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Summary

Starvation during larval development has a negative effect on adult worker honey bees
(Apis mellifera L.), but much less is known about the quality of drones starved during
their development. We verified how starvation on the second day (early starvation) or
the sixth day (late starvation) of larval development affects body mass, ejaculated se-
men volume and forewing size, shape, size asymmetry and shape asymmetry in drones
after emergence. The larvae were starved for ten hours by being separated from nurs-
ing bees with a wire mash for 10 hours either early or late during larval development.
Drones starved both early and late were smaller (254.1 + 1.97 mg and 239.4 + 2.12 mg,
respectively) than the control regularly fed individuals (260.9 + 2.01 mg), and their wing
size changed as well (control: 889.76 + 1.06; early: 880.9 + 1.17; late: 868.05 + 1.48).
Starvation at a later phase of larval development caused more pronounced effects than
at an earlier phase. On the other hand, ejaculated semen volume (control: 0.7 + 0.043 pl;
early: 0.88 + 0.040 pl; late: 1.08 + 0.031 pl), wing size asymmetry (control: 0.49 + 0.025;
early: 0.51 + 0.026; late: 0.52 + 0.03) and wing shape asymmetry (control: 17.4 + 0.47 x
10-3; early: 16.9 + 0.41 x 10-3; late: 17.6 + 0.43 x 10-3) were not affected by starvation.
This suggests that drones attempt to preserve characters which are important for their
future reproduction.
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INTRODUCTION

Honey bees (Apis mellifera Linnaeus, 1758)
require significant and reqgular food intake for
optimal growth during development. Royal
jelly and partially pollen are the main sources
of proteins, lipids, vitamins and minerals, and
nectar is the main source of carbohydrates and
water (for review see: Haydak, 1970; Baben-
dreier et al., 2004; Brodschneider & Crailsheim,
2010). The quality of royal jelly depends on the
quality, quantity and nourishment of nursing
bees (Haydak, 1970; Brodschneider & Crailsheim,
2010). Under natural conditions, food (nectar
and pollen) quality and its availability for bees
change seasonally because it depends on the
diversity and abundance of flowering food
plants (Koppler et al., 2007; Odoux et al., 2012).
Artificially induced changes in food availability

and/or feeding regimes of worker larvae have
been shown to affect gene transcription (Corby-
Harris et al., 2014), immunocompetence (Alaux
et al, 2010), larval development, longevity
(Mattila & Otis, 2006; Scofield & Mattila, 2015),
body size and ovary development level (Hoover
et al.,, 2006; Wang et al., 2014) and hypophyryn-
geal gland development (Pernal & Currie, 2000).
The latter was proved to be especially sensitive
to changes in feeding in the 5" instar larvae
(Wang et al., 2014).

In extreme conditions, workers were found to
cannibalize young larvae to feed older ones
(Schmickl & Crailsheim, 2001; 2002) or give
up brood rearing completely - usually starting
with the drone larvae, to avoid producing highly
impaired sexual individuals (Kunert & Crailsheim,
1985; Crailsheim & Hrassnigg, 1998; Imdorf et
al, 1998). For optimal development, drones
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require significant and regular food intake
whose frequency depends on the larvae’s age
(Haydak, 1970, Huang & Otis, 1991; Boes, 2010).
Workers on the other hand adjust the number
of produced drones to the environmental
conditions including colony size and food avail-
ability (Boes, 2010). Despite chronic reduction,
but not complete elimination, of available fresh
pollen in colonies, nurse bees were able to a
certain degree to still rear drones (Czekonska
et al, 2015). However, drones reared during
such long-term limitation of pollen were smaller
and ejaculated less semen but the number and
viability of spermatozoa in the ejaculate was not
affected by it (Czekoniska et al., 2015).

No information is available on how acute
starvation will affect the quality of different
aged drones. Rarely observed in natural
conditions, acute starvation’s influence on larval
development can help to understand larval
nutrition requirements. Studies on worker devel-
opment cannot be used to predict drone devel-
opment because drones have different protein
and carbohydrate requirements as larvae than
workers (Hrassnigg & Crailsheim, 2005). Plus
drones’ reproductive quality can differ not only
due to differences in their body size (Berg et
al., 1997; Couvillon et al.,, 2010), which is mainly
affected by the size of cells they were reared
in (Berg, 1991; Berg et al., 1997; Schlins et al.,
2003), but also depend on environmental and
genetic factors (Gencer & Firatli, 2005; Zaitoun
et al, 2009; Taha & Algarni, 2013).

Nutritional shortage can also affect the de-
velopmental stability of offspring and conse-
quently their body symmetry (Ohlsson & Smith,
2001; Grgnkjeer & Sand, 2003). Asymmetry of
wing morphology in drones was found to be
correlated with their quality by Jaffé & Moritz
(2010). Honey bees are among the most inten-
sively studied insect species and there is a sig-
nificant amount of literature concerning their
general biology. Yet, little is known about their
symmetry measures and often the results of
these studies are inconsistent. Some studies
have failed to demonstrate detectable changes
in the level of fluctuating asymmetry (Clarke,
Brand, & Whitten, 1986; Smith, et al., 1997; Jones
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et al, 2005) while others did (Bruckner, 1976,
Ondo Zue Abaga et al, 2011). However, Jaffé
& Moritz (2010) found that drones captured in
drone congregation areas have more symmetri-
cal wings than drones found in their maternal
colony, suggesting that less asymmetrical indi-
viduals are of higher reproductive quality.

The aim of our study was to describe how
acute starvation at the beginning (2" day of
larval development) and at the end of the larval
feeding period (6™ day of larval development)
affects drone quality measured as body mass
at emergence, amount of ejaculated semen and
forewing asymmetry.

MATERIAL AND METHODS

Experimental setup

Drones were reared in their natal colonies
throughout the experiment. All colonies were
healthy with only low levels of mite infection
reaching not more than 4.4 infected individuals
emerging/100 drones/colony. The experiment
was performed in May with two hives used
at the beginning and two at the end. One of
the hives from the end of the month did not
produce enough drones and was excluded
from the experiment. The remaining colonies
were named “A", “B”, and “C" and each housed
in a Wielkopolski hive with a two-year old queen
A.mellifera carnica, provided by a queen breeder,
and roughly 30,000 workers.

The hive consisted of two deep hive bodies with
ten combs (360 x 260 mm) each and separated
by a queen excluder. Five or six worker combs
filled with brood in all developmental stages and
four combs containing food were located in each
hive body and one experimental drone comb
were placed in the upper hive. On day one, each
colony’s queen was isolated in a frame cage
on a new drone comb which comb was divided
into three separate sectors, 1/4 + 1/4 +1/2, all
available for the queen to lay eggs. After the
first 24 hours, the queen was then placed in the
lower hive body, while the experimental comb
with freshly laid eggs was placed above among
the other combs with developing larvae. The
queen excluder placed between the hive bodies



prevented the queen from further laying on
the experimental comb. In each colony, drones
were either raised undisturbed and fed continu-
ously by the workers (control) or starved during
the 2" (early starvation) or 6™ (late starvation)
day of larval development for ten hours in each
treatment. Starvation was achieved by covering
1/4 of the drone comb with metal wire mesh
with 3 mm holes. The mesh was placed at least
0.5 cm from the edge of the drone cells to
separate them physically from nursing bees and
to avoid having the starved larvae crawl out of
the comb.

One day prior to the expected emergence of
drones, the combs were moved to incubators
with a constant temperature of 34.5°C. During
the next few days, theincubators wereinspected
every two hours. The first 30 individuals
emerging from each colony were anaesthetized
using CO, (Human et al,, 2013) and their total
body mass was determined using a RADWAG
PS 210/C/2 analytical balance with a readabil-
ity of 1 mg. The forewings of each measured
bee were dissected for further analysis. The
rest of the drones emerged over the next 24
hours and were moved to their maternal hives
and stored in a cage made of queen excluder
until semen collection. The semen was collected
from drones when they were at the age of 15
days. At this age drones are mature and ready
for mating (Cobey et al., 2013).

Fromeach colony, three groups each of thirtyindi-
viduals were sacrificed for semen and forewings
to be collected. The thorax was pressed to evert
the endophallus (Czekonska & Chuda-Mickie-
wicz, 2015) from which semen was collected
with a glass capillary of pre-determined volume,
diameter and length to assess the total amount
of ejaculated semen. Forewings from individuals
that did not survive until semen collection were
also collected throughout the experiment. The
age at which wings are collected does not affect
their asymmetry, as it is determined during wing
development of the larva and does not change
during the life span of adult drones.

Wing measurements
Wings were mounted in photographic frames
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and scanned using a Nikon Super CoolScan 5000
ED scanner (resolution 2400 dpi). Nineteen
landmarks (Fig. 1a, b, ¢) were determined on
the forewings with the DrawWing software
(Tofilski, 2004). Each wing was measured three
times independently of one another and used
to assess measurement error (Palmer, 1994;
Graham et al.,, 2010), which was found to be
relatively small in all individuals. Individuals with
destroyed or dirty wings were excluded from
further analysis. A total of 629 drones (220
from the control group, 223 from the early-star-
vation group and 186 from the late-starvation
group) were measured.

The configurations of landmarks were aligned
using Procrustes superimposition (Dryden &
Mardia, 1998) in Morpho] software (Klingenberg,
2011). The centroid size was used for measuring
forewing size, (Dryden & Mardia, 1998). Wing
size asymmetry was measured as the difference
between the centroid size of the right and the
left wing divided by the mean centroid size
and multiplied by 100 (percentage of centroid
size difference between left and right wing),
while shape asymmetry was measured as the
Procrustes distance between the shape of the
right and the left wing called Procrustes FA
score.

Statistical analysis

Total body mass and semen amount were
analyzed using two-way ANOVAs with colonies
A, B and C and the experimental group (control,
early starvation, and late starvation) as factors.
Wing size was correlated to body mass using
Pearson’s correlation coefficient.

Directional asymmetry  and  fluctuat-
ing asymmetry were analyzed. Directional
asymmetry of wing size was analyzed by
comparing the centroid size of the right and the
left wings using t-test for paired comparison.
On the other hand, directional asymmetry of
wing shape was analyzed by comparing the
Procrustes coordinates of the right and the left
wing using one-way MANOVA. Wing size was
compared between experimental groups and
colonies using two-way ANOVA. Wing shape was

il
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Fig. 1. Differences in shape of honey bee drone forewings. The lines represent wing veins and dots represent 19
landmarks used for wing measurements. a) scheme of forewing venation of the right and left wing; b) scheme of
forewing venation of regularly fed (control) drones and drones starved during their 2" day of larval development
(early starvation); c) scheme of forewing venation of regularly fed (control) drones and drones starved during their
6™ day of larval development (late starvation). Differences in shape were enlarged fifteen times to make them
more visible.

compared between experimental groups and
colonies using MANOVA based on Procrustes co-
ordinates. Fluctuating asymmetry of wing size
was analyzed by comparison of the absolute
values of centroid size difference between the
left and the right wing using two-way ANOVA.
Wing shape asymmetry was compared using
two-way ANOVA based on Procrustes FA score.
All measures analyzed with ANOVA fulfilled the
assumptions of analysis of variance and were

Al

followed by Tukey's test for uneven sample sizes
for comparison between experimental groups
and colonies. All analyses were performed using
Statistica software v.10 (StatSoft Inc. 2011).

RESULTS

The body mass of drones was significant-
ly affected by starvation (F(2, 261) = 45.89,
p <0.0071). Starvation during early and late larval
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Fig. 2. Body mass (+ SE) at emergence of drones originating from three unrelated colonies regularly fed (control) or
starved for ten hours during the 2" (early starvation) or the 6"-day (late starvation) of larval development.

development caused a decrease in body mass
compared to control conditions amounting to
2.6% and 8.2%, respectively (Tab. 1a). Drone
body mass also differed between colonies (F(2,
261) = 57.36, p < 0.001) (Tab. 1b). Additionally,
a significant interaction between the treatment
groups and colonies was revealed (F(4, 261) =
11.07, p < 0.0017) (Fig. 2). The semen volume
obtained from drones was not affected by
starvation (F(2, 149) = 248, p = 0.088) (Tab.
1a) but significantly differed among colonies
(F(2, 149) = 25.25, p < 0.001) (Tab. 1b) and with
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Wing size (centroid size)

no interaction between treatment groups and
colonies (F(4, 149) = 2.0, p = 0.094).

Wing size was significantly and positively
correlated to body mass (r = 0.54, p < 0.001).
We found a clear directional asymmetry of both
wing size and wing shape. Right wings (t(1, 629)
= - 64, p < 0.001) in drones were significantly
larger (880.9 + 20.02) than left (879.5 + 19.95)
and wing shape differed significantly between
them (F(34, 1223) = 4.82, p < 0.001).

Wing size differed between both the experimen-
tal groups (F(2, 620) = 91.1, p < 0.001) (Tab. 13)

& Colony A
@ Colony B
W Colony C

Control

Late
starvation

Early
starvation

Fig. 3. Wing size (+ SE) of drones originating from three unrelated colonies regularly fed (control) or starved for ten
hours during the 2™ (early starvation) or the 6'"-day (late starvation) of larval development.
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Table 1

Body mass, amount of ejaculated semen, wing size, wing size asymmetry, and Procrustes FA
score (* SE) of drones regularly fed (control) or starved for ten hours during the 2" (early
starvation) or the 6"-day (late starvation) of larval development (a) and originating from three
unrelated colonies (b)

a)
Measure Control Early starvation Late starvation
Body mass (mq) 2609 £+ 2,012 254.1 + 1.97° 2394 + 212
Amount of semen (pl) 0.85 £ 0.041 094 +0.04 0.99 £ 0.046
Wing size 889.76 + 1.06? 8809 £ 1.17° 868.05 + 148°
Wing size asymmetry 049 + 0.025 0.51 £ 0.026 0.52+0.03
Procrustes FAscore 174 +047 x 103 169+041x 103 176 +043x 103
b)
Measure Colony A Colony B Colony C
Body mass (mg) 2396 + 2152 2506 + 2.07° 264.2 + 1.69¢
Amount of semen (pl) 0.70 £ 0.04? 0.88 £ 0.04° 1.08 + 0.03¢
Wing size 8829 + 1.22° 874,65 + 1.52° 883.3 + 1.21°
Wing size asymmetry 0.56 + 0.028° 0.51 £ 0.027® 045 + 0.024°

Procrustes FA score

175 £ 041 x 103

175+ 043 x 103 170+048x 103

Different letters (a, b, c) indicate statistically significant difference among groups.

and the colonies (F(2, 620) = 276, p < 0.001)
(Tab. 1b). These factors also interacted (F(4, 620)
= 10.0, p < 0.001) (Fig. 3).Wing size asymmetry
only differed among colonies (F(2, 620) = 4.6, p
= 0.010) (Tab. 1b) but not between treatments
((F(2, 620) = 0.5, p = 0.640) (Tab.1a), and no in-
teraction between colony and treatment was
found (F(2, 620) = 1.7, p = 0.153). Wing shape
between treatments (F(68, 2432) = 3.72,
p<0.001) differed significantly in late-starved
drones from control or early starved ones (Fig.
1b, c). All the colonies had a highly significant
difference in wing shape (F(68, 2432) = 166.64,
p < 0.001). A significant interaction between the
effect of starvation and colony was also found
(F(136, 4843) = 2.38, p < 0.001). Procrustes FA
score neither differed between experimental
groups (F(2, 620) = 0.70, p = 0.496) (Tab. 1a) nor
between colonies (F(2, 620) = 0.57, p = 0.564)
(Tab. 1b) and no interaction between these
factors was found (F(4, 620) = 1.83, p = 0.122).
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DISCUSSION

Acute starvation during larval development
had a significant negative effect on adult body
mass and wing size. Starvation also changed the
shape of drone forewings but not the volume
of produced semen or asymmetry measures of
forewings. It particularly influenced six-day-old
larvae. The effect of early and late starvation
differed probably because nursing bees feed
the larvae differently according to age, needs
(Haydak, 1970) and the colony’s status (Mazeed,
2011).

Chemical analysis showed that there is a sub-
stantial difference in food provisioned to 2- and
6-day-old drones (Matsuka et al., 1973). Freshly
hatched larvae receive from the nursing bees,
large amounts of royal jelly but less caloric and
less frequently. Drone larvae are later fed more
caloric food (Matsuka et al., 1973) and visited
more often by the nursing bees (Haydak, 1970).



Starved larvae are can also be fed more often
after a period of food shortage in order to
compensate the earlier lack of food (Huang &
Otis, 1991). But Huang and Otis (1991) suggest
that feeding increased with only up to four
hours of larval starvation, while longer periods
did not trigger further inspection or feeding
from nursing bees. In our experiment, the larvae
were starved for ten hours, but this period could
be effectively shorter for mass provisioned
younger larvae than for progressively provi-
sioned older larvae.

Although body mass at emergence decreased
through starvation in our study it still corre-
sponded to average drone mass reported in
literature ranging from 200 - 290 mg (Jay, 1963;
Woyke, 1978; Gencer & Firatli, 2005; Mazeed,
2011, Szentgyorgyi et al.,, 2016). Semen volume,
which is vital for drone fitness, was unaffected
by starvation. We did not count the spermato-
zoa in the ejaculate, but earlier studies suggest
that even if the amount of ejaculate is reduced,
its quality remains stable even if body size
deviates (Schliins et al., 2003; Czekonska et al.,
2015). Nevertheless, higher body mass may be
an advantage during mating flights (Hrassnig et
al., 2005) regardless of produced semen quality
or quantity.

As expected, body mass at emergence and
wing size were found to be strongly correlated
(Es’kov & Es’kova, 2013). Wing size also differed
between starved and control groups in a similar
fashion as body mass, and late-starved (smallest)
drones decrease in size the most. The lack of
differences in the asymmetry of wing size and
shape depending on the nutritional status of
the larvae show that acute starvation did not
change the conformation of wing venation in-
dependently for the left and the right side. High
developmental stability of drone wing venation
can result from strong selection for flight per-
formance in drones. This is consistent with a
recent study on chronic malnutrition of honey
bee drones and workers during larval develop-
ment, which also failed to produce clear dif-
ferences in honey bee forewing fluctuating
asymmetry (Szentgyorgyi et al., 2016). Wing
shape asymmetry also showed similar levels in
all groups, regardless of treatment or colony,
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and comparable to the ones reported by topuch
& Tofilski (2016) and also by Szentgyorgyi et al.,
(2016). The observed lack of influence on wing
development suggests that the short-term
stress of starvation during early and late larval
stage, although decreased body mass, was com-
pensated and generally did not affect wing de-
velopment taking place during the pupal stage.

In our analysis of wing asymmetry between the
left and right wings for each individual we found
a clear directional asymmetry (Palmer, 1994) of
wing size, similarly to other studies (Schneider et
al., 2003) in favor of the right side (Smith et al.,
1997; Szentgyorgyi et al.,, 2016) and a significant
difference in shape as described by Schneider
et al. (2003), Smith et al. (1997) and Szentgyor-
gvi et al. (2016). Large changes 3 - 37% in wing
area asymmetry, like clipping the distal-trailing
edge of one wing are known to lower hover-
ing-flight capacity, wing-tip velocity and aero-
dynamic reserve capacity (Vance & Roberts,
2014). In our case the directional asymmetry
between the two sides was found to be less
than 0.5 % of the calculated wing centroid size
and probably did not cause significant differ-
ences in flying abilities. This may be the result
of a yet unknown factor acting regularly during
development and probably has no evolutionary
meaning, other than simply a characteristic of
the species.

We conclude that acute 10-hour starvation
results in decreased body size of emerging
drones but does not affect the volume of
ejaculated semen. In drone honey bees, fluctu-
ating asymmetry of the forewing is not a reliable
measure of acute nutritional stress during larval
development. Other such features as body mass
or wing size are better indicators of starvation,
since they can be used by honey bee queen
breeders to control drone quality.
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