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Abstract — Mating is an important process in bumblebees that could affect queen diapause survival and offspring
reproduction. Both queens and males could influence mating failure. Here, we used the indigenous bumblebee
Bombus lantschouensis to evaluate the mating interactions of males and gynes. The effects of kin recognition and
males and gynes from multiple colonies on mating latency, mating duration, and the mating success rate were
investigated. The results showed that gynes mated with related males had a longer mating latency than those
mated with unrelated males (42.88 +3.8 min and 24.15 + 2.5 min, respectively, P <0.05) and that the mating
success rate was significantly higher in unrelated groups than in related groups (49.29 +4.1% and 36.74 +2.6%,
respectively, P <0.05). However, no preference for related or unrelated males was observed in the mixed mating
groups (mating success rate 30.63 +3.1% and 30.73 +2.4%, respectively, P> 0.05). Interestingly, the occur-
rence of males from multiple sources significantly increased the mating success rate (one colony 39.1+4.2%
to four colonies 60.05+5.7%, P <0.05). Nonetheless, an increase in the number of gyne sources had no effect
on the mating success rate (one colony 39.50+4.9% to four colonies 43.52 +5.7%, P >0.05). Mating latency
was significantly more influenced by males and gynes from multiple colonies than by kin relationship, male
number, and gyne number (P <0.05). In conclusion, there is no evidence that the bumblebee B. lantschouensis
can recognize kin relationships before mating. The presence of males and gynes from multiple colonies can
influence mating latency. Moreover, males from multiple colonies can significantly enhance mating success,
which has implications for bumblebee ecological conservation and artificial mass rearing.
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1. INTRODUCTION

Bumblebees, as pollinators of many green-
house crops, are used as a strategy in agriculture
that has become increasingly popular worldwide
since the 1980s (Reade et al. 2014; Velthuis and
Doorn 2006). The artificial mass rearing of
bumblebees to meet the requirements of crop
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pollination has become an urgent need (Lecocq
et al. 2016). The year-round rearing of bumble-
bees involves three critical processes: the rearing
of colonies, the mating of queens, and the break-
ing of diapause (Velthuis and Doorn 2006). Mat-
ing is an important period in the artificial rear-
ing of bumblebees. The physical and chemical
attributes of males often influence their mating
success (Amin et al. 2012; Zacek et al. 2009). As
haplodiploid Hymenoptera, bumblebee individu-
als are males if they are homozygous at one or
more sex-determining loci, and heterozygotes
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at this locus are females (Paxton et al. 2000).
Therefore, bumblebees are particularly sus-
ceptible to the costs of inbreeding due to their
single-locus complementary sex determination
(SL-SCD) system (van Wilgenburg et al. 2006;
Zayed and Packer 2005). Similar to the system
in honeybees, haplodiploidy determines the sex
of bumblebees, and fertilized eggs laid by mated
gynes develop into adult diploid males if they are
homozygous at a single sex locus (Paxton et al.
2000). The production of diploid males gradually
increases when the gyne undergoes inbreeding.
In a controlled environment, determining how
to avoid inbreeding and promote the mating suc-
cess of bumblebees is critical to obtain quality
colonies over successive generations (Beekman
and Veerman 1999). Therefore, it is important to
understand the mechanism preventing in breed-
ing between males and gynes.

Diploid males represent significant fitness costs,
primarily through their inviability and sterility (El
Agoze et al. 1994; Petters and Mettus 1980). In
addition, diploid males deplete the worker force and
reduce the number of reproductive females (Ducha-
teau et al. 1994). Moreover, inbreeding has an effect
on each stage of bumblebee year-round rearing.
Whitehorn et al. (2009b) observed that sibling mat-
ing is associated with longer mating latency than
nonsibling mating in gynes of Bombus terrestris
and interpreted this observation as evidence for kin
recognition for inbreeding avoidance. Relatively
low survival in gynes mated with related males
during diapause was also observed (U. Gerloff and
Schmid-Hempel 2005). However, it was found
that diapause survival did not differ between gynes
mated with siblings and those mated with nonsib-
ling males (Bortolotti et al. 2020). Inbreeding was
also demonstrated to affect colony initiation, colony
development, and queen fecundity (Gosterit 2016;
Whitehorn et al. 2009a).

The ratio of gynes to males in the mating
cage has important effects on successful mat-
ing and subsequent colony foundation activ-
ity. The mating propensity of B. terrestris was
found to be significantly different depending on
the ratio of gynes and males, and the highest
mating propensities occurred at a gyne-to-male
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ratio of 1:2 under artificial conditions with dif-
ferent photoperiodic regimes (Kwon and Suh
2006). A higher mating percentage was found
at a gyne-to-male ratio of 1:1.5 then at a ratio
of 1:2 (Amin et al. 2010). Amin et al. (2012)
found that mating latency gradually increased
with the number of males via interference
among them, while the mating duration was
unaffected. Mating duration, which normally
lasts 20—40 min, was found to be determined
by males even though most sperm are trans-
ferred within the first 2 min (Amin et al. 2007,
2009; Baer et al. 2003; Duvoisin et al. 1999).
Within experimental mating cages, the number
of bumblebees gynes influences mating success
by impacting the available space in the cage and
number of males. The most suitable gyne num-
ber in a mating cage was found to be 30 for two
bumblebee species, Bombus lucorum (cage size:
100x 100 X 100 cm) and Bombus ignitus (cage
size: 55x45x65 cm) (Wu et al. 2005; Yoon
et al. 2007). Therefore, bumblebee species dif-
fer in their responses to mating cage size.

The Asian bumblebee Bombus lantschouen-
sis is a polylectic and primitively eusocial bee
that is widely distributed across medium- to
high-elevation mountains and grasslands in
northern China (An et al. 2014). It was found
to have potential for artificial rearing because
of its efficient pollination ability, colony size,
and capacity for domestication (Zhang et al.
2020; Zhou et al. 2015). The effects of males
and gynes on the mating success of this bum-
blebee have not been previously investigated.

In this study, we explored the mating behavior
of the bumblebee B. lantschouensis in artificial
mating cages. We aimed to answer two major
questions: (1) Do gynes have the ability to recog-
nize related and unrelated males? (2) Can males
and gynes from multiple colonies affect mating
behavior? Our aim was to verify whether a mat-
ing preference exists as a mechanism for inbreed-
ing avoidance and whether males and gynes from
multiple colonies can improve the mating suc-
cess rate. The results from this study will provide
guidance for bumblebee ecological conservation
and artificial mass rearing.
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2. MATERIALS AND METHODS
2.1. Bumblebees

Queens of the bumblebee B. lantschouensis
were captured from Liancheng Natural Reserve
of Gansu Province, China (E 102° 83, N 36°
59"), in April 2019 and 2020. The queens were
taken to the Institute of Apicultural Research,
Chinese Academy of Agricultural Sciences,
for captive breeding. One hundred and twenty
colonies were established in an artificially
regulated climate-controlled room at 27+2 °C
and 60 + 5% relative humidity in continuous
darkness. The bumblebees were provided with
fresh frozen pollen and sugar solutions (1:1,
w/v) ad libitum as a diet. Within 24 h after the
emergence of sexual individuals in the colonies,
these individuals were transferred to transparent
plastic boxes (27 X 16 X 15 cm). We marked the
gynes and males with the date of emergence and
origin of the colony. A total of 984 gynes and
2500 males were obtained from 20 colonies. The
boxes of gynes and males were placed in separate
dark rooms and fed fresh pollen and sugar solu-
tions until use.

Gynes of 7 days of age and males of
10-15 days of age were used to determine the
mating latency, mating duration, and the mating
success rate in flight cages (95X 95X 95 cm).
Medium- and large-sized gynes and males were
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used to avoid the influence of small individu-
als (Amin et al. 2012; Bogo et al. 2017). In
addition, we collected males from the colony
before competition began to ensure that all the
males were from the queen and not from work-
ers. We marked gynes and males with different
colors according to the origin of the colony.
The ratio of gynes to males was 1:2 in all
experiments. The mating tests were performed
under natural light during 08:00 to 11:00 am
mating periods on sunny days.

2.2. Mating experiments

The mating observations began when the
gynes and males were released into the mat-
ing cages (Figure 1). The mating observation
period was limited to 2 h from the release
of gynes. Mating latency was calculated by
measuring the time between the introduc-
tion of males and gynes into the mating cage
and the initiation of copulation (Amin et al.
2012). Each mating pair was removed from
their respective mating cages when mating
began. The mating duration was determined by
observing a mating pair in a small transparent
plastic box (11 X7 X 6.5 cm). We calculated the
mating success rate as the number of mating
pairs divided by the number of released gynes.

Figure 1. Bumblebee (Bombus lantschouensis) mating experiment on a sunny day. A Two mating cages (95X 9595 cm).

B Copulation of a gyne and male.
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2.2.1. Experiment 1: effects of related and
unrelated males on mating

To evaluate the effects of related and unre-
lated males on queen mating, mature gynes
were placed in separate cages with their broth-
ers or unrelated males from randomly selected
colonies. In addition, males from the same
colony and different colonies were placed into
the same mating cages as mixed mating groups
(gynes were selected from same colony) (Fig-
ure S1: Experiment 1). To better distinguish
the related and unrelated males, they were
marked with different colors on the thorax.
Mating latency, mating duration, and the mat-
ing success rate were recorded in the different
mating groups. The numbers of gynes in each
mating cage ranged from 6 to 20, which was
determined by the numbers of emerging gynes
and males. A total of 71 experimental mating
groups (26 related cages (210 gynes), 22 unre-
lated cages (154 gynes), and 23 mixed cages
(172 gynes)) were established.

2.2.2. Experiment 2: effect of males from
multiple colonies on mating

To explore the effect of males from multi-
ple colonies on mating success, the gynes in
each mating cage were derived from the same
colony, with their number ranging between 8
and 20. Males from one, two, three, and four
colonies were released into the mating cages
(Figure S1: Experiment 2). To effectively dis-
tinguish the origin of the males, they were
marked with different colors on the thorax. The
proportions of males in each treatment group
were equal. Mating latency, mating duration,
and the mating success rate were recorded
across the four treatments. Each treatment was
replicated five times, for a total of 20 treat-
ments (225 gynes in total).

2.2.3. Experiment 3: effect of gynes from
multiple colonies on mating

To observe the effect of gynes from multi-
ple colonies on mating success, males from the
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same colony were mated with gynes from multi-
ple colonies (Figure S1: Experiment 3). To dis-
tinguish the gynes on the basis of their origin,
they were marked on the thorax with different
colors. The proportions of gynes were consist-
ent between treatment groups. Mating latency,
mating duration, and the mating success rate
were recorded. Each treatment was replicated
five times, for a total of 20 treatments (223
gynes in total).

2.2.4. Statistical analysis

Data were first checked for normality (Kol-
mogorov—Smirnov and Shapiro—Wilk tests).
When the data did not fit a normal distribution,
we used nonparametric statistical tests. Mating
percentages were transformed using the arcsine-
square-root transformation. Differences in mat-
ing latency, mating duration, and the mating suc-
cess rate among the three mating types (related,
unrelated, and mixed) were analyzed with the
nonparametric Kruskal-Wallis H test. Related
and unrelated males mated with gynes in mixed
groups were compared with the Mann—Whitney
U test. The effects of males and gynes from mul-
tiple colonies on mating success were tested with
one-way ANOVA and Duncan’s multiple range
test. Statistical analyses were performed with
R project software version 4.0.4 (https://cran.r-
project.org).

3. RESULTS

3.1. Effects of related and unrelated
males on mating

A total of 71 mating groups were evaluated,
and the results showed that mating latency signif-
icantly differed among the related, unrelated, and
mixed groups (H=40.486, P <0.05) (Figure 2A).
The average mating latency was 42.9 +3.77 min
for related groups, 24.2 +2.53 min for unrelated
groups, and 16.8 + 1.8 min for mixed groups.
Mating duration did not significantly differ
among the three groups (H=4.457, P>0.05)
(Figure 2B). In terms of mating success, the
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Figure 2. Effects of related, unrelated, and mixed related and unrelated males on the mating behavior of the bum-
blebee B. lantschouensis. A Difference in mating latency among the different mating groups. B Difference in mating
duration among the different mating groups. C Difference in the mating success rate among the different mating
groups. Violin plots show these results; the violin shape presents the distribution of the values, with a box plot inside.
The black line in the center indicates the median, the top of the black box represents the upper quartile, and the bot-
tom of the black box represents the lower quartile. Different letters denote significant differences at a=0.05.

mating groups significantly differed (H=20.892,

effect on mating success (ANOVA, P <0.05)
P <0.05) (Figure 2C). However, no difference in

(Figure 3C). Males originating from three and

mating success was found between related and
unrelated males mated with gynes in the mixed
groups (Table I, mating latency (U=1332,
P>0.05), mating duration (U= 1348, P> 0.05),
and mating success (U=250, P> 0.05)).

3.2. Effect of males from multiple colonies
on mating success

Males from multiple colonies had no significant
effect on mating latency or mating duration when
the four different-source male groups were evalu-
ated (ANOVA, P>0.05) (Figure 3A, B). However,
males from multiple colonies had a significant

four colonies had a higher mating success rate
(57.6 £4.76% and 60.05+5.73%) than males
originating from one or two colonies (39.1 +4.30%
and 39.5 +3.72%). The mating success rate did not
significantly differ between males originating from
three and four colonies (P> 0.05).

3.3. Effect of gynes from multiple colonies
on mating success

There was no significant difference in mating
latency or mating success among the four treat-
ment groups (ANOVA, P> 0.05) (Figure 4A,
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Figure 3. Effects of males from different numbers of colonies on the mating behavior of the bumblebee B. lantscho-
uensis. A Effect of the number of colonies of male origin on mating latency. B Effect of the number of colonies of
male origin on mating duration. C Effect of the number of colonies of male origin on the mating success rate. Violin
plots show these results; the violin shape presents the distribution of the values, with a box plot inside. The black line
in the center indicates the median, the top of the black box represents the upper quartile, and the bottom of the black
box represents the lower quartile. Different letters denote significant differences at a=0.05.
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Figure 4. Effect of gynes from different numbers of colonies on the mating behavior of the bumblebee B. lantscho-
uensis. A Effect of the number of colonies of gyne origin on mating latency. B Effect of the number of colonies of
gyne origin on mating duration. C Effect of the number of colonies of gyne origin on the mating success rate. Violin
plots are shown; the violin shape presents the distribution of the values, with a box plot inside. The black line in the
center indicates the median, the top of the black box represents the upper quartile, and the bottom of the black box
represents the lower quartile. Different letters denote significant differences at a=0.05.

C). However, gynes from one colony had a
shorter mating duration (14.77 +£0.71 min)
than gynes from multiple colonies (the duration
for two to four colonies was 19.1 +1.19 min,
17.1+0.97 min and 17.6 +0.97 min, respec-

3.4. Effects of different factors on the
response variables

A nonparametric Kruskal-Wallis H test
showed the effects of different factors (kin rela-

tively) (Figure 4B). tionship, multiple sources of males and gynes,
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Figure 5. Effect of different factors (kin relationship, males from multiple colonies, gynes from multiple colonies,
male number, and gyne number) on the mating behavior of the bumblebee B. lantschouensis. A Effect of kin relation-
ship, males from multiple colonies, gynes from multiple colonies, male number, and gyne number on mating latency.
B Effect of kin relationship, males from multiple colonies, gynes from multiple colonies, male number, and gyne
number on mating duration. C Effect of kin relationship, males from multiple colonies, gynes from multiple colonies,
male number, and gyne number on the mating success rate. Violin plots are shown; the violin shape presents the dis-
tribution of the values, with a box plot inside. The black line in the center indicates the median, the top of the black

box represents the upper quartile, and the bottom of the black box represents the lower quartile. Different letters
denote significant differences at a=0.05.
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and number of males and gynes) on the response
variables (mating latency, mating duration, and
mating success) (H=_82.343, P <0.05). Males
and gynes from multiple colonies had a more
significant influence on mating latency than kin
relationship, male number, and gyne number
(P <0.05) (Figure 5A). However, there were no
significant effects of in kin relationship, males
and gynes from multiple colonies, male number,
and gyne number on mating duration and mating
success (P> 0.05) (Figure 5B, C).

4. DISCUSSION

Mating is an important process affecting the
sustainability of bumblebee factory rearing. The
prevention of inbreeding and increasing mat-
ing success are crucial for the establishment
and development of bumblebee colonies. In
this study, we used the indigenous bumblebee
B. lantschouensis to test the mating interaction
of males and gynes. The results indicate that the
gynes of this species have no kin-recognition
ability, at least of individuals (males) from the
same locality under controlled conditions. Fur-
thermore, the presence of males from multiple
colonies is an important mechanism influencing
mating success in this species. To the best of our
knowledge, this is the first systematic study of
mating between gynes and males of B. lantscho-
uensis. The findings will help to guide the artifi-
cial rearing of this native bumblebee.

Mating latency is an index used to reflect mating
propensity. A previous study showed a shorter mat-
ing latency in outbred groups than in inbred groups
of the bumblebee B. ferrestris (Whitehorn et al.
2009b). Our study further demonstrated that related
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groups of the native bumblebee B. lantschouensis
have a longer mating latency (42.88 +3.8 min)
than unrelated groups (24.15+2.5 min) (Fig-
ure 2A). Furthermore, the mating latency of the
mixed groups was shorter than that of the related
and unrelated groups. This result may have been
caused by competition between related and unre-
lated males. We found no significant difference
in mating latency between related and unrelated
males (Table I). This result was consistent with
the observation of Bogo et al. (2018b). Therefore,
mating latency is not directly correlated with mat-
ing preference in this bumblebee, and gynes from
the same colonies apparently cannot distinguish
between related and unrelated males. However,
mating latency may be affected by interference
among males, in which multiple males attempted
to mate with the gynes simultaneously (Amin et al.
2012). However, the effect of male-male compe-
tition on the mating latency of the bumblebee B.
lantschouensis needs to be tested in the future.

Mating latency may differ among bumblebee
species. Our results show that mating latency in
the bumblebee B. lantschouensis in three different
mating groups (related, unrelated, and mixed) was
longer than that in the bumblebee B. terrestris
(mating latency time is less than 20 min) (Amin
et al. 2012; Bogo et al. 2018b). The most likely
explanations for this result are differences in the
sex pheromone contents of different species, the
localities of the experiments, temperature, the
ages of individuals, and luminosity (Amin et al.
2007, 2010; Bogo et al. 2018Db).

There was no evidence for the existence of
an inbreeding avoidance system in the bumble-
bee B. lantschouensis in the artificial mating
cages. However, different systems used to pre-
vent inbreeding have been found in bumblebees
under natural conditions. Gynes and males of the

Table I Mating preferences of related and unrelated males when mating in mixed groups

Index Related Unrelated U P
value
Mating latency (min) 18.98+2.8 14.59+2.3 1332 0.17
Mating duration (min) 16.73+0.6 15.77+0.5 1348 0.199
Mating success rate (%) 30.63+3.1 30.73+2.4 250 0.749
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bumblebees B. frigidus and B. bifarius have been
found to have the ability to recognize nestmates,
while the bumblebees B. californicus and B.
rufocinctus do not have an inbreeding avoidance
system (Foster 1992). This difference could be
due to variation in precopulatory behavior: B.
californicus and B. rufocinctus show nest sur-
veillance behavior to find females and do not
survey their own nest, while the bumblebee spe-
cies B. frigidus and B. bifarius exhibit patrolling
behavior. The latter two species may therefore
frequently encounter young queens in their own
nest, and an inbreeding-avoidance system is
thus advantageous. Under artificial rearing, an
inbreeding mating avoidance mechanism may
exist in bumblebee through changes in the tim-
ing of gyne and male emergence and regulation
of the sex ratio (Bogo et al. 2018a).

Mating duration can be used by insects to
adjust their mating investment in relation to their
relatedness (Tabadkani et al. 2012). In bumble-
bees, a long copulation duration is used by males
to manipulate paternity: it promotes effective
sperm transfer and produces a so-called “mating
plug” secretion, which is applied to the female
genital tract to prevent young queens from remat-
ing (Baer et al. 2001, 2000; Brown and Baer
2005). Previous research suggests that there is no
significant difference in copulation time between
related and unrelated bumblebees (Bogo et al.
2018b). Our results also showed no difference
between the related and unrelated groups in the
bumblebee B. lantschouensis. The average mat-
ing duration of the bumblebee B. lantschouensis
was less than 20 min. Research has indicated that
the mean mating duration of the bumblebee B.
terrestris is more than 30 min (Amin et al. 2009;
Brown et al. 2002). The reasons for these obser-
vations may be related to the speed of sperm and
mating plug migration in the different species.
Additionally, the number of male individuals
did not affect the mating duration (Amin et al.
2012). This was also reflected in our observation
that the number of males did not affect the mat-
ing duration (P> 0.05). However, the source of
gynes influenced mating duration. Gynes from
one colony mated with unrelated males had a
shorter mating duration than those from multiple
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colonies. The reasons for these observations
may be that gynes from multiple colonies favor
sperm filling of the queen’s spermatheca, which
is affected by a longer mating duration (Brown
and Baer 2005). Further evidence is needed to
validate the hypothesis.

The successful mating of bumblebees is
influenced by many factors, including male
choice, female choice, male courtship behav-
ior, female response to this courtship, and
female reproductive status (Patrick 1983). In
our experiments, we found that the mating suc-
cess rate of unrelated groups was significantly
higher than that of related groups. The mat-
ing success rate of the mixed groups was 60%,
which could be some sort of female strategy
dependent on environmental conditions (Fig-
ure 1C). On the basis of the mixed groups,
we further demonstrated no mating prefer-
ence between related and unrelated groups.
No mating preference for related or unrelated
partners was also found in the bumblebee B.
terrestris (Bogo et al. 2018b).

Previous research has shown that the number
of male and gyne individuals influences mat-
ing success (Amin et al. 2010; Kwon and Suh
2006; Wu et al. 2005; Yoon et al. 2007). How-
ever, few studies have focused on the effects of
different sources of males and gynes on mating
success. Our results suggest that males from
multiple colonies, in terms of the number of
colonies of origin, can significantly enhance
the mating success rate. However, gynes from
multiple colonies has no influence on the mat-
ing success rate. These results provide some
technical guidance and a theoretical basis for
indigenous bumblebee factory rearing.

5. CONCLUSIONS

We conclude that males originating from
different colonies have an overall effect on the
mating success of the studied species under
artificial and controlled conditions. Our obser-
vations demonstrate that gynes cannot recog-
nize related males, which may be an impor-
tant consideration in the artificial rearing of
bumblebees (Bogo et al. 2018b). As these are
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primitively eusocial bees, no avoidance mecha-
nism would significantly reduce fitness in the
offspring. In artificial mating cages, males
should originate from more than three colonies
to increase mating success and improve the fit-
ness of offspring. Furthermore, we observed
longer mating durations in cages in which
gynes were from multiple colonies. Inter-
estingly, gynes may benefit from prolonged
mating with a greater quantity of transferred
sperm (Brown and Baer 2005). Therefore, we
suggest that the gynes in a mating cage be from
more than two colonies. Despite our assess-
ment of the interactions between males and
queens, future work should include an evalu-
ation of the effects of environmental factors,
cage size, and male maturity on queen mating
and the effectiveness of queen insemination
under the conditions investigated in our study.
Our understanding of mating aspects in males
and gynes has the potential contribute to bum-
blebee ecological conservation and artificial
mass rearing.
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