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Abstract — Previous experimental studies demonstrated that small drones (SD) had lower paternity share since they
were not successful in mating with queens as large drones (LD) in the mating arena. However, it remains unclear whether
spermatozoa of SD can compete in vivo with those of LD if SD have mating opportunity. We, therefore, tested the
spermatozoal competitiveness of SD against LD by instrumentally inseminating the queens with varying proportions of
semen from LD and SD. Sister queens from a Buckfast colony and LD and SD from 15 Caucasian colonies were reared
synchronously as experimental test individuals. The virgin sister queens were randomly allocated into three semen
composition groups. The queens in groups A, B and C were inseminated with an equal volume of semen (7.2 pl)
collected successively from 6 LD and 6 SD (50%:50% treatment), 3 LD and 9 SD (25%:75% treatment), and 9 LD and 3
SD (75%:25% treatment), respectively. Once oviposition starts in mating nucs, the queens were introduced into field
colonies to proceed to lay eggs. After 3 months, about 100 newly emerged worker daughters from each queen were
individually collected from the colonies for paternity assignment. Five polymorphic microsatellite loci (A024, A079,
A43, A113, and Ap226) were analysed in 144 drones that were used to inseminate 12 experimental queens and 908
offspring workers. The observed patriline frequencies of LD and SD were 67.0% and 33.0% in group A, 34.6% and
65.4% in group B, and 79.8% and 20.2% in group C, respectively. The patriline frequencies within each colony were
noticeably skewed. LD that were reared in QRC sired more offspring, whereas SD that were reared in LWC had lower
paternity shares. When all three semen composition groups were pooled, the overall observed patriline frequency of SD
(40%) was found to be 10% less than the overall expected patriline frequency (50%). The results demonstrated that SD
remained a little behind LD in sperm competition.

polyandry / sperm competition / patriline frequency / drone / size dimorphism

1. INTRODUCTION different males, while males mate only with one

female. Polyandry in eusocial insects is of particular

From an evolutionary point of view, the most
important phenomenon in the life of an animal is
passing on copies of its genes to the next generation
by mating (Sundin 2009). Animal mating systems
are complex and strikingly diverse (Shuster and
Wade 2003). Polyandry is one of the polygamous
mating systems where females mate multiply with
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interest not only due to its impacts on the
intracolonial relationship and the phenotypic conse-
quences of genetic variation at the individual and
colony levels but also due to its importance in
understanding the evolution of social behaviour
(Laidlaw Jr. and Page Jr. 1984; Boomsma and
Ratnieks 1996; Page Jr. 2013).

Extreme polyandry is relatively rare among the
highly eusocial Hymenoptera (Page Jr. 1986;
Boomsma and Ratnieks 1996; Strassmann
2001). Nevertheless, honey bees have evolved
extremely high levels of polyandry (Palmer and
Oldroyd 2000). The queen honey bee (Apis

%%IN% @DlB @Springer


http://dx.doi.org/10.1007/s13592-019-00699-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s13592-019-00699-4&domain=pdf

2 H. V. Genger, Y. Kahya

mellifera’) mates with a large number of drones
during one or a few nuptial flights in a period of a
few days in her early life (Taber 1954; Peer 1956;
Woyke 1956, 1962, 1964). During mating action
in a drone congregation area (DCA), ejaculates
from successive drones are transferred forcefully
through the vagina to distensible lateral oviducts
(Woyke 1956, 2008). The cumulative ejaculates
are temporarily stored in lateral oviducts and
probably mixed by muscular contractions of the
reproductive tract (Page Jr. 1986; Woyke 2008).
Upon returning to the hive, spermatozoa in lateral
oviducts migrate gradually into the spermatheca
via spermathecal duct in a period of 10-20 h
(Woyke 1962, 1983). The migration of spermato-
zoa from lateral oviducts into spermatheca is a
complex process that is composed of individual
spermatozoa movements, abdominal contractions
of the queen and the pump of the spermathecal
duct, as well as the activity of spermathecal fluid
and glands (Laidlaw Jr. 1944; Ruttner and
Koeniger 1971; Gessner and Ruttner 1977; Page
et al. 1984; Collins 2000). During this process,
only 5% of about 80—100 million spermatozoa in
genital tract reaches the spermatheca, while the
rest flows back from lateral oviducts through the
vagina (Woyke 1962; Koeniger and Koeniger
1991). In the end, a genetically diverse pool of
spermatozoa (4—6 million) are permanently stored
alive in spermatheca and used to fertilise eggs up
to several years (Ruttner 1956; Woyke 1962).

The reproductive biology of honey bees offers
both pre-copulatory (mating competition) and post-
copulatory (sperm competition) sexual selection.
Polyandry, coupled with unbiased operational sex
ratio in favour of drones, leads to intense male-male
competition among drones and sperm competition
among the ejaculates of drones that mated success-
fully with the queen (Boomsma et al. 2005). Plenty
of drones in a DCA compete to mate with a restrict-
ed number of virgin queens (Koeniger et al. 1979).
One such DCA was estimated to contain 10,000—
15,000 drones (Koeniger et al. 2005) coming from
about 200 colonies in surrounding apiaries at one
time (Baudry et al. 1998).

Sperm competition is the competition between
the sperm from two or more males for the
fertilisation of the ova of a single female (Parker
1970). Sperm competition is the mechanism of
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sexual selection causing an increase in genetic re-
latedness among colony members and the decrease
in effective number of matings (Boomsma and
Ratnieks 1996). The outcome of such competition
is constant overrepresentations of some specific
males via their offspring within the colony. Sperm
competition is expected to occur during sperm mi-
gration process from lateral oviducts to the sperma-
theca (intraoviductal competition) and during sperm
release from spermatheca for fertilising the eggs
(intraspermathecal competition) in honey bees
(Baer 2005). The prerequisites for both
intraoviductal and intraspermathecal sperm compe-
tition after multiple copulations are present in honey
bee mating biology. The female reproductive tract is
a complex competitive arena (Miller and Svensson
2014). The co-occurrence of different ejaculates in
the lateral oviducts some distance away from the
spermatheca allows intraoviductal sperm competi-
tion during sperm migration process (Boomsma
et al. 2005; Woyciechowski and Krol 1996).
Reproductive success of a drone is the function
of the ability to mate with the queen (mating com-
petition) and the quality and quantity of semen
enabling competitiveness in inseminating the queen
(intraoviductal sperm competition) and fertilising
the eggs of the queen (intraspermathecal sperm
competition). Drone reproductive quality is defined
by the quantity and quality indicators of semen such
as ejaculate volume, the number, the concentration,
the viability and the length of spermatozoa. These
fitness indicators are critical for estimating the in-
seminating and fertilising ability of a drone. The
differences in both semen quantity and quality result
in unequal contributions of drones that mated with
the queen to the offspring in a colony (Collins 2000;
Schliins et al. 2004; Koffler et al. 2016).
Reproductive potential of drones is associated
with body size (Berg et al. 1997; Schliins et al.
2003; Genger and Firatli 2005). The body size and
the weight of drones are mainly determined by the
cell size. The drones emerging from worker cells
are smaller in size and weight compared with
emerging from drone cells (Berg 1991; Berg et al.
1997; Jarolimek and Otis 2001; Schliins et al. 2003;
McAneney-Lannen 2004; Genger and Firatli 2005;
Herrmann et al. 2005; Zaitoun et al. 2009;
Couvillon et al. 2010; Genger and Kahya 2011;
Goins and Schneider 2013). There is a positive
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correlation between body size and the number of
spermatozoa in drones (Rinderer et al. 1985;
Jarolimek and Otis 2001; Schliins et al. 2003).
Larger and heavier drones produce a higher volume
of semen (Genger and Kahya 2011) with higher
number of spermatozoa (Rinderer et al. 1985;
Jarolimek and Otis 2001; Schlins et al. 2003;
Genger and Firatli 2005; Zaitoun et al. 2009;
Genger and Kahya 2011) compared with smaller
and lighter drones. SD are 36.6% lighter in weight
and produce 28.2% fewer spermatozoa than LD
(Genger and Firatli 2005). Interestingly, however,
SD have 20% more spermatozoa per milligramme
body mass than LD (Schliins et al. 2003). Similarly,
compound eye size and the diameter of facets are
relatively larger in SD than LD in relation to body
size (Streinzer and Spaethe 2015). Besides, the
drones heavier at emergence have a longer life span
enabling competitive advantage (Czekonska et al.
2019).

Flight ability of drones is of importance regard-
ing mating opportunity and male-male competi-
tion (Coelho 1996). Flight ability varies among
drones. The duration and frequency of flight in
drones decrease with increasing inbreeding
(Moritz 1981). Body size may also affect the flight
power of drones. The drones use more concentrat-
ed nectar as fuel for the flight muscles to secure
longer mating flights (Hayashi et al. 2016). Tho-
rax weight and thorax/body weight ratio may
affect flight ability and mating success (Slone
etal. 2012). SD have narrower thorax and smaller
compound eyes than LD (Streinzer and Spaethe
2015). LD may have better flight ability and vi-
sual power enabling competitive advantage at
DCA. Smaller wings (Berg et al. 1997; Schliins
et al. 2003), smaller lenses (Streinzer and Spaethe
2015) and higher wing fluctuating asymmetry
(Jaffé and Moritz 2010) may restrict the ability
to access to the virgin queen. However, Jarolimek
and Otis (2001) did not find any difference be-
tween LD and SD in average flight duration, total
flight duration, number of flights per day and
maximum flight duration.

Paternity share in a colony demonstrates the
reproductive success of individual drones. Berg
et al. (1997) suggested that reproductive success
of SD was lower than that of LD since SD were
less competitive in accessing the queen during

copulation, although spatial and temporal distri-
butions of LD and SD in DCA were not different.
According to Jarolimek and Otis (2001), a lower
number of spermatozoa in SD alone may account
for the lower reproductive success of SD. The
natural presence ratio of SD to LD in a DCA
was estimated to be about 1:10 (Berg 1991).
Couvillon et al. (2010) determined that SD
achieved approximately half as many matings as
expected (much less than the natural presence
ratio of SD), considering their number of flights,
and had a significantly lower paternity share per
mating than LD. In the experiment designed by
mimicking the presence ratio of SD to LD (1:10)
in a semi-isolated DCA (Couvillon et al. 2010),
the 29 experimental queens unexpectedly mated
mostly with non-experimental drones (about 80%
of the total fathers), indicating the unintentional
inclusion of drones from unknown colonies. Now
that the types of these uncontrolled drones were
uncertain (most likely LD), the proportion of SD
to LD in the DCA was doubtful. The presence
ratio of SD in the DCA was likely much less than
10% even if their flight activities were more tem-
porarily uniform than LD in that experiment.

Previous studies (Berg et al. 1997; Couvillon
et al. 2010) demonstrated the lower paternity
share of SD in natural populations. However, it
remains unclear whether this lower paternity share
is due only to inferior mating competition. In both
studies, SD did not get the opportunity for sperm
competition as a result of inferior mating success.
Therefore, it is still not known whether SD sper-
matozoa can compete with LD spermatozoa if
both LD and SD have equal opportunity for in-
seminating the queens, although SD have reduced
reproductive potential.

Here, in this study, we investigated the effect of
male size dimorphism on sperm competition in
particular honey bees. In the experiment, we used
the instrumental insemination technique to give
the insemination opportunity to SD by eliminating
the mating barrier causing unequal transfer of
sperm during copulation. Instrumental insemina-
tion also allowed us to use the known drones in
terms of race and age. We quantified to what
extent the spermatozoal competitiveness of SD
against LD when groups of test queens were in-
strumentally inseminated with various
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proportions of semen from these two types of
drones. We inseminated the test queens especially
with successively collected semen without a
homogenising process to detect the effect of the
positions of drones in the insemination sequence
on paternity share, corresponding to the issue of
last male precedence in natural mating condition.
Furthermore, we were able to quantify the repro-
ductive success of drone mother colonies by reg-
istering the numbers of mother colonies of indi-
vidual drones that were used in inseminations.

2. MATERIAL AND METHODS
2.1. Drone rearing

We synchronously produced two morpho-types
of drones with respect to body size (large drones,
LD, and small drones, SD). The following arrange-
ments were conducted to obtain a plentiful of sexu-
ally mature LD and SD in our apiary at Ankara
University. During the spring season, 15 equal-
sized Caucasian (Apis mellifera caucasica ) colonies
were selected as potential drone producer colonies.
When these colonies reached to full strength occu-
pying one standard Langstroth hive body, random 3
out of them were stimulated to become laying work-
er colonies (LWC) for producing SD by dequeening
and removing their unsealed brood frames. The
other 12 colonies were maintained as queenright
colonies (QRC) for producing LD. The dequeened
colonies were monitored regularly to identify the
date the workers commenced egg-laying. Once they

became LWC, the queen of each QRC was confined
on an empty drone comb by a queen excluder cage
to induce a large quantity of unfertilised egg-laying.
When both sides of the combs were completely
occupied with eggs within 2 days, the queens were
released by removing queen excluder cages, and the
drone combs with eggs were left in their hives for
brood development until emergence.

Obtaining drone brood by queen confinement in
all 12 QRC was successively accomplished within a
week. One day before the anticipated date of eclo-
sion, the experimental drone comb in each QRC was
again placed into queen excluder cage and returned
to its hive. This practice enabled us to obtain drones
en masse by not letting them disperse in the hive.
The following day, the comb was taken from queen
excluder cage in the hive, and the cohort of LD
eclosed from this comb within 24 h was gathered
and marked on the thorax with a paint marker
(Edding 751). Concurrently, SD eclosing from
worker cells in LWC were collected from their hives
and then marked. When marking, one of the com-
binations of paint colour (yellow, blue, turquoise or
red), the position (left, centre or right) and the num-
ber (single or double) of dot on the thorax were
preferred for each drone mother colony. With this
scheme (Figure 1), marked drones could be discrim-
inated by a unique colony-specific marking.

Once marked, the drones were released back in
their mother colonies for fostering. Since keeping
drones in confinement may undesirably affect
maturation and life span, the marked drones were
allowed to fly freely outside their hives until 1 day

- - - [ - - - -
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Figure 1. Marking arrangements of drones. Each of 15 drone mother colonies was indicated by unique marking,
which is one of the combinations of paint colour (yellow, blue, red or turquoise), dot position (left, centre or right)
and the number (single or double) of dot on the thorax of the drone. The drones from each mother colony carried one

of these specific markings.
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before use. With this procedure, we provided them
with natural ambience during the sexual matura-
tion process. We marked many more drones as a
precaution to the probable loss of drones due to
the allowance of free-flying until insemination
procedure. This precaution also provided us to
inseminate more queens in case of unexpected
queen loss in various steps from insemination
through offspring sampling. In total, 11100 drones
(7200 LD from 12 QRC and 3900 SD from 3
LWC) were marked.

2.2. Queen rearing and instrumental
insemination

Queen rearing was synchronised with drone
rearing to coincide the sexual maturity of experi-
mental queens and drones. A batch of experimen-
tal test queens were reared from a Buckfast colony
that was unrelated to drone producing colonies by
standard grafting method (Laidlaw and Page
1997), expecting virgin queens to possess differ-
ent alleles from both LD and SD. The queen cells
were introduced into Kirchain polystyrene mating
nucs that have four small combs covered with
worker bees 1 day before emergence. The flight
entrances of all mating nucs were closed with a
queen excluder to prevent queens from free-fly-
ing. One day before insemination procedures, the

marked drones were collected from all QRC and
LWC and arrested in a 5-frame foster hive that
was supplied with three frames of unsealed honey
combs slightly covered by young workers. This
foster hive was taken into the laboratory during
semen collection and insemination procedure.
Forty virgin sister queens in mating nucs were
randomly allocated to three treatment groups
(Figure 2a—c). The experimental queens were in-
seminated 6 days post-eclosion with proportion-
ally different mixtures of LD and SD semen using
a standard instrumental insemination instrument
(Peter Schley Equipment, Lich, Germany).

Each queen was inseminated with 7.2 pl semen
collected successively from 12 drones. An equal
volume of semen (0.6 pl) was taken from both
LD and SD. The precise volume of semen
(0.6 pl) taken from each drone was measured by
Gilmont micrometre (Gilmont Instruments;
Barrington, IL, USA) connected to Harbo syringe.
The queens in group A were inseminated with the
semen from 6 LD and 6 SD (3.6 ul LD:3.6 ul SD;
1:1 treatment). The order in which the semen was
collected alternately from 6 LD and 6 SD into the
syringe tip for queens in group Awas LD1 + LD2 +
SDI1 +SD1 +LD3 + LD4 + SD2 + SD2 + LD5 +
LD6 + SD3 + SD3, where the different numbers
denote different drone mother colonies of each LD
and SD. The queens in group B were inseminated

1 3
4 s

6X0.6 =36l (50%)
6X 0.6l =36l (50%)

3X0.6pl=1.8pl (25%)
9X 0.6yl =54 pl (75%)

9X 0.6 pl =54l (75%)
3X0.6p=18pl (25%)

Figure 2. Schematic illustration of treatment groups (a, b and ¢ ). The numbers over drone images denote the drone
mother colonies of each large drone (red) and small drone (blue). The numbers under drone images denote the
sequence of drones in semen collection step. Red and blue squares with numbers demonstrate the positions of semen

portions in the syringe tip.
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with semen from 3 LD and 9 SD (1.8 pl LD:5.4 pl
SD; 1:3 treatment). The semen collection order was
LD1+SD1+SDI +SD1+LD2+SD2+SD2 +
SD2 + LD3 + SD3 + SD3 + SD3 in group B. The
composition of semen that were injected to the
queens in group C was from 9 LD and 3 SD
(5.4 Wl LD:1.8 ul SD; 3:1 treatment) and the semen
collection order was LDI +LD2+LD3 +SDI +
LD4 +LD5+LD6+SD2 +LD7 +LD8 +LD9 +
SD3. In this way, both LD and SD equally contrib-
uted to the total volume of semen in group A,
whereas LD contributed 25% of the total volume
and SD contributed 75% in group B, and vice versa
in group C.

Each drone that was used to inseminate each
queen which was kept individually in a micro-
centrifuge tube filled with 96% ethanol (— 20 °C)
after recording its sequence in semen combination
and mother colony number (Table I). We aimed to
obtain 4 instrumentally inseminated queens per
semen combination group (12 queens in 3 groups)
for paternity analysis. As we took into account the
probable queen loss at several steps until sampling
of their offspring, we inseminated more queens
than aimed. In total, 39 queens were inseminated:
14 queens with 1:1 proportion of LD and SD

semen (A), 13 queens with 1:3 proportion of LD
and SD semen (B) and 12 queens with 3:1 pro-
portion of LD and SD semen (C). We took 144
drones from 9 of 12 QRC (colony numbers 1, 2, 4,
6, 7, 13, 22, 25 and 29) and 3 LWC (colony
numbers 12, 24 and 38) to inseminate 12 experi-
mental queens. Four drones from each of QRC 4,
22 and 25; 8 drones from each of QRC 1, 2 and
29; 12 drones from each of QRC 6, 7 and 13; and
24 drones from each of LWC 12, 24 and 38 were
used as potential fathers (Table I).

Upon each insemination, the queens were
returned to their mating nuclei. All inseminated
queens commenced to oviposit within 10 days,
except for one queen from group A and two
queens from group B. When the test queens
started to oviposit in mating nuclei, 34 of them
(11, 11 and 12 queens in A, B, and C, respective-
ly) were introduced into equally strong field col-
onies in standard Langstroth hives. Before intro-
duction, each queen was marked with a numbered
disc stuck on her thorax, and the distal portion of
the right fore wing was clipped to recognise if any
superseding happened throughout the season. In
this way, any uncontrolled matrilineal sampling
was not allowed.

Table I. The hive (colony) numbers of drone mother colonies (QRC and LWC) of 72 LD and 72 SD that were used
to inseminate 12 experimental queens in semen combination groups A, B and C. The numbers from 1 to 12 in the
first line refer to the drone order in the semen collection step of instrumental insemination procedure. In bold are the
colony numbers of QRC, and in italics are the colony numbers of LWC

Queens The colony number of drone mother colonies
1 2 3 4 5 6 7 8 9 10 11 12
A-Ql 1 7 12 12 6 13 38 38 2 29 24 24
A-Q2 1 7 38 38 6 13 12 12 2 29 24 24
A-Q3 1 7 24 24 6 13 38 38 2 29 12 12
A-Q4 1 7 24 24 6 13 12 12 2 29 38 38
B-Q1 7 24 24 24 6 38 38 38 13 12 12 12
B-Q2 7 24 24 24 6 38 38 38 13 12 12 12
B-Q3 7 38 38 38 6 12 12 12 13 24 24 24
B-Q4 7 38 38 38 6 12 12 12 13 24 24 24
C-Q1 1 7 6 38 13 2 29 24 4 22 25 12
C-Q2 1 7 6 24 13 2 29 12 4 22 25 38
C-Q3 1 7 6 12 13 2 29 38 4 22 25 24
C-Q4 1 7 6 12 13 2 29 38 4 22 25 24
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2.3. Sampling and genetic analyses

The offspring samples of 34 experimental
queens were taken for quantifying the patriline
frequency of LD and SD. Sampling was done
3 months after onset of oviposition, paying
attention to the report by Franck et al. (1999) that
sperm admixture in spermatheca of the queen was
incomplete at the beginning of egg-laying. Before
sampling, the instrumentally inseminated queens
and egg-laying patterns in their colonies were
checked. Not any instrumentally inseminated
queens were superseded throughout the season,
and all queens displayed normal egg-laying perfor-
mance, indicated by the presence of compact sealed
worker brood and the absence of drone pupae in
worker cells. About 100 newly emerged offspring
workers were taken from each colony. The sample
workers were kept in glass jars filled with 96%
ethanol (— 20 °C) until microsatellite DNA analysis.
The offspring samples of randomly selected four
experimental queens from each insemination group
(12 of 34 queens) were analysed.

The nuclear DNA was extracted from the tho-
races of 144 drones (72 LD and 72 SD) that were
used to inseminate 12 experimental queens and
75-80 workers of each experimental queen by
phenol-chloroform method (Hall 1986). Each in-
dividual was genotyped with five microsatellite
loci (A079, A113, A024, Ap226 and A43; Estoup
et al. (1995); Solignac et al. (2003)). DNA of each
individual was amplified with fluorescence dye—
labelled primers using standard PCR protocols.
Allelic DNA fragment sizes were scored in auto-
mated capillary electrophoresis (Beckman
CEQTM 8000 Genetic Analyser). The numbers
and frequencies of alleles of five microsatellite
loci were determined by Cervus 3.0.3 software
(Kalinowski et al. 2007). The sire of each worker
was identified by using COLONY 2.0.1.2 soft-
ware (Wang 2004). The allele combinations of
inseminated queens were inferred from the geno-
types of worker progeny and siring drones.

2.4. Statistical analyses
The proportions of the worker offspring sired

by each drone inseminating each queen (patriline
frequency) in semen combination groups A, B

and C were calculated. The patriline frequencies
were normalised by arcsin transformation. The
transformed frequencies were applied to nested
ANOVA (injection sequence within drone morph
within semen combination group), followed by
least significant difference. Reproductive success
of drone mother colonies was quantified by using
the records indicating the mother colony of each
drone used during insemination procedure
(Table I) and the proportion of worker offspring
sired by each drone. The number of offspring per
drone in each mother colony and the unit off-
spring proportion of drones from each mother
colony were calculated as the representations of
male reproductive success at the colony level. The
reproductive success data of QRC and LWC were
compared with Student’s ¢ test. Type I error was
delimited at & =0.05 in both nested ANOVA and
Student’s ¢ test. All statistical analyses were per-
formed using Minitab 17 software package.

3. RESULTS

In total, 144 paternal drones and 908 offspring
workers (300, 301 and 307 in A, B and C groups,
respectively) were genotyped with five microsat-
ellite loci. On average, 76 daughters per queen
were analysed (minimum 71, maximum 82). The
five microsatellite loci analysed presented ade-
quate polymorphism to discriminate all paternal
genotypes. The allele sizes (bp) and allele fre-
quencies of five microsatellite loci determined in
908 offspring workers were presented in Table II.
A113 was found to be the highest polymorphic
locus with 11 alleles (size range from 211 to
233 bp). The lowest polymorphic locus was
Ap226 (238-246 bp) with only three alleles.

There was not any drone having identical allele
combination with another one, so all 144 drones
could be differentiated genetically by five micro-
satellite markers. Accordingly, the patriline of
each offspring worker could be uniquely assigned
to one of the genetically marked siring drones.

The proportions of the worker offspring sired
by each drone inseminating each queen in semen
combination group A (50%:50%; LD:SD) were
presented in Table III. Of the total 300 workers
from four queens, 201 workers were sired by LD,
and SD sired 99 workers. LD sired 67.0% of
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Table II. Allele lengths (bp) and allele frequencies of five microsatellite loci of daughter workers

Ap226 A43 A024 A079 All13

bp f bp f bp f bp f bp f
238 0.0890 136 0.0055 94 0.1993 97 0.3434 211 0.0060
244 0.8777 138 0.9432 100 0.0512 101 0.4080 213 0.0382
246 0.0330 140 0.0398 102 0.1900 103 0.2278 217 0.0197
142 0.0115 104 0.5479 105 0.0099 219 0.1894
106 0.0116 121 0.011 221 0.0497
223 0.0409
225 0.3996
227 0.0759
229 0.0764
231 0.0737
233 0.0306

offspring in contrast to the expected proportion
(50%, Figure 3). The observed proportion of
workers that were sired by SD (33.0%) was sig-
nificantly lower (17%) than the expected (50%),
although the queens were inseminated with equal
volumes of semen from equal numbers of LD and

SD. On average, the relative contribution of SD to
offspring was 66% of their expected contribution.

The patriline frequencies in queens that were
inseminated with mixed semen from 25% LD and
75% SD were presented in Table IV. Of the total
301 workers from four queens, 104 offspring

Table I11. Patriline frequencies (%) and the total numbers of worker offspring genotyped for each queen that was
instrumentally inseminated with semen of LD (50%) and SD (50%). The drone numbers refer to the sequence in the
semen collection step. The reverse sequence corresponds to the injection sequence in the injection step

Semen sequence (drone morph) Queen 1 Queen 2 Queen 3 Queen 4 Total
Drone 1 (LD1) 54.17 0.00 2.67 12.68 16.67
Drone 2 (LD2) 1.39 3.66 12.00 2.82 5.00
Drone 3 (SD1) 2.78 1.22 6.67 423 3.67
Drone 4 (SD1) 5.56 0.00 21.33 0.00 6.67
Drone 5 (LD3) 6.94 3.66 1.33 23.94 8.67
Drone 6 (LD4) 2.78 57.32 12.00 18.31 23.66
Drone 7 (SD2) 1.39 0.00 14.67 19.72 8.67
Drone 8 (SD2) 1.39 4.88 5.33 0.00 3.00
Drone 9 (LD5) 1.39 12.20 5.33 12.68 8.00
Drone 10 (LD6) 2.78 4.88 10.67 1.41 5.00
Drone 11 (SD3) 2.78 12.20 4.00 2.82 5.67
Drone 12 (SD3) 16.67 0.00 4.00 1.41 5.33
Total LD 69.4 81.7 44.0 71.8 67.0
Total SD 30.6 18.3 56.0 28.2 33.0
Total offspring (n) 72 82 75 71 300
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Figure 3. Proportions of offspring sired by large drones (LD) and small drones (SD) that were used to inseminate 4
queens with the mixture of 50% LD and 50% SD semen. Horizontal red line refers to expected patriline frequency

level for both LD and SD.

workers were sired by LD and 197 offspring
workers were sired by SD. The patriline frequencies
of LD and SD were 34.6% and 65.4%, respectively
(Figure 4). As expected, the worker daughters sired
by SD were more than those sired by LD. However,
the patrilines were not distributed harmoniously
with the proportions of semen from LD and SD
(25%:75%) that were injected to the queens. The
observed proportion of workers sired by SD was
9.6% less than the expected proportion. On average,
the relative contribution of SD to offspring was
87.2% of their expected contribution.

Proportions of offspring sired by LD and SD
that were used to inseminate 4 queens with mixed
semen from 75% LD and 25% SD were presented
in Table V. Of the total 307 workers from four

queens that were inseminated with 75% LD and
25% SD semen mixture, 245 were sired by LD,
and the remaining 62 were sired by SD. The
observed patriline frequencies of LD and SD were
79.8% and 20.2%, respectively (Figure 5). SD
contributed 4.8% less offspring than expected.
When three semen composition groups were
pooled, 550 of the total 908 workers from 12
queens were sired by LD, whereas SD sired re-
maining 358 workers. The overall observed
patriline frequencies of LD and SD were found
to be 60.5% and 39.5%, respectively. The overall
observed patriline frequency of SD was 10.5%
less than the overall expected patriline frequency.
The overall relative contribution of SD to off-
spring was 79.0% of their expected contribution.
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Table IV. Patriline frequencies (%) and the total numbers of worker offspring genotyped for each queen that was
instrumentally inseminated with semen of LD (25%) and SD (75%). The drone numbers refer to the sequence in the
semen collection step. The reverse sequence corresponds to the injection sequence in the injection step

Semen sequence (drone morph) Queen 1 Queen 2 Queen 3 Queen 4 Total
Drone 1 (LD1) 17.72 8.33 12.99 12.33 12.96
Drone 2 (SD1) 3.80 5.56 6.49 4.11 4.98
Drone 3 (SD1) 3.80 1.39 12.99 2.74 5.32
Drone 4 (SD1) 3.80 16.67 5.19 10.96 8.97
Drone 5 (LD2) 13.92 6.94 2.60 6.85 7.64
Drone 6 (SD2) 11.39 12.50 3.90 1.37 7.31

Drone 7 (SD2) 6.33 13.89 9.09 19.18 11.96
Drone 8 (SD2) 5.06 5.56 7.79 10.96 7.31

Drone 9 (LD3) 12.66 13.89 15.58 13.70 13.95
Drone 10 (SD3) 3.80 6.94 7.79 6.85 6.31

Drone 11 (SD3) 2.53 2.78 6.49 6.85 4.65
Drone 12 (SD3) 15.19 5.56 9.09 4.11 8.64
Total LD 44.3 29.2 31.2 329 34.6
Total SD 55.7 70.8 68.8 67.1 65.4
Total offspring (n) 79 72 77 73 301

The data showed that the patriline frequencies
in all colonies were not in accordance with the
proportions of LD and SD semen injected into the
experimental queens. There was a clear difference
between SD and LD in patriline frequency. In all
semen combination groups, LD were consistently
overrepresented in offspring. More than 50% of
workers produced by queens had LD paternity.
The nested ANOVA revealed that the drone
morph was a significant factor (F =1.770, P =
0.021) affecting the patriline frequencies in all
experimentally established semen combination
groups. Nevertheless, the presented data did not
reveal any significant effect of the positions of
drones in the insemination sequence on the
patriline frequencies (¥ =0.719, P =0.850). The
last inseminating drone sired neither more nor
fewer offspring than the other drones.

Reproductive success of drone mother colonies
(QRC and LWC) was presented in Table VI. The
mean number of offspring per drone in QRC was
7.08, whereas it was 4.97 in LWC. However, the
difference in the number of offspring per drone
between QRC and LWC (2.11) was not found to
be statistically significant. No significant differ-
ence was also found between QRC and LWC in
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the unit offspring proportion of drones. The num-
ber of offspring per drone ranged from 3.75 to
13.25 among QRC, while it ranged from 5.04 to
5.21 among LWC. The highest number of off-
spring per drone (13.25) was determined in QRC
1, and QRC 25 had the lowest number of off-
spring per drone (3.75).

4. DISCUSSION

Several studies were conducted in honey bees
on sperm competition (Moritz 1986; Harbo 1988,
1990; Woyciechowski and Krol 1996; Franck
et al. 2002) or sperm utilisation of the queen
(Laidlaw Jr. and Page Jr. 1984; Haberl and Tautz
1998; Page Jr. and Metcalf 1982; Koeniger et al.
1992; Sasaki et al. 1995; Schliins et al. 2004;
Holmes et al. 2011; Brodschneider et al. 2012;
Baer et al. 2016). Some authors did not report any
evidence for sperm competition (Moritz 1986;
Page Jr. and Metcalf 1982; Laidlaw Jr. and Page
Jr. 1984; Sasaki et al. 1995; Woyciechowski and
Krol 1996; Haberl and Tautz 1998; Franck et al.
1999, 2002; Shafir et al. 2009; Holmes et al.
2011), whereas some others interpreted the varia-
tion in subfamily distributions (Harbo 1988, 1990;
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Figure 4. Proportions of offspring sired by large drones (LD) and small drones (SD) that were used to inseminate 4
queens with the mixture of 25% LD and 75% SD semen. Horizontal red line refers to expected patriline frequency

level for LD and horizontal blue line for SD.

DeGrandi-Hoffman et al. 2003; Schliins et al.
2004; Couvillon et al. 2010; Brodschneider et al.
2012) and the results of in vitro spermatozoa tests
(Tofilski et al. 2012) as the consequence of sperm
competition.

Our present results confirmed the existence of
sperm competition in honey bees. We presented
here clear empirical evidence on sperm competi-
tion using two drone morphs that reproductive
potentials are distinct. Our present data demon-
strated the skew in patriline distributions within
each colony, indicating sperm competition. LD
that were reared in QRC sired more offspring,
whereas SD that were reared in LWC had lower
paternity shares. The queens inseminated with
equal proportions of semen from LD and SD (in

group A) produced unequal proportions of
workers with LD and SD paternity. The overrep-
resentation of LD in the worker offspring was
observed in all insemination treatment groups as
well as in the pooled data. Overall, SD had 10.5%
less paternity share than expected. This result is
not surprising given that SD have reduced repro-
ductive potential (Schliins et al. 2003; Genger and
Firatli 2005; Genger and Kahya 2011).

Genger and Kahya (2011) compared the repro-
ductive potential of LD and SD that were the live
materials of this present study. Both studies were
simultaneously conducted with common material.
We, therefore, can safely suggest the likely rea-
sons for the overrepresentation of LD based on the
findings of Genger and Kahya (2011). According
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Table V. Patriline frequencies (%) and the total numbers of worker offspring genotyped for each queen that was
instrumentally inseminated with semen of LD (75%) and SD (25%). The drone numbers refer to the sequence in the
semen collection step. The reverse sequence corresponds to the injection sequence in the injection step

Semen sequence (drone morph) Queen 1 Queen 2 Queen 3 Queen 4 Total
Drone 1 (LD1) 49.38 9.59 2.63 9.21 18.24
Drone 2 (LD2) 4.94 10.96 11.84 5.26 8.14
Drone 3 (LD3) 4.94 8.22 9.21 14.47 9.12
Drone 4 (SD1) 2.47 8.22 7.89 10.53 7.17
Drone 5 (LD4) 7.41 9.59 14.47 14.47 11.40
Drone 6 (LD5) 3.70 8.22 6.58 10.53 7.17
Drone 7 (LD6) 6.17 10.96 5.26 1.32 5.86
Drone 8 (SD2) 247 10.96 7.89 1.32 5.54
Drone 9 (LD7) 3.70 4.11 10.53 11.84 7.49
Drone 10 (LD8) 8.64 2.74 5.26 13.16 7.49
Drone 11 (LD9) 3.70 4.11 5.26 6.58 4.89
Drone 12 (SD3) 247 12.33 13.16 2.63 7.49
Total LD 92.6 68.5 71.1 85.7 79.8
Total SD 7.4 315 28.9 14.3 20.2
Total offspring (n) 81 73 76 77 307

to the results of that study, the mean ejaculate
volume of LD (1.01 pl) was 53% greater than that
of SD (0.66 pl). It was previously evidenced that
the drones contributing greater volume of semen
had disproportionately higher paternity share than
the drones contributing smaller volume of semen
(Harbo 1988; Schliins et al. 2004). In our present
study, we eliminated the difference in ejaculate
volume between LD and SD by taking the equal
volume of semen (0.6 pl) from each drone for
instrumental insemination. This volume (0.6 pl)
was the optimum amount that could be taken from
either LD or SD without any difficulty.

As the equal volume of ejaculate was taken from
each drone for instrumental insemination, the dif-
ference in the number of spermatozoa between LD
and SD is not expected to affect the paternity share
if there is no difference in the concentration of
spermatozoa. Nevertheless, Genger and Kahya
(2011) determined that there was a significant dif-
ference in the concentration of spermatozoa be-
tween LD and SD. LD had 7.256 x 10° spermato-
zoa per pl, whereas SD had 6.661 x 10° spermato-
zoa per pl. LD had 8.2% more spermatozoa (595 x
10%) per ul than LD. Due to the concentration
difference, a queen that was inseminated with a
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mixture of semen from LD (50%) and SD (50%)
should have 1.286 x 10° more LD spermatozoa in
her lateral oviducts. This concentration difference
(8.2%) was close to the overall difference between
observed and expected patriline frequency (10.5%).
Accordingly, the overrepresentation of LD can be
explained by the difference in sperm concentration
between LD and SD. Genger and Firatli (2005)
inseminated the queens with 8 pl semen from either
LD or SD. The difference in the number of sper-
matozoa between LD and SD influenced spermato-
zoa representation in the spermatheca of the queen.
Queens inseminated with semen from LD (4.57 x
10°) had on average 0.96 x 10° more spermatozoa
than the queens inseminated with semen from SD
(3.61 x 10°). We did not dissect the experimental
queens to determine the number of spermatozoa in
their spermathecae in our present study. Likely, the
number of spermatozoa in the queens inseminated
with 3:1 semen (LD:SD) would be higher than
those inseminated with both 1:3 semen (LD:SD)
and 1:1 semen (LD:SD) due to the concentration
difference. However, we did not observe any dif-
ference in the egg-laying performance among
queens. All queens displayed regular egg-laying in
their colonies throughout the season.
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The sperm traits other than the number and the
concentration of spermatozoa may have an addi-
tional effect on the paternity share in favour of
LD. The viability of spermatozoa is a critical
fitness trait favouring sperm competition in in-
sects (Hunter and Birkhead 2002). Siring success
of individual males is associated with the propor-
tion of live spermatozoa in the ejaculate (Garcia-
Gonzalez and Simmons 2005) and the length of
spermatozoa (Koffler et al. 2016). However, nei-
ther the viability nor the length of spermatozoa
was found to be different between LD and SD,
although their sperm concentrations were differ-
ent (Genger and Kahya 2011). Collectively, these
results revealed that the competitive advantage of
LD against SD is associated primarily with the

concentration of spermatozoa, but not with the
viability and length of spermatozoa. The viability
of spermatozoa is not correlated with sperm con-
centration (Genger et al. 2014) and mixing of
ejaculates from different drones does not affect
the viability of spermatozoa (Tofilski et al. 2012;
Genger et al. 2014). Tofilski et al. (2012) sug-
gested the presence of interactions between ejac-
ulates of different drones, which may be related to
sperm competition. However, it is not known
whether the interaction between ejaculates of
drones can be mediated by differences in sperm
concentration. Future work is required to compare
LD and SD regarding other sperm traits such as
motility, swimming speed and acrosome reaction,
as well as seminal fluid properties.
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Table VI. Reproductive success of drone mother colonies (QRC and LWC) represented by the number of offspring
per drone in the mother colony (7 3) and the unit offspring proportion of drones in the mother colony (%/n )

Colony  Colony Number of Number of Offspring Number of Unit offspring
type number drones used in offspring of proportion of offspring per proportion of
inseminations “n 1" drones (1 ,) drones (%) drone (1 ,/ drones (%/n ;)
(n1) ny=ns)

QRC 1 8 106 11.67 13.25 1.45875

2 46 5.07 5.75 0.63375

4 4 23 2.53 5.75 0.6325

6 12 77 8.48 6.42 0.7066

7 12 79 8.70 6.58 0.7250

13 12 148 16.30 12.33 1.3583

22 4 23 2.54 5.75 0.6350

25 4 15 1.65 3.75 0.4125

29 8 33 3.63 4.13 0.45375

Overall 72 550 60.57 7.64 0.84125

LWC 12 24 121 13.33 5.04 0.55541

24 24 125 13.77 5.21 0.57375

38 24 112 12.33 4.67 0.51375

Overall 72 358 39.43 4.97 0.54763

Overall 144 908 100.00 6.30 -

The role of drones via mating is vital for colony
fitness. A honey bee colony increases its fitness by
rearing not only numbers but also a higher quality
of drones (Kraus et al. 2003). Drone rearing in
colonies is regulated by season, peaking in early
summer and declining as the season advances
(Boes 2010). Drones are typically reared from
queen-laid unfertilised eggs in hexagonal larger
cells. Unfertilised eggs are also deposited in smaller
hexagonal cells by the inferior queen (drone layer)
or by laying workers, resulting in small-sized drone
offspring. Despite the existence of the queen, some
workers lay unfertilised eggs in worker cells (Page
Jr. and Erickson Jr. 1988). Since these worker-laid
eggs are removed by nestmates (Ratnieks and
Visscher 1989), only about 0.12% of adult drones
produced are derived from eggs laid by workers in
QRC (Visscher 1989).

In hopelessly queenless colonies that have
no chance to rear a new queen, workers under-
go ovarian development and become laying
workers (Page Jr. and Erickson Jr. 1988).
About half of the workers lay unfertilised eggs
in LWC (Ratnieks 2002). More than 6000
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worker-derived SD can be reared until LWC
break down (Page Jr. and Metcalf 1984). Al-
though LWC are not desirable regarding api-
cultural standpoint, SD that are reared in these
colonies have practical and biological func-
tions. LD in queenright colonies are hardly
present at the end of the mating season due
to drone eviction process (Boes 2010). SD,
however, can be reared at suboptimal times
of the year without having strong colonies.
The queen losses in colonies that may happen
at the end of mating season result in emergen-
¢y queen rearing. SD have a chance to mate if
young queens are present (Hemmling 1991).
SD, therefore, can supply sperm need of emer-
gency queens at the late season. Intentional SD
production may also be an alternative way to
prolong the production period for queen rear-
ing farms. In addition to potential use in the
field, SD may be the actors of selective breed-
ing. LD from a queenright colony represent
only the genes of the queen, whereas SD from
laying workers represent the gene frequencies
of worker population of the colony (Harbo
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1991). Further, SD may potentially be of im-
portance in maintaining genetic diversity at the
sex locus in a population (Gloag et al. 2019).

We can conclude from this study that the con-
centration of spermatozoa in ejaculate affects the
reproductive success of drones and the evolution
forces drones to produce not only plentiful but
also more concentrated semen. To our knowledge,
this study is the first report to quantify the sperm
competitiveness of SD that were reared in LWC
against LD reared in QRC. SD were not found to
be as successful as LD in sperm competition.
Nevertheless, it does not imply that SD reared in
LWC are useless.
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