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Abstract – Drones and workers have completely different roles in a honeybee colony. This is reflected in
many physiological, morphological and behavioural differences. Our overview mainly focuses on aspects
of diet and metabolism in larvae and adults, and on the physiology of digestion. As larvae, drones have
different protein and sugar requirements than workers, and in each life stage drones and workers differ in
body composition (percentages of glycogen, lipids and proteins). Like queens, drones as adults are
nourished by worker-prepared food, and compared to workers their ability to digest is reduced. Mature
drones fly usually only under optimal weather conditions. Their flight metabolism and resting metabolism
also differ from those of workers. We discuss these differences as adaptations to the different functions of
the two sexes within the colony as a superorganism.
nutrition / digestion / enzymes / energy metabolism / body reserves

1. INTRODUCTION
With respect to physiology, honeybee drones
have not been investigated as intensely as
workers. This is not so astonishing as drones
are not of direct commercial interest and are
reared and found in the honeybee colonies only
during restricted periods of time – in temperate
regions only during part of the summer season
(Allen, 1958; Free and Williams 1975; Morse
et al., 1967; see also Seeley, 1985; Winston,
1987). When colonies prepare for the winter
period they expel drones, often as early as July
or August in temperate regions. Therefore,
compared to workers, their presence and availability for experiments is restricted to shorter
periods.
The quite limited function of drones is to
produce sperm and to mate with a queen. A
mated queen stores the sperm throughout her
life in the spermatheca and keeps it viable there,

long after the drone has passed away (Klenk
et al., 2004; Phiancharoen et al., 2004). To
mate, a drone must find an airborne queen at a
drone congregation area and then compete with
hundreds of other drones (Gary, 1963; Ruttner
and Ruttner, 1972; Page, 1986; Koeniger,
1988; Berg et al., 1997). Accordingly, drones
exhibit anatomical and physiological adaptations for strong and forceful flying (Radloff
et al., 2003), and they possess elaborate mating
organs (Woyke and Ruttner, 1958; Koeniger,
1986; Koeniger et al., 1991; Koeniger and
Koeniger, 1991, 2000) and powerful sense
organs, such as big eyes with a high number of
omatids and long antennae with many sensilla
for visual and olfactory orientation towards airborne queens (Seidl, 1980). Also, drones lack
hypopharyngeal glands (= brood food glands),
wax glands, and most of the structures to collect
food. Thus, although the drone’s head is bigger
than a worker’s head, its “tongue” is shorter, its
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mandibles are smaller, the mandibular glands
are very small, and the honey stomach is slenderer. Furthermore, their hind legs lack the pollen collection devices present in workers
(Snodgrass, 1956; Lensky et al., 1985).
In contrast to drones, workers perform an
enormous variety of tasks. They clean the hive,
tend the brood, nourish the workers, drones and
queen, work for nest homeostasis (Schmickl
and Crailsheim, 2002, 2004), produce wax, forage for and process food, and communicate the
location and profitability of the food sources to
their nest mates (reviewed by Seeley, 1985,
1995; Winston, 1987; Robinson, 1992; Calderone,
1998). Usually, workers proceed from withinnest tasks to outside tasks with age (age-polyethism) (Seeley, 1982). For this variety of
duties they are equipped with well developed
hypopharyngeal and mandibular glands, wax
glands and scent glands. Workers have to work
economically to produce wax, to build cells,
and to store a surplus of carbohydrates as honey
in the combs so that the colony is able to survive
dearth periods during the warm season as well
as the cold winter period.
There are differences between drones and
workers in morphology, physiology and behaviour. Here we give an overview mainly about
physiology, focusing on some aspects of metabolism in larvae and adults, and on the physiology of digestion and energy metabolism. We
discuss whether the differences between drones
and workers are adaptations to the different
roles and functions of the two sexes. The data
we cite usually refer to honeybees of European
origin, and if not stated otherwise they are
given as mean ± standard deviation.
2. DEVELOPMENT AND NUTRITION
OF WORKER AND DRONE
LARVAE
Honeybee workers are raised from fertilised
eggs, whereas normal drones are produced
from unfertilised eggs. Both types of eggs vary
in size over the season and between colonies
(Henderson, 1991). Drone eggs were found to
be longer and wider than worker eggs (Reinhardt,
1960). But size differences are quite small,
which might be the reason that Henderson
(1991) did not find a significant difference
between male and female eggs. Worker eggs
develop slightly more rapidly than drone eggs

at the same temperature (Harbo and Bolten,
1981), so that female larvae hatched in the
study of Harbo and Bolten at 34.8 °C after
71.4 ± 1.2 h (mean ± sd) and male larvae about
3 h later. The respiration rate of these two kinds
of eggs is temperature dependent, but between
male and female eggs there was no difference
found in the amount of consumed oxygen
(Mackasmiel and Fell, 2000).
The investment of nurses to raise an individual drone larva far exceeds that for a worker
larva (Haydak, 1970). This is reflected in the
increased tending of drone larvae (Calderone
and Kuenen, 2003), and it obviously can be
deduced from the weight gain of larvae during
the larval period (Tab. I). For worker larvae it
has been shown that in the first larval instars the
increase in weight has a genetic component,
with one strain developing faster than another
(Sutter et al., 1968), but this has not yet been
investigated in drones. Worker larvae reach a
maximum fresh weight, measured at the time
of cell sealing, of 144–162 mg, and drone larvae reach 262–419 mg (reviewed by Jay, 1963;
see also Strauss 1911; Nelson et al., 1924; Stabe,
1930; Bishop, 1961; Wang, 1965; Thrasyvoulou
and Benton, 1982). Thus drone larvae attain
1.8–2.6 times the weight of worker larvae. Similar differences in weight can also be seen in the
freshly emerged adults, after a 24-day developmental time (egg to the adult) in drones and a
21-day period in workers (Tab. I). The weight
of freshly emerged drones of European honeybees was found to be 277–290 mg if they were
not infested by Varroa destructor mites, which
exert a significant influence on weight at emergence (Schneider and Drescher, 1987; Duay
et al., 2003). The weight of workers of European honeybees emerging from their cells was
measured as 116.37 ± 0.61 mg (Bowen-Walker
and Gunn, 2001) or 123.3 mg (SchattonGadelmayer and Engels, 1988). But it has to be
pointed out that the deviations depending on
nutritional and environmental factors can be
considerable (Levin and Haydak, 1951; De
Groot, 1953; Gontarski, 1953; Kunert and
Crailsheim, 1988).
Drones may considerably deviate in size.
When haploid larvae are raised in worker cells,
which are smaller than drone cells, the resulting
adult males are called “dwarf” drones because
of their unusually small size. Such drones
produce fewer total spermatozoa than large
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Table I. Developmental time and weights of worker and drone larvae, and estimated amounts of nutrients
needed to raise one individual; (a) estimated portion of protein derived from jelly feeding, (b) estimated
portion of protein derived from pollen fed directly to the larvae, (c) calculated total pollen-need of nurses to
raise one larva (sum of estimated 95% for jelly production and 5% fed directly to larva); the protein content
of pollen was assumed to be 20%;
? = data are not well documented; references are given in the text.

Developmental time from oviposition of egg – emergence of adult (Days)
Mean fresh weight of eggs (mg)

Worker

Drone

~ 21

~ 24

0.03–0.1

~ 0.1

~ 144–162

~ 262–419

Mean fresh weight at emergence (mg)

~ 120

~ 277–290

Total amount of carbohydrates (mg)

~ 59.4

~ 98.2

25–37.5

65–97.5

(a) Protein from jelly (%)

~ 95

~ 95 ?

(b) Protein from directly fed pollen (%)

~5

~5?

125–187.5

325–487.5

Maximum larval fresh weight (mg)

Total amount of proteins (mg)

(c) Total pollen-need to raise one larva (mg)

drones. But calculated on a weight basis, per
gram body mass small drones produce 20%
more spermatozoa than large drones (Schlüns
et al., 2003). If we assume the amount of food
needed to gain one gram final body mass to be
similar in both types of drones, workers should
favourably raise small drones to produce more
spermatozoa per deployed gram of food
(Schlüns et al., 2003). But since the workers
raise drones in worker cells only under specific
circumstances, the more costly rearing of large
drones must be advantageous in some other
aspects. It might be that the bigger sperm volume of a large drone disproportionately
increases its representation in a queen’s offspring. Although the difference was not very
big, such an increase was shown in artificially
inseminated queens by Schlüns et al. (2004).
Another aspect could be the conversion of
nutrients into body mass, which does not necessarily have to be identical in drones raised in
large drone cells or small worker cells. So, it is
possible that per gram body mass the investment into a large drone is less than into a small
one, but this still has to be demonstrated. A
larger size might also be advantageous if it
increases the ability to compete for queens during mating flights (see last chapter). As the cell
size is controlled by the workers and not by the
drones themselves, colony level selection

should favour a drone size that is optimal for
fitness at the colony level, which has been discussed by Kraus et al. (2004).
The nutritional requirements for normal workers and drones are as follows. The total amount
of carbohydrates (sugars) to raise a worker has
been estimated to be roughly 59.4 mg, and
98.2 mg for a drone (Rortais et al., 2005) (Tab. I).
However, exact measurements are not yet
available. From feeding experiments it was calculated that, depending on the diet, 4–6 mg of
nitrogen is needed to raise one worker larva
(reviewed by Haydak, 1970). This would yield
25–37.5 mg of protein (conversion factor of N
in protein = 6.25). This amount of protein is
present in about 125–187.5 mg pollen with an
estimated protein content of 20% (Tab. I). We
can only speculate about the amount of protein
(pollen) needed to raise one drone. The nitrogen content of drone pupae was found to be
higher than that of a worker by a factor of about
2.6 (recalculated from data given by Straus,
1911), which corresponds well to the higher
weight reached by drone larvae. So, if we
assume a similar degree of utilization of the
food given to drone larvae, the amount needed
to raise one larva would be 65–97.5 mg protein,
derived from 325–487.5 mg pollen (Tab. I).
The bulk of the proteins fed to worker and
drone larvae originate from the nurse workers’
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glandular secretions (jelly), especially from the
hypopharyngeal glands (Brouwers, 1982; Knecht
and Kaatz, 1990), but some also from mandibular and postcephalic glands (Lensky and
Rakover, 1983). Only a minor fraction is
derived from direct pollen feeding. The amount
of pollen fed directly to worker larvae was
recently determined by Babendreier et al.
(2004). Studying larvae raised in small hives
containing about 1000 workers, they found that
worker larvae were fed over their entire developmental time with a total of only 1.52–2.04 mg
of pollen, which provides less than 5% of the
total protein requirement needed for larval
development (Tab. I). The authors also discuss
the amount of pollen fed to “dwarf” larvae that
were much lighter in weight than normal drone
larvae. They were only 39% heavier than the
worker larvae and had consumed only 36%
more pollen, which means that on a unit weight
basis the total amount of fed pollen is similar.
But since the authors analysed only a few
“dwarf drone larvae”, these results still have to
be validated. Also Simpson (1955) found relatively low pollen consumption in worker larvae. He estimated that less than one-tenth of the
nitrogen requirements of growing worker larvae are obtained from the pollen in their food
and concluded that direct pollen feeding is not
necessary for normal development.
As already mentioned, drone larvae are also
fed with pollen, but the amount in the first
3 days of larval life is negligible and as small
as in workers (Matsuka et al., 1973). The food
given young drone larvae, 1–3 days of age, is
milky-white in appearance, and that for older
larvae is dirty yellow-brown, presumably due
to the addition of honey and pollen. The food
for older larvae contains less protein and fat,
but more carbohydrates, than the food for
younger larvae (Haydak, 1957a, 1970). During
early development, the food supplied to drone
larvae seems very similar to the food for worker
larvae in protein and carbohydrate content.
However, while worker jelly is modified after
a larval age of 84 h, drone jelly is modified after
108 h (Brouwers, 1984; Brouwers et al., 1987).
That might be related to the fact that larval
development of drones is delayed compared to
that of workers (Stabe, 1930). Rhein (1951)
considered the difference between worker and
drone jelly to be of little relevance, since he was
able to raise one drone larva to adulthood and

others to the pupal stage with worker food
which he had taken from cells with larvae of
similar age as the drone larvae.

3. BODY COMPOSITION AND
METABOLISM IN WORKER AND
DRONE LARVAE AND PUPAE
In contrast to the small amounts of lipids and
glycogen as reserve substances found in the
adult worker bees (see next section), worker
larvae contain quite high amounts of those
reserves at some developmental stages (Tab. II).
The larval and pupal fat body differentiates
with age and stores high amounts of protein, fat,
and glycogen (Fyg, 1965; Marx et al., 1987;
Krajewska and Hryniewiecka-Szyfter, 1988).
At larval maturity the fat body constitutes at
least three-fourths of the total tissue mass
excluding blood (Bishop, 1961). Most glycogen is found at the late larval stage (~6 d) and
at the nymph and white-eyed pupal stages (~7–
9 d) (Straus, 1911; Melampy and Olsan, 1940;
Czoppelt and Rembold, 1970). Czoppelt and
Rembold (1970) found that glycogen makes up
4.5–5.0% of total body weight in the nymph
and white-eyed pupa. Assuming in these stages
a water content of 77%, the portion of glycogen
of the dry substance would be 19.6–21.7%.
Recalculating data of Melampy and Olsan
(1940) yields a value of 28.3% of dry weight,
a similar value as given by Straus (1911). In the
course of development, this high amount of
reserve carbohydrate decreases steadily until
the imaginal stage, as shown by all the abovecited authors (Tab. II).
The absolute amounts of lipids increase in
both worker and drone larva as they increase in
weight in the course of larval development, and
the amounts decrease during metamorphosis
(Straus, 1911; Melampy et al., 1940; Cantrill
et al., 1981). But relative amounts evolve differently (Tab. II). The highest relative amount
of lipids is found in the 3-day-old worker larva.
The amount decreases up to the nymph stage
(~7 d), increases in pupae with white and dark
eyes (~9–11 d), and then decreases until emergence of the adult worker (Czoppelt and
Rembold, 1970; Cantrill et al., 1981). The portion of lipids in 3 d old larvae, calculated from
the data of these authors, would be 36.5% of dry
weight, when assuming a water content of the

Stage

larva
larva (at time of cell sealing)
larva (at time of cell sealing)
nymph – white eyed puppa
adult (emerging)
adult (emerging)
adult (emerging)
adult (emerging)

larva (at time of cell sealing)
larva
adult (emerging)

Stage

larva
larva (at time of cell sealing)
larva (at time of cell sealing)
nymph
pupa: white eyed
pupa: dark eyed
adult (emerging)
adult (emerging)
adult (emerging)
adult (emerging)
adult (emerging)
adult (flying bees)°

larva (at time of cell sealing)
adult (emerging)

Worker/
Drone

Worker

Drone

Worker/
Drone

Worker

Drone

76.3
104.6

17.1–21.1
19.8*
19.8*

95.0–117.2*
110*
110*
300
376

33.2

142.9

75
72
82*

83*
76*
77
77*
82*
82*
82*
82*
6.5
6.8
0.22

1.5
6.8
7
4.5–5.0
0.09
0.05–0.11
0.43
0.12
25.5
24.6
1.2

8.7
28.3
30
19.6–21.7
0.5
0.29–0.62
2.39
0.66

7
0

3
6
6–7
7
9
11
0
0
0
0
0
?
17.1–21.1

95.0–117.2*

76.3
49.6

18.2
20.4

120
113.4

300
267

33.2
33.1

142.9
136.9

75
81

83*
77
76
77*
77*
79*
85
82
82*
82*
82*

5.4
2.3

6.2
4
3.9
2.6
4.2
4.0
0.9
1.3
1.7
1.08–1.40
0.8

21.3
12.4

36.5
17
16.2
11.5
18.1
19.0
6.1
7.1
9.4
6.02–7.77
4.5
9.5°

Age Fresh Weight Dry Weight Water Content
Lipids
Lipids
(days) (mg)
(mg)
(%)
(% of fresh matter) (% of dry matter)

7
8
0

3
5–6
6
7–9
0
0
0
0

Age Fresh Weight Dry Weight Water Content
Glycogen
Glycogen
(days)
(mg)
(mg)
(%)
(% of fresh matter) (% of dry matter)

Straus, 1911
Straus, 1911

Czoppelt & Rembold, 1970
Straus, 1911
Melampy et al., 1940
Czoppelt & Rembold, 1970
Czoppelt & Rembold, 1970
Czoppelt & Rembold, 1970
Straus, 1911
Melampy et al., 1940
Albrecht, 1961
Kunert & Crailsheim, 1988
Czoppelt & Rembold, 1970
Albrecht, 1961

Authors

Straus, 1911
Straus, 1911
Panzenböck & Crailsheim, 1997

Czoppelt & Rembold, 1970
Melampy & Olsan, 1940
Straus, 1911
Czoppelt & Rembold, 1970
Melampy & Olsan, 1940
Kunert & Crailsheim, 1988
Czoppelt & Rembold, 1970
Panzenböck & Crailsheim, 1997

Authors

Table II. Glycogen and total lipids in various stages of workers and drones. * Inferred from own or other authors’ measurements. ° Without gastrointestinal
tract.
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tissue of 83% for these larvae (water content of
such larvae was taken from own unpublished
measurements). The highest absolute amount
of lipids (5.37 mg) was found in 6–7 d old larvae with a fresh weight of 136.89 mg (Melampy
et al., 1940). This is 3.9% of fresh weight or
16.2% of dry weight, at a water content of 76%
(Tab. II). In the worker larvae the absolute and
relative amount of lipids decrease until emergence of the imago, but after the nymph stage
another maximum of the relative amount is
reached before it finally decreases (Czoppelt
and Rembold, 1970). The formation of this
maximum is considered to be fuelled by glycogen. The free lipids – except free fatty acid –
found in the workers’ hemolymph reach maximum concentrations during nymphosis and
decrease thereafter (Bounias et al., 1985).
Data on the chemical composition of drone
larvae are scarce, but some can be obtained
from Straus (1911). The pattern of glycogen
accumulation in drone larvae is similar to the
pattern in worker larvae (Tab. II). Straus found
the highest absolute amount around the time
when the cell was sealed, at the late larval stage,
with 6.5% of fresh weight or 25.5% of dry
weight in drones, compared to 7% and 30%,
respectively, in workers. As in the worker larvae the absolute and relative glycogen content
decrease towards the imaginal stage.
According to Straus (1911), drone larvae
accumulate (in absolute and relative numbers)
more lipids than worker larvae (Tab. II). Around
the time of sealing the cell he found lipids at
amounts of 5.4% of fresh weight (21.3% of dry
weight), while worker larvae had 4% of fresh
weight (17% of dry weight), which is in accordance with the data given by Melampy et al.
(1940). We suppose this overall trend observed
for drone larvae to be sound, but the number of
analysed individuals was small and their age
was not determined with precision.
The protein content of larvae has either been
inferred from determinations of their nitrogen
content (Straus, 1911; Melampy et al., 1940;
Imdorf et al., 1998), or has been determined
directly (Hepburn et al., 1979; Kunert and
Crailsheim, 1987) (see Tab. III). There is a general increase in the absolute amount of protein
as larvae grow. But the relative amount of protein, as percentage of body weight, decreases
with increasing fresh weight (Kunert and

Crailsheim, 1987). In worker and drone larvae
a maximum of the absolute amount of protein
is reached at the time the cell is sealed. Thereafter, until emergence the absolute amount
remains at a relatively constant level (Straus,
1911; Melampy et al., 1940). But the relative
amount of protein in the larva or pupa (dry
weight) varies to some extent, which mainly
depends on the increase and decrease of the
reserve substrates, glycogen and lipid (Tabs. II,
III). The maximum amount of protein is present
in 6–7d old worker larvae, which is ~13.1 mg
(i.e. ~9.5 % of fresh matter and ~39.5% of dry
matter, at 136.89 mg weight and 76% water
content ), and in 7 d old drone larvae it is
~34.4 mg (i.e. ~10.3% of fresh matter and
~40.3% of dry matter, at 300 mg weight and
75% water content). The data were recalculated
from Melampy et al. (1940) and from Straus
(1911) using a conversion factor of 6.25 to
determine the protein content from nitrogen
(N[mg] × 6.25 = protein [mg]).
The protein concentration in hemolymph
depends on the stage of the pupa. It seems that
there are only small differences between workers and drones (Weinberg and Madel, 1985).
For worker bees it was shown that there exist
specific patterns of hemolymph proteins for
larvae and for adults, as well as patterns common to both stages (Lensky, 1971).
In worker and also drone larvae the high
mass of glycogen and lipids may exceed half of
their dry weight. Besides providing molecules
for building the imaginal organs during metamorphosis, they also supply energy for this
process, which can be deduced from the decreasing caloric values in the course of metamorphosis (Melampy et al., 1940). As an indication of
the substances utilised in metabolism, the respiratory quotient (RQ) is determined (Harrison
and Suarez, 2004). It is the ratio of carbon dioxide production to oxygen consumption. Melampy
and Willis (1939) found the RQ in worker larvae to exceed unity – in the range between 1.13
and 1.42 – which is the case when carbohydrates are used to build up fat reserves. Later
on, in the pupal stage, the RQ decreases to values smaller than 1.0. The authors give a mean
value of 0.96, indicating the metabolizing of
not only glycogen but also fat. Hepburn et al.
(1979) give RQ values for sealed brood stages
of African workers to be 0.6–0.8. This is conclusive in the light of the decrease of fat and

117

6–7
9–10
12–13
15–16
0
0
0
0
3–14

21-death

larva (at time of cell sealing)

pupa: white – bright eyed

pupa: bright yellow

pupa: dark brown

adult (emerging)

adult (emerging)

adult (emerging)

adult (emerging)°

adult (nurse)°

adult (forager)°

8
0
0

larva

adult (emerging)°

adult (emerging)

7

95.0–117.2*

6

Drone larva (at time of cell sealing)

33

3–4*

larva

larva (at time of cell sealing)

267

199.1°

340*

300

66°

72°

80°

113.4

126.1

131.3

130.7

136.9

132.6

30

3

larva

(mg)

49.6

37.9°*

81.6*

76.3

21°

22°

16°

17.8

17.1–21.1

20.4

20.7

26.3

28.3

33.1

31.8

5.94*

5.45

(mg)

81

81°*

76*

75

68°

69°

80°

85

82*

82

84

80

78

76

76

82*

82

(%)

Fresh Weight Dry Weight Water Content

Worker

Age
(days)

Stage

Drone

Worker/

14.7 ?

13.7°

10.1*

10.3

22.7°

22.6°

14.8°

12.4

11.89–12.20

12.0

10.1

10.0

9.2

9.5

9.1

8.6

12.8

(% of fresh matter)

Protein

Method

Straus, 1911

N

N

N

N

N

N

Melampy et al., 1940

Melampy et al., 1940

Melampy et al., 1940

Melampy et al., 1940

Melampy et al., 1940

Straus, 1911

P (Biuret) Kunert & Crailsheim, 1987

N

Authors

79.4 ?

72.0°

42.1*

40.3

71.4°

73.9°

74.2°

81.4 ?

Straus, 1911

Straus, 1911

Straus, 1911

De Groot, 1953

De Groot, 1953

De Groot, 1953

N

Straus, 1911

P (Lowry) Pfeiffer et al., unpubl. data.

N

N

N

N

N

N

66.08–67.77 P (Lowry) Kunert & Crailsheim, 1988

66.7

61.4

50.2

42.4

39.5

37.8

47.8

70.3

(% of dry matter)

Protein

Table III. Total Protein in various stages of workers and drones; Method: N = protein content was calculated from nitrogen determination (mg protein = mg N
× 6.25); P = protein content was determined directly with bovine serum albumin as reference protein. *: Inferred from own or other authors’ measurements.
°: Without gastrointestinal tract. ?: Figure is questionable.

Physiology of drones and workers
261

262

N. Hrassnigg, K. Crailsheim

glycogen reserves in pupae (Straus, 1911;
Czoppelt and Rembold, 1970; Hepburn et al.,
1979; Cantrill et al., 1981). While Melampy
and Willis (1939) also give data about queens,
no such information on the RQ of drone larvae
are available.
Allen (1959) measured the oxygen consumption in worker and drone larvae. It increases
rapidly in the period after hatching, followed by
a period with a lower rate of increase. Calculated on a unit weight basis, the oxygen consumption decreases in worker and drone larvae
between hatching of the larvae and sealing of
the cells, which agrees with the findings for
workers and queens (Melampy and Willis,
1939), and also with measurements of carbon
dioxide production in workers (Petz et al.,
2004). In addition, Allen found that drone larvae clearly consume more oxygen than worker
larvae at the same weight, which she interpreted to be caused by a relatively higher
growth rate of drone larvae. She concluded this
from comparing weight data for drones (Straus,
1911) and for workers (Melampy and Willis,
1939). But this comparison does not appear to
be very reliable, as Straus determined larval age
quite imprecisely, only within approximately
± 12 hours. Additionally, Allen’s conclusions
are not supported by the weight measurements
performed by Stabe (1930), who compared
worker, drone and queen larvae much more
accurately, and who showed in drone larvae a
lower growth rate at young larval ages. We conclude that it is difficult and highly speculative
to interpret the higher uptake of oxygen by
drone larvae, until new measurements on drone
larval development, oxygen consumption and
carbon dioxide production are performed.

4. BODY COMPOSITION
AND METABOLISM IN ADULT
WORKERS AND DRONES
In contrast to the high amounts of glycogen
and lipids present at various larval stages,
emerging adult workers do not have sufficient
reserves of these substances to survive longer
periods without feeding (Tab. II). Czoppelt and
Rembold (1970) found the lipids in the whole
tissue of freshly emerged individuals to make
up less than 1% of fresh weight (recalculated
from data given by the authors). This corre-

sponds well with the value of 0.93% of fresh
weight, or 6.14% of dry weight, given by Straus
(1911), and is also in accordance with the
amount of 1.03–1.7 mg per newly emerged bee
found in African and European honeybee
workers (Hepburn et al., 1979; Cantrill et al.,
1981; Kunert and Crailsheim, 1988).
Also glycogen is found in quite small amounts
in freshly emerged adults of both genders (Tab. II)
(Melampy and Olsan, 1940; Czoppelt and
Rembold, 1970; Kunert and Crailsheim, 1988;
Panzenböck and Crailsheim, 1997). The data
are in the range of 0.05–0.47 mg per worker,
which is 0.05–0.43% of fresh weight, at an
assumed body weight of 110 mg. Data vary
according to the method used; therefore,
comparisons should be made with caution.
Panzenböck and Crailsheim (1997), who compared drones and workers in parallel, found in
freshly emerged drones relatively more glycogen than in same-aged workers (drones: 0.55–
0.59 mg, i.e. 0.22% of fresh weight; workers:
0.13 mg, i.e. 0.12% of fresh weight) (Tab. II).
The amount of reserve carbohydrate seems
to be age dependent. While in drones a higher
relative amount was found in young (0–1 d)
than in older individuals (3–18 d), in workers
the amount was smaller in younger than in
28 d old animals (for a comparison of data see
Panzenböck and Crailsheim, 1997). However,
among other age groups the authors did not find
significant differences. Also, other authors
determined lower levels of thorax and abdominal glycogen in young compared to old (= foraging-age) workers (Neukirch, 1982; Harrison,
1986; Leta et al., 1996). Therefore, glycogen is
considered to be involved in flight metabolism
as one source of energy. But it was calculated
that the total glycogen stores would enable foragers a flight distance of only 335 m, and
drones of 230 m (Panzenböck and Crailsheim,
1997), which shows its relatively low importance for flight compared to other, low-molecular carbohydrates (i.e. sugars). It is interesting
to note that also for male bumble bees (Bombus
terrestris L.) sugar is the main source of energy,
and the amounts of lipids and glycogen are negligible (Surholt et al., 1988).
Estimates of the protein content of adult bees
are often based on the nitrogen content (Haydak,
1934, 1937a, b, 1959; Lotmar, 1939; De Groot,
1953) (Tab. III). De Groot analysed several
thousand samples of freshly emerged workers
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Figure 1. Depicted is the initial increase of body
dry weight and nitrogen content of worker bees
without gastrointestine, and the light decrease in
older animals. The maximum values were reached
in 6-day old bees and were taken as 100% (nitrogen
content = 2.45 mg, dry weight = 20.7 mg); redrawn
after Haydak (1959).

without the alimentary tract and found the
nitrogen content to range from 1.49 to 2.33 mg
per bee, with an average of 1.9 mg. In nurseaged bees (3–14 d) which were properly supplied with proteins, the dry weight (22 mg) and
the nitrogen content (2.6 mg) were found to
increase by ~ 37% from age 0d to nurse-aged
bees, which indicates massive growth in these
adult bees. In foragers, dry weight and nitrogen
content slightly decreased to 21 mg and 2.4 mg,
respectively. If we apply the conversion factor
(6.25) to calculate the amount of protein from
nitrogen, it is clear that proteins account for
most of the dry weight (71–74%) in these animals, and account for most of the growth phenomena after emergence (Tab. III). Haydak
(1959) found the nitrogen content to increase in
the head, thorax and abdomen without the gastrointestine, from freshly emerged to 6 day-old
workers, by about 31% (see Fig. 1). He found
the highest increase in the head (38%) (percentages were recalculated), which especially
reflects the development of hypopharyngeal
glands in these nurse-aged bees (see below).
Finally, the decrease of protein in older workers
is driven by a reduction in the head and abdomen, but not the thorax, where the highest nitrogen content was found in old foraging-age bees,
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which usually perform extensive flights. In
another study, in which the emerging bees
showed lower contents of nitrogen, the increase
was even higher (Haydak, 1934). In accordance
with this development, Haydak (1957b) found
the abdominal fat body to increase from emergence to the nursing age and to decrease later
in old workers (see also Maurizio, 1954). In
drones the abdominal fat body seems to be
present only in animals up to 2 days old, and
here it is only presented by a few aggregations
of cells (Haydak, 1957b). However, fat cells
have also been described in the head (Snodgrass,
1956), but we have no information about age
related changes. The described growth of workers is associated with pollen consumption (De
Groot, 1950; Haydak, 1970), and with trophallactic protein transfer from other worker bees
(Naiem et al., 1999).
Although drones eat very small amounts of
pollen (Szolderits and Crailsheim, 1993), they
increased their body protein content – without
the intestinal tract – by about 47% within the
9 days following emergence, when they were
kept normally in a colony together with worker
bees (Pfeiffer et al., unpublished data). A similar increase in the nitrogen content was found
by De Groot (1953), based on whole-body analysis, and was also described by Haydak (1959),
who gives data only for heads and thoraces. An
increase in the protein content between 5 d and
12d old drones was also described by Berger
et al. (1997). The increase involves an accumulation in the thorax, where most of the flight
muscles are located, and also in the abdomen
with its sexual organs, but not in the head
(Crailsheim et al., 1997). We consider this to
reflect the final formation of the sexual organs,
and flight muscle maturation, in the presence of
nurses. It was shown that isolated drones, feeding on pollen without nursing workers, do not
fully develop their mucus glands (Mindt,
1962), while in normally kept drones mucus
protein content increases steeply during the
first 5 days of life (Colonello and Hartfelder,
2003). This is also supported by results of
Pfeiffer et al. (unpublished data), and underlines the importance of jelly-feeding workers to
drones. It seems that results presented by Jaycox
(1961), who assessed maturity by determining
the number of spermatozoa, contrast with these
findings. Jaycox found an influence of temperature on the number of spermatozoa, but no
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influence of food, whether drones were kept
with pure syrup or syrup mixed with pollen, or
jelly, or whether drones were kept with or without nurses. However, he only determined sperm
number, but did not investigate other parameters, like sperm viability or mucus gland development, which have been shown to be affected
by the kind of food ingested (Mindt, 1962). In
A. mellifera drones the mucus is pressed into
the endophallus to enable a strong connection
between drone and queen during the mating
process (Koeniger and Koeniger, 1991). As discussed by Colonello and Hartfelder (2003)
mucus gland proteins seem to play an additional
role in the stimulation of oogenesis / oviposition
(see also Colonello and Hartfelder, 2005), as
might other bioactive mucus gland factors or a
mechanical stimulatory effect of the everted
endophallus in the queen’s bursa copulatrix
(Koeniger, 1976, 1981). While A. mellifera
invests in high amounts of mucus proteins and
high numbers of spermatozoa (10–12 million),
another Apis species, A. florea, produces little
mucus and smaller numbers of spermatozoa
(0.44 million). This is achieved by a different
fixation of drone and queen during copulation –
the metatarsal organs fix drone and queen – and
by a more direct sperm transfer into the queen’s
spermatheca (Koeniger et al., 1989; Koeniger
and Koeniger, 1991).
Survival of adult workers is negatively correlated with nursing intensity and flight activity
(Merz et al., 1979; Neukirch, 1982) and positively with fat-body stores (Maurizio, 1954,
Fluri and Bogdanov, 1982). Changes in behaviour and in body stores enhance the life span of
workers and enable them to survive the winter
period (Mattila et al., 2001). A colony prepares
for winter by producing workers that are better
nourished at emergence (Kunert and Crailsheim,
1988), and by workers eating pollen over a
longer period (Moritz and Crailsheim, 1987).
Life span is also variable in drones. It is short
in summer and prolonged in autumn, which
seems to be caused by a decreased flight activity (Fukuda and Ohtani, 1977). But workers in
colonies with a queen often recognise and expel
drones in autumn (Morse et al., 1967; Free and
Williams, 1975), so they don’t reach their potential life expectancy, even if they would actively
prepare for winter by accumulating additional
body reserves. But that has not been investigated so far. Drones are recognised by workers

probably by their odours (Wakonigg et al.,
2000; Moritz and Neumann, 2004).

5. CHARACTERISTICS OF WORKER
AND DRONE HEMOLYMPH
The inner organs of bees float in the hemolymph, which roughly corresponds functionally to the blood in vertebrates: it contains
proteins, amino acids, sugars and many other
substances in relatively high concentrations
(Wyatt, 1961, 1967). But insect hemolymph is
not as finely regulated in its composition as the
blood of vertebrates. Into the hemolymph hormones are released, one of which, juvenile hormone (JH) is produced by the corpora allata.
The corpora allata are smaller in adult drones
than in workers or queens (van Laere, 1971).
The function of JH is to specifically modulate
development and behaviour (Rembold, 1987;
Hartfelder, 1990; Robinson, 1992, 2002;
Fahrbach, 1997).
Hartfelder et al. (1993) showed that the
developmental profiles of corpora allata activity are quite similar in late larval stages of
drones and workers, but very different from the
profile in queens. In drone pupae no juvenile
hormone synthesis was detected by Tozetto
et al. (1995), but they found that after eclosion
JH synthesis increases to a maximum in 9 d
old drones and decreases thereafter (see also
Rembold, 1987). Experimental application of
JH III promoted the flight activity of drones
(Tozetto et al., 1997), as did the JH analog
methopren (Giray and Robinson, 1996). In
workers high JH titres are associated with foraging (Huang et al., 1991; Jassim et al., 2000;
Elekonich et al., 2001). This shows that JH hormone promotes flight activity in workers as
well as in drones. It might well be that in drones
JH also exerts functions in the spermatogenesis
or mucus production by the accessory glands,
as was discussed by Tozetto et al. (1997).
Age-related changes in the protein content
of the hemolymph occur in workers as well as
in drones (Sinitzky and Lewtschenko, 1971;
Trenczek et al., 1989; Cremonez et al., 1998). In
drones it increases rapidly within the first days
after emergence, reaching a peak at the 3rd day
and decreasing after the first week. The hemolymph titre of vitellogenin roughly follows this
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pattern (Trenczek et al., 1989). Vitellogenin is
produced by females as a specific precursor
yolk protein, but might also have some other
yet unknown function, as drones and unfertile
workers also express this protein, and it is
found in their hemolymph (Engels et al., 1990).
It is incorporated as vitellin into the eggs during
the vitellogenic growth phase of the oocyte. As
vitellogenin represents in drones only a minor
fraction of the hemolymph proteins (Trenczek
and Engels, 1986), it was not detected in drones
in earlier investigations (Engels, 1974; Engels
and Fahrenhorst, 1974; Rutz and Lüscher,
1974). This could have been caused by the analyses of only just emerged drones or quite old
drones, since vitellogenin synthesis falls to
zero in old drones (Trenczek et al., 1989).
Although the absolute amount of vitellogenin in drones is much lower than in workers,
the overall ontogenetic patterns of its synthesis
and hemolymph titre are very similar in both
(Engels and Fahrenhorst, 1974; Trenczek et al.,
1989). Piulachs et al. (2003) found vitellogenin-mRNA in drones only after the freshly
molted adult stage, while they found it in workers in the late pupal stage. In workers vitellogenin seems to be a source for the proteinaceous
royal jelly (Adam et al., 2003), but this does not
explain its appearance in drones. The function
of vitellogenin in drones is discussed in the context of the transport of sugars, lipids, phosphates, vitamins and hormones (Piulachs et al.,
2003), but its role remains to be proved. Some
hemolymph proteins are also found in the
drones’ reproductive organs (Lensky and
Kalinsky, 1971), but to our knowledge this was
not stated for vitellogenin. Hemolymph protein
patterns in adult drones have also been investigated in the context of Varroa parasitation
(Glinski and Jarosz, 1984).
The concentration of free amino acids in the
hemolymph of workers and drones depends
significantly on age (Crailsheim and Leonhard,
1997; Leonhard and Crailsheim, 1999). In both
workers and drones the highest concentrations
of free amino acids occur at 5 days of age and
decrease in older individuals. The maximum
concentrations found in drones are over three
times as high as in workers, 90.5 ± 10.98 nmol/µL
and 25.32 ± 7.42 nmol/µL respectively, and
rather match those of queens (Hrassnigg et al.,
2003a). In all three castes the predominant
amino acid was found to be proline, in workers
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at concentrations of 50–80% of all free amino
acids, and in drones at concentrations of 31–
52% (Crailsheim and Leonhard, 1997; Leonhard
and Crailsheim, 1999). Proline is not an essential amino acid required in the honeybees diet
(de Groot, 1953), as it can be synthesised from
glucose (cf. Lehninger et al., 2001). Proline is
used in oxidative metabolism of drones at a
higher rate than either phenylalanine or leucine
(Berger et al., 1997). It was found that the
amount of proline in worker hemolymph is
reduced after flight (Crailsheim and Leonhard,
1997; Micheu et al., 2000), which was also
measured in thorax homogenates by Barker and
Lehner (1972). From this the authors calculated
that proline fuels only a small portion of flight
metabolism in workers, providing only 0.1% of
flight energy. These authors also found a depletion of proline in the thoraces of flown drones.
Tsacopoulos et al. (1994) proposed proline as
a second substrate for the Krebs cycle through
the making of glutamate and, in turn, alphaketoglutarate, in the neurons of the honeybee
retina. In their experiments light stimulation
caused a clear decrease of proline in the drone
retina. Despite these and other data on amino
acids in the honeybee, the ultimate functions of
proline in the bees’ energy metabolism have
not yet been elucidated.
Honeybees gain most of their energy from
sugars and not from other substrates (Beenakkers,
1969; Sacktor 1970). Beutler (1937) determined
the average sugar concentration in the hemolymph of workers to be 2% and in drones 1.2%.
She, like others, found large variation in the
sugar concentration in workers (Beutler, 1937;
Maurizio, 1965; Bounias, 1981; Abou-Seif et al.,
1993; Woodring et al., 1993; Leta et al., 1996;
Bozic and Woodring, 1997; Blatt and Roces,
2001, 2002). In drones the variation in sugar
concentration was small, but Beutler analysed
only a few drones taken from a single colony,
and a more extensive investigation would be of
interest. Maurizio (1965) found the sugar spectrum in drones to be similar to that in workers.
In the worker and drone hemolymph the same
sugars were detected: glucose, fructose, trehalose and sucrose (Alumot et al., 1969). However, in workers sucrose is apparently not
always present (Arslan et al., 1986; Woodring
et al., 1993), or is found at low concentrations
only (Abou-Seif et al., 1993).
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6. PHYSIOLOGY OF DIGESTION
IN WORKERS AND DRONES
Workers have to ingest enough food – nectar, pollen and jelly – to provide themselves
with sufficient nutrients. They digest much of
the pollen to produce proteinaceous secretions
in their hypopharyngeal glands (Crailsheim
et al., 1992). These secretions are fed as brood
food to the larvae in their cells, but also to other
workers, to the queen and to drones (Crailsheim,
1991, 1992). For this reason the workers in a
normal colony eat much more pollen than they
would need to support only their own metabolism. In workers this feeding on pollen depends
strongly on age and function. The nurse-aged
bees consume the highest pollen quantities,
while freshly emerged workers and the oldest
workers consume least (Morton, 1951; Crailsheim
et al., 1992; Hrassnigg and Crailsheim, 1998a).
In parallel with pollen uptake runs the workers’
ability to digest proteins (Rinderknecht et al.,
1968; Moritz and Crailsheim, 1987), and fat
(Loidl and Crailsheim, 2001).
Drones eat less pollen than workers do. The
maximum amount found in their entire gastrointestinal tract is only about 2–3% of the
amount found as a maximum in workers.
Drones consume pollen only during the first
few days after adult emergence, while workers
do so over a longer period (Szolderits and
Crailsheim, 1993) and are better equipped for
the filtering of pollen from their crop as they
posses a larger proventriculus than drones
(Pabst and Crailsheim, 1990). Workers consume more pollen when brood has to be nursed
(Hrassnigg and Crailsheim, 1998a). While
many aspects of worker behaviour depend on
colony conditions, there is no information
about such a relationship in drones. We do not
know, for example, if a drone’s pollen consumption is affected by the amount of brood
present in the colony. However, unlike workers, drones don’t have to produce jelly proteins
from the ingested pollen to feed larvae, so we
expect the direct impact of brood to be rather
small. An indirect impact is likely, if the willingness of workers to provide drones with proteinaceous food depends on the amount of
unsealed brood. As workers provide drones
with more proteinaceous secretions, the drones’
hunger for pollen and consequently their pollen
uptake should decrease.

It seems that drones have a lower honey stomach capacity than workers (Snodgrass, 1956).
Hoffmann (1966) found that drones which had
sugar solution provided ad libitum had a maximum uptake of 90 µL, but most often only 30–
35 µL, and the honey stomach of 40 drones flying out from the colony had a mean weight of
only 18 mg, which corresponds to the data
given by Burgett (1973) (17.7 ± 9.1 mg) and
Mindt (1962) (30 mg). Free (1957) found in
drones leaving the hive a mean of 20 mg, and
in drones returning to it a mean crop weight of
2.5 mg, and in drones inside the colony 3.6 mg.
Coelho (1996) calculated for a drone leaving
the hive with crop contents of 16.1 mg a theoretical flight time of ~ 37 min, which is a little
longer than the observed mean duration of mating flights (Drescher, 1969). These facts reflect
the drones’ absence from the foraging process,
and suggest that even their limited crop capacity is sufficient to provide energy for mating
flights. But the relatively low crop contents
together with the small glycogen reserves also
means that drones are at high risk to starve by
completely depleting their energy reserves on
homing flights.
While we have information about the transport of liquid and solid food in the workers’ alimentary canal (Schreiner, 1952; Lorenz and
Crailsheim, 1994), little is known about this
process in drones. Gmeinbauer and Crailsheim
(1993) found that drones which were subjected
to exhaustive flights in a roundabout were emptying their crop more quickly than worker bees
of foraging age subjected to the same procedure. This finding possibly reflects the function
of the worker’s crop as storage organ of carbohydrate food, most of which is transferred to
other members of the colony or deposited as
honey in the cells. In contrast, food ingested by
a drone is used only by the drone itself and not
passed on to others (reviewed by Crailsheim,
1998).
The hypopharyngeal glands, present only in
workers, are voluminous in young adults
but decrease in size under normal conditions in
old, forager-age, individuals (Maurizio, 1954;
Hrassnigg and Crailsheim, 1998b; also reviewed
by Crailsheim, 1990). Furthermore, they change
their function from the synthesis of jelly proteins in young workers to the production, in old
workers, of various carbohydrate-processing
enzymes, like α-glucosidases (= saccharase
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or invertase, and maltase) (Maurizio, 1962;
Simpson et al., 1968; Delage-Darchen et al.,
1982; Kubo et al., 1996), β-glucosidase (Pontoh
and Low, 2002), glucose oxidase and amylase
(Takenaka et al., 1990; Ohashi et al., 1999), and
several other enzymes (Arnold and DelageDarchen, 1978). The role of α-glucosidase and
glucose oxidase is more clearly understood
than the function of amylase, which is considered to be involved in the digestion of pollen.
In drones these enzymes are certainly not produced by hypopharyngeal glands, as drones
lack these glands (Snodgrass, 1956), so that we
may ask whether other glands or the midgut
cells compensate.
In workers, midgut cells produce various
enzymes. In the posterior midgut regulated
enzyme secretion was described for acid phosphatase, nonspecific esterase activity, and alkaline phosphatase activity (Jimenez and Gilliam,
1990). Several other enzymes have also been
detected, such as esterases, lipases, aminopeptidases, proteases, and glucosidases (Maurizio,
1962; Delage-Darchen et al., 1982). The proteases have been investigated in the most detail
(Pavlovsky and Zarin, 1922; Giebel et al.,
1971; Dahlman et al., 1978; Grogan and Hunt,
1980; 1984; Moritz and Crailsheim, 1987;
Crailsheim and Stolberg, 1989; Del Lama et al.,
2001).
In drones, the location where digestive
enzymes are produced and the amounts produced have not been investigated as well.
Pavlovsky and Zarin (1922) found qualitatively no differences in the midgut enzymes
between workers and drones (carbohydrases,
proteases, lipase and others). But Giebel et al.
(1971) described clear qualitative differences
within the class of proteases. In drones, as in
workers, the level of proteolytic activity in the
midgut corresponds to the amount of pollen
present there (Szolderits and Crailsheim,
1993). But in drones the level of this activity
was found to be lower than in workers. The reason for the lower proteolytic activity is probably related to the low pollen consumption rate
and the fact that drones, especially young ones,
are intensely fed by the workers (Free, 1957),
who provide them not only carbohydrates but
also proteinaceous secretions (Mindt, 1962;
Crailsheim, 1991, 1992).
About the activity of carbohydrases in the
drones’ gastrointestine we have almost no infor-
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mation. However, we recently demonstrated
that the amylase activity in the drone midgut is
not sufficient to degrade starch quickly after
feeding and to support flight, while workers are
able to utilise fed starch and to use it as fuel for
flight (Hrassnigg et al., 2003b).
The information on pollen consumption, digestive enzyme activity and transfer of proteinaceous jelly in workers and drones underline the
predominant function of workers in digesting
food for the colony, and they show that drones
rely on this pre-processed food.
7. ENERGY METABOLISM
OF WORKERS AND DRONES
In workers and drones much of the energy
ingested as carbohydrate food is used for flight
muscle activity. From the measurement of the
RQ of resting and flying bees, which was
always found to be close to unity, it can be
deduced that honeybees utilise only carbohydrates as fuel for energy metabolism (Jongbloed
and Wiersma, 1935; Rothe and Nachtigall,
1989). Workers are able to actively heat with
their flight muscles by vibrating their thoracic
muscles without moving the wings (Esch et al.,
1991; Heinrich and Esch, 1994). The ability to
actively generate heat is a prerequisite for
launching into flight at low ambient temperatures (Harrison and Fewell, 2002), and this
ability is used to warm the brood nest area of a
honeybee colony to about 34–36 °C (Heinrich,
1993; Bujok et al., 2002; Kleinhenz et al., 2003).
Adult workers of different ages, except very
young ones, actively participate in this thermoregulation of the brood nest (Stabentheiner
and Kovac, 2002). In active worker bees, oxygen consumption rates decrease with increasing temperatures (Cahill and Lustick, 1976;
Stabentheiner et al., 2003); the higher oxygen
consumption at lower temperatures is caused
by increased thoracic heating (Stabentheiner
and Crailsheim, 1999; Crailsheim et al., 1999).
Drones older than 2 days also contribute to
active heat production, mainly at low ambient
temperatures (Harrison, 1987; Kovac and
Stabentheiner, 2002), but temperature-related
energy metabolism in drones has not been
investigated as well as in workers. Groups of
caged drones kept at different ambient temperatures exhibited very different behaviours than
workers. At temperatures from 5 to 20 °C

268

N. Hrassnigg, K. Crailsheim

drones were ectothermic (= body temperature
oscillating with ambient temperature), while
workers were endothermic (Cahill and Lustick,
1976). But at temperatures between 25 and
35 °C, both drones and workers were endothermic. Chill coma temperature – i.e. the temperature at which the animal becomes motionless
– was found to be higher in drones (~14 °C)
than in workers (~11 °C) (Free and SpencerBooth, 1960), and was found to be even more
elevated in inbred drones (Moritz, 1982). Similarly, the extinction temperature of flight muscles, which is the temperature at which no
muscle potential amplitudes are generated any
more and flight muscles cannot be activated,
was 1–2 °C higher in drones (13.3 °C ± 1.2)
than in workers (11.2 °C± 0 .7) (Goller and
Esch, 1990a, b). The heating capacity of flight
muscles declines with decreasing thoracic temperatures. Low temperatures (< 20 °C) affect
heat production in drones more than in workers
(Goller and Esch, 1991), so that drones usually
leave the colony only at higher ambient temperatures (> 20 °C) for longer flights (Drescher,
1969). But workers and drones not only have
to increase temperature to a specific level, they
also have to keep thermal stability during flight
by cooling or adapting their metabolic rate
(Coelho, 1991a, b; Roberts and Harrison, 1999;
Moffatt, 2001; Harrison and Fewell, 2002).
The worker’s flight capacity increases towards
foraging age (Harrison, 1986). The body mass
decreases by ~40%, with the most pronounced
decline in the weight of midgut and rectum
(Harrison, 1986; Hrassnigg and Crailsheim,
1998a), and also a significant decline in head
weight (Hrassnigg and Crailsheim, 1998b). For
drones no such pronounced decrease in weight
has been observed. In workers and drones the
flight muscles are not fully developed at emergence. Wing muscle mitochondria increase in
volume 12-fold in workers from emergence to
20 days of age (Herold, 1965), and also the concentrations of respiratory enzymes, the cytochromes a+a3, b+c1, and c, increase in parallel
(Herold and Borei, 1963). So, in foraging-age
workers a high content of respiratory enzymes
per unit muscle mass is found, and these
enzymes are accommodated by abundant mitochondria and high cristae surface densities
(Suarez et al., 1999, 2000). Also citric cycle
enzyme activity increases in ageing bees.
Moritz (1988) found malate dehydrogenase

activity to reach its maximum activity in drones
earlier than in workers (at 4 days of age in
drones and 9–10 days of age in workers). For
pyruvate kinase and citrate synthetase, Harrison
(1986) found maximum activity in 4d-old
workers, but he gives no data about drones.
Coelho (1991a) found in tethered flying
honeybees the maximal force production of
drones to be more than twice that of workers
(3.95 ± 0.23 mN and 1.73 ± 0.13 mN). But calculated on a total body-weight basis the relative
force produced was statistically not different
for drones and for workers: 19.4 ± 1.0 N/kg in
drones vs. 21.0 ± 1.6 N/kg in workers. It is
interesting to note that maximal force production was attained in drones at higher thorax
temperatures than in workers. The results of
Coelho (1991a, b) also suggest that drones have
to reach a higher thorax temperature at preflight warm-up to achieve lift-off. This is supported by the fact that the mean thorax temperatures of drones flying from the hive and
returning to it were found to be higher than
those of workers (Coelho, 1991a; Kovac and
Stabentheiner, 2004). Some measurements of
flight velocity in freely flying bees found
drones to be slower than workers, 5.28 ±
0.10 m/s vs. 5.85 ± 0.08 m/s (Coelho, 1991b).
Another report states that drones were able to
follow a tethered queen at 5 m/s (Koeniger,
1988). But even if drones do not fly faster than
workers, their larger body mass increases their
kinetic energy, and might have advantages in
the course of aggressive encounters between
males (Coelho, 1996).
8. CONCLUSIONS
The superorganism honeybee colony passes
its genes to the next generation either by producing queens which establish new colonies, or
by producing competitive drones which mate
with queens from other colonies. Multiple mating of queens evolved as a successful strategy
in A. mellifera (Page, 1986; Moritz and Fuchs,
1998). The sperm limitation hypotheses and the
genetic variance hypotheses try to explain the
causes for these multiple matings (Fuchs and
Moritz, 1998; Tarpy and Page 2002; Kraus
et al., 2004). Within a group of sister colonies
the male mating success was, for unknown reasons, much higher in some colonies than the
success of drones from other colonies in the
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group (Kraus et al., 2003). Individual drones
from the more successful colonies had a higher
siring success, which was represented in a
higher proportion of offspring. Therefore Kraus
et al. (2003) conclude that the male reproductive success is a “major driver of natural selection in honeybees” and “selection through the
male side appears to be an extremely important
factor for colony fitness”. These aspects might
have supported the evolution of big males
which, probably for physiological reasons, produce more sperm than small males and which
develop a higher kinetic energy at flight which
could be advantageous to outcompete other
drones. Males of A. mellifera gain their high
final body weight after a prolonged developmental period, during which spermatogenesis
and organ formation occurs. Adult drones are
characterised by a lower direct pollen consumption and lower digestive enzyme levels in the
gastrointestine than found in workers, although
their need for nutrients is quite high. The workers provide them with pre-digested food, via
proteinaceous glandular secretions and honey.
This enhances the workers’ control over drones
and facilitates additional support under flourishing colony conditions as well as rejection
during dearth periods. Similar to queens, drones
exhibit higher levels of free amino acids in the
hemolymph. Their higher chill coma temperature might explain why they usually leave the
hive at rather warm temperatures only. Drones
and workers have similar high amounts of carbohydrate and lipid reserves as larvae, and
smaller reserves as adults. The yolk protein
vitellogenin has been found in the hemolymph
of adult workers and drones, as has juvenile
hormone, which stimulates flight behaviour in
both workers and drones. Workers and drones
seem to have a similar sugar spectrum in the
hemolymph, too.
A colony invests a lot of resources into the
rearing and maintenance of a certain number of
drones during the reproduction period (Seeley,
2002). The drones are constructed for the single
purpose of finding and mating with a queen.
Their physiology reflects the intensive care
they receive from workers, characterised by a
reduction in such functions as the ability to collect and digest nectar and pollen, and by a
reduction of the glands that produce jelly,
enzymes and wax. Their body composition is
specialised for containing and transferring
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large amounts of sperm and mucus, the latter
having important functions in the mating process, one of which is to support the connection
of drone and queen, and probably in the stimulation of oogenesis and oviposition. Their
flight strategy is more risky than that of workers, as they carry only relatively small amounts
of sugar solutions on their mating flights as well
as small glycogen reserves, and as they are not
providing themselves with nectar in the field
like workers do.
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Résumé – Différences physiologiques entre les
mâles et les ouvrières de l’Abeille domestique
(Apis mellifera). L’investissement pour élever une
larve de mâle est double de celui d’une larve
d’ouvrière. Cela se reflète dans le poids élevé des
mâles adultes qui sont plus de deux fois plus lourds
(Tab. I). On peut déduire des mesures directes et des
quotients respirométriques que les larves d’ouvrières et de mâles synthétisent de grandes quantités de
glycogène et de lipides comme substances de
réserve. Ces substances de réserve représentent
environ la moitié de la substance sèche des larves
des deux types. La quantité de glycogène et de lipides diminue au cours de la métamorphose et, à
l’émergence des adultes, la teneur en ces substances
est très basse, chez les ouvrières comme chez les
mâles (Tab. II). C’est pourquoi les insectes adultes
ne peuvent survivre longtemps sans se nourrir.
Diverses recherches ont montré qu’après l’émergence la teneur en protéines corporelles augmente
considérablement chez les ouvrières et les mâles
(Fig. 1, Tab. III). Mais, tandis que les ouvrières ingèrent du pollen en masse, les mâles ne consomment
que de petites quantités et présentent une activité
protéolytique réduite dans l’intestin moyen. C’est
pourquoi le nourrissement des mâles par les ouvrières, qui leur donnent de la gelée royale riche en protéines, est important pour la maturation finale du
corps. Les glandes hypopharyngiennes, qui secrètent principalement des enzymes glycolytiques chez
les ouvrières âgées, fournissent la plus grosse partie
de ces protéines. Chez les mâles les glandes hypopharyngiennes sont absentes, en conséquence ils ne
peuvent pas synthétiser des enzymes, comme l’amylase. La capacité à produire ces enzymes place les
ouvrières, mais non les mâles, dans la position de
dégrader rapidement des amidons solubles et de les
convertir peu après leur ingestion pour le métabolisme de vol. Nous déduisons de cela et de mesures
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directes d’enzymes protéolytiques que les mâles
possèdent une quantité réduite d’enzymes de digestion. Cela souligne l’importance du « service de
digestion » des ouvrières. Le quotient respiratoire
chez les ouvrières adultes qui volent est proche de
un. Il est donc très vraisemblable qu’aucune autre
substance que les glucides n’est utilisée pour obtenir
l’énergie nécessaire au vol. Chez les mâles la concentration de l’hémolymphe en acides aminés libres
est significativement supérieure à celle des ouvrières. La proline en constitue la plus grosse partie,
atteignant 80 % chez les ouvrières et 50 % chez les
mâles ; elle joue peut-être un rôle plus important
dans le métabolisme énergétique qu’il n’a été admis
jusqu’à présent. La force qui produit la musculature
de vol des mâles est le double de celle des ouvrières,
qui par ailleurs est aussi grande si on la rapporte à
l’unité de poids. Avant le vol les mâles élèvent la
température des muscles du thorax à un niveau supérieur à celui des ouvrières, vraisemblablement afin
d’obtenir une force suffisante pour l’envol. Ils sont
plus sensibles aux basses températures que les
ouvrières, car ils sont plus vite engourdis par le froid.
Dans la colonie d’abeilles les mâles ne participent
pas à la maintenance du nid et ne sont pas non plus
impliqués dans la division du travail. Malgré cela les
ouvrières investissent d’importantes ressources dans
les mâles en raison de leur fonction de reproduction.
Par un poids corporel plus élevé, des glandes réduites et une capacité de digestion plus faible, les mâles
ont une physiologie adaptée à cette fonction, si bien
qu’ils dépendent d’une nourriture concentrée de
haute qualité, à savoir le miel et la gelée royale produite par les ouvrières.
nutrition / digestion / enzyme / métabolisme
énergétique / substance de réserve
Zusammenfassung – Physiologische Unterschiede zwischen Drohnen und Arbeiterinnen
der Honigbiene (Apis mellifera). Das Investment
um eine Drohnenlarve aufzuziehen ist etwa doppelt
so groß wie jenes für eine Arbeiterinnenlarve. Dies
spiegelt sich im mehr als doppelt so hohen Gewicht
der adulten Drohnen (Tab. I). Von direkten Messungen und vom respiratorischen Quotienten (RQ), der
in einigen Larvenstadien 1 übersteigt, kann abgeleitet werden, dass Arbeiterinnen- und Drohnenlarven große Mengen an Glykogen und Fett als Reservestoffe synthetisieren. Diese Reservestoffe machen
bei beiden Larventypen ca. die Hälfte der Larventrockensubstanz aus. Während der Metamorphose
sinkt die Menge an Glykogen und Fett, und in
Arbeiterinnen und Drohnen ist beim Schlupf der
adulten Tiere der Gehalt an beiden Substanzklassen
sehr niedrig (Tab. II). Deshalb können adulte Tiere
ohne Fütterung nur kurze Zeit überleben. Verschiedene Untersuchungen haben gezeigt, dass nach dem
Schlüpfen der Gehalt an Körperprotein in Arbeiterinnen und Drohnen beträchtlich ansteigt (Abb. 1,
Tab. III). Aber während Arbeiterinnen massiv Pol-

len zu sich nehmen, verzehren Drohnen nur kleine
Mengen und zeigen auch eine geringere proteolytische Aktivität im Mitteldarm. Deshalb ist die Fütterung der Drohnen mit proteinreichem Gelee royale
durch die Arbeiterinnen wichtig für die finale Reifung des Körpers. Den größten Anteil an diesen Proteinen liefern die Hypopharynxdrüsen, die in älteren
Arbeiterinnen hauptsächlich kohlenhydratverdauende Enzyme produzieren. In Drohnen fehlen
die Hypopharynxdrüsen, deshalb können Drohnen
sie auch nicht für die Synthese von Enzymen, wie
Amylase, einsetzen. Die Fähigkeit diese Enzyme zu
produzieren, versetzt Arbeiterinnen, jedoch nicht
Drohnen, in die Lage, lösliche Stärke rasch abzubauen und diese kurz nach ihrer Verfütterung im
Flugstoffwechsel zu verwerten. Daraus und aus
direkten Messungen der proteolytischen Enzyme
leiten wir ab, dass Drohnen eine geringere Menge an
Verdauungsenzymen besitzen. Dies unterstreicht
das wichtige „Verdauungsservice“ der Arbeiterinnen. Der RQ in adulten fliegenden Arbeiterinnen
liegt nahe bei Eins. Dies macht es sehr wahrscheinlich, dass keine anderen Substrate als Kohlenhydrate
(Zucker) für die Energiegewinnung im Flug verwendet werden. In Drohnen liegt die Konzentration an
freien Aminosäuren in der Hämolymphe signifikant
über jener von Arbeiterinnen, wobei Prolin den
größten Anteil mit bis zu 80 % in Arbeiterinnen und
bis zu 52 % in Drohnen ausmacht, mit einer möglicherweise wichtigeren Rolle im Energiestoffwechsel als bisher angenommen. Die Kraft, welche die
Flugmuskulatur der Drohnen produziert, ist mehr als
doppelt so groß als die der Arbeiterinnen, wobei
allerdings die auf eine Gewichtseinheit bezogene
relative Kraft ähnlich groß ist. Drohnen steigern die
Temperatur der Thoraxmuskulatur vor dem Flug auf
ein höheres Niveau als Arbeiterinnen, wahrscheinlich um genug Kraft für den Abflug zu erzeugen. Sie
sind empfindlicher gegenüber niedrigen Temperaturen, da sie früher als Arbeiterinnen in Kältestarre fallen.
Im Honigbienenvolk arbeiten Drohnen weder für die
Erhaltung des Nests noch sind sie am Arbeitsteilungssystem beteiligt. Trotzdem investieren die
Arbeiterinnen beträchtliche Ressourcen, aufgrund
ihrer Reproduktionsfunktion, in sie. Ihre Physiologie ist, durch ein höheres Körpergewicht, durch
reduzierte Drüsen und reduzierte Verdauungskapazität, an diese Rolle angepasst. So dass sie von konzentriertem Futter mit hoher Qualität, nämlich dem
Honig und dem von Arbeiterinnen produzierten
Gelee royale, abhängig sind.
Ernährung / Verdauung / Enzyme
Energiestoffwechsel / Reservestoffe
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