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Abstract. In many species sperm competition selects for large ejaculates while females eliminate or disable a high percentage of the
spermatozoa in their storage organs in order to control paternity. Therefore, sperm viability is an excellent measure of the reproduc-
tive success of both males and females. Here we assess the viability of spermatozoa in males, freshly mated queens and old queens at
the end of a colony cycle of the monandrous bumblebee Bombus terrestris. We found that the accessory testes of males contained a
significantly lower percentage of dead sperm (i.e. higher average viability) than the spermathecae of both freshly mated and old
queens. In each case, however, the percentage of dead spermatozoa was very small. No differences could be detected between sperm
viability in freshly mated and old queens. To test for the possible incompatibility of the sperm and the environment provided by
female spermathecae males and females either from different geographic regions (north and south of the Alps) or the same region
were mated. We did not find any differences between matings of individuals from within or between regions. The mechanism that

causes the lower sperm viability in females remains unknown.

INTRODUCTION

In polyandrous species, males compete for parenthood
of the offspring (Simmons, 2001) whereas females try to
evade male manipulation and keep control over which
male’s sperm fertilize her eggs (cryptic female choice;
Eberhard, 1996). As a result of this sexual conflict over
fertilization males typically transfer large ejaculates of
which females store but a small fraction; for example, this
fraction is only 15% in Callosobruchus maculatus Fabri-
cius (Eady, 1994). The larger part of the transferred
sperm is either discarded by the female shortly after
mating [e.g. carrion flies (Otronen & Siva-Jothy, 1991)],
degraded [bruchid beetle (Eady, 1994)], digested [flat-
worms (Michiels & Bakovski, 2000)] or disabled within
the female, for example, in the house fly (Degrugillier,
1985). Such sexually antagonistic coevolution can lead to
a harsh environment within the female reproductive tract
where only the sperm adapted to female manipulation can
survive (Arnqvist et al., 2000). By comparing pairs of
monandrous and a polyandrous species in seven closely
related species Hunter & Birkhead (2002) showed that in
all cases the males of the polyandrous species had a
higher percentage of living sperm in their sperm stores
than their monandrous counterparts. This suggests that
sexually antagonistic coevolution may generate rapid
evolutionary divergence of reproductive traits and thereby
facilitate the formation of new species, as shown by
Arngqvist et al. (2000) in a meta-analysis of polyandrous
and monandrous insect species [though another study did
not show any connection between speciation and sexual
selection (Gage et al., 2002)].

The mating biology of males of social insects has only
received attention recently (Baer, 2003). In contrast to
other well-studied insects like Drosophila (Chapman,
2001), most (but not all) of the social hymenoptera are
monandrous (Boomsma & Ratnieks, 1996) and therefore
lack many of the typical features that evolved in polyan-
drous species. In addition, as many queens in this group
often reproduce for a long time, e.g. some ants for up to
several decades (Weber, 1972; Keller, 1998), they need
both an efficient sperm storage system to maintain high
sperm viability and very long lived sperm.

However, in the annual, monandrous bumblebee
Bombus terrestris Linné there is evidence of paternal
effects on the survival of the hibernating queens after arti-
ficial insemination (Korner & Schmid-Hempel, 2003;
Baer & Schmid-Hempel, 2005). Since only pure sperm
was transferred in these experiments, the effects may be
ascribed to incompatibilities between males and queens.
Such incompatibilities could stem from genomic factors
(Zeh & Zeh, 2003) or even more exotic processes like
immunological incompatibilities. For example, after arti-
ficial insemination of B. terrestris Korner & Schmid-
Hempel (2003) found melanized spermathecae in some of
the queens, which indicates that immune reactions may
underlie these incompatibilities. Greeff & Schmid-
Hempel (2008) found melanized spermathecae in natu-
rally mated, hibernating queens. These findings indicate
the need to assess sperm viability in particular pairings of
males and females, as variation in sperm viability within
the female may provide a clue of the cause of these
incompatibilities.

The male reproductive system of B. ferrestris consists
of two paired testes where sperm are produced until the
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males reach sexual maturity (Duchateau & Marien, 1995).
Afterwards, sperm are stored in the accessory testes until
mating (Duvoisin et al., 1999). During mating males
transfer not only sperm but also material that subse-
quently forms a mating plug inside the female’s reproduc-
tive tract (Baer et al., 2000, 2001). The mating plug
contains substances from the accessory glands that makes
the queen refractory to re-mating (Sauter et al., 2001).
Additionally, the plug also physically seals off the
queen’s reproductive tract (Baer et al., 2001). The mating
plug disappears and its inhibitory effect on mating
declines after a few days (Sauter et al., 2001). Male
accessory gland products vary among different social
bees but are known from all major groups and can modify
the behaviour and physiology of females (Colonello &
Hartfelder, 2005). Similar functions for male gland prod-
ucts are recorded for the best-investigated insect, Droso-
phila melanogaster (Wolfner, 2002). During mating of
bumblebees, sperm transferred by the male are released
into the bursa copulatrix of the queen and, within
approximately one hour, migrate through the sper-
mathecal duct into the spermatheca where they are stored
until fertilization. Fertilization of the eggs occurs much
later when the female starts her own colony after hiberna-
tion (lasting July/August — March), thus, approximately
eight months after mating (Schmid-Hempel & Schmid-
Hempel, 2000). Bumblebee males store enough sperm in
their accessory testes to fully inseminate at least three
females (Tasei et al., 1998).

Here we examined the viability of the spermatozoa in
the accessory testes of males and in the spermathecae of
queens after natural matings. Furthermore, the matings
were arranged to occur either among bees originating
from the same region or from two different geographic
regions separated by the Alps to test for possible incom-
patibility. This approach was chosen, since genetic differ-
entiation is recorded in other Bombus species (B. pascuo-
rum; Widmer & Schmid-Hempel, 1999) and cross-
infection by parasites differs depending on geographic
origin (Imhoof & Schmid-Hempel, 1998). Since we
found very high sperm viabilities both in males and
freshly mated females an additional set of old queens
taken from colonies in their final stage were used to
assess sperm viability at the end of a colony cycle.

METHODS

Queens of B. ferrestris collected in the field in the spring of
2003 in Ticino, south of the Alps, and around Ziirich, north of
the Alps, in Switzerland and allowed to establish colonies in the
labortaory under standard conditions (20-25°C, 60-70% r.H.,
red light and food ad libitum). At the end of the colony cycle
queens switch to laying sexuals; daughter (virgin) queens arise
from fertilized eggs and males from haploid (i.e. unfertilized)
eggs (Duchateau et al., 2004). Once a queen starts laying hap-
loid eggs almost no fertilized eggs are laid anymore (Plowright
& Plowright, 1990). The old queens from our colonies were dis-
sected and sperm viabilities within their spermathecae were
assessed. From the newly hatched sexuals, males (aged 7-16
days, from six different colonies) were mated with virgin queens
(aged 5-10 days, from six other colonies). These dates corre-
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spond to the ages when the sexuals are most likely to mate
(Duchateau & Marien, 1995; Gretenkord, 1997).

Within 24 h of mating, males were dissected in buffer Kiev:M
(1.67 mM glucose, 5.50 mM KCI, 2.50 mM NaHCO;, 8.26 mM
trisodium citrate; pH 8.8). Each of the accessory testis was
opened in a drop of 8 pl Kiev:M. The non-sperm tissue was
removed and sperm viability was assessed with the
LIVE/DEAD™ Sperm Viability Kit (L-7011, Molecular
Probes), which consists of a membrane-permeant nucleic acid
stain (SYBR14; diluted 1 : 50; emission max 516 nm, green)
and a dead-cell stain (propidium iodide; emission max. 617 nm,
red). For this purpose, 1.5 pl SYBR (25 mM) were added to the
sperm solution and gently mixed. Then, 1.5 pl propidium iodide
(240 mM) was admixed and the sample on the slide covered
with a cover slip (21 x 26 mm). The accuracy of the staining
method was checked using a dilution series of live and dead
sperm. Immediately afterwards, pictures were taken using a
microscope (Nikon Eclipse E600, UV-microscope, filter 420 <
EX <490, DM = 510, BA = 520) of 10 different areas (subsam-
ples) on the slide. From each sample the first 130 sperm, 13 in
each of the 10 subsamples, were scored as red (dead), green
(alive), or green-red (dying).

The young, freshly mated queens were kept in boxes with
food ad libitum for five days and then dissected; the old queens
were dissected on average 21 days after the first male emerged
in their colonies. After dissection, the spermatheca was opened
in a drop of 3.2 pl Kiev:M and the non-sperm tissue removed.
The sperm were stained with 0.6 ul SYBR (25 mM) and 0.6 pl
propidium iodide (240 mM), covered with a round cover slip (&
7 mm) and photographed under a microscope at ten different
sites on the sample as described above. From each sample the
first 100 sperm, 10 in each of the 10 subsamples, were scored as
red (dead), green (alive), or green-red (dying).

In total, 106 young queens from 3 colonies from Ticino (N =
16, 18, 19) and 3 from Ziirich (N = 17, 18, 19) were mated with
106 males from 3 different colonies from Ticino (N = 16, 18,
18) and 3 from Zirich (N = 18, 18, 18). Bees were never
crossed with members of the same colony. On average, 2 to 5
pairs per patriline X matriline combination were mated. Old
queens were taken from 6 colonies from Ticino and 24 from
Zirich; each colony had only one old queen.

Data were analyzed with SPSS, v. 11 for Macintosh. The per-
centage values for the sperm were arcsin-transformed to nor-
malize residuals as indicated by a Kolmogorov-Smirnov test.
Sperm viabilities within the accessory testes and spermathecae
were compared after classification into viable (green and green-
red) and dead (red) sperm. The viable category is justified, as in
a study on sperm survival in parasitoid wasps, Damiens et al.
(2002) showed that green-red stained sperm are viable, and that
dual-stained sperm is an artifact of the method. Here we con-
sider the green-red sperm as viable. In order to compare the
sperm viability within the accessory testis and spermathecae of
the young queens a Wilcoxon paired test was performed on the
percentages of dead sperm. For the analysis of sperm viability in
each male, the means for the left and right accessory testis was
used. The effects of matings between- and within-regions on
sperm viability were analyzed using a nested ANOVA with
two-tailed probabilities (same queens as used in the male-female
comparison) using again the percentage of dead sperm. To nor-
malize this data the means were calculated for each patriline x
matriline combination, resulting in the 36 values used in the
analysis (6 colonies from which males were taken and 6 colo-
nies from which queens were taken). The nested ANOVA
included the random factors, region of male origin and nested
within it the colonies of the males, the region of queen origin
and nested within it the colonies of the queens, the date of mat-
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Fig. 1. Box plot of the percentages of live, dying and dead
sperm in the bumblebee B. terrestris. Sperm were taken from
the accessory testes of males (mean of right and left testis)
immediately after mating, from the spermathecae of young
queens five days after mating and from old queens at the end of
the colony cycle (after the switch to laying unfertilized eggs).
Males had a significantly higher percentage of viable (live and
dying) and a significantly lower percentage of dead sperm (p <
0.001) than in the spermathecae of young queens. There were
no significant differences in the sperm from the spermathecae of
young and old queens (p = 0.291). For details of statistics, see
text.

ing, as well as the interaction “male-region” x “queen-region”.
If matings between populations (i.e. between the regions Ziirich
and Ticino) differ in their compatibility from those within popu-
lations (i.e. within either region), a significant statistical interac-
tion term is expected. Sperm viabilities within the spermathecae
of old and young queens were analyzed with a Mann-Whitney
U-test on the percentage of dead sperm.

RESULTS

The median percentage of live sperm in the accessory
testes of males was 97.1% (interquartile range
95.0-98.5%), 0.897% of dying sperm (interquartile range
0.361-1.92%) and 1.92% of dead sperm (interquartile
range 0.962-3.37%) (Fig. 1). The median percentage of
live sperm in the spermathecae of young queens was
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Fig. 2. Box plot of the percentages of live, dying and dead
sperm within the spermathecae of young queens of the bum-
blebee B. ferrestris five days after mating. 53 queens were
mated with males from a region on the other side of the Alps
(interregional) and 53 with males from their own region
(intraregional). No significant differences were found between
intraregional and interregional matings (p = 0.312, Table 1).
Same data as in Fig. 1.

90.0% (interquartile range 77.6-95.5%), 5.69% of dying
sperm (interquartile range 2.11-11.8%) and 4.02% of
dead sperm (interquartile range 0.962-8.59%). The
median percentages in old queens was 89.0% live sperm
(interquartile range 75.9-92.9%), 6.82% dying sperm
(interquartile range 3.72-12.4%) and 4.10% dead sperm
(interquartile range 2.38-9.58%) (Fig. 1).

The accessory testes of males contained significantly
more viable (sum of live and dying) and significantly less
dead sperm than the spermathecae of queens (Wilcoxon
signed ranks test, N = 106, Z = -3.76, p < 0.001). How-
ever, there were no significant differences in the percent-
ages of viable (percentage of live and dying sperm) or
dead sperm in young and old queens (Mann-Whitney
Test, N =136, P = 0.302).

TaBLE 1. General linear model of sperm survival within the spermathecae of young queens five days after mating.

Source' d.f. MS F P-value

Intercept 1 7.38 0.088 0.77
error 23 84.2

Male region 1 69 21.4 0.994
error 0.001 322

Male colony 4 5.7 0.068 0.991
error 23 84.1

Female region 1 174 2.52 0.234
error 2.37 69.1

Female colony 4 53.7 0.639 0.64
error 23 84.1

Date of mating 1 3.29 0.039 0.845
error 23 84.1

Male region*Female region 1 89.9 1.07 0.312
error 23 84.1

"'male region, female region, male colony, female colony as random effects; date mating as covariate; male colony nested within

male region, female colony nested within female region.
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In the spermathecae of young queens (same queens as
in the male-female comparison) after intra-regional mat-
ings, the median percentage was 91.8% live sperm (inter-
quartile range 71.9-95.5%), 5.61% dying sperm
(interquartile range 2.73—11.4%) and 4.00% dead sperm
(interquartile range 0.962-9.55%). After inter-regional
matings (same queens as in the male-female comparison),
the median percentage in the spermathecae of young
queens was 89.1% live sperm (interquartile range
78.7-95.7%), 6.09% dying sperm (interquartile range
1.82-11.9%) and 4.04% dead sperm (interquartile range
1.39-8.07%). Sperm viability within the spermathecae of
young queens was tested using an ANOVA of the per-
centage of dead sperm. Contrary to expectation, the inter-
action male-region X queen-region, which should indicate
the respective incompatibilities, was not significant (p =
0.312, Table 1; Fig. 2).

DISCUSSION

The percentage of dead sperm in the accessory testes of
males was significantly lower than in the spermathecae of
young queens, i.e. the viability of sperm was less within
females. This result with those of other studies on sperm
survival after mating, so far mostly done on non-
hymenopteran insect species. In the polyandrous fly Sca-
tophaga stercoraria L., for example, Bernasconi et al.
(2002) not only found reduced sperm viability in females
(in males: ~ 86% alive; in females: ~ 79%), but also that
an extract of the female’s reproductive tract tissue did not
result in a higher percentage of dead sperm in an in vitro
test. In two polyandrous Photinus fireflies, sperm
viability in male seminal vesicles was quite high (over
75%) but dropped significantly inside the reproductive
tract of females (Demary, 2005).

The only studies previously done on Hymenoptera
point in the opposite direction (Damiens et al., 2002): in
the polyandrous parasitoid Eupelmus orientalis Crawford,
both male seminal vesicles and female spermathecae con-
tain similar high percentages (ca. 30%) of dead spermato-
z0a; in the polyandrous parasitoid Dinarmus basalis Ron-
dani, males store sperm of which more than 40% is non-
viable whereas in queens it is around 15%. In B.
terrestris, the long reproductive life span of the queens
may account for the generally low percentage of dead
sperm both in males and females. Hunter & Birkhead
(2002) measured the viability of spermatozoa in male B.
terrestris and record a percentage of over 95% live sper-
matozoa. Why sperm-viability within the spermathecae of
a monandrous species like B. ferrestris is lower, as
recorded here does not appear reasonable for a monan-
drous species.

However, sperm storage is costly in another social
insect (leaf-cutter ants, Baer et al., 2006) in terms of
reduced immune responsiveness. Therefore, bees might
limit the nourishment provided to the sperm in order to
fuel the immune system at the cost of letting sperm
perish. In fact, Schoeters & Billen (2000) report a high
glycogen content in the cells lining the reproductive tract
of females of B. ferrestris and assume it serves as an
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energy source for the sperm. This might represent a small
cost, since the number of sperm does not seem to be a
limiting constraint. Out of the 40°000-50°000 sper-
matozoa stored within the spermatheca after copulation
queens of B. ferrestris use only a tiny fraction (Roseler,
1973). These large numbers furthermore allow some form
of cryptic female choice even in a monandrous species
like B. terrestris: indeed, the variation in sperm lengths is
considerably smaller in the spermathecae of females than
in the accessory testis of males (Baer et al., 2003). It is
not known how sperm are selected within the female, nor
is it clear why such selection occurs, since all sperm from
the same male are genetically identical.

Mating incompatibilities between males and females
are reported in other animals (Zeh & Zeh, 2003) and
could result in higher sperm mortality in certain male-
female genotype combinations in B. terrestris. At least in
the honeybee, Apis mellifera L., spermatozoa from con-
specific males remain motile for longer (after artificial
insemination) than those from heterospecific males (Phi-
ancharoen et al., 2004). Our data for B. terrestris did not
show any differences between inter- vs. intra-regional
matings (from both sides of the Alps), which we assumed
would reveal mating incompatibilities. It is of course not
known whether the Alps are a sufficient barrier to induce
differences in compatibility, since European mainland
populations of B. ferrestris show virtually no genetic dif-
ferentiation based on microsatellite variation (Estoup et
al., 1996). On the other hand, cross-infection with para-
sites showed a difference in local adaptation in B. fer-
restris from the same Ziirich (north of Alps) and Ticino
(south) regions in B. fterrestris (Imhoof & Schmid-
Hempel, 1998). It is still possible that genes coding for
sexual traits behave differently from the microsatellites
that were analyzed by Estoup et al. (1996) or those
affecting host resistance, which diverged between regions
north and south of the Alps.

The high viability of sperm within the spermathecae of
old queens found in our study throws light on another
very interesting question. Due to the haplo-diploid sex
determination system workers are more related to sisters
than to brothers whereas the mother queen of the colony
is equally related to daughters and sons. The resultant
conflict over optimal investment ratio was first described
by Trivers & Hare (1976) on the basis of Hamilton’s kin
selection theory (Hamilton, 1964a, b). Bumblebees have a
highly male-biased population sex investment ratio
(Bourke, 1997). Although in bumblebees the sex ratio is
largely controlled by the queen (Duchateau et al., 2004), a
limitation on the availability of viable sperm towards the
end of the colony cycle could also explain the male bias
(males originate from unfertilized eggs). However, as
there was a high percentage of viable sperm in the sper-
mathecae of old queens (after her switch to laying unfer-
tilized eggs), the production of males appears to be a
strategy of the queen rather than due to sperm limitation.
Queens possess enough sperm to produce a colony
because they do not contain significantly less sperm at the
end of a colony cycle (Réseler, 1973). Rather than



musing about why sperm die within the spermathecae of
queens the question should be why do males transfer such
large ejaculates even under monandry.
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