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ABSTRACT. Diploid males have long been considered a curiosity con-
tradictory to the haplo-diploid mode of sex determination in the Hy-
menoptera. In Apis mellifera, ‘false’ diploid male larvae are eliminated
by worker cannibalism immediately after hatching. A ‘cannibalism sub-
stance’ produced by diploid drone larvae to induce worker-assisted sui-
cide has been hypothesized, but it has never been detected. Diploid drones
are only removed some hours after hatching. Older larvae are evidently
not regarded as ‘false males’ and instead are regularly nursed by the
brood-attending worker bees. As the pheromonal cues presumably are
located on the surface of newly hatched bee larvae, we extracted the
cuticular secretions and analyzed their chemical composition by gas chro-
matograph-mass spectrometry (GC-MS) analyses. Larvae were sexed
and then reared in vitro for up to three days. The GC-MS pattern that
was obtained, with alkanes as the major compounds, was compared
between diploid and haploid drone larvae. We also examined some physical
parameters of adult drones. There was no difference between diploid
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and haploid males in their weight at the day of emergence. The diploid
adult drones had fewer wing hooks and smaller testes. The sperm DNA
content was 0.30 and 0.15 pg per nucleus, giving an exact 2:1 ratio for
the gametocytes of diploid and haploid drones, respectively. Vitellogenin
was found in the hemolymph of both types of imaginal drones at 5 to 6
days, with a significantly lower titer in the diploids.

Key words: Apis mellifera, Diploid and haploid drones, Vitellogenin,
Larval cuticular hydrocarbons, Adult size, Sperm DNA content, Wing hooks

INTRODUCTION

The haplo-diploid mode of sex determination is widespread in the animal kingdom, being
found in approximately 20% of all extant species (Bull, 1983), and it is often combined with
heterozygosity in the diploid sex (Crozier, 1971). This is particular true for the Hymenoptera
(Cook, 1993). In diplo-diploid insects, such as Drosophila and other dipterans, different sex-
determining systems have evolved, usually including sex chromosomes (Schutt and Néthiger,
2000). The karyotype of male and female honey bees was first described in studies of gameto-
genesis and embryogenesis (Petrunkewitsch, 1901; Nachtsheim, 1913).

The pioneer discovery that drones are derived from unfertilized eggs (Dzierzon, 1845)
was followed by the definition of parthenogenesis based on studies of butterflies and bees
(Siebold, 1856), which was confirmed by Paulcke (1899). Diploid males from fertilized eggs
were found only much later in the Hymenoptera (Whiting and Whiting, 1925). Biparental males
were produced by inbreeding the parasitic wasp Habrobracon juglandis (now Bracon hebetor),
which led to the hypothesis of ‘complementary sex determination’, with multiple alleles at a
single sex locus (Whiting, 1943). According to this genetic model, Hymenopteran females are
always heterozygous, and the males are homozygous, or hemizygous for the sex locus in the
case of haploids. Therefore, diploid drones result from match-mating of queens and drones with
identical sex alleles. The number of existing multiple alleles was determined for the first time as
about 19 in a population of 90 colonies of Africanized bees in Brazil (Adams et al., 1977). Long
before the tools of molecular genetics became available, possible mechanisms of sex determi-
nation in bees were proposed (Kerr and Nielson, 1967) and the genetic load at sex-limited loci
was discussed (Kerr, 1969). The validity of the five main original hypotheses concerning the
genetics of sex determination in the Hymenoptera was recently examined again by Kerr (1997).

Diploid honey bee drones are effectively inviable, thus resulting in ‘shot-brood combs’
(Mackensen 1951, 1955). In closely inbred colonies, obtained by artificial insemination, about
half of the brood in worker-sized comb cells disappears, but in adult bees indications of drone
diploidy have only been found in some gynandromorphs, which had mosaics of zygotic male
tissue in their compound eyes (Rothenbuhler, 1957; Drescher and Rothenbuhler, 1964). That the
‘false males’ really hatch (Woyke, 1962) from fertilized eggs (Woyke, 1965) but are eliminated
within a few hours by the brood-attending worker bees, which ate the diploid drone larvae, was
shown by (Woyke, 1963a,b,c,d). His explanation assumed a suicidal signal released by the dip-
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loid males, which he named ‘cannibalism substance’ (Woyke, 1967). However, such a com-
pound was never found (Woyke, 1967; Dietz, 1975; Dietz and Lovins, 1975; Bienefeld et al.,
1994, 2000; Santomauro et al., 2004). Instead, a different quantitative pattern in the cuticular
hydrocarbons of newly hatched diploid drone larvae in comparison to those of workers and
haploid drones was shown to elicit removal behavior by the worker bees (Santomauro et al.,
2004). As already described by Woyke (1969 a,b), diploid drone larvae survive if they are reared
for some time outside the colony, and then replaced in a colony one or two days later; after this
period they will not be cannibalized any more. The reason for this remarkable change in the
worker reaction towards diploid drones remained unknown. Using a recently improved method
of sexing live first-instar bee larvae (Santomauro and Engels, 2002), based on the epiproct
characters already used for this purpose by Kerr and Nielson (1967), we now can work with
pure samples of newly hatched diploid drone larvae.

Only a few studies have been carried out on properties of adult diploid drones, as they
are difficult to rear. Morphometrically, they more closely resemble normal haploid drones than
they do diploid workers and queens (Woyke, 1977, 1978a; Chaud-Netto, 1975), including body
weight at emergence (Woyke, 1978b). Their testes were found to be small (Woyke, 1973). In
haploid and diploid drones, as in all Hymenoptera, male gametogenesis is ameiotic, and conse-
quently the sperm contains clonal copies of the drone’s haploid DNA complement (Woyke and
Skowronek, 1974). In all species of honey bees, the male haploid karyotype comprises 16 chro-
mosomes and the female diploid set 32 chromosomes (Fahrenhorst, 1977). Twice the DNA
content of haploid drones was found in the spermatozoa produced by diploid drones (Woyke,
1975).

The yolk precursor protein vitellogenin is not strictly female specific in the honey bee
(Trenczek and Engels, 1986). Adult haploid drones also produce vitellogenin, mainly during the
two weeks after emergence (Trenczek et al., 1989), but the hemolymph titer is much lower in
the males than in females, and especially when compared to queens (Engels et al., 1990). The
honey bee vitellogenin gene was recently sequenced (Piulachs et al., 2003). Information on
vitellogenin occurrence was not available for diploid drones.

The shape (Snodgrass, 1956) and the number of wing hooks vary among individual
bees; the mean numbers differ sex specifically (Drescher, 1972; Gongalves, 1972, 1976). Noth-
ing was known on hook numbers in diploid drones.

During the past 40 years, after the spectacular discovery of diploid drones in the honey
bee, various peculiar characters have been analyzed in these ‘false males’; however, compari-
sons with haploid drones are often lacking.

MATERIALAND METHODS
Bees

Colonies of Carniolan Apis mellifera in the apiary of the University of Tiibingen were
used for all the experiments and analyses. Virgin queens were instrumentally inseminated (Ruttner,
1975; Kiihnert, 1991; Skowronek et al., 1995) with the semen of about six son or brother drones.
These inbred colonies produced approximately 50 or 25% diploid drones, and consequently they
had to be reinforced by adding brood combs or young worker bees from time to time. The hive
entrances were protected with a queen excluder to prevent mating flights.
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Morphometry

Adult diploid drones were obtained by in vitro rearing of male diploid larvae for three
days; these were fed with a semi-artificial diet composed of royal jelly with sugars, vitamins and
a fungicide (Herrmann and Engels, 2005). After this interval, the diploid drone larvae were
grafted into drone brood cells, from which haploid L3 or L4 drone larvae had been removed, and
the combs were re-introduced into normal non-inbred colonies. There, the diploid drones were
reared until a day or two before emergence, and then placed in an incubator at 34°C. We also
collected drones reared in worker-sized brood combs in queenless colonies and from queenright
colonies; the latter had emerged from drone brood combs. Emerged adult drones were weighed
within 12 h (yet unfed) to the nearest 0.1 mg and then kept in Kirchhainer nuclei (styrofoam
boxes for small colonies of up to 2,000 bees; Tozetto et al., 1997) or queenless colonies, provided
with plenty of young worker bees and a queen excluder screen at the entrance. They were
collected from these hives five to six days later, weighed again and then dissected for wing and
testis morphometry, sperm DNA measurements and vitellogenin electrophoresis. Wing hooks
were counted in 14 diploid drones, in 15 haploid brother drones, in 20 diploid sister workers, and
in addition in 31 haploid drones and 51 diploid workers sampled during the season of reproduc-
tion from several unrelated colonies headed by naturally mated queens. The individual mean
number of hooks per wing was used to calculate the average, because sometimes the right and
the left hind wing differed in the number of hooks.

Larval sampling and extraction

Brood combs with numerous eggs were placed in an incubator at 35°C and 80% humid-
ity and were inspected for hatching larvae. Young L1 instars were collected from worker-sized
brood cells every 2 h and separated into workers and their diploid drone brothers (Santomauro
and Engels, 2002). In addition, newly hatched normal haploid male larvae were collected from
drone brood combs. The larvae were subsequently reared in vitro in 96-well microtiter trays
(Figure 1) and fed on a semi-artificial diet (Figure 2) consisting of lyophilized royal jelly, redis-
solved and enriched with sugars, vitamins and a fungicide (Herrmann and Engels, 2005). Every
12 h the larvae were transferred onto fresh food. In order to facilitate this mass rearing, an
apparatus for automatic feeding of the larvae was designed (Herrmann and Engels, 2005).
Samples of five of these larvae, reared outside the colony and therefore uncontaminated be-
cause they had no contact with adult bees, were removed, briefly rinsed in lukewarm water to
remove adhering larval food and extracted in 0.5 ml pentane (Merck, uvasol grade) for 60 s in
order to collect compounds from the cuticular surface. The extracts were stored at -20°C until
analysis.

Combined gas chromatography and mass spectrometry analysis of larval cuticular
compounds

The larval cuticular extracts were analyzed by gas chromatography and mass spec-
trometry (GC-MS). Hewlett Packard equipment (HP 6890 GC and HP 5973 MS) was used,
fitted with a 10 m DB-5 MS column, with 0.25 mm internal diameter, covered with a polydimethyl
siloxane phase. The carrier gas was helium (10 ml/min) and injections were made splitless. The
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Figure 1. Set-up for in vitro rearing of young honey bee larvae. The depressions of the 96-well microtiter tray contain
300 pl of semi-artificial larval food. Bee larvae hatched in the incubator were sexed and grafted within 2 h onto the food.
This system allows mass rearing of bee larvae in the lab.
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Figure 2. The numbered wells of the tray facilitate the recording of the development of individual larvae. Here L, and L,
instars are seen lying on the larval food. When grafted onto fresh food, the larvae have to be carefully placed on the same
side in order not to occlude the stigmata of the upper side through which the larvae breathe.

temperature was initially kept at 60°C for 2 min, then increased by 10°C/min to 120°C, followed
by 5°C/min to 290°C, and finally kept for 20 min at 290°C. Linear compounds were identified by
retention times in comparison with synthetic standards of equivalent chain length based on data
in the NIST MS library, and methyl-branched compounds were determined by common frag-
mentation patterns. Several aliquots of each pentane wash of five live larvae were subjected to
GC-MS analysis, with reproducible results.
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Vitellogenin content of the hemolymph

Hemolymph samples were collected into capillaries and stored at -20°C, until analysis.
In drones, a wing was cut off and the leaking blood was sampled. In worker bees, an incision
was made into the anterior abdominal tergites. This was done to prevent hemolymph contami-
nation from the intestinal contents. Electrophoretic separation of the proteins was done on cellogel
strips (Chemetron, Milano), using a Tris-EDTA borate buffer adjusted to pH 9.2, for 6 h, at
10°C, with 140 V and 1.2 mA/strip, resulting in anodal migration of all hemolymph proteins.
Amido black staining was done in 9:1 methanol/acetic acid. The vitellogenin band was identified
by immunoreaction with a specific polyclonal antiserum (data not shown) prepared by rabbit
immunization with purified honey bee vitellogenin.

The vitellogenin content of the hemolymph was determined by two-dimensional quanti-
tative immuno electrophoresis in 1% agarose gel with Tris buffer, pH 8.6, and Coomassie blue
staining (Laurell, 1965), using the polyclonal anti-vitellogenin serum. The standards for calibra-
tion were prepared with bovine serum albumin.

Sperm DNA measurements

Testes of 5- to 6-day-old adult drones were dissected and fixed in 3:1 ethanol/acetic
acid for 30 min, followed by 2 min of maceration in 1:1 acetic acid/water. Squash preparations
were rinsed and hydrolyzed for 40 min in 5 N HCI, rinsed again and Feulgen stained in Schiff’s
reagent for 30 min in the dark at 5°C. After 5 min washout in acid Na-metabisulfide solution the
preparations were dehydrated, embedded in eukitt (EMS, Hartfield, PA, USA) mounting medi-
um and protected with a cover slide. After drying, the measurements were made with a univer-
sal micro-photometer (Zeiss UMSP 1), equipped with a rapid meanderscan unit, under 560-nm
monochromatic light, using an ultrafluar 100 objective 1.25 and glycerol intermedium. The re-
corded arbitrary units were calculated in pg/sperm nucleus by co-measured chicken blood prepa-
rations containing 2.34 pg per diploid erythrocyte nucleus (Mirsky and Ris, 1951). About 20
spermatozoon nuclei were measured per drone.

Statistical analysis

Data were analyzed by the Student #-test (two sided for unrelated samples; the signif-
icance threshold (o) was 5%).

RESULTS
Larvae
Cuticular compounds
A large number of peaks were seen in the gaschromatic scans of the cuticular extracts;
among which we concentrated on the alkanes as the main hydrocarbon compounds (Figure 3). The

general pattern obtained for larval extracts of the diploid drones corresponded to those of haploid
drones and workers (data not shown). No additional substances were detected exclusively in the
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cuticular secretions of the diploid males at any time after larval hatching. However, we found
large differences in the amounts of the major alkanes (Figure 3) in the diploid drone extracts in
the samples taken after 24 h, 48 h and 72 h of in vitro rearing of the larvae (Figure 4).
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Figure 3. Gas chromatograph scan of a cuticular extract from diploid drones 72 h after hatching. The C, to C,, alkanes
are named in Figure 4.
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Figure 4. Increase in alkanes extracted from diploid drone larva reared in vitro for three days after hatching.

The 23 to 33 C hydrocarbons were present only in moderate quantities on the diploid
drone larvae 24 h after hatching. After 48 h the amounts of these alkanes had increased consid-
erably. The quantitative change in pattern continued with age, and after 72 h of in vitro rearing
(Figure 3), some of the compounds were present in 10-fold amounts when compared with the
24-h sample (Figure 4). This increase corresponds with the growth of the larvae and the result-
ing much larger body surface.
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Adults

Weight at emergence

The diploid drones and their haploid brothers had the same body weight range (Figure
5). The worker-son drones from the queenless colonies (reared in worker-size cells) were
significantly lighter than the drones reared in drone comb.
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Figure 5. Body weight of adult bees 12 h after emergence. Sons of sister workers (N = 55) raised in worker-sized brood cells
are significantly lighter (P < 0.001) than all types of drones. There was no significant difference in weight (P = 0.12 to
0.33) between diploid drones (N = 13) and their haploid brothers (N = 54) nor compared with unrelated drones (N = 85).

Weight of 5- to 6-day-old drones

When the drones were kept in a queenless colony, their body weight increased (Figure
6). The diploid males must have obtained food from the workers.
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Figure 6. Weight increase (dark red) in adult diploid drones within some days after emergence indicates that they were
regularly fed by the worker bees in the Kirchhainer nuclei.
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Number of wing hooks

There was a difference in the number of hooks on the right and the left hind wing in
most of the diploid drones, ranging between 1 and 5 hooks; this was occasionally also seen in
normal drones and in workers. Consequently, we summed both wings for the comparison of the
diploid and haploid drones (Figure 7). The diploid males had significantly fewer wing hooks than
the haploids (P < 0.05); however, there was some variability within the two types of males.
Sister workers had on average 21.4 hooks per hind wing, with less variability, which was closer
to the haploid males with 22.5 than to the diploid drones with 19.3.
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Figure 7. Diploid drones (N = 12) had significantly fewer wing hooks (sum of both hind wings) (P < 0.05) than did haploid
drones (N = 28).

We plotted the distribution of the mean number of hooks per wing in relation to the
individual size for a sample of haploid drones from another population, using head width as a
constant reference, independent of the body weight (Figure 8). These drones had a head width
of 4 to 5 mm. Most of the smaller males had fewer wing hooks, numbering from 17 to 20. In the
larger individuals up to 28 hooks per hind wing were counted. There was considerable variation
in this sample, with an overall correlation between head size and wing hook number of R* =
0.285 (Figure 8).

Testis size

There was a tremendous difference in the size of the gonads between diploid and
haploid drones. In one-day-old imaginal bees, the testes of big haploid drones with a volume of
about 10 mm?® were about 50 times larger than the smallest testes of some diploid males with just
0.2 to 0.3 mm?. On average in the newly emerged diploid drones the size of the testes was 5-
10% of the normal size. These data are based on volume estimates as calculated from dissec-
tion of not less than 10 live individuals. Haploid and diploid drones 5 to 14 days old had some-
what larger gonads. The mucus glands of the diploid drones were at least about half the size of
those of the haploid drones, measuring about 5 mm?.
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Figure 8. Variation in wing hook number in relation to body size in a sample of haploid drones (N = 28). There is only
a weak positive correlation.

DNA per spermatozoon

The DNA content per sperm nucleus was determined as 0.30 pg in the preparations of
the diploid testes and 0.14 pg in those of the haploid testes (Figure 9). This gives a 2:1 ratio, as
expected for 2n and n chromosomal complements, respectively. There was only a slight varia-
tion in the values obtained for the individual diploid males, which is apparently due to differences
in the Feulgen staining and the extinction values, and does not indicate varying DNA contents.
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Figure 9. Diploid drone sperm have twice as much DNA (0.30 pg/nucleus, N = 9) as do haploid drone sperm (0.14 pg/
nucleus, N = 9).

Vitellogenin

As indicated by the delicate, faint bands, vitellogenin was found in the hemolymph of
five-day-old diploid and haploid males in only trace amounts (Figure 10). Based on the measure-
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ment of the absolute hemolymph titer, the vitellogenin concentration was significantly lower in
the diploid drones than in the haploids, with a slight decrease already apparent within one more
day of adult age, similar in both types of males (Figure 11).

vitellogenin

v
. . . | worker
' . diploid drone

’ . . ' haploid drone

Figure 10. Vitellogenin in the hemolymph of 6-day-old workers, diploid and haploid drones. Protein separation on
cellogel strips, amido black staining.
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Figure 11. Adult diploid drones have less hemolymph vitellogenin than do haploid drones. The vitellogenin titer
decreased from the 5th to the 6th day after emergence in both drone groups.

DISCUSSION
Molecular aspects of Hymenopteran complementary sex determination

Progress in molecular techniques has recently allowed sequencing of the complete
genome of the honey bee (Tyler, 2004), now making possible a comparison of the loci involved
in sex determination and differentiation within various invertebrates represented in gene banks
such as Drosophila and Caenorhabditis. In Apis mellifera, not only the locus csd (Beye et
al., 2003; see also Butcher et al., 2000), but also the vitellogenin gene (Piulachs et al., 2003),
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have already been deciphered. When the nucleotide sequence of sex alleles of a number of
geographic honey bee populations, including the Africanized strain in Brazil (Hasselmann, 2001),
was compared, a similarity with the tra gene involved in sex determination (by RNA splicing) in
Drosophila (Heinrichs et al., 1998) became apparent. Perhaps we will soon understand how
the pathway of male versus female development in bees is initiated by the csd transcript
(Hasselmann and Beye, 2004). A new insight into the role of csd has permitted the suppression
of transcription at this locus, by application of dsSRNA, which results in male gonadal deve-
lopment in diploid heterozygotes, which are genetically destined to become females (Beye et al.,
2002, 2003). This means that the sex option under ‘loss-of-function’ conditions at the csd locus
is male, which makes it highly probable that the homozygotic allele constellation also inhibits the
transcription of the gene product that is essential for primary steps of the female pathway in bee
development. Only much later, juvenile hormone is involved in caste-specific expression of
genes controlling ovary morphogenesis in female pupae to determine imaginal and functional
queen or worker status, also by altering the rate of ecdysteroid biosynthesis (Hepperle and
Hartfelder, 2001). Because diploid drones produce diploid sperm, which would result in aneup-
loid lethal progeny, their fitness is zero, confirmed by their complete elimination in the honey bee
colony.

Occurrence of diploid drones in bees

Diploid males have been found in many hymenopterans. Within the Apini (Michener,
2000), diploid drones are also known in the following taxa, comprising solitary species such as
Andrena ferox (Leys, 1994), as well as social bees, including Apis cerana (Woyke, 1979, 1980;
Hoshiba et al., 1981), Bombus atratus (Garéfalo, 1973; Garéfalo and Kerr, 1975), Bombus
terrestris (Duchateau et al., 1994), Melipona quadrifasciata (Camargo, 1979), Mormoniella
vitripennis (Saul et al., 1965), and Tetragonula quadrangular (Tarelho, 1973). In most of the
non-Apis species, males can copulate repeatedly. The lack of fitness of diploid drones can
therefore be compensated by the reproductive activity of normal haploid males. However, in the
social species, and in particular in the honey bee, the diploid drones are scheduled to become
workers, and their elimination diminishes the strength of the colony. Recently, Paxton et al.
(2003) detected male maternity in the stingless bee Scaptotrigona postica by microsatellite
analysis; in two colonies 50% of the male pupae were diploid, and these colonies were weak.
Due to the mass provisioning and immediately post-oviposition sealing of the brood cells in
meliponids, there is no chance for recognition and removal of the ‘false’ diploid male larvae. Of
course, the chance of diploid drone occurrence depends principally on the queen’s mating fre-
quency, which is, though with a low degree of polyandry, also sometimes multiple in stingless
bees (Paxton et al., 1999).

Comparison of diploid and haploid drones in the honey bee

By means of our recently developed technique of sexing live first-instar bee larvae
(Santomauro and Engels, 2002), we are now able to collect pure samples of large numbers of
diploid drones, providing sufficient material for chemical analysis. The removal of newly hatched
diploid larvae by nursing workers was recently bioassayed in our lab (Santomauro et al., 2004),
indicating that the reaction is released by an odd quantitative pattern in the cuticular hydrocar-
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bons. This pattern is already altered after 24 h, in larvae reared completely in vitro, without any
contamination by adult bee contact (Herrmann and Engels, 2005). We have shown here that
within 72 h after hatching the diploid drone-specific label increasingly diminishes, changing into
the secretional image of normal haploid drones. In diploid, as well as in haploid honey bee larvae,
the quantity of cuticular hydrocarbons increases with larval growth and is correlated with en-
largement of the body surface.

In first-instar unfed honey bee larvae, the amounts of cuticular hydrocarbons can be
ranked as @ < 2n & < n &, with a composition in the diploid drone pattern different from that of
the haploid drones. In third-instar larvae, these relations are changed to @ < 2n @ = n &, with
more or less uniform patterns in both types of drones, and consequently the nursing worker bees
are then unable to recognize the ‘false males’ (Engels, 2004). Surprisingly, the cannibalistic
elimination of young diploid drone larvae is incomplete when they are reared in small Kirchhainer
nuclei during the autumn months in Germany (Polaczek et al., 2000); consequently this is an
easy way to rear adult diploid drones.

In our sample of freshly emerged adult males of Carniolan strain, there was no weight
difference between diploid and haploid drones, when they were reared in drone combs. There-
fore, such diploid males could not be distinguished by weighing, and likewise not by any morpho-
metric measurements. In contrast to our results, Woyke (1978b) reported that diploid drones,
obtained from Africanized and Italian colonies in Brazil, were about 25% heavier than the hap-
loids.

A good approach to recognize adult diploid drones is to count the wing hooks. Drescher
(1971, 1972) and Gongalves (1972, 1976) used this purely quantitative morphological character
in experiments on disruptive selection. In our sample, the diploid drones had significantly fewer
wing hooks than their haploid brothers. If the data on wing hook numbers of related workers are
included, they rank in between diploid and haploid drones: 2n & <  <n &, perhaps indicating a
gene dosage effect in the expression of this character. However, the absolute wing hook num-
bers differ in unrelated honey bee populations. But because the hook number is invariant during
imaginal life and is easy to record, this character could be used to select diploid drones in a
sample of related males (Polaczek et al., 2000). As there is some overlap in hook numbers of
diploid and haploid males, this character would have to be used with caution.

Woyke (1973, 1974) found the testes of diploid drones of various bee races to generally
be 10 times smaller than those of haploid drones, both derived from the same queen. In newly
emerged drones of our much smaller sample of diploid and haploid brother males we found
greater size differences, with a lot of variation. However, the mucus gland volume data of
Woyke (1973) were similar to what we calculated.

Our measurements of the sperm DNA confirmed the diploid state of spermatozoa pro-
duced by diploid drones. Woyke (1975) also found twice as much DNA in the spermatozoa of
diploid drones compared to those of haploids, without calculating the absolute amounts. Our
data for the diploid spermatozoa (0.30 pg/nucleus) are similar to the 0.35 pg measured for
diploid somatic cells (Crain et al., 1976), and the 0.14 pg/nucleus found for the haploid sperm
was similar to the 0.19 pg per Apis chromosome set determined by Jordan and Brosemer
(1974). The Zeiss UMSP equipment used in our study allows extremely exact microphotometry
of stechiometrically stained cell structures, as also obtained by Feulgen staining of nuclear DNA.

In the honey bee, the spectrum of hemolymph proteins is dominated by the vitellogenin
fraction in queens (Engels, 1974). But non-laying worker bees in queenright colonies also exhibit
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a high vitellogenin titer about five to six days after emergence (Engels et al., 1990). As recently
shown by Barchuk et al. (2002), vitellogenin already appears in queens and workers towards
the end of pupal development. Piulachs et al. (2003) detected vitellogenin mRNA in freshly
moulted adult drones, similar to the results of Trenczek et al. (1989). We found that adult diploid
drones also produce vitellogenin during the first week after emergence. There is some variation
in hemolymph titer, but the average concentration is only about half that of haploid drones.
Therefore, at an adult age of 5-6 days, the vitellogenin content of the hemolymph ranks Q@ > @ >
n g >2n d, presumably due to different hormone-controlled rates of synthesis. Rapid changes
of the vitellogenin titer in the hemolymph of young imaginal honey bees are likewise known for
workers (Engels and Fahrenhorst, 1974) and normal haploid drones (Trenczek et. al, 1989).

Impact of diploid drones on the inclusive fitness of the bee colony

According to the concept of the honey bee colony as a superorganism (Moritz and
Southwick, 1992), a strong selection pressure eradicates features that reduce the inclusive fit-
ness. Because of their failed reproductive capacity, the individual fitness of diploid drones is
zero. Their removal (as larvae) is invariable, and several arguments support the evolutionary
solution of early cannibalism of these ‘false males’ by the adult worker bees, in conformity with
the kin selection theory (Hamilton, 1964). The impotent diploid drones would only ensure the
transmission of their genes into the next generation by supporting the reproduction of their
relatives, which is done by their worker-assisted suicide. Their own biomass is recycled by
worker cannibalism, and the resources that would be required to further rear them are saved
(Kukuk, 1992). This results in the establishment of early removal of the newly hatched diploid
drone larvae, through which the brood comb area, as a limiting colonial investment, is immedi-
ately available again for oviposition by the queen (Ratnieks, 1990). As long as this diploid drone
elimination is functioning well, the inclusive fitness of the colony is not much affected. On the
other hand, no elimination signal would be needed to recognize advanced larval stages of diploid
drones (Engels, 2004), which is evidenced by the ‘normalization’ of their pattern of hydrocar-
bons in the cuticular secretion of L2 and L3 larvae.

Diploid drones - a mistaken creature into the bargain of Hymenopteran social
evolution?

The determination of the progeny’s sex by female control of egg fertilization prior to
oviposition in the Hymenoptera is an advantage of the haplo-diploid mode of sex determination
(Cook and Crozier, 1995). This allowed the evolution of social organization (Trivers and Hare,
1976), based on numerous female offspring and the division of labor between the reproductive
and non-reproductive queen and worker castes. If the Hymenopteran ancestor had a diplo-
diploid genotype, sex determination was probably mediated through sex chromosomes. Once
haplo-diploidy evolved, probably by tetraploidization in the female karyotype (Fahrenhorst, 1977),
this ancient mode of sexual genetics was replaced by single locus ‘complementary sex determi-
nation’ with a multiple allele system (Whiting, 1943). According to recent molecular analyses
(Hasselmann et al., 2001), the Apis csd gene regions have different variabilities in the nucleo-
tide sequence, indicating a continuing evolution of the gene structure (Beye et al., 2003). How
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the homozygous allele constellation at the scd locus is influencing the assumed differential splic-
ing (Beye et al., 2002, 2003), as was found for Drosophila, is not yet clear. But the fact that
male differentiation is the null-option whenever the primary signal for female development is
missing, was clearly demonstrated (Beye et al., 2003). So diploid males are not erroneous out-
put, but rather they are the inevitable consequence of Hymenopteran evolution (Page et al.,
2002), only mitigated by a high-mating frequency of the reproducing females (Ratnieks, 1990;
Boomsma and Ratnieks, 1996), as occurs in honey bees (Palmer and Oldroyd, 2000). The
ultimate eugenic effect of diploid drone removal by the nursing workers is reasonable; the
proximate solution of assisted suicide is not surprising since cannibalism is widespread in the
animal kingdom and is regarded to be an influential agent in the evolution of social behavior
(Elgar and Crespi, 1992).
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