 
activated [45]. We expect this genetic component to 
be part of an apoptosis-preventing mechanisms that 
allows the survival of more than an average number 
of ovarioles past the critical larval stages.
 The genetic architecture and proximate mecha-
nisms that induce or prevent PCD in the insect ovary 
have been mainly studied in Drosophila. Even though 
investigations into mechanisms underlying PCD in 
bee ovaries have only just begun, they already added 
a new facet to the picture, namely the role of JH in 
regulating the proliferation rate of larval germ cells 
and in the maintenance of the fusomal and cortical 
actin cytoskeleton in germline cysts. It is important 
to note in this context that JH probably plays this 
protective role primarily in the larval stages. Based 
on measurements of JH titers in adult bees, this hor-
mone, however, is probably not involved in prevent-
ing PCD in ovaries of adult queens and workers. 
 At this point it is interesting to speculate which 
factors may actually be involved in the local control 
of PCD induction in the oogenesis progression in 
adult bees. Since nutrition, especially a protein-rich 
diet is of general importance for insect fertility, it 
could be possible that the ancient pathway of insulin 
signaling [8] has been remodeled into a control 
function for oogenesis in the alternative ovary 
phenotypes of bees. With the release of version 3.0 
of the honey bee genome (http://hgsc.bcm.tmc.edu/
projects/honeybee) such factors, as well as other 
candidate genes, are now becoming amenable to 
expression studies in the honey bee castes, as a 
model for large-scale PCD in the insect germline. 

ACKNOWLEDGMENTS

We thank Alessandra Herling Lambertucci and Zilá Luz 
Paulino Simões for access to unpublished data on honey 
bee ovary structure, and we acknowledge � nancial support 
by FAPESP and CAPES.

REFERENCES
1.  Alaoui SE, Mian S, Lawry J, Quash G, Grif� n M 

(1992) Cell cycle kinetics, tissue transglutaminase and 
programmed cell death (apoptosis). FEBS Lett. 311, 
174-178

2. Barchuk AR, Bitondi MMG, Simões ZLP (2002) 
Effects of juvenile hormone and ecdysone on the 
initiation of vitellogenin synthesis in queen and 

worker pupae of Apis mellifera. J. Insect Sci., http:
//www.insectscience.org/2.1

3.  Barron AB, Oldroyd BP (2001) Social regulation of 
ovary activation in “anarchistic” honey bees (Apis 
mellifera). Behav. Ecol. Sociobiol. 49, 214-219.

4.  Berger B, Abdalla FC (2005) Programmed cell death 
during ovarian differentiation in queens of Apis 
mellifera Linné, 1758 (Hymenoptera, Apini). Braz. J. 
morphol. Sci. 22, 1-4.

5.  Berger B, Abdalla FC, Cruz-Landim C (2005) Effect 
of narcosis with CO

2
 on the ovarian development in 

queens of Apis mellifera (Hymenoptera, Apini). Socio-
biology 45, 261-270 

6.  Barron AB, Oldroyd BP, Ratnieks FLW (2001) Worker 
reproduction in honey bees (Apis) and the anarchic 
syndrome: a review. Behav. Ecol. Sociobiol. 50, 199-
208.

7. Boleli IC, Paulino-Simões ZL, Gentile Bitondi MM 
(1999) Cell death in ovarioles causes permanent steril-
ity in Frieseomelitta varia worker bees. J. Morphol. 
242, 271-282.

8.  Brogiolo W, Stocker H, Ikeya T, Rintelen F, Fernandez 
R, Hafen E (2001) An evolutionary conserved func-
tion of the Drosophila insulin receptor and insulin-like 
peptides in growth control. Curr. Biol. 11, 213-221

9.  Büning J (1994) The Insect Ovary. Chapman and Hall:  
London.

10. Campos LAO (1979) Determinação do sexo nas abel-
has. XIV. Papel do hormônio juvenil na diferenciação 
das castas na subfamília Meliponinae (Hymenoptera, 
Apidae). Rev. Bras. Biol. 39, 96-971.

11. Cavaliere V, Taddei C, Gargiulo G (1998) Apoptosis of 
nurse cells at the late stages of oogenesis of Drosophi-
la melanogaster. Dev. Genes Evol. 208, 106-112.

12. Chao SH, Nagoshi RN (1999) Induction of apoptosis 
in the germline and follicle layer of Drosophila egg 
chambers. Mech. Dev. 88, 159-172.

13. Chen P, Nordstrom W, Gish B, Abrams JM (1996) 
grim, a novel cell death gene in Drosophila. Genes 
Dev. 10, 1773-1782.

14. Clements AN, Boocock MR (1984) Ovarian develop-
ment in mosquitoes: stages of growth and arrest and 
follicular resorption. Physiol. Entomol. 9, 1-8.

15. Colonello NA, Hartfelder K (2005) She is my girl 
– male accessory gland products and their function 
in the reproductive biology of social bees. Apidologie 
26, 231-244. 

16. Cooley L, Verheyen E, Ayers K (1992) chickadee en-
codes a pro� llin required for intercellular cytoplasm 
transport during Drosophila oogenesis. Cell 69, 173-
184.

17. de Groot AP, Voogd S (1954) On the ovary develop-
ment in queenless workers bees (Apis mellifera L.). 
Experientia 10, 384-385.

18. de Lorenzo C, Strand D, Mechler BM (1999) Require-
ment of Drosophila l(2)gl function for the survival 
of the germline cells and organization of the follicle 
cells in a columnar epithelium during oogenesis. Int. 
J. Dev. Biol. 43, 207-217.

tanaka.ind   23 11/7/06, 5:19:00 pm



É. D. Tanaka et. al.24

Braz. J. morphol. Sci. (2006) 23(1), 15-26

19. Dedej S, Hartfelder K, Aumeier P, Rosenkranz P, 
Engels W, (1998) Caste determination is a sequential 
process: Effect of larval age at grafting on ovariole 
number, hindleg size, and cephalic volaties in the 
honey bee, Apis mellifera carnica. J. Apicut. Res. 37, 
193-200.

20. Drummond-Barbosa D, Spradling AC (2001) Stem 
cells and their progeny respond to nutritional changes 
during Drosophila oogenesis. Dev. Biol. 231, 265-
278.

21. Engels W, Imperatriz-Fonseca VL (1990) Caste de-
velopment, reproductive strategies, and control of 
fertility in honey bees and stingless bees. In: Social 
Insects: An Evolutionary Approach to Castes and 
Reproduction. (Engels W, ed). pp 168-230. Springer: 
Heidelberg. 

22. Fell PE (1969) The involvement of nurse cells in oog-
enesis and embryonic development in marine sponge, 
Haliclona ecbasis. J. Morphol. 127, 133-150.

23. Foley K, Cooley L (1998) Apoptosis in the late stage of 
Drosophila nurse cells does not require genes within 
the H99 de� ciency. Development 125, 1075-1082.

24. Geva, S., Hartfelder, K., Bloch, G. (2005) Reproduc-
tive division of labor, dominance, and ecdysteroid 
levels in hemolymph and ovary of the bumble bee 
Bombus terrestris. J. Insect Physiol. 51, 811-823.

25. Giorgi F, Deri P (1976) Cell death in ovarian chambers 
of Drosophila melanogaster. J. Embyol. Exp. Mor-
phol. 35, 521-533.

26. Grether ME, Abrams JM, Agapite J, White K, Steller 
H (1995) The head involution defective gene in Dro-
sophila melanogaster functions in programmed cell 
death. Genes Dev. 9, 1694-1708.

27. Guidugli KR, Nascimento AM, Amdam GV, Barchuk 
AR, Omholt SW, Simões ZLP, Hartfelder K (2005) 
Vitellogenin regulates hormonal dynamics in the 
worker caste of a eusocial insect. FEBS Lett. 579, 
4961-4965.

28. Gumienny TL, Lambie E, Hartwieg E, Horvitz HR, 
Hengartner MO (1999) Genetic control of pro-
grammed cell death in the Caenorhabditis elegans 
hermaphrodite germline. Development 126, 1011-
1022.

29. Halling L, Oldroyd BP, Patimus B, Wattanachaiying-
charoen W, Barron AB, Nanork P, Wongsiri S (2001) 
Worker policing in the bee Apis � orea. Behav. Ecol. 
Sociobiol. 49, 509-513.

30. Harrison FW, De Vos L (1991) Porifera. In: Micro-
scopic Anatomy of Invertebrates. Vol. 2. (Harrison 
FW, Westfall JA, eds). pp 29-89. Wiley-Liss: New 
York.

31. Hartfelder K (1993) Structure and function of the 
prothoracic gland in honey bee (Apis mellifera L.) 
development. Invertebr. Reprod. Dev. 23, 59-74.

32. Hartfelder K, Engels W (1998) Social insect polymor-
phism: hormonal regulation of plasticity in develop-
ment and reproduction in the honeybee. Curr. Top. 
Dev. Biol. 40, 45-77.

33. Hartfelder K, Steinbrück G (1997) Germ cell cluster 
formation and cell death are alternatives in caste-
speci� c differentiation of the larval honey bee ovary. 
Invertebr. Reprod. Dev. 31, 237-250.

34. Hay B, Wassarman DA, Rubin GM (1995) Drosophila 
homologs of baculovirus inhibitor of apoptosis 
proteins function to block cell death. Cell 83, 1253-
1262.

35. Hay BA, Huh JR, Guo M (2004) The genetics of cell 
death: approaches, insights and opportunities in Dro-
sophila. Nature Rev. 5, 911-922.

36. Hodin J, Riddiford LM (2000) Different mechanisms 
underlie phenotypic plasticity and interspeci� c varia-
tion for a reproductive character in drosophilids (In-
secta : Diptera). Evolution 54, 1638-1653.

37. Hopwood JA, Ahmed AM, Polwart A, Williams GT, 
Hurd H (2001) Malaria-induced apoptosis in mos-
quito ovaries: a mechanism to control vector egg 
production. J. Exp. Biol. 204, 2773-2780.

38. Jochova J, Zakeri Z, Lockshin RA (1997) Rearrange-
ment of the tubulin and actin cytoskeleton during 
programmed cell death in Drosophila salivary gland. 
Cell Death Differ. 4, 140-149.

39. Jochova J, Quaglino D, Zakeri Z, Woo K, Sikorska 
M, Weaver V, Lockshin RA (1998) Protein synthesis, 
DNA degradation, and morphological changes during 
programmed cell death in labial glands of Manduca 
sexta. Dev. Genet. 21, 249-257.

40. King, RC (1970) Origin and development of the 
egg chamber within the adult ovarioles. In: Ovarian 
Development in Drosophila melanogaster. pp. 38-54. 
Academic Press: New York.

41. Kubisová S, Haslbachová H (1978) Effects of larval 
extracts on the development of ovaries in caged 
worker honeybees. Acta Entomol. Bohemoslov. 75, 
9-14.

42. Kumar S, Doumanis J (2000) The � y caspases. Cell 
Death Differ. 7, 1039-1044.

43. Mahajan-Miklos S, Cooley L (1994) Intercellular cy-
toplasm transport during Drosophila oogenesis. Dev. 
Biol. 165, 336-351.

44. Mahowald A, Kambysellis M (1980) Oogenesis. In: 
The Genetics and Biology of Drosophila. Vol 2. (Ash-
burner M, Wright TRF, eds). pp. 141-209. Academic 
Press: New York. 

45. Makert GR, Paxton RE, Hartfelder K. Ovariole 
number – a determinant of differential reproductive 
success among worker subfamilies in queenless 
honey bee (Apis mellifera L.) colonies. (submitted).

46. Margaritis LH (1985) Structure and physiology of 
the eggshell. In: Comprehensive Insect Biochemis-
try, Physiology and Pharmacology. Vol 1. (Gilbert 
LI, Kerkut GA, eds). pp. 151-230. Pergamon Press: 
Oxford. 

47. Margaritis LH, Mazzini M (1998) Structure of the 
egg. In: Microscopic Anatomy of Invertebrates. Vol 
11C “Insecta”. (Harrison FW, Locke M, eds). pp. 
995-1037. Wiley-Liss: New York.

tanaka.ind   24 11/7/06, 5:19:01 pm



Cell death in ovaries of social bees 25

Braz. J. morphol. Sci. (2006) 23(1), 15-26

48.  Matova N, Cooley L (2001) Comparative aspects of 
animal oogenesis. Dev. Biol. 231, 291-320.

49. McCall K (2004) Eggs over easy; cell death in the 
Drosophila ovary. Dev. Biol. 274, 3-14.

50. Michener CD (1969) Comparative social behavior of 
bees. Annu. Rev. Entomol. 14, 299-342.

51. Miller MA, Technau U, Smith KM, Steele RE (2000) 
Oocyte development in Hydra involves selection from 
competent precursor cells. Dev. Biol. 224, 326-338.

52. Nezis IP, Stravopodis DJ, Papassideri I, Robert-Nicoud 
M, Margaritis LH (2000) Stage-speci� c apoptotic pat-
terns during Drosophila oogenesis. Eur. J. Cell Biol. 
79, 610-620.

53. Nezis IP, Stravopodis DJ, Papassideri I, Margaritis LH 
(2001) Actin cytoskeleton reorganization of the apop-
totic nurse cells during the late developmental stages 
of oogenesis in Dacus oleae. Cell Motil. Cytoskel. 48, 
224-233.

54. Nezis IP, Stravopodis DJ, Papassideri I, Robert-Ni-
coud M, Margaritis LH (2002) Dynamics of apoptosis 
in the ovarian follicle cells during the late stages of 
Drosophila oogenesis. Cell Tissue Res. 307, 401-409.

55.  Nezis IP, Modes V, Mpakou V, Stravopodis DJ, 
Papassideri IS, Mammali I, Margaritis LH (2003) 
Modes of programmed cell death during Ceratitis 
capitata oogenesis. Tissue Cell 35, 113-119.

56 Oldroyd BP, Halling LA, Good G, Wattanach-
aiyingcharoen W, Barron AB, Nanork P, Wongsiri S, 
Ratnieks FLW (2001) Worker policing and worker 
reproduction in Apis cerana. Behav. Ecol. Sociobiol. 
50, 371-377.

57. Patrício K, Cruz-Landim C (2002) Mating in� uence 
in the ovary differentiation in adult queens of Apis 
mellifera L. (Hymenoptera, Apidae). Braz. J. Biol. 
62, 641-649.

58. Pepling ME, Spradling AC (2001) Mouse ovarian 
germ cell cysts undergo programmed breakdown to 
form primordial follicles. Dev. Biol. 234, 339-351.

59. Peterson JS, Barkett M, McCall K (2003) Stage-
speci� c regulation of caspase activity in Drosophila 
oogenesis. Dev. Biol. 260, 113-123.

60.  Pfeifer M, Orsulic S, Sweeton D, Wieschaus E (1993) 
A role for the Drosophila segment polarity gene 
armadillo in cell adhesion and cytoskeleton integrity 
during oogenesis. Development 118, 1191-1207.

61. Rachinsky A, Engels W (1995) Caste development in 
honeybees (Apis mellifera): Juvenile hormone turns 
on ecdysteroids. Naturwissenschaften 82, 378-379. 

62. Rachinsky A, Hartfelder K (1990) Corpora allata 
activity, a prime regulating element for caste-speci� c 
juvenile hormone titre in the honeybee larvae (Apis 
mellifera carnica). J. Insect Physiol. 36, 189-194.

63. Rachinsky A, Strambi C, Strambi A, Hartfelder K 
(1990) Caste and metamorphosis: Hemolymph titers 
of juvenile hormone and ecdysteroids in last instar 
honeybee larvae. Gen. Comp. Endocr. 79, 31-38.

64. Raikhel AS, Brown, MR, Bellés X (2005) Hormonal 
control of reproductive processes. In: Comprehensive 

Molecular Insect Science. Vol. 3 (Gilbert LI, Iatrou K, 
Gill SS, eds). pp. 433-491. Elsevier: Oxford. 

65. Ratnieks FLW (1993) Egg-laying, egg-removal, and 
ovary development by workers in queenright honey 
bee colonies. Behav. Ecol. Sociobiol. 32, 191-198.

66. Ratnieks FLW (1995) Evidence for queen-produced 
egg marking pheromone and its use in worker polic-
ing in the honey bee. J. Apicult. Res. 34, 31-37.

67. Ratnieks FLW, Visscher PK (1989) Worker policing in 
honey bees. Nature 342, 796-797.

68. Reginato RD, Cruz-Landim C (2001) Differentiation  
of the worker’s ovary in Apis mellifera L., (Hymenop-
tera, Apidae) during life of the larvae. Invert. Reprod. 
Dev. 39, 127-134. 

69. Reginato RD, Cruz-Landim C (2002) Morphological 
characterization of cell death during the ovary dif-
ferentiation in worker honey bee. Cell Biol. Int. 26, 
243-251.

70. Rembold H (1987) Caste speci� c modulations of juve-
nile hormone titers in Apis mellifera. Insect Biochem. 
17, 1003-1006.

71. Rembold H, Czoppelt C, Rao PJ (1974) Effects of 
juvenile hormone treatment on caste differentiation 
in the honey bee, Apis mellifera. J. Insect Physiol. 
20, 307-314.

72. Richardson H, Kumar S (2002) Death to � ies: Dro-
sophila as a model system to study programmed cell 
death. J. Immunol. Methods 265, 21-38.

73. Robinson GE, Strambi C, Strambi A, Feldlaufer MF 
(1991) Comparison of juvenile hormone and ecdys-
teroid hemolymph titers in adult worker and queen 
honey bees (Apis mellifera). J. Insect Physiol. 37, 
929-935.

74. Ruttner F (1988) Biogeography and Taxonomy of 
Honey bees. Springer: Berlin.

75. Sakagami SF, Beig D, Akahira Y (1963) Occurrence 
of ovary developed workers in queenright colonies of 
stingless bees. Rev. Bras. Biol. 23, 115-129.

76. Schmidt Capella IC, Hartfelder K (1998) Juvenile hor-
mone effect on DNA synthesis and apoptosis in caste-
speci� c differentiation of the larval honey bee (Apis 
mellifera L.) ovary. J. Insect Physiol. 44, 385-391.

77. Schmidt Capella IC, Hartfelder K (2002) Juvenile 
hormone-dependent interaction of actin and spectrin 
is crucial for polymorphic differentiation of the larval 
honey bee ovary. Cell Tissue Res. 307, 256-272.

78. Snodgrass RE (1956) Anatomy of the Honey Bee. 4th 
edition. Cornell University Press: London. 

79. Soller M, Bownes M, Kubli E (1999) Control of 
oocyte maturation in sexually mature Drosophila 
females. Dev. Biol. 208, 337-351.

80. Staurengo da Cunha MA, Campos LAO (1990) 
Desenvolvimento ovariano em operárias de Frie-
seomelitta varia varia (Lep. 1836) (Hymenoptera, 
Apidae). Rev. Brasil. Biol. 53, 63-69.

81. Staurengo da Cunha MA, Gomes GM, Campos LAO 
(1986) Desenvolvimento ovariano em operárias adul-
tas de Frieseomelitta solvestri languida (Hymenop-

tanaka.ind   25 11/7/06, 5:19:02 pm



É. D. Tanaka et. al.26

Braz. J. morphol. Sci. (2006) 23(1), 15-26

tera, Apidae) sob condições normais e de orfandade. 
Ciênc. Cult. 38, 1725-1731.

82. Tanaka ED, Hartfelder K (2004) The initial stages of 
oogenesis and their relation to differential fertility 
in the honey bee (Apis mellifera) castes. Arthropod. 
Struct. Dev. 33, 431-442.

83. Tardent P (1985) The differentiation of germ cells 
in Cnidaria. In: The Origin and Evolution of Sex. 
(Halvorson HO, Monroy A, eds). pp. 163-197. Alan R 
Liss, Inc.: New York. 

84. Trougakos IP, Margaritis LH (2002) Novel morpho-
logical and physiological aspects of insect eggs. In: 
Chemoecology of Insect Eggs and Egg Deposition. 
(Hilker M, Meiners T, eds). Free University of Berlin, 
Blackwell Publishing: Berlin-Vienna.

85. Velthuis HHW (1970) Ovarian development in Apis 
mellifera worker bees. Entomol. Exp. Appl. 13, 377-
394. 

86. Vernooy SY, Copeland J, Ghaboosi N, Grif� n EE, 
Yoo SJ, Hay BA (2000) Cell death regulation in 
Drosophila: conservation of mechanism and unique 
insights. J. Cell Biol. 150, F69-F76.

87. Visscher PK (1989) A quantitative study of worker 
reproduction in honey bee colonies. Behav. Ecol. 
Sociobiol. 25, 247-254.

88. Visscher PK (1996) Reproductive con� ict in honey 
bees: a stale-mate of worker egg-laying and policing. 
Behav. Ecol. Sociobiol. 39, 237-244.

89. Wayne ML, Mackay TFC (1998) Quantitative genet-
ics of ovariole number in Drosophila melanogaster. 
II. Mutational variation and genotype-environment 
interaction. Genetics 148, 201-221.

90. Weiss K (1978) Zur Mechanik der Kastenentstehung 
bei der Honigbiene (Apis mellifera L.). Apidologie 9, 
223-258. 

91. Wheatley S, Kulkarni S, Karess R (1995) Drosophila 
nonmuscle myosin II is required for rapid cytoplas-
mic transport during oogenesis and for axial nuclear 
migration in early embryos. Development 121, 1937-
1945.

92. White K, Grether M, Abrams J, Young L, Farrel K, 
Steller H (1994) Genetic control of cell death in Dro-
sophila. Science 264, 677-683.

93. Winston ML, Higo HA, Slessor KN (1990) Effect of 
various dosages of queen mandibular gland pherom-
one on the inibition of queen rearing in the honey bee 
(Hymenoptera: Apidae). Ann. Entomol. Soc. Am. 83, 
234-238.

94. Zander E, Löschel F, Meier K (1916) Die Ausbildung 
des Geschlechtes bei der Honigbiene (Apis melli� ca 
L.). Z. Angew. Entomol. 3, 1-74.

Received: September 23, 2005
Accepted: January 26, 2006

tanaka.ind   26 11/7/06, 5:19:03 pm


