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Abstract

Bumblebees establish annual colonies that start with the emergence of workers in spring and end with the production of
sexuals, the majority of which are males, in late summer. To date, the causes responsible for the transition in the production
of diploid-female offspring to haploid-male offspring during the decline phase of colonies remain elusive. Using flow cytom-
etry, we tested whether such a caste shift is correlated with a decline in sperm number and quality (i.e., sperm viability and
sperm DNA fragmentation) in the queen spermatheca over time, from mating to the emergence of the first males. We found
that sperm number and viability significantly decreased, while sperm DNA fragmentation increased in the spermatheca over
time. These results suggest that the shift towards male production during the decline phase of a bumblebee colony stems at
least partly from a combination of a drop in sperm count and sperm quality in queens’ spermatheca.

Significance statement

In social Hymenoptera, sex determination is based on the haplodiploidy system in which males develop from unfertilized eggs
and are haploid, and females develop from fertilized eggs and are diploid. So far, the proximal mechanisms responsible for
the social transition from diploid-female egg production to haploid-male egg production remain unknown. We show that the
shift towards male production during the decline phase of bumblebee colonies is associated with a reduction in the quantity
and quality of the sperm stored in the queen spermatheca over time. More generally, it suggests that sperm conservation is
limited and likely adapted to the relatively short lifespan of bumblebee queens, which produce small and annual colonies.
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Introduction

In sexually reproducing species, fertilization success
depends on two key factors: (i) the quality of the germ cells
and (ii) their synchronous arrival at the fertilization site
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(Birkhead and Mgller 1993; Suarez 1998; Sasanami et al.
2013).

Females of eusocial hymenopterans (ants, social bees,
and wasps) unquestionably hold the record for the longest
sperm preservation time in the animal kingdom. Mating pro-
ceeds during a single nuptial flight, at the beginning of adult
life for both sexes. Males die shortly after mating. On the
other hand, reproductive females (queens) store a lifetime’s
supply of sperm in their spermatheca, which they use to
fertilize their eggs for years, sometimes decades depend-
ing on the species (Holldoble and Wilson 1990; Keller and
Genoud 1997; reviewed in Degueldre and Aron 2023b).
Once inseminated, queens found new colonies by produc-
ing non-reproductive workers. Depending on the species, it
takes a colony a few months to a few years to reach maturity,
at which time the colony starts to produce males and new
queens that will repeat the cycle (Michener 1974; Holldoble
and Wilson 1990; Starr 2021). The unique mating event
characteristic of social Hymenoptera imposes strong selec-
tive pressures on queens to conserve a finite stock of sperm
to ensure colony growth (Baer 2011; Chérasse and Aron
2018; Degueldre and Aron 2023b). Several mechanisms
have been identified to preserve sperm in the spermatheca,
including (i) production of antioxidant proteins, (ii) reduc-
tion of the metabolic rate, delaying cell ageing and limiting
reactive oxygen species (ROS) production, (iii) production
of antimicrobial peptides, (iv) spermiophagy, whereby dead
spermatozoa are removed from the spermatheca prevent-
ing a potential source of toxic molecules such as ROS, (v)
the energy supply of stored sperm from the glandular tis-
sues of the female’s reproductive tract, or (vi) promotion of
anaerobic metabolism of stored spermatozoa to limit ROS
production (Baer 2011; Chérasse and Aron 2018; reviewed
in Degueldre and Aron 2023b).

Unlike most social hymenopterans, bumblebee queens
have a relatively short lifespan, averaging 11 months, and
colonies are annual (Goulson 2003). Mating proceeds in
late summer, during which queens typically mate with a
single male. Sperm transferred by the male are released
into the bursa copulatrix of the queen and, within approxi-
mately 1 h, migrate through the spermathecal duct into
the spermatheca where they are stored until fertilization.
The amount of sperm transferred to the female is around
40,000-50,000 spermatozoa (Roseler 1973). After a
diapause period (from October/November to March for
temperate species; Schmid-Hempel and Schmid-Hempel
2000), the queens found their colony. The first eggs laid
after diapause, in spring, are diploid and develop into
workers. This ergonomic phase lasts several weeks, with
colonies reaching a few hundred workers (+ 300-400
workers) (Velthuis and Van Doorn 2006). Early sum-
mer corresponds to the beginning of colony decline:
production of diploid-female eggs gradually decreases,
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and haploid-male eggs are laid (males develop from
unfertilized eggs in Hymenoptera). This phase marks the
“switch point” (SP) in the colony’s lifecycle (Duchateau
and Velthuis 1988). The emission of the queen pheromone
progressively decreases and the last diploid eggs laid are
raised into sexual females (virgin queens) (Duvoisin et al.
1999; Aron and Passera 2000). Simultaneously, work-
ers start to lay (haploid) eggs leading to overt queen-
worker conflict over male production, a phase known as
the “competition phase (CPh).” The CPh is characterized
by worker oviposition, egg consumption (oophagy), and
the opening or destruction of egg cups (laid or not by the
queen). Notably, the timing of the CPh is independent of
whether the SP occurs early or late in the colony’s life.
In some colonies, the CPh can manifest 3 weeks after the
SP, indicating that these two events are not causally linked
(Duchateau and Velthuis 1988). Workers could adaptively
delay egg laying until they obtain information allowing
them to maximize their kin-selected interests (Bourke and
Ratnieks 2001).

Several ecological, demographic, and population genetic
factors were shown to influence the ratio of haploid and dip-
loid eggs laid by queens in social Hymenoptera (reviewed in
Aron 2012). These factors encompass fluctuations in sexual
production throughout the seasons, the stage in the colony’s
life cycle, as well as the genetic structure of the population
and the intra-colony competition among related offspring. In
several temperate ant species, the initiation of haploid egg
production by queens and the rearing of diploid eggs into
new reproductive queens is triggered by the emergence from
hibernation. Queens’ ability to control the ratio of haploid
and diploid eggs laid over time has also been documented
in the honeybee Apis mellifera, with the proportion of drone
eggs to worker eggs being higher during the swarming sea-
son than in other times of the year (Sasaki et al. 1996). This
ratio of drone and worker eggs laid is influenced, at least
partially, by a negative feedback mechanism in drone egg
production (Sasaki et al. 1996; Wharton et al. 2007). Fur-
thermore, Wharton et al. (2007) suggested that, in Apis mel-
lifera, the queen’s choice to lay a haploid or diploid egg is
influenced by the size of the cell.

In contrast to ants and honeybees, bumblebee colonies are
annual and limited to a few hundred individuals and limited
to a few hundred individuals. So far, the proximal mecha-
nisms responsible for the social transition in the produc-
tion of diploid-female offspring to haploid-male offspring
marking the SP in bumblebee colonies remain unknown.
Two non-mutually exclusive hypotheses can be envisaged to
account for the increase in the proportion of males reared in
early summer: (1) sperm depletion, that is queens no longer
have enough sperm in their spermatheca to fertilize all their
eggs, and/or (2) a decline in sperm quality, that is, queens
retain a sufficient supply of sperm to fertilize their eggs but
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the spermatozoa undergo progressive degradation in the
spermatheca leading to infertility; hence, the production of
unfertilized-male eggs.

Here, we examined these two hypotheses in the buft-
tailed bumblebee, Bombus terrestris. Queens are typically
single-mated (monandrous); they store the sperm transferred
in their spermatheca for around 11 months, which corre-
sponds to the time between mating (late summer) and the
end of the colony’s life (early summer of the following year)
(Baer 2003; Baer et al. 2003). We analyzed sperm number
and sperm quality (estimated from sperm viability and sperm
DNA integrity) in the spermatheca of queens throughout the
colony life cycle, from mating to the emergence of males.

Materials and methods
Study species and rearing

A sample of 300 males and 110 virgin females of B. ter-
restris were purchased from Biobest (Westerlo, Belgium).
We performed copulation assays following the methodology
of Lhomme et al. (2013). Briefly, one virgin queen (3-day
old) was placed with three virgin males (7-10 days old),
unrelated to the queen and to each other, in a flight cage
(35 X 35 x 60 cm) and exposed to natural light at room
temperature. Once the queen was copulating with one of the
males, the other two males were removed from the cage to
avoid disruptions. After mating (+ 30 min), the queen was
transferred to a nest box (16 X 11 X 9 cm) with ad libitum
pollen and sugar. One week after mating, the queens were
put into artificial hibernation. They were placed in match-
boxes (51 X 38 X 13 cm) with a cotton soaked in water and
placed at an ambient temperature of 5-6 °C for 2 months.
After the 2-month hibernation, the queens were placed in
flight cages (30 x 30 x 30 cm) with food (Salix sp. pollen,
Rucher de Lorraine) and sugar resources (Biosweet, Biobest)
ad libitum. They were maintained with a light period of 8 h/
day at 24-26°C for 1 week, followed by 3 days of full light
to completely awake queens. Then, the queens were reared in
plastic cages (8 X 16 X 16 cm), in the dark, with a constant
temperature of 26 °C and a relative humidity of 50-60% to
start their colony (Vanderplanck et al. 2019).

We estimated sperm quantity and quality in the sper-
matheca throughout the queens’ lifespan. We dissected the
queen spermatheca at nine time-points after copulation: 7
days after copulation (just before hibernation); 75 days after
copulation (when queens were coming out of hibernation);
at the emergence of the first workers in each colony; 10, 20,
40, 55, and 70 days after the emergence of the first work-
ers; and, at the emergence of the first adult males (n = 10
per time-point) which indicates the queens recently stopped
laying diploid-female eggs. Indeed, caste production in B.

terrestris occurs sequentially, with no reversions (pers. obs.).
Our experimental colonies experienced different rates of
development. However, for the sake of simplicity and clarity,
time-points for all colonies are referred to in the text as fol-
lows: Dy; D4; D455 D5 (the average emergence time of the
first workers); Dy s, Dy5s, Dyss, Dygo, and D75 corresponding
to 10, 20, 40, 55, and 70 days after the emergence of the first
workers, respectively; and Do, (the average emergence time
of the first adult males). Note that under natural conditions,
the period between mating and hibernation can last up to
2 months, and the duration of hibernation up to 5 months
(Lhomme et al. 2013). Our procedure (1 week between
mating and hibernation, and 2-month hibernation) there-
fore shortens the solitary period of the queens before they
found their colony, as recommended in bumblebee breeding
experiments (Lhomme et al. 2013).

Sperm extraction

The female reproductive tract was dissected in a semen dilu-
ent saline buffer solution (188.3 mM sodium chloride, 5.6
mM glucose, 574.1 nM arginine, 684.0 nM lysine, and 50
mM tris(thydroxymethyl)aminomethane, pH 8.7; Paynter
et al. 2014), which keeps sperm alive during the experi-
ment. The spermatheca was opened, and its content was
extracted, collected, and mixed with 100 pl of semen dilu-
ent. The sperm solution was then transferred equally into
two Eppendorf tubes for flow cytometry analyses: 50 pl was
used to assess sperm count and viability, and 50 pl was used
for sperm DNA fragmentation analyses. This procedure
allowed us to determine sperm number and quality for the
same biological samples, each sample corresponding to the
spermathecal content of a single queen.

Flow cytometry

Sperm number, sperm viability, and sperm DNA fragmen-
tation were analyzed by flow cytometry (CyFlow® Space
Sysmex) (Chérasse and Aron 2018; Degueldre and Aron
2023a, 2023c). Sperm count was determined from the actual
number of spermatozoa stored in queens’ spermathecae. We
assessed sperm viability by determining the proportion of
live and dead spermatozoa. For both sperm number and
viability, we used the Live/Dead Sperm Viability Kit (Life
molecular probes; ThermoFisher). Sperm samples (50 pl)
were diluted for a final volume of 1 mL with semen diluent.
Next, 5 pl of SYBR-14 (100 nM) was added to this solu-
tion, gently homogenized, and left at room temperature in
the dark for 10 min. Next, 5 pl of PI (12 mM) was added,
and the solution was left at room temperature in the dark
for 10 min. The samples were then injected into the flow
cytometer. SYBR-14 fluorescence was measured between
516 and 556 nm and PI above 630 nm. For each sample, a

@ Springer



133 Page 4 of 9

Behavioral Ecology and Sociobiology (2023) 77:133

total of 1.500.000 cells were counted at a flow rate of 0.6
pl s7!; the stream was allowed to stabilize for 25 s before
counting began. Sperm populations were identified based on
their characteristic forward and side scatter. We established a
gating strategy by analyzing reference samples with known
ratios of live to dead sperm (Supplementary material Figure
S2; Paynter et al. 2014). The gating strategy and sperm cell
counts were carried out using the FlowJo software (v. 10).

The fragmentation rate of sperm DNA was quantified
by using the sperm chromatin structure assay (SCSA, as
described in Evenson 2022, Degueldre and Aron 2023c).
For SCSA, we used acridine orange (AO) as fluorochrome,
which emits green fluorescence when associated with
double-stranded DNA, and red fluorescence when asso-
ciated with single-stranded DNA (i.e., when the DNA is
damaged). AO fluorescence was measured at 525 nm for
double-stranded DNA and at 650 nm for single-stranded
DNA. Sperm samples (50 pl) were diluted in semen diluent
for a final volume of 166 pl. To this volume, we added 333
pl of acid detergent solution. After 30 s in solution, 1 ml of
staining solution (AO + staining buffer) was added, and the
sample was run through the cytometer after 3 min at room
temperature. For each sample, a total of 1,500,000 cells were
counted at a flow rate of 0.1 pl s~ the stream was allowed
to stabilize for 40 s before counting began. We carried out
the gating strategy and sperm cell counts using FlowJo soft-
ware (v. 10.9.0). The DNA fragmentation index (DFI) cor-
responds to the ratio of red fluorescence (fragmented sperm)
to total (red and green) fluorescence.

For each queen, the number of spermatozoa, sperm via-
bility, and sperm DNA integrity (DFI) in the spermatheca
reported correspond to the mean of the three pseudo repli-
cates measured with flow cytometry. To minimize observer
bias, blinded methods were used when all data were ana-
lyzed using FlowJo software (v. 10.9.0).

Statistical analyses

Flow cytometry data were analyzed using R 4.0.3 (R
Core Team 2022). Graphs were produced using the
“ggplot{ggplot2}” (Wickham 2016) package within R.
Descriptive statistics (mean + SD) were calculated by
“describeBy{psych}” (Revelle 2016). Sperm count, via-
bility, and sperm DNA fragmentation (DFI) were ana-
lyzed independently after arcsin transformation of the data
expressed as a percentage to normalize residuals. For each
statistical test, we tested the normality of data (Shapiro-Wilk
test) and homoscedasticity (Bartlett’s comparison of vari-
ances test). In cases where the transformed data satisfied the
conditions for using parametric tests, an ANOVA test was
used with a Bonferroni correction (p,qj) to compare the dif-
ferent age groups. Otherwise, the Kruskal-Wallis’s test was
performed for group comparisons based on non-transformed
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data, followed by Dunn’s post hoc test for multiple compari-
sons. The statistical association between the sperm viability
and sperm DNA fragmentation was determined by the Ken-
dall rank correlation coefficient 7 (for data that do not come
from a bivariate normal distribution).

Results

From the 110 virgin queens placed with males in mating
cages, 91 (83%) mated and 80 of these survived the artifi-
cial hibernation and successfully founded their colony. From
these, 10 randomly selected colonies were reared until the
emergence of the first males, at which stage they reached
on average (mean + SD) of 298 + 41 workers. Raw data on
sperm number, sperm viability, sperm DNA fragmentation
(DFI), and colony size (at emergence of the first males) are
given in Supplementary material S1.

Sperm count

We observed a gradual but significant decrease in the num-
ber of spermatozoa stored in the queens’ spermatheca over
time (Kruskal-Wallis: X2 = 84.763; df = 8, p < 0.001;
Dunn’s post hoc test: D;—D g, p < 0.01; Fig. 1A). Seven
days after mating (D;), the number of spermatozoa in the
spermatheca was on average 46,762 + 3938 (mean + SD).
This number reached 6489 + 1141 on D,,, when the colo-
nies started producing males. This reduction in sperm count
was clearly visible when observing the spermathecae during
the queen’s life (Fig. 1B).

Sperm viability

Sperm viability also decreased significantly over time
(Kruskal-Wallis: X2 =91.135;df =8, p < 0.001; Fig. 2A).
The proportion of live spermatozoa in the queens’ sper-
matheca on D, was 87.67 + 3.07%; from the remaining
spermatozoa, 10.32 + 3.22% were dead and 2.01 + 1.80%
were moribund (i.e., in the process of dying). Sperm via-
bility did not differ before (D) and after hibernation (D5:
alive 85.25 + 3.27%, dead 11.08 + 2.46%, dying 3.67 +
2.16%) (Dunn’s post hoc test: p > 0.05 for live, dead, and
dying spermatozoa, respectively; Fig. 2A). Then, sperm
viability significantly declined in stages (Dunn’s post hoc
tests: p < 0.05): a first drop occurred on D45 which cor-
responds to the emergence of the first workers (live sper-
matozoa 68.41 + 3.87%), a second drop on D5 (54.13 +
6.61%), and a third sharp drop on D45 (19.53 + 7.80%).
At D, at the emergence of the first males, 13.66 + 8.83%
of the spermatozoa were still alive, 54.02 + 14.51% were
moribund, and 32.32 + 13.93% were dead. The decrease in
sperm viability over time was reflected in the increase in
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Fig.1 Sperm quantity (mean
+ SD) in the spermatheca of
queens at different develop- 50000
mental stages of B. terrestris
colonies. A Number of sper-
matozoa in the spermatheca at
nine time-points after mating
(Dy): 7 days (before hibernation,
D), 75 days (when queens are
removed from hibernation, Ds), 20000
105 days (which corresponds
to the average emergence time
of the first workers), 115 days
(Dy5), 125 days (D5), 145
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days (D y5), 160 days (D), 0
and 175 days (D,4s) correspond-
ing to 10, 20, 40, 55, and 70
days after the emergence of the B
first workers, respectively; and
D, (the average emergence of
the first adult males). Letters
indicate statistically significant
differences (Dunn’s post-hoc
tests: p< 0.05). n = 10 queens
per time-point. B Representative
photos of bumblebee sper-
mathecae during queen ageing.
Spermatheca of (i) a virgin
queen (empty), (ii) a queen after
mating (D), (iii) a queen 145
days after mating (D,4s), and
(iv) a queen 190 days after mat-
ing (emergence of first males,

D, 9) showing the reduction in
the spermatheca content over
time

the proportion of dead and moribund spermatozoa during
the decline phase of the colony (Fig. 2A).

Sperm DNA fragmentation (DFI)

There was a significant increase in sperm DNA fragmenta-
tion over the 190 days of the experiment (Kruskal-Wallis: X2
= 86.817; df = 8, p < 0.001, Fig. 2B). DFI was on average
12.68 + 1.02% (mean + SD) after mating (D). It remained
relatively stable until D, s, with DFI=15.79 + 1.40%. Then,
DFI significantly increased, reaching 19.12 + 1.14% at D¢
and 34.71 + 1.71% at D, (emergence of first males) (Dunn’s
post hoc tests: p < 0.05, Fig. 2B). This sharp increase in
sperm DNA fragmentation from D4, was concomitant with
the drop in sperm viability (Kendall’s rank correlation ¢, z =
—9.4839, correlation coefficient tau = —0.637, p < 0.001).

75 P105 1 115 125 145 160 175 1190
Developmental stages of bumblebee colonies
(days after mating)

500 pm

500 pm 500 um

Discussion

This study is the first to precisely determine the variation
in sperm number and quality over the queens’ lifespan in
bumblebees. Our results show that the transition in the
production of diploid-female offspring to haploid-male
offspring during the decline phase of bumblebee colonies
is correlated with a reduced sperm count in the queens’
spermatheca and a decline in sperm quality.

These findings add to our understanding of the mecha-
nisms underlying the switch point (SP) characteristic of
bumblebee colonies. They support that the transition from
diploid to haploid egg production by queens is primar-
ily linked to failed egg fertilization due to sperm quality
decrease. Depletion of viable sperm greatly reduces the
laying of diploid eggs, hence workers’ and/or queens’ pro-
duction. The last diploid eggs laid by the queen during its
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Fig.2 Sperm viability (A) and
DNA fragmentation (DFI) (B)
in the spermatheca of queens

at different developmental
stages of B. terrestris colonies.
Sperm viability and DNA
fragmentation are given for nine
time-points after mating (see
legend of Fig. 1 for details). The
black lines within each box cor-
respond to the medians and the
crosses to the mean. The first
and third quartiles are repre-
sented by the lower and upper
ends of the boxes, respectively.
The upper and lower ends of the
whiskers denote the smallest 0
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life are reared in new virgin queens by workers (Duvoisin
et al. 1999; Aron and Passera 2000). The drop in sperm
quality during the SP could be part of the initiation of the
competitive phase (CPh), at which time colonies enter a
degenerative phase. The onset of queen-worker conflict
cannot be attributed solely to a single factor such as the
queen’s switch to male production or a decrease in queen
inhibition (Bloch 1999). In normally developing colonies,
the processes of queen ageing, increased worker number,
and the switch from female to male rearing are intercon-
nected (i.e., degenerative stage) and associated with sea-
sonal environmental changes (Wilson 1971; Michener
1974). As a result, it is challenging to disentangle the
relative significance of each of these factors in the initia-
tion of queen-worker conflict. Nevertheless, changes in the
worker population size (possibly due to an excess of work-
ers beyond the queen’s control) and shifts in the brood sex
ratio (i.e., male production) both influence the timing of
queen-worker conflict and the transition to queen produc-
tion in bumblebees (Bloch 1999).

One week after mating, B. ferrestris queens stored
~46,700 spermatozoa in their spermatheca, most of which
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75 105 115 125 145 160 175 190

Developmental stages of bumblebee colonies
(days after mating)

(87%) were alive and supposedly fertile. Sperm count pro-
gressively decreased over time to reach ~6500 spermatozoa
when the first males emerged (D). Of these, only 10-20%
were found alive, the remaining 80-90% were dead or mori-
bund. Simultaneously, sperm DNA fragmentation rose from
13% to over 30%. The limitation of live spermatozoa avail-
able to fertilize eggs could therefore explain the increase
in male production towards the end of the colony cycle. So
far, few studies have explored the number of spermatozoa
required to fertilize an egg in social hymenopterans, and
none in bumblebees. In the leaf-cutter ant Atta colombica,
queens use around 2—-3 sperm per egg (den Boer et al. 2009).
In this species, queens are long-lived, reaching up to 20
years, and form colonies of over a million workers. Colony
maintenance depends on sperm management: queens using
more sperm to fertilize their eggs have a shorter colony lifes-
pan. In the honeybee Apis mellifera, the number of sperm
used to fertilize an egg ranges from 4 to 100 (Ruttner 1975;
Yu and Ombholt 1999). Queens live an average of 4 to 5
years, and colonies may contain several thousands of work-
ers. Compared to these species, B. ferrestris queens live
for 1 year, and societies have an annual life cycle. Our data
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indicate that queens used ~40,200 spermatozoa to develop
colonies of 250-350 workers, which amounts to a rough
estimate of 135 spermatozoa per egg. Given the low number
of spermatozoa still alive in the queen spermatheca when the
first males emerge (650—1300 spermatozoa, i.e., 10-20% of
6500), the number of eggs that can be fertilized is highly
limited (max. 10), which may account for an increase in
the number of unfertilized, haploid eggs laid and the pro-
duction of males by the colonies. This may also contribute
to explaining the highly male-biased sex ratio reported in
bumblebees (Beekman and Van Stratum 1998).

The decline in sperm number and quality in the sper-
matheca of B. terrestris queens over the year also differs
greatly from the results reported in the black-garden ant
Lasius niger, where 1-year-old queens experience a decrease
< 20% in their sperm stock. Furthermore, old queens have
significantly higher sperm viability in their spermatheca
than incipient queens (Chérasse and Aron 2018), suggest-
ing that ant queens may be able to remove dead sperm cells
from storage, as documented in stingless bees (Da Cruz-
Landim 2002). Such a discrepancy between these two spe-
cies may stem from major differences in life history. While
B. terrestris queens establish annual societies of a few hun-
dred workers, L. niger queens store approximately 2.6 mil-
lion sperm cells (Cournault and Aron 2008; Chérasse and
Aron 2018), are extremely long-lived (29 years; Kutter and
Stumper 1969), and can produce colonies of up to 55,000
workers (Fjerdingstad et al. 2003). Thus, selection on sperm
use and conservation must be much stronger in ants, ena-
bling queens to preserve large amount of good-quality sperm
for several years, than in bumblebees which must maintain a
limited stock of sperm for a maximum period of 11 months
(see “Materials and methods™).

Notably, we found no significant differences before and
after hibernation in sperm viability and DNA integrity in the
spermatheca of queens. This suggests a significant invest-
ment by bumblebee queens (e.g., accumulation of nutri-
tive reserves) to maintain sperm quality during this critical
period of the life cycle (Colgan et al. 2019). In line with
this, Schoeters and Billen (2000) showed that the cells lin-
ing the reproductive tract of B. terrestris queens contain
high reserves of glycogen, which could serve as an energy
source for the sperm. Furthermore, a recent study revealed
that queen survival during diapause is negatively affected by
mating (Bogo et al. 2017), with mated queens experiencing
lower survival than non-mated queens. This suggests that
keeping sperm alive during the hibernation phase entails
high energy costs, and that these costs are traded off against
queen survival (Baer and Schmid-Hempel 2005; Greeff
and Schmid-Hempel 2008a). Such costs likely come from
energy supply, protection against oxidative stress, produc-
tion of antimicrobial peptides, and regulation of the immune
system.

Our findings that sperm number and quality decreased in
the spermatheca of B. terrestris queens over the year contrast
with previous studies on male production in the buff-tailed
bumblebee. Roseler (1973) first claimed that queens do not
hold significantly less sperm at the end of the colony cycle
(spring) despite high data variability and argued that the pro-
duction of males is a strategy of the queen rather than due to
sperm limitation. In his study, however, sperm count in the
queen’s spermatheca was estimated in autumn, at the mat-
ing time, and in spring. In B. terrestris, spring corresponds
to the ergonomic phase of the colony when workers are
produced. Our flow cytometry data and the pictures of the
spermatheca at different time-points of the colony cycle (see
Fig. 1) clearly show a significant drop in sperm number, with
only a small amount (6489 + 1355 sperm cells) remaining in
the spermatheca at the end of the colony cycle (D,q,). Thus,
the discrepancy between the results of Roseler (1973) and
ours probably lies in the timing of the sperm count. On the
other hand, Greeff and Schmidt-Hempel (2008) reported that
sperm viability in the spermatheca was not significantly dif-
ferent between young, freshly mated queens and old queens.
These authors did not specify, however, the age of the old
queens; yet, as shown in the present work (Fig. 2A), queens’
age and the developmental stage of the colonies deeply affect
sperm viability in this species. Moreover, the differences
found in sperm viability might in part be due to the differ-
ent methods used. Although both studies rely on fluores-
cence labelling to identify live/dead spermatozoa, Greeff
and Schmid-Hempel (2008b) used epifluorescence micros-
copy and counted 100 spermatozoa per sample, while we
used flow cytometry which allowed us to determine sperm
viability for the entire spermathecal content. Our data also
showed that sperm DNA integrity (not assessed by Greeff
and Schmid-Hempel (2008a)) decreased over time until the
emergence of the first males and was significantly associated
with a drop in sperm viability.

In conclusion, this study shows that both sperm cell
viability and DNA integrity in the spermatheca of queens
decrease rapidly after hibernation in the bumblebee B.
terrestris. More generally, it suggests that sperm conser-
vation is limited and likely adapted to the relatively short
lifespan of bumblebee queens (i.e., 1 year), which produce
small and annual colonies. Further studies of sperm gene
expression (transcriptomic/proteomic analyses) involved in
energy metabolism and DNA repair are needed to explore
the molecular causes associated with the decrease in sperm
viability and DNA integrity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00265-023-03410-x.

Author contribution Came up with and designed the experiments: BM

and SA. Sampling: BM, KP, and CM. Conducted the experiments:
BM, KP, and CM. Analyzed the data: BM, KP, CM, and SA. Wrote

@ Springer


https://doi.org/10.1007/s00265-023-03410-x

133 Page 8 of 9

Behavioral Ecology and Sociobiology (2023) 77:133

the paper: BM, KP, and SA. All the authors helped draft the article,
approved the version to be submitted, and agreed to be held responsible
for this study.

Funding This work was supported by the Belgian National Fund for
Scientific Research (FRS-FNRS; grant number J.0004.20F to SA, PhD
fellowship to KP, and postdoctoral fellowship to BM) and the Univer-
sité Libre de Bruxelles (Fonds d’Encouragement a la Recherche and
Actions Blanches to SA).

Data availability All data are available in Supplementary File 1.

Declarations

Competing interests The authors declare no competing interests.

References

Aron S (2012) Primary sex ratio regulation by queens in ants (Formi-
cidae) and other social Hymenoptera. Myrmecol News 17:63-80

Aron S, Passera L (2000) Les sociétés animales: evolution de la
coopération et organisation sociale. De Boeck Supérieur,
Bruxelles

Baer B (2003) Bumblebees as model organisms to study male sexual
selection in social insects. Behav Ecol Sociobiol 54:521-533

Baer B (2011) The copulation biology of ants (Hymenoptera: Formi-
cidae). Myrmecol News 14:55-68

Baer B, Schmid-Hempel P (2005) Sperm influences female hibernation
success, survival and fitness in the bumblebee Bombus terrestris.
Proc Royal Soc B 272:319-323

Baer B, Schmid-Hempel P, Hgeg JT, Boomsma JJ (2003) Sperm
length, sperm storage and mating system characteristics in bum-
blebees. Insectes Soc 50:101-108

Beekman M, Van Stratum P (1998) Bumblebee sex ratios: why
do bumblebees produce so many males? Proc Royal Soc B
265:1535-1543

Birkhead TR, Mgller AP (1993) Sexual selection and the temporal
separation of reproductive events: sperm storage data from rep-
tiles, birds and mammals. Biol J Linn Soc Lond 50:295-311

Bloch G (1999) Regulation of queen—worker conflict in bumble bee
(Bombus terrestris) colonies. Proc Royal Soc B 266:2465-2469

Bogo G, De Manincor N, Fisogni A, Galloni M, Bortolotti L (2017)
Effects of queen mating status, pre-diapause weight and pupae’s
sex on colony initiation in small-scale rearing of Bombus ter-
restris. Apidologie 48:845-854

Bourke AFG, Ratnieks FLW (2001) Kin-selected conflict in the bum-
blebee Bombus terrestris (Hymenoptera: Apidae). Proc Royal Soc
B 268:347-355

Chérasse S, Aron S (2018) Impact of immune activation on stored
sperm viability in ant queens. Proc Royal Soc B 285:20182248

Colgan TJ, Finlay S, Brown MJ, Carolan JC (2019) Mating precedes
selective immune priming which is maintained throughout bum-
blebee queen diapause. BMC Genom 20:1-18

Cournault L, Aron S (2008) Rapid determination of sperm number in
ant queens by flow cytometry. Insectes Soc 55:283-287

Da Cruz-Landim C (2002) Spermiophagy in the spermatheca of
Melipona bicolor lepeletier, 1836 (Hymenoptera, Apidae,
Meliponini). Anat Histol Embryol 31:339-343

Degueldre F, Aron S (2023a) Age-related changes in male ant sperm
quality. J Zool 321:33-39

Degueldre F, Aron S (2023b) Long-term sperm storage in eusocial
Hymenoptera. Biol Rev 98:567-583

@ Springer

Degueldre F, Aron S (2023c) Sperm competition increases sperm
production and quality in Cataglyphis desert ants. Proc Royal
Soc B 290:20230216

den Boer SP, Baer B, Dreier S, Aron S, Nash DR, Boomsma JJ
(2009) Prudent sperm use by leaf-cutter ant queens. Proc Royal
Soc B 276:3945-3953

Duchateau MJ, Velthuis HHW (1988) Development and repro-
ductive strategies in Bombus terrestris colonies. Behaviour
107:186-207

Duvoisin N, Baer B, Schmid-Hempel P (1999) Sperm transfer and male
competition in a bumblebee. Anim Behav 58:743-749

Evenson DP (2022) Sperm chromatin structure assay (SCSA®) for
fertility assessment. Curr Protoc 2:e508

Fitzpatrick JL, Liipold S (2014) Sexual selection and the evolution of
sperm quality. Mol Hum Reprod 20:1180-1189

Fjerdingstad EJ, Gertsch PJ, Keller L (2003) The relationship between
multiple mating by queens, within-colony genetic variability and
fitness in the ant Lasius niger. J Evol Biol 16:844-853

Goulson D (2003) Bumblebees: their behaviour and ecology. Oxford
University Press, Oxford

Greeff M, Schmid-Hempel P (2008a) Sperm reduces female longevity
and increases melanization of the spermatheca in the bumblebee
Bombus terrestris L. Insectes Soc 55:313-319

Greeff M, Schmid-Hempel P (2008b) Sperm viability in the male acces-
sory testes and female spermathecae of the bumblebee Bombus
terrestris (Hymenoptera: Apidae). Eur J Entomol 105:849-584

Holldoble B, Wilson EO (1990) The ants. Harvard University Press,
Cambridge

Keller L, Genoud M (1997) Extraordinary lifespans in ants: a test of
evolutionary theories of ageing. Nature 389:958-960

Kutter H, Stumper R (1969) Hermann Appel, ein leidgeadelter Ento-
mologe (1892 — 1966). In: Proc. 6th Int Cong. IUSSI, Bern

Lhomme P, Sramkova A, Kreuter K, Lecocq T, Rasmont P, Ayasse M
(2013) A method for year-round rearing of cuckoo bumblebees
(Hymenoptera: Apoidea: Bombus subgenus Psithyrus). Ann Soc
Entomol Fr 49:117-125

Michener CD (1974) The social behavior of the bees: a comparative
study. Harvard University Press, Cambridge

Paynter E, Baer-Imhoof B, Linden M, Lee-Pullen T, Heel K, Rigby P,
Baer B (2014) Flow cytometry as a rapid and reliable method to
quantify sperm viability in the honeybee Apis mellifera. Cytom:
J Int Soc Anal Cytol 85:463-472

R Core Team (2022) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna. https://
www.R-project.org

Revelle W (2016) How to: use the psych package for factor analysis and
data reduction. Northwestern University, Evanston, Evanston, IL

Réseler PF (1973) Die anzahl der spermien im receptaculum seminis
von hummelkoniginnen (Hym., Apoidea, Bombinae). Apidologie
4:267-274

Ruttner F (1975) Ein metatarsaler haftapparat bei den drohnen der gat-
tung Apis (Hymenoptera: Apidae). Entomol Ger 2:22-29

Sasaki K, Satoh T, Obara Y (1996) The honeybee queen has the poten-
tial ability to regulate the primary sex ratio. Appl Entomol Zool
31:247-254

Sasanami T, Matsuzaki M, Mizushima S, Hiyama G (2013) Sperm
storage in the female reproductive tract in birds. J Reprod Dev
59:334-338

Schmid-Hempel R, Schmid-Hempel P (2000) Female mating frequen-
cies in Bombus spp. from Central Europe. Insectes Soc 47:36—41

Schoeters E, Billen J (2000) The importance of the spermathecal duct
in bumblebees. J Insect Physiol 46:1303-1312

Starr CK (2021) What is enantiotoky, and why doesn’t it exist? J Genet
100:17

Suarez SS (1998) The oviductal sperm reservoir in mammals: mecha-
nisms of formation. Biol Reprod 58:1105-1107


https://www.R-project.org
https://www.R-project.org

Behavioral Ecology and Sociobiology (2023) 77:133

Page9of9 133

Suarez SS, Pacey AA (2006) Sperm transport in the female reproduc-
tive tract. Hum Reprod Update 12:23-37

Vanderplanck M, Martinet B, Carvalheiro LG, Rasmont P, Barraud
A, Renaudeau C, Michez D (2019) Ensuring access to high-
quality resources reduces the impacts of heat stress on bees.
Sci Rep 9:12596

Velthuis HH, Van Doorn A (2006) A century of advances in bumblebee
domestication and the economic and environmental aspects of its
commercialization for pollination. Apidologie 37:421-451

Wharton KE, Dyer FC, Huang ZY, Getty T (2007) The honeybee queen
influences the regulation of colony drone production. Behav Ecol
18:1092-1099

Wickham H (2016) ggplot2: elegant graphics for data analysis.
Springer, Cham

Wilson EO (1971) The insect societies. Belknap Press of Harvard Uni-
versity Press, Cambridge

Yu R, Omholt SW (1999) Early developmental processes in the
fertilized honeybee (Apis mellifera) oocyte. J Insect Physiol
45:763-767

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer



	Transition in the production of diploid-female to haploid-male eggs in bumblebee colonies: sperm quality or depletion?
	Abstract 
	Significance statement
	Introduction
	Materials and methods
	Study species and rearing
	Sperm extraction
	Flow cytometry
	Statistical analyses

	Results
	Sperm count
	Sperm viability
	Sperm DNA fragmentation (DFI)

	Discussion
	Anchor 15
	References


