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INTRODUCTION

The evolution of altruistic behaviour has been one of the most puzzling and disputed
guestions of evolutionary biology. Darwin himself recognised that it was difficult to plausibly
explain the presence of sterile individuals in social insect colonies with his theory of natural
selection (Darwin 1859). Hamiltonian kin selection theory (Hamilton 1964a,b) offered a
genetical solution to Darwin's dilemma. Individuals can improve their fithess not only by
reproducing themselves, but also by helping other individuals carrying the same genes ftc
reproduce. Thus, evolutionary success can be measured by inclusive instead of individua
fitness (Hamilton 1964a,b).

Particularly strong selective advantages have been assumed for societies in which individual
are closely related (Hamilton 1964a,b). As a result of the haplo diploid mode of determining
sex, the species of the order Hymenoptera seem to be prone to evolve altruistic behaviou
Indeed, it seems as if eusociality has been evolved at least twelve times among the
Hymenoptera (Crozier & Pamilo 1996) whereas it has been only evolved once in the order
Isoptera. In the simplest case a singly inseminated queen is the mother of all the female an
male offspring in the colony. In such a Hymenopteran society relatedness among female
offspring is 0.75. With few examples (Moritz & Southwick 1992) males usually arise from
unfertilised eggs, genetically resembling gametes of the queen. Thus, relatedness among me
offspring is 0.5.

However, in many species of social insects females mate more than once (Crozier & Pamilc
1996, Boomsma & Ratnieks 1996). This seems particularly counterintuitive in light of
inclusive fitness benefits derived from monandry (Hamilton 1964a,b, Gadagkar 1990) and in
light of potential costs of polyandry (Morizt al 1995, Oldroydet al 1996, 1997 but see
Ratnieks 1990). Due to the three successive stages of the mating process between males &
females (Page 1986), reliable documented paternity is restricted to three isolated, highly
eusocial taxaAtta leaf cutting ants, wasps of the gedespulaand honeybees (Boomsma &
Ratnieks (1996). These authors argued that multiple mating, by lowering the relatedness
between female offspring and thereby the benefits of reproductive helping behavior, has no
been a general constraint for the evolution of eusociality in the Hymenoptera. But, in many
species of eusocial wasps (Itd 1987) and ants (Holldobler & Wilson 1990) a low relatedness is
achieved by polygyny, the presence of more than one egglaying queen in one colony. Thi:
clearly shows that low levels of intracolonial relatedness are a common feature among
eusocial insects.

Consequently, the evolution of polyandry and/or polygyny is one of the central questions of
evolutionary biology (Crozier & Page 1980, Ratnieks & Boomsma 1995). Most theoretical
and empirical studies focused on the genetic variance hypotheses (Crozier & Page 198¢
Pamilo 1993, Keller & Reeve 1994) which assume that colonies gain fitness through a low
intracolonial relatedness. Several potential mechanisms have been proposed to explain suc
an increase in colony fitness (Page 1980, Crozier & Page 1985, Shetraldr®88, Ratnieks
1990). But the impact of worker genotypic diversity on the level of the colonial phenotype
remains unclear.



In light of the predicted fithess advantages derived from close relatedness, social insec
colonies should be societies which carefully scrutinize nest mates and non nest mates. Indee
good evidence for colony recognition has been presented in many species (Crozier & Pamilc
1996). The environment can substantially contribute to the colony odor (Stuart 1987, 1988),
but it has been shown that also genetic determinants are highly important (reviewed by
Waldmannret al 1988).

SOCIAL CHARACTERISTICS OF HONEYBEES,
APIS MELLIFERA

A honeybee colony typically consists of a single egglaying long-lived queen, anywhere from
zero to several thousand drones (depending on the season) and usually 10000 to 600(
workers (Moritz & Southwick 1992). Virgin queens leave their hives for 1 to 5 nuptial flights
(Alber et al 1955, Roberts 1944), have been shown to mate at a drone congregation area ar
return to the colony (Ruttner and Ruttner 1966, 1972). The maximum observed mating flight
range was 16 km in mainland Canada (Peer 1957). During their flights the queen usually ha
the possibility to mate with many drones from different colonies and apiaries (Ruttner and
Ruttner 1966, 1972). The mating behaviour of a queen honey bee profoundly affects the
genotypic composition of the intracolony worker population. Honeybee colonies usually
consist of several subfamilies, patrilines (Adaetsal 1977, Estoupet al 1994, |, II, V)
because of the mixing of sperm from different males within the spermatheca of the queer
(Page 1982). Members of the same subfamily are called "super sisters" (Moritz & Southwick
1992). They share both a mother queen and a drone father, and have an average 75% of th
genes in common by descent. Members of different subfamilies, have been called "half-
sisters" (Moritz & Southwick 1992), have different drone fathers and share only 25% of their
genes. The average intracolonial relatedness among progeny honeybee worker nestmat
seems to be low. Estimates range from close to 0.25 (Laidlaw & Page 1984) to 0.28 (IV). The
estimated degree of polyandry in honeybees ranges from 1 to 37 according to different author
and methods of investigation (Taber 1954, Triasko 1956, Peer 1956, Woyke 1960, Gary 1963
Adamset al 1977, Estoupet al 1994, |, II, V). So far, estimates range up to an average of
17.25 effective matings (Adamast al 1977). It seems as if there are distinct ecological
determinants of honeybee mating behavior (Koeniger 1991) such as the place and height ¢
mating, the conditions of the drone congregation area, the drone density and the weather c
climate (Meinen 1970, Englert 1972, Verbeek 1976). But, little is known about the impact of
these factors on the number of times queens mate.

In contrast, the mating behaviour of the queen does not effect the genotypic composition o
the intracolonial drone population. In haplo-diploid Hymenoptera drones have, with few
exceptions due to homozygosity at the sex determining locus, no father and resemble gamett
of the queen. Thus, regardless of the level of polyandry of the queen, the relatedness c
workers to the queen's sons should be 0.25.

However, queens are not the only colony members capable of reproduction. Honeybee
workers cannot mate but can lay male eggs. But, male production by workers in the honey be
is rare due to worker policing (Ratnieks 1988). Honey bee workers cannibalise eat eggs laic
by other workers (Ratnieks & Visscher 1989) because queen-laid and worker-laid eggs are



recognised by means of a queen-produced egg-marking pheromone (Ratnieks 1995). Page a
Erickson (1988) found rare cases of worker reproduction in queenright colonies, and using
genetic variation in body colour Visscher (1989) showed that approximately one male in a
thousand reared in queenright colonies are sons of workers. A rare case of an "anarchic
colony with many worker derived drones has been described (Oldt@dL994).

In the subspecieA. mell. capensidaying workers produce parthenogenetically females
thorough thelytoky, instead of males (Onions 1912). Consequently, inclusive fithess theory
predicts the absence of worker policing in queenright colonies of that subspecie (Greeff
1996b).

It is well established that in spite of the guard bees which scrutinize incoming bees and rejec
non-nest members (Butler & Free 1952, Breed & Julian 1992), drones and workers from
foreign colonies can enter the hive and are adopted as new nest members (Rauschmayer 19
Butler 1939). Accorti (1991) proposed a hypothesis that honeybees have a marked tendency
"wander" among colonies. This drifting behavior of drones and workers is a result of
individual orientation errors (Rauschmayer 1928, Butler 1939) and a variety of proximate
factors which have been studied in some detail (Free 1958, Free and Spencer Booth 1961, J
1969a,b 1971, Vollbehr 1975, Currie 1982, Currie 1986, Currie & Jay 1988, Kuhl &
Neumann 1996, Moritz & Neumann 1996). In spite of several predictions and assumptions
addressing the potential effects of drifting on the phenotype of honeybee colonies (Lecomte
1958, Jay 1968, Poltev 1968, Di Jaetcal 1982, Matheson 1984, Currie 1987 among others),
little is known about the actual impact of drifting on the phenotype of host colonies.

There are several additional mechanisms which can potentially influence the genotypic
composition of the intracolonial worker population.

1) Swarming: Although it has recently been shown that kin recognition has only a minor
impact for the distribution of the patrilines (< 2%, Kryger 1997) swarming can be important.

The genotypic composition may be altered through different propensities for swarming in the
various subfamilies (Kryger 1997). This may profoundly affects the genotypic composition of

colonies during the swarming season.

2) Differential survival of patrilines: Nothing is known about a potential different winter
survival of patrilines. Likewise a hypothetical impact due to a different susceptibility of
patrilines to parasites and pathogens may play a role.

3) Supersedure: The supersedure of queens can lead to the rare coexistence of two matriline
lineages in one honeybee colony (Cooper 1986). Some races of honeybees seem to be mc
likely to supersede than others (Cooper 1986).

4) Merging of colonies: Another mechanism might be the merging of honeybee colonies
which can follow absconding events (Hepbuah al submitted) or the artificial swarm
technique used by the beekeepers (Moritz 1988, Moritz & Southwick 1992).

However, most of the above mentioned phenomena do affect the genotypic composition of the
colony only during the limited time window of a worker cohort’s life span. Therefore, the



major factors influencing the genotypic composition of honeybee colonies over a long time
scale are the polyandry of the queen and the drifting of worker and drone individuals.

Selective honeybee breeding

As a result of the complex honeybee mating system one of the central questions of selecte
honeybee breeding certainly is: Who mates with whom? The DNA microsatellite technology
offers a possibility to answer that question in a way superior to all methods used so far. In
particular, potential experimental artefacts due to marker phenotypes can be avoided.

It is possible to genotype worker offspring or pooled drone pupae samples to verify honeybee
breeding lines (IV) This allows to test the reliability of institutions involved in commercial
honeybee breeding such as mating apiaries (I, ) and performance yards (IV, VI). This methoc
can be used to evaluate the isolation of a mating apiary (I) and to assess mating success |
that stations (ll). So far, mating success has been evaluated through the number o
successfully mated queens which seems to be only a rough measure in light of the high degre
of polyandry in honeybees.

Evaluating performance data of honeybee sister queen colonies can suffer from two shor
comings caused by undesired group composition:

1. The tested "Sister queen" groups are not composed of sister queens due to mistakes
queen rearing management.

2. The drifting of drones and workers can profoundly effect the composition of the tested
colonies (IV, VI).

Drifting can interfere with evaluating performance data as a result because of a loss/gain o
foragers for colonies due to relevant worker population shifts. This is strongly determined by
the apiary layout (Jay 1969, VI). Another impact factor might be the transmission of various
pathogens and parasites as assumed by various authors (Poltev 1968).

DNA microsatellites can be used to detect these unrelated queens, workers or drones (IV, V
A combination of the drift data with the colonial phenotype data allows to quantify the impact
of drifting.

CONCLUSIONS

In this thesis a range of 1 (I) to 28 (Il, V) observed paternities was found for colonies with
naturally mated honeybeAfis melliferalL.) queens. This clearly shows the high variance for
gueen mating frequency in this specie. The average intracolonial relatedness among worke
nestmates found in this study is 0.28 (V).

My results indicate that successful mating flights are possible on a drone-free island (I) but the
significantly lower mating frequency compared to the neighbouring islands with drone
colonies, suggests that mating conditions were difficult (I). My comparisons of queen mating
frequency show:

1. There are distinct ecological determinants of polyandry (II). Queens mated on islands
showed significant lower mating frequencies compared to queens which were mated on the



mainland (I). I conclude that distinct climatic conditions between island and the mainland are
the most parsimonious explanation for the lower mating frequency of isle-mated queens (lI).
2. Large distances over open water in combination with a lack of drone producing colonies,
can reduce mating-frequency ().

The high variance and the ecological determinants indicates that the level of polyandry of
gueens may be population specific in honeybees.

The impact of polyandry on the level of the colonial phenotype was weak and in no case
significant (V). However, | found non significant trends that polyandry positively effects
colony productivity (V) as predicted by the hypotheses for the evolution of polyandry.

Since the drifting of drones and workers was simultaneously studied | could evaluate and
compare the levels of emigrating and immigrating workers and drones. Drones emigrate anc
immigrate significant more frequently than workers (V). The immigration and emigration of
drones was significantly correlated but not of workers (V). Moreover, there were no
significant correlations between immigration or emigration of workers and drones (V). This
indicates that the adoption/rejection mechanism by the guard bees is different between drone
and workers (V). There was no correlation between the number of effective queen matings
and the immigration and emigration of workers and drones. Therefore | could reject the
foreign label rejection model for nestmate recognition (VI). But, | could not distinguish
between the other models (VI). | found no significant impact of the drifting of drones and
workers on the phenotype of honeybee colonies (VI). This indicates that drifting of drones and
workers is not a particular cause for colony levels of infestation with the ectoparasitic mite
Varroa jacobsoni(VI). Likewise, | conclude that drifting has no or only weak effects on
colony honey yields, as long as the drifting of workers is reduced due to apiary layout (VI).

Selective honey bee breeding

For the first time, DNA-fingerprinting was used in this thesis to test the reliability of
procedures involved in selective honeybee breeding.

A reliability test for the potential honeybee mating area Baltrum was performed (I).
The test shows that controlled matings on island mating yards laying within the maximum
combined mating flight range of queens and drones can not be guaranteed (I). Successfi
mating flights of queens over open water have been found although the next available sourc
of sexual mature drones was at least 5.4 km away (I). Matings between the Baltrum queen
and drones from the mainland have been found (l). However, interactions with the
neighbouring established mating areas Langeoog and Norderney were unlikely (1).

The mating success on the island mating yards Langeoog, Norderney, on the low lanc
yards Gramschatzer-Wald and Kénigswald, on the highland mating yard Rachel-Diensthutte
and on the isolated high mountain station Hochgrat. was assessed (Il). A lower mating succes
was found on the two island mating apiaries compared to the other mating yards (ll). The
number of drone colonies at a mating yard showed no significant effect on queen mating
frequency (I). Thus, most likely unfavorable weather conditions on the islands were
responsible for the low mating success (I1).



The reliability of the performance yard Schwarzenau was tested (IV, VI). Drifting of
workers was distinctly lower in Schwarzenau than in previously studies of commercial
apiaries (IV, VI). Drifting has no significant influence on evaluating performance data at
Schwarzenau (IV, VI). However, unrelated queens could seriously distort results because on
of the tested breeding lines was identified to consist of unrelated queens (IV). This indicates
that mistakes in queen rearing management have been taken place (IV).

Reliability test for honeybee DNA microsatellites

The reliability of the employed DNA microsatellite technique (Esteupl 1993, 1994) was
tested using a queen which was instrumentally inseminated with the semen of 10 drones (lll)
In a double blind test 10 patrilines and no visible mutational events were found indicating that
this technique used for honeybees is as reliable as it is in forensic medicine (lII).
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Summary

24 virgin sister queens were kept for 21 d in mating nuclei on the drone-free island
Baltrum to test the reliability of a potential mating area. On each of the neighbouring
island mating yards Norderney and Langeoog 12 sister queens were kept with drones.
Workers from colonies with island-mated queens (n = 11 Baltrum, n = 7 Langeoog and n =
6 Norderney) were genotyped with four DNA microsatellite loci (n = 996) to estimate the
mating frequency of their mother queens. The standard genetic distance and differences in
allele frequencies between the populations were determined to estimate putative origins of
the drones. The number of matings ranged from 1 to 15 per queen with an average of 6.45
+ 4.2 (effective number 5.3%2 3.94). 49.30% of the identified drone fathers did not
descent from any of the queens on the adjacent islands. They came most likely from
mainland colonies at least 5.4 km (3 km across open water) away. It cannot be ruled out
that 45.07% of the drones might origin from Langeoog but their allele frequencies were
significantly different from the drones which mated with the Langeoog queens. 4 drones
showed only alleles found on both mating yards and could not be excluded from any
source. High genetic distances (Langeoog/Baltrum D = 0.744, Norderney/Baltrum D =
0.861) and significantly different allele frequencies between the Langeoog and Norderney
drone populations and the Baltrum patrilines also indicate that interactions between
Baltrum and the neighbouring islands were most unlikely. Our results indicate that
successful mating flights are possible on the drone-free island of Baltrum but the low
mating frequency suggests that mating conditions were harder than usual. Most likely
gueens were able to cross at least 5.4 km with more than 3 km of open water at high tide
during mating flights.

Key words: Apis mellifera DNA-fingerprinting, mating control, polyandry, population
genetics

Introduction

Honeybee queensApis mellifera are highly polyandrous which is an uncommon
phenomenon among eusocial Hymenoptera (Boomsma & Ratnieks 1996). The estimated
degree of polyandry ranges from 5 to 37 according to different authors and methods of
investigation (Taber 1954, Triasko 1956, Peer 1956, Woyke 1960, Gary 1963, éidaims
1977, Estoupet al 1994 among others). Virgin queens leave their hives for 1 to 5 nuptial
flights (Alberet al 1955, Roberts 1944), have been shown to mate at a drone congregation
area and return to the colony (Ruttner and Ruttner 1966, 1972). The maximum observed
mating flight range was 16 km in mainland Canada (Peer 1957). During their flights the
gueen usually has the possibility to mate with many drones from different colonies and
apiaries (Ruttner and Ruttner 1966, 1972).

Achieving control over this complex mating system with its important redistribution of

genetic material is certainly one of the key factors of selective honeybee breeding.
Artificial insemination techniques have brought the mating of honey bees under complete
control. However, this method is labour intensive and technically complex. These are the
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principal reasons why instrumental inseminations are mainly restricted to scientific
oriented breeding programs. The majority of commercial and hobby beekeepers makes
instead use of mating yards to achieve control of natural matings. Mainland mating
stations are established at isolated places with no or few feral and commercial bee colonies
around (Ruttner 1983). With increasing knowledge of honeybee mating behavior the
reliability of mainland stations was questioned (Tiesler 1972, Ruttner 1972). In order to
ensure controlled matings the following things were recommended: 1. No unselected
drones should be allowed within a radius of 10km around the mating yard (Bottcher 1972)
2. increased number of selected drone colonies at the mating yard (Maul 1972) 3. regular
requeening of the neighbouring apiaries (Zander & Béttcher 1989). However, total control
over matings is not guaranteed at these places.

Since 1923 islands were used in Germany as an alternative tool to achieve controlled
matings. After initial problems with cold and windy weather conditions and an
underestimation of the number of drone colonies needed, several islands were utilised as
routine mating yards. The large areas of open water around these islands are obviously free
of bee colonies. Furthermore, Heran & Lindauer (1963) and Heran (1964) showed that
open water seems to have a negative impact on the orientation of honeybee workers during
their flights. So, islands have been claimed to be ideal places because bees are not
expected to cross open water during their mating flights.

In the past bee breeders repeatedly report on uncontrolled matings even on these safe
island mating areas. Recent studies of queen honey bee mating behavior on drone-free
islands strongly support these observations because they reveal that queens returned from
their nuptial flights with a mating sign even during high tide (van Praaghn press).

Placing virgin queens without drones and displacement experiments of drones have been
used for testing mating yards (Zander & Bottcher 1989). However, Ruttner & Ruttner
(1963) pointed out that these experiments take place under unusual conditions. A
reliability test under normal operating conditions on a mating yard is only possible using
markers to separate worker offspring derived from matings with unselected drones.
Reliability tests thus used either different races (Bottcher 1947, Ruttner 1959) or mutants
like cordovan(Ruttner & Ruttner 1965, Drescher 1974). Both methods may suffer from
the pitfall of different qualities of the queens and drones involved in the testing procedure.
Livenetz (1954) and Drescher (1968) showed differences for drone flight behavior.
Koeniger et al (1989) found assortative matings resulting from a different vertical
distribution of A. mell. ligusticaand A. mell. carnicadrones at a natural drone
congregation area. For tlerdovantest the situation is quite similar. As a result of the
highly inbred cordovan lines the number of times theordovan queens mated with
selected drones might be misinterpreted because of a higher proportion of diploid drones
in the resultingcordovan offspring. This might occur unless two unrelateatdovan
strains were used (Peer 1957). Moreover, it has been showeotdatanis not neutral

with respect to worker interactions within colonies (Frumhoff 1991) and the flight activity
and length of life of wildtype and mutant drones may be different (Witherell 1972).
However, Ruttner & Ruttner (1965) and Drescher (1974, unpublished data) found no
differences betweectordovanand the wildtype.
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A vast number of mainland mating yards wecedovananalysed (Maul 1972), showing

that these yards did not guarantee a 100% of mating control. In the case of island mating
yards three methods have been used so far to test the reliability of these stations (table I).
Especially local characteristics and the distance across open water in between a range of 1
to 10 km towards unselected drone producing colonies seem to play a major role in the
reliability of the island mating yards.

These observations call for a genetical control of the reliability of mating yards without
interfering with routine bee breeding practice and honeybee behavior. This have never
been done before for any of the mating islands currently in use. In this project we decided
to test the reliability of island mating stations using virgin queens and single-locus DNA-
fingerprinting to asses the number of times honeybee queens mate under drone-free
conditions on an island and to determine possible interactions with the neighbouring
mating yards.

For that purpose a potential new mating area on the island of Baltrum was examined in the
season 1995. Single-locus DNA-fingerprinting enabled us to genotype the worker
offspring of the island-mated queens from Baltrum and from the neighbouring island
mating yards Langeoog and Norderney. We could estimate the number of times the queens
mated if no free flying sexual mature drones are available on Baltrum. Furthermore, we
determined the standard genetic distance and the allele frequency differences between the
drone populations of Baltrum, Langeoog and Norderney to evaluate the genetic isolation
between the islands.

Materials and methods

(a) experimental design

48 virgin sister queens were reared in summer 1995. 24 of them were kept in mating nuclei
on Baltrum without drone colonies. On the neighbouring island mating yards Langeoog
and Norderney 12 queens each were in the viscidity of 15 (Norderney) or 10 (Langeoog)
drone colonies all with sister queens (distances in table Il). All virgin queens were allowed
to fly during a period of 21 days. The queens of the drone colonies on Norderney were
daughters from one mother queen instrumentally inseminated using semen of drones from
three sister colonies and the mixed sperm technique. This results in a maximum number of
7 alleles per locus in the worker offspring on this island. On Langeoog a maximum
number of 12 alleles was possible per locus. Sealed worker brood samples (n = 50 per
gueen) of the mated queens were taken (n = 11 for Baltrum, n = 7 for Langeoog and n = 6
for Norderney) and raised isolated in an incubator to exclude mixing. Freshly emerged
workers were immediately stored in 96% Ethanol at -15° C.

(b) DNA isolation and microsatellite analysis

DNA was phenol extracted from single workers (n = 40 per colony) following routine
protocols (Beye and Reader 1993) with the following changes:

1. Workers were incubated under shaking in insect Ringer solution (127 mM NacCl, 1.5
mM CaC}, 5 mM KCI, pH 7.4 with NaOH) for one hour at RT before extraction.

2. Single workers thoraces were homogenised in 400 ul of DNA extraction buffer (100
mM NacCl, 100 mM Tris-HCI (pH 8.0), 10 mM NacCl, 0.1 % SDS).

3. DNA was resuspended in 30 pl DR
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We used four DNA-microsatellites which were developed by Estetuml (1993).
Multiplex PCR was done using two pairs of loci (A43/B124, A76/A107) and the standard
protocols of Estout al (1993, 1994). Amplification products were electrophorized on
6% polyacrylamide sequencing gels for 5.5h (A76/A107) or 5h (A43/B124) with
M13mpl8 control DNA sequencing reactions run on the same gel as size standards.
Microsatellite alleles were scored as fragment lengths in base pairs.

(c) Data analysis

1. number of effective males

The average intracolonial relatednéRsvas estimated as defined by Estaipal (1994).

The number of effective males was then calculated using the equation from Crozier and
Pamilo (1996) solved foren

2
e AR-1 (1)

where R = number of effective males afl= average intracolonial relatedness.

n

2. genetic distance
We used the standard genetic distance of Nei (1987):

le s 2 _ 2 .
D=-In—="-with, ;=) p°, j,=) q°,andj, =) p, (2)
JJi J 2 2 2P

wherej1 is the probability that two randomly chosen genes in population 1 are idgptical,
is the same for population 2, apg is the probability that two genes, one drawn randomly

from population 1 and the other from population 2, are identical. This set was calculated
for each of the four loci. Than the average for all loci was calculated in each of the three

casesdy, J2, J12).

d) Genotype analysis and number of matings

The genotypes of the mother queens and the father drones were determined from the
genotypes of the sampled workers. The queen was assumed to be homozygous when an
allele was present in every worker of the colony. The queen was considered to be
heterozygous when every worker carried one of two alleles. The paternal alleles were those
not carried by the queen. We used the putative genotype of the mother queen to exclude
additional allele combinations. If multiple queen genotypes were possible at a given locus
we choose as a rule the allele combination yielding the lowest number of observed matings

(No).

e) Putative descent of Baltrum drone fathers

The genotypes of all drones who mated with the tested Baltrum queens were compared
with the genotypes of the drones which mated with the queens from Langeoog and
Norderney. Baltrum drones showing allele combinations that did not correspond with the
drone genotypes of one island were excluded from that potential source. Baltrum drone
fathers which might origin from the neighbouring island mating yard Langeoog were
determined and the differences in allelfrequencies towards the drones which mated with
the Langeoog queens were evaluated.
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Results

71 paternal genotypes were detected in the 11 sampled Baltrum colonies (table Ill). We
found a range from 1 to 15 patrilines per colony with a mean of 642 matings per
gueen (table Ill). The émates of the effective number of matings on Baltrum ranged from

1 to 14.82 (tabldll) with a mean 0f5.21+ 4.07. The genotypes of the 13 island-mated
sister queens from the neighbouring island mating yards Norderney and Langeoog are
given in table IV. The allele frequencies for all tested microsatellite loci are shown in table

V. The results of the Bonferroni procedure are found in table VII. For Nordgrhésts

were not calculated at the locus A76 because drones could be definitely excluded because
of specific alleles. We found for all tested drone populations significant differences for the
allele frequencies at least at two loci (table VII). We could exclude 49.30% of the Baltrum
drones from any of the drone colonies on the adjacent islands (figure 1). They came either
from undetected colonies on Baltrum or more likely from the mainland colonies which
were at least 5.4 km away. 45.07% of the drones could have originated from the
neighbouring island mating yard Langeoog since they had genotypes in common with the
corresponding drones. However, these drones potentially originating from Langeoog,
showed significant differences in the allele frequencies of the drones which mated with the
gueens on Langeoog (Table VII). Four drones (5.63%) showed alleles found on both
mating yards and could not be excluded from any source. The standard genetic distances
between the tested populations are shown in table VI. High distances were observed
between the drones mated with the queens from Langeoog and Norderney and the Baltrum
patrilines. A mediate distance was observed between the drones from Norderney and
Langeoog whose drone mothers originated from unrelated breeding lines. As expected,
low distances were found between the tested sister queens.

Discussion

Our results clearly show that successful mating flights took place on the drone-free island
of Baltrum although the next available source of sexual mature drones was at least 5.4 km
away. 81.81% of the tested queens mated with males who certainly not originated from the
neighbouring island mating yards Langeoog and Norderney. These drones probably
derived from colonies on the mainland more than 3 km away, where the mud flats fall dry
at low tide. This is the second largest distance ever reported for successful honey bee
mating flights across open water after Klatt (7-8 km, 1929). However, Evenius (1931)
doubted the drone-free conditions on the peninsula Frisches Haff during that time. In our
experiment these drones could also potentially originate from undetected swarms on
Baltrum. Since the drone-free conditions were tested using a lure (Gary 1963) and drones
could not be attracted on that island (Dustmanal 1996) it seems most likely that the
queens fly to the mainland for matinig. light of observations of van Praagh al (in

press) it does not seem to play a major role if the mud flats fall dry at low tide or not
because queens returned from their nuptial flight with a mating sign even if the tide was
high at Baltrum. Virgin queens were able to cross at least 1 km or less across open water as
reported by Kramer (1897, cited in Zander & Bottcher 1989), Ruttner & Ruttner (1965)
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and Klopping (1993). This shows that such a distance can not prevent honeybee matings.
Stored pollen found during the experiments of Ruttner & Ruttner (1965) indicated that
even workers were able to cross a 1 km distance across open water during their foraging
flights. Given that drones and queens have no lesser flight abilities than workers the
important combined mating flight range of queens and drones together (Szabo 1986) found
by Evenius (1.2 km, 1929) seem to underestimate the maximum possible mating flight
range across open water. Following the observations of Ruttner & Ruttner (1965) one
would expect at least 2 km if drones, queens and workers show nearly the same flight
ability. On the opposite, successful mating flights of virgin queens of more than 10 km
across open water were never reported (Sladen 1920a,b, Minderhout 1923, Evenius 1929,
Perkiewicz 1929) in contrast to the mainland (Peer 1957). This shows that distances over
open water distinctly decrease the distances needed to reach full genetic isolation of a
mating yard. In the range between 1 km and 10 km across open water it is quite uncertain
whether mating of virgin queens can occur or not. Klatt (1929a,b) reported of matings 7-8
km across open water. This contrasts to the results of Meinen (1970) for the island of
Spiekeroog (7 km distance) and Drescher (1965) for the island of Mellum (6.5-6.9 km
distance) who found no returning drones after displacement experiments. However,
Ruttner & Ruttner (1963) pointed out that results derived from this kind of experiments
should be carefully interpreted. The situation of displaced drones and well feed drones
which are on their mating flights could be very different. Moreover, displaced drones can
return only by chance since they have no knowledge of their hive location. On the other
hand virgin queens were not mated on the island of Mellum (Drescher 1965). However,
the queens had the possibility to mate only during a 6 d period and even on the mainland
gueens need up to 15 d to mate with drones from colonies 6 km away (Peer & Ferrar
1956). We found after a period of 21 d successful matings over a 3 km distance across
open water. Oortman Gerling (1993) reported that virgin Buckfast queens were not able to
cross 4 km of open water during a 44 d period although the tested island of Marken was
connected with the mainland via a dam which might have enhanced honeybee orientation
(Heran 1964). Since the queens in our study were able to cross a 3 km water gap without a
dam, we cannot exclude that racial characteristics for flight behavior as shown for drones
(Livenetz 1954, Drescher 1968, Koenigdral 1989) are also responsible for Buckfast
gueens having more difficulties to cross open water. Furthermore, various environmental
factors like weather conditions during the experiments (Meinen 1970, Englert 1972),
preferred wind directions on the area or other local characteristics like vegetation and size
of the tested island (Ruttner & Ruttner 1965) or even individual characteristics of queens
(Englert 1972) might be responsible for the mating success.

It is important to know if an established mating yard Baltrum might interfere with the
neighbouring established yards Langeoog and Norderney. In order to quantify a possible
gene flow between these islands we excluded drones from the potential sources Norderney
and Langeoog. The allele combinations of the drones who mated with the Baltrum queens
enabled us to exclude 49.3% of them from any of the used queens. Given that the queens
fly across open water 9 of 11 mated queens certainly interacted with mainland drone
sources. An interaction with Norderney seems to be unlikely in most cases because we
could exclude the majority of the Baltrum patrilines from that origin (94.37%).
Furthermore, the potential "Norderney" drones which mated with the Baltrum queens
showed alleles (either 127 bp for locus A43 or 291 bp for locus A76) which were very rare
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in the patrilines on Norderney. Only two queens showed possible Norderney patrilines in
their progeny. In these cases interactions with at least two different drone sources
(Norderney and mainland or Norderney, Langeoog and mainland) must have been
occurred. Given that queens were searching for drones this seems to be most unlikely. It
cannot be ruled out that 45.07% of the drones might origin from Langeoog. Two queens
showed only potential Langeoog progeny in their worker offspring. However, we found
significant different allele frequencies between these potential "Langeoog"” drones and the
drones which mated with the Langeoog queens. We therefore reject the hypothesis that the
drones originated from the same gene pool. Following the argumentation given for
Norderney we consider it unlikely that the queens had visited two possible drone sources
during their mating flights. The standard genetic distances also indicate that matings with
drones from the neighbouring island mating yards were most unlikely. The distances
between the drones which mated with the Langeoog and Norderney queens and the
Baltrum patrilines were distinctly higher than the distances between the unrelated drone
populations of Norderney and Langeoog.

The neighbouring island mating yards Langeoog and Norderney were provided with drone
colonies. No additional alleles were determined for the locus A76 on Norderney and we
found 10 out of maximal 12 possible alleles for the same locus on Langeoog. These results
are in line with the expectation that drones do not drift among islands. In favour of an
active role of the queens in this special case of drone-free islands are observations of
Dustmanret al(1996) that drones attracted by a lure on the mainland near Baltrum did not
follow it across the mainland border and of Ruttner & Ruttner (1963) who never attracted
drones on a lake.

The mating frequency of the Baltrum queens had a surprisingly high variance. At the
average the mated queens showed a distinctly smaller number of observed and effective
matings as natural mated queens in other populations (Ada@s1977, Estoupet al

1994, Neumanret al in review). The number of times the queens mated was certainly
depend upon the low drone density (Ruttner 1959, Tiesler 1972, Szabo 1986) and the
distances to the next available drone colonies. Our data clearly shows in addition to
unusual long lasting flights and a delayed egg laying (van Petaglm press) that mating
conditions for virgin queens on drone-free areas like Baltrum are much more difficult than
it is the normal case on an island mating area. These results are in line with Szabo (1986)
who found for mated sister queens on the mainland correlations between the distance
towards drone colonies, the number of spermatozoa and the time of starting oviposition.

As a result of this we can obviously not give a judgement of the reliability of Baltrum as an
established mating yard. A reliability testing is only possible under normal bee keeping
conditions with a sufficient number of drone colonies (Ruttner 1959, Drescher 1974). It
seems unlikely that queens would mismate if an adequate number of drones is available on
Baltrum. However, our results clearly show that queens would have the possibility of
successful interactions with mainland drone sources. Nevertheless, controlled matings
cannot be guaranteed on the potential mating area Baltrum at the current state of evidence.

We showed that a reliability test using single-locus DNA-fingerprinting has important
advantages: 1. In contrast to all other methods used so far, single-locus DNA-
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fingerprinting can be incorporated in the routine procedure at a mating yard, thus drones
and queens which were normally used on these yards can be tested. 2. Small worker
samples are needed from the tested colonies which can easily be taken by the beekeeper. 3.
The origin of the unselected drones which mated with the tested queens can be found. 4.
No efforts of breeding and establishiogrdovanlines. 5. The number of times the queens
mated with unselected drones can be exactly determined. As in the case of the mainland
mating yards island mating stations laying within the maximum reported mating flight
range of 7-8 km across open water (Klatt 1929a,b) should be examined in a similar
manner. Even at isolated places like islands which are normally free of bees it camnot be
priori guaranteed that natural mating is under complete control.
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Detailed summary

24 drohnenfreie Volker mit unbegatteten Geschwisterkdniginnen wurden 1995 fur 21 Tage
auf der Drohnen freien Insel Baltrum plaziert, um die Zuverlassigkeit einer potentiellen
Belegstelle zu testen. Dazu wurde erstmalig ergéanzend das Verfahren des single-locus
DNA-fingerprinting angewandt (Tabelle I). Auf jeder der benachbarten Inselbelegstellen
Langeoog und Norderney standen je 10 weitere Geschwisterkdniginnen mit
geschlechtsreifen Drohnen (Distanzen siehe Tabelle II). Aus jedem Volk mit einer
begatteten Konigin (n= 11 Baltrum; n= 7 Langeoog und n = 6 Norderney) wurden
Arbeiterinnenbrutwaben entnommen. Isolierte, frisch geschliipfte Arbeiterinnen wurden
mit single-locus DNA-fingerprinting unter Verwendung vier verschiedener Loci
genotypisiert (n = 996), um die beobachtete und effektive Paarungshaufigkeit der
Baltrumkoéniginnen (Tabelldl) und die vermutliche Herkunft der Drohnen zu ermitteln.
Dazu wurden die Genotypen der getesteten Geschwisterkéniginnen (Tabelle IV) und der
auf Baltrum, Langeoog und Norderney angepaarten Drohnen (Tal#llamd V)
ermittelt. Zwischen den getesteten Populationen wurden die genetischen Distanzen nach
Nei berechnet (Tabelle VI) und mégliche Unterschiede in den Allelfrequenzen mit Hilfe
der verbesserten Bonferroni Methode untersucht (Tabelle VII). 71 Paarungen wurde fur
Baltrum nachgewiesen (Tabelle Ill). Die Anzahl an beobachteten Paarungen pro Koénigin
lag zwischen 1 und 15 mit einem Mittelwert von 6,834,29. Die mittlere Anzahl
effektiver Paarungen von 5,854,05 (Tabelldll) war deulich geringer als die Ergebnisse
friherer Studien an naturlich gepaarten Koniginnen (z,B: 17.25; Adamst al 1977).

Die ermittelten Drohnen konnten aufgrund ihrer Allelkombinationen von Herkinften
ausgeschlossen werden (Abbildung 1). 49,30% der identifizierten Drohnen stammten nicht
von den eingesetzten Koniginnen. Sie kamen entweder von unentdeckten Schwéarmen auf
Baltrum oder von Volkern auf dem Festland, die mindestens 5,4 km (davon 3 km Uber
offenes Wasser) entfernt lagen. Es kann nicht ausgeschlossen werden, dal3 45,07% der
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Drohnen von Langeoog stammen. Diese Drohnen zeigten jedoch signifikant
unterschiedliche Allelfrequenzen zu den Drohnen, mit denen sich die Kdniginnen auf
Langeoog gepaart haben (Tabelle VII). Vier Drohnen wiesen auf beiden Belegstellen
vorkommende Allele auf und konnten somit von keiner Quelle ausgeschlossen werden.
Gegen eine Herkunft von Norderney spricht jedocB, diase Drohnen Allele aufwiesen,

die auf Norderney sehr selten waren, entweder 127bp fir den Locus A43 oder 291bp flr
den Locus A76 (Tabelle Ill). Eine Hamft der Drohnen von den eingesetzten Koniginnen

auf Baltrum konnte ausgeschlossen werden, da eine Entwicklung geschlechtsreifer
Drohnen zwischen der Aufstellung der Begattungsvélkchen und dem Rucktransport der
Kdniginnen nicht erfolgen konnte. Hohe genetische Distanzen (Tabelle VI) und signifikant
unterschiedliche Allelfrequenzen (Tabelle VII) zeigten die angepaarten Drohnen von
Langeoog und Norderney und die Patrilinien von Baltrum. Dies deutet ebenfalls daraufhin,
dalR Paarungen zwischen Drohnen von Langeoog oder Norderney und den Kéniginnen von
Baltrum unwahrscheinlich sind. Fur die benachbarten Inselbelegstellen Norderney und
Langeoog konnten im Rahmen unserer Stichprobe keine Paarungen mit unselektierten
Drohnen nachgewiesen werden. Da jedoch von den dort aufgestellten Drohnenmiuttern
keine Genotypendaten vorlagen, konnte dies nicht mit Sicherheit ausgeschlossen werden.
Die im Gegensatz zu natlrlich gepaarten Kéniginnen geringere Paarungshaufigkeit zeigt
im Zusammenhang mit verspateter Eilage und ungewdhnlich langen Ausflugzeiten (van
Praaghet al, in press) deutlich, dal3 die Paarungsbedingungen auf der drohnenfreien Insel
Baltrum als erschwert zu werten sind. Ob sich Kéniginnen unter regularen Bedingungen
auf einer etablierten Belegstelle Baltrum, d.h. mit einer ausreichenden Anzahl von
selektierten Drohnenvélkern, auch mit Drohnen vom Festland paaren, bleibt offen, da das
Aufstellen unbegatteter Koniginnen ohne Drohnenvdlker nicht fir die Einschatzung der
Zuverlassigkeit einer Belegstelle unter Routinebedingungen geeignet ist. Unsere
Ergebnisse demonstrieren jedoch eindeutig, daf3 auf Baltrum kontrollierte Paarungen nicht
a priori garantiert werden konnen. Entweder Drohnen oder Koniginnen oder beide
Geschlechter sind in der Lage, bei ihren Paarungsfliigen gréRere Strecken offenen Wassers
zu Uberqueren (Tabelle 1l). Das von uns angewandte Verfahren des single-locus DNA-
fingerprinting ermoglicht eine Uberpriifung der Sicherheit von Belegstellen im
Routinebetrieb unter Verwendung des dort Ublichen Zuchtmaterials. Eine derartige
Uberpriifung anderer, bereits etablierter Belegstellen ware wiinschenswert.
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Figure 1: Excluded descent of the detected father drones on Baltrum
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Table I: Methods used for testing the reliability of island or peninsula mating yards (* =
connected with the mainland via a dam, ** = actual 2 km but 1 km with dense reed
vegetation, d = drones, q =queens, w = workers).

method yard distance oveuncontrolled | author(s)
open water | mated queens
virgin queens Ufenau 1-4 km + Kramer (1897)
Duk 11.6 km - Sladen (1920a,b)
Urk 18 km - Minderhout (1923)
Greifswalder Oie | 10.5 km - Evenius (1929)
Frische Nehrung | 7-8 km + Klatt (1929a,b)
Hela 14 km - Pauls (1929)
Trischen 10 km - Perkiewicz (1929)
Mellum 6.5-6.9km | - Drescher (1965)
Marken 4 km* - Oortman Gerlings (1993)
Hompelvoet 600 m + Kl6pping (1993)
cordovantes] Neusiedler See 1 km** + Ruttner & Ruttner (1965)
displacement no return analysed
Greifswalder 800m(d) |q,d,w Evenius (1930)
Oie 400 m (q)
Mellum 6.5-6.9km | d Drescher (1965)
Spiekeroog 7 km d Meinen (1970)

Table II:

Distances of the tested Baltrum colonies to the drone colonies on the

neighbouring island mating areas and on the mainland (* = shortest distance to any
possible source of males)

Baltrum

total distance | distance over open water
Mainland 5.4 km* 3 km
Langeoog 7.8 km 1.4 km
Norderney 13.2 km 750 m
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Table lll: Putative genotypes (four microsatellite loci, length in base pairs) of the mated Baltrum queens (B1-B11) and
the drone fathers and the effective number of queen matings (q = Both alleles were present in the mother queen. It was
not possible to determine the allele of the actual father drone; N = number of workers per patriimeimber of

effective matings).

Colony | B1 B2 B3
Sample N N N
size
Locus Al107 A76 A43 Bl124 A107 A76 A43 B124 A107 A76 A43 B124
Queen's | 141 287 140 214 165 283 140 214 141 265 127 216
alleles 170 291 140 216 176 283 140 216 176 291 140 222
Patrilinie
1 163 289 127 214 40 171 271 127 216 24 160 313 ¢ 214 3
2 171 287 127 216 15 160 313 q 228 4
3 162 313 q 214 6
4 162 313 q 228 7
5 164 271 127 214 28
6 170 271 140 214 24
Ne 1 40 n 1.95 > 39 n 3.66 > 72
Colony | B4 B5 B6
Sample N N N
size
Locus A107 A76 A43 B124 A107 A76 A43 B124 A107 A76 A43 B124
Queen’'s | 165 265 140 216 165 283 127 216 165 265 140 216
alleles 170 291 142 222 176 283 140 216 176 283 140 230
Patrilinie
1 161 271 140 214 2 165 209 127 216 17 169 265 127 214 4
2 161 271 140 216 2 171 287 ¢q 216 23 169 265 127 230 7
3 170 287 140 214 5 169 265 127 228 2
4 170 287 140 216 4 169 265 127 220 2
5 170 291 140 214 9 169 265 127 232 3
6 170 291 140 q 2 169 271 127 232 1
7 171 229 140 q 4 171 265 127 214 1
8 171 229 140 214 13 171 271 127 214 4
9 171 271 127 216 2
10 171 271 127 230 3
11 171 271 127 222 2
12 171 287 127 214 2
13 171 287 127 228 1
14 171 287 127 230 4
15 171 287 127 232 1
Ne 5.9 z 41 n 2.00 40 n 14.8 z 39
2
Colony | B7 B8 B9
Sample N N N
size
Locus A107 A76 A43 B124 A107 A76 A43 B124 A107 A76 A43 B124
Queen’'s | 167 265 140 214 163 265 127 214 165 265 140 214
alleles 176 283 142 228 170 283 142 216 176 283 142 228
Patrilinie
1 171 249 140 216 6 141 249 140 222 5 165 209 127 220 3
2 171 249 140 222 7 141 249 ¢ 224 1 165 209 127 222 3
3 171 271 140 216 10 141 271 140 222 5 165 209 127 228 2
4 171 271 140 222 6 141 271 140 224 2 165 209 127 230 1
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5 171 ¢ 140 216 2 176 249 140 222 4 165 271 127 228 2
6 173 249 140 216 5 176 249 140 224 6 165 271 127 230 3
7 q 271 140 222 4 176 271 140 222 1 170 209 127 220 4
8 176 271 140 224 7 170 271 127 220 8
9 q 249 140 222 1 170 271 127 222 5
10 q 249 140 224 3 170 271 127 230 1
Ne 6.9 > 40 n 9.02 > 35 n 9.02 > 32
Colony | B10 B11

Sample N N

size

Locus A107 A76 A43 B124 A107 A76 A43 Bl24

Queen’s | 165 283 127 216 141 265 127 214

alleles 170 291 140 222 176 291 140 216

Patrilinie

1 159 271 ¢ 214 1 159 313 ¢ 222 8

2 170 313 ¢ 214 2 159 313 q 228 9

3 170 313 ¢ 224 1 166 313 q 222 13

4 170 313 ¢ 228 11 166 313 ¢ 228 8

5 171 291 ¢ 214 9

6 171 291 q 228 10

Ne 4.09 b2 34 n 414 > 38

Table IV: Putative genotypes (four microsatellite loci, length in base pairs) of the mated queens on Langeoog

(L2-L7) and Norderney (N1-N6), (/ = both alleles were possible) and sample size per colony (n).

Colony  Locus Colony Locus
A107 A76 A43 B124 n A107 A76 A43 B124 n

L1 265 165 127 214 121 N1 265 165 140 216 35
283 176 140 216 291 170 140 222

L2 287 165 127 216 33 N2 265 141 140 216 41
291 170 140 222 291 170 142 222

L3 283 141 140 216 4 N3 265 141 140 214 43
291 170 142 220 291 170 142 216

L4 265 165 140 216 51 N4 265 141 140 216 25
283 176 140 222 283 176 142 228

LS 265 141 140 214 511 NS 283 141 140 216 8
283 176 142 216 291 176 142 214/222

L6 283 141 140 214 49 N6 265 141 140 214 52
291 170 140 228 291 176 142 216

L7 265 165 140 214 52
283 176 140 216
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Table V: Allelefrequencies for Baltrum (B), Norderney (N), Langeoog (L), four microsatellite loci, allele size in base pairs. Onlsepeadactives are considered.

A 76
Allele > [209 229 249 265 271 281 283 287 289 291 299 307 313 351 353 357
N queens| 12| O 0 0 0417 O 0 0.167 O 0 0.417 O 0 0 0 0 0
N drones| 70| O 0.186 0 0271 0 0.014 0 0 0 0.043 0 0 0 0.014 0.243 0.229
L queens| 14| 0O 0 0 0.286 O 0 0.429 0.071 O 0.214 O 0 0 0 0 0
L drones| 89| 0 0 0 0.236 0.157 O 0.028 0.006 0.079 0.034 0.337 0.011 0.1124 0 0 0
B queens| 22| 0O 0 0 0.318 0 0 0.409 0.045 O 0.227 0 0 0 0 0 0
B drones| 71| 0.085 0.028 0.127 0.092 0.324 0 0.007 0.113 0.014 0.056 O 0 0.155 0 0 0
A 107
Allele > (141 159 160 161 162 163 164 165 166 167 170 171 173 176
N queens 12| 0.417 O 0 0 0 0 0 0.083 0 0 0.333 0 0 0.167
N drones| 70| 0.057 O 0 0 0 0.114 0 0.193 0 0 0.343 0 0 0.293
L queens| 14| 0.214 O 0 0.071 0 0 0 0.214 0 0 0.2143 0 0 0.286
L drones| 89| 0.039 0.112 0 0.202 0 018 O 0.101 O 0 0.309 0.011 O 0.045
B queens| 22| 0.136 O 0 0 0 0.045 0 0.273 0 0.045 0.181 O 0 0.318
B drones| 71| 0.056 0.042 0.028 0.028 0.028 0.028 0.014 0.099 0.028 0.007 0.268 0.296 0.014 0.063
B 124 A 43
Allele > |214 216 218 220 222 224 228 230 232|= 126 127 128 132 139 140 141 142
N queens 12| 0.25 0.5 0 0 0.167 O 0.083 0 0 12 0 0 0 0 0 075 O 0.25
N drones| 70| 0.372 0.136 O 0 0.236 0 0.257 0 0 69 0 0.029 0.261 O 0.058 0.420 0.029 0.203
L queens| 14| 0.286 0.429 0 0.071 0.143 0 0.0712 O 0 14 0 0.071 0.071 O 0 0.714 O 0.143
L drones| 80| 0.225 0.394 0.163 0.169 0.038 O 0.013 © 0 88 0.023 0.097 0.063 0.023 0 0.608 0 0.188
B queens| 22| 0.272 0.454 O 0 0.136 O 0.091 0.045 O 22 0 0.227 0 0 0 0591 O 0.182
B drones| 71| 0.169 0.176 O 0.056 0.246 0.085 0.141 0.085 0.p42 7L 0 0.803 O 0 0 0.190 O 0.007
Table VI: Standard genetic distances between the tested populations
Baltrum Langeoog Norderney Baltrum Langeoog Norderney
gueens queens gueens drones drones drones
Baltrum queens 0 0.029 0.125 Baltrum drones 0 0.744 0.861
Langeoog queens 0.029 0 0.084 Langeoog drones 0.744 0 0.414
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Table VII: Improved Bonferroni procedure for dependent test statiqii@s X orderedp-values forx2-tests for allelefrequencies between the drone
populations mated with queens from Baltrum, Norderney and Langeoog and for the potential Langeoog drones which mateshwghe@aisn(i) =

significance level for the subhypothesig Fbur microsatellite loci, allele size in base pairs). Significant differerm(%s{ L_Jrl) for a given locus
n-—i

or allele where indicated through *.

Langeoog/Baltrum

A 76*

Allele 283 307 291 289 265 313 229 209* 271* 287*  249*  299*

p(i) 0.434 0.415 0.183 0.126 0.107 0.066 0.040 0.00038 0.0002 <0.001 <0.001 <0.001

rank 12 11 10 9 8 7 6 5 4 3 2 1

a(i) 0.05 0.025 0.017 0.013 0.01 0.008 0.007 0.006 0.00556 0.005 0.00455 0.00417

A 107*

Allele 165 170 141 176 167 164 173 159 160 162 166 163 161* 171*

p(i) 0.96 0.63 0.621 0.615 0429 0.263 0.263 0.122 0.113 0.113 0.113 0.005 0.002 <0.001

rank 14 13 12 11 10 9 8 7 6 5 4 3 2 1

a(i) 0.05 0.025 0.01667 0.0125 0.01 0.00833 0.00714 0.00625 0.00556 0.005 0.00455 0.00417 0.00385 0.00357

B 124* A 43*

Allele 214 232 220 216 224 230 222*  228* 218* | Allele] 126 132 128 142* 140* 127*
p() 0.996 0.066 0.043 0.013 0.009 0.009 0.005 0.004 <00} 0.20398 0.20398 0.03516 0.00054 5.5E-05 5.39E-12
rank 9 8 7 6 5 4 3 2 1 rank 6 5 4 3 2 1

a(i) 0.05 0.025 0.01667 0.0125 0.01 0.00833 0.00714 0.00625 0.4ady6 0.05 0.025 0.01667 0.0125 0.01 0.0083
Norderney/Baltrum

A107*

Allele 141 167 170 164 173 160 161 162 166 165 159 163 176* 171*

p(i) 0.984 0483 0419 0321 0321 0.160 0.160 0.160 0.160 0.142 0.085 0.055 0.001 <0.001

rank 14 13 12 11 10 9 8 7 6 5 4 3 2 1

a(i) 0.05 0.025 0.01667 0.0125 0.01 0.00833 0.00714 0.00625 0.00556 0.005 0.00455 0.00417 0.00385 0.00357

B 124 A 43*

Allele 222 216 228 214 232 220 224 230 Allelg 141 139 140* 142* 128* 127*

p(i) 0.557 0544 0.121 0.112 0.085 0.047 0.015 0.01p() 0.151 0.042 0.013 <0.001 <0.001 <0.001

rank 8 7 6 5 4 3 2 1 rank 6 5 4 3 2 1

a(i) 0.05 0.025 0.01667 0.0125 0.01 0.00833 0.00714 0.006@b 0.05 0.025 0.01667 0.0125 0.01 0.00833
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Langeoog/potential Langeoog

A 76*

Allele 283 307 265 291 289 271 287* 299* 287* 249* 299*

p() 0.624 0522 0.185 0.119 0.091 0.011 0.002 <0.001 <0.001 <0.001 <0.001

rank 11 10 9 8 7 6 5 4 3 2 1

a(i) 0.05 0.025 0.01667 0.0125 0.01 0.00833 0.00714 0.00625 0.00556 0.005 0.00455

A 107*

Allele 176 141 159 170 167 165 161 163 171*

p() 0.991 0.818 0.747 0.64 0.25 0.225 0.086 0.015 <0.001

rank 9 8 7 6 5 4 3 2 1

a(i) 0.05 0.025 0.01667 0.0125 0.01 0.00833 0.00714 0.00625 0.00556

B 124 A 43*

Allele 214 220 216 218 222 228 Allele| 140 126 132 128 142 127+
p(i) 0.301 0.16 0.101 0.021 0.003 0.001p() 0.489 0.386 0.386 0.151 0.013 <0.001
rank 6 5 4 3 2 1 rank 6 5 4 3 2 1

a(i) 0.05 0.025 0.01667 0.0125 0.01 0.008a8) 0.05 0.025 0.01667 0.0125 0.01 0.00833
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Summary

Worker samples were taken from 27 queenright honeybee colonies. The queens of these
colonies were mated on two island mating yards (N = 7 Langeoog; N = 6 Norderney), on
two low land yards (N = 6 Gramschatzer-Wald; N = 4 Kénigswald), on a highland mating
yard (N = 3 Rachel-Diensthiitte) and on an isolated high mountain station (N = 3
Hochgrat). Individual workers (N = 1055) were genotyped using four DNA microsatellite
loci and the observed dnand effective () numbers of matings were estimated from the
worker offspring. The observed number of matings per queen ranged from 6 t9=24 (n
4.61 to 31.07). Significant differences were found between island and mainland mating
yards with an average of r 13+ 1.14 (n = 11.82+ 1.19) for the two islands and a mean

of n, = 18.06+ 1.08 (n = 20.46+ 1.65) for the mainland yards. No differences were
observed between the tested island and among the tested mainland mating yards. The
number of drone colonies at the tested mating yards showed no significant effect on the
gueen mating frequency. This indicates that distinct local climate conditions on the island
mating yards are most likely to have a negative impact on queen mating frequency in our
sample.

Key words:Apis mellifera climate, DNA-microsatellite, environment, island mating yard,
mainland mating yard, mating condition, multiple mating, population genetics, weather

Introduction

The control over matings of virgin queens is one of the inherent complexities of honeybee
breeding that were responsible for a disappointing progress in the past (Laidlaw & Page
1986). The development and improvement of artificial insemination techniques gave
complete control over the mating of honeybee queens and "opened a wide door to both
breeding and genetics" (Cale and Rothenbuhler 1975). However, this wide door has been
mainly used by honeybee genetics in scientifically oriented breeding programs. The vast
majority of commercial honeybee breeders tries to achieve mating control through mating
yards. Mating yards are ideally established at isolated places like deep forests, mountains
or islands with no or few feral honeybee colonies around (Ruttner 1983). Commercial
beekeeping of unselected strains should not be allowed within a radius of 10 km around
these mating yards (Bottcher 1972).

After initial setbacks due to a limited number of drone colonies (Tiesler 1972) island
mating yards were believed to yield the best natural mating control. Nevertheless the
mating success is low which is often attributed to poor weather conditions for honeybee
mating (Alberet al 1955, Meinen 1970, Englert 1972, Tiesler 1972, Verbeek 1976).
Moreover, local characteristics of the mating yards such as the position and number of the
mating nuclei and the drone colonies, the yard location or the position of the hive
entrances towards the sun have also been claimed to effect mating success (Englert 1974,
Zander & Bottcher 1989).

32



So far mating success has only been analyzed through the proportion of successfully mated
and egglaying queens. However this seems to be a very rough measure for mating success
in light of the high degree of polyandry of honeybee queens. The recent advances in DNA
technology in honeybee genetics (Moetzal 1991, Fondrlet al 1993, Estouget al 1993)

allow to analyze mating efficiency through the actual number of matings. The classical
counting of semen storage is less suitable for such an analysis since the semen of one
drone is sufficient to fill the spermatheca ofAarmell.queen (Moritz & Southwick 1992).

Tests using matings abrdovanqueens witltcordovanand wildtype drones (Taber 1954)

gave only vague estimations of the queen mating frequency of the tested colonies.

In this study we use DNA-microsatellite variability to assess the number of matings
through the intracolonial relatedness (Estaipal 1994). We compare queen mating
frequency on three classical types of mating stations. Island mating yards, pure breed area
mating stations and isolated mountain mating yards.

Materials and methods

(a) description and management of the tested mating yards

Worker samples were taken from 27 queenright colonidgpa mellifera carnicg Table

). We examined colonies with queens that were mated on islands (Langeoog and
Norderney), on low land mating yards (Gramschatzer-Wald and Konigswald) and
mountain mating yards (Rachel-Diensthiitte and Hochgrat an isolated high mountain
station, Table 1). All locations are used as commercial mating apiaries in Germany with
different numbers of drone colonies ranging from 10-42 (Table I). From each colony
worker samples were taken and stored in EtOH in a freezer until further processing.

(b) DNA isolation and microsatellite analysis

DNA was phenol extracted from individual workers following the protocols of Beye and
Raeder (1993) with the following changes: 1. Workers were incubated in insect Ringer
solution (127 mM NacCl, 1.5 mM CagI5 mM KCI, pH 7.4 with NaOH) for one hour at
room temperature before phenol extraction. 2. Thoraces of individual workers were
homogenized in 400 ul of DNA extraction buffer (100 mM NaCl, 100 mM Tris-HCI (pH
8.0), 10 mM NacCl, 0.1 % SDS). 3. DNA was resuspended in 30 ul,DDWe used 4
DNA-microsatellite loci in this study. Multiplex PCR of two pairs of loci (A43/B124,
A76/A107) was done according to the standard protocols of Estibap(1993, 1994).
Amplification products were electrophorezed on 6% polyacrylamide sequencing gels for
5.5h (A76/A107) or 5h (A43/B124) with M13mp18 control DNA sequencing reactions run
on the same gel as size standards. Microsatellite alleles were scored as fragment lengths in
base pairs.

c) Genotype analysis and number of observed males

The genotypes of the mother queens and the father drones were determined from the
genotypes of the worker samples. The queen was considered to be homozygous if an allele
was present in every worker of the colony. The queen was assumed to be heterozygous
when every worker carried one of two alleles. The paternal alleles were those not carried

by the queen. If approbiate pedigree information was available, we used the putative
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mother genotype of tested sister queens to exclude additional allele combinations. As a rule
we chose the allele combination yielding the lowest number of observed matipgs (n
multiple queen genotypes were possible at a given locus.

d) Drifted workers
Individuals who did not share one of the queen's alleles at each of the tested loci were
considered to be drifted workers and were excluded from further data analysis.

(e) Data analysis

We estimated from the native worker samples the average intracolonial relat&®iness

following Estoupet al (1994). Then we calculated the number of effective malgsi$mg

the equation of Crozier and Pamilo (1996) solved for n
2

° 4R-1’

where R = number of effective males.

For each type of mating yard we estimated differences in queen mating frequency. Using a

hierarchical ANOVA model we estimated the variance between the three mating yard

types, between yards within and residual variance. Among the lowland and mountain yard

types we computed a Mann-Whitney U-test to test for potential differences in queen mating

frequency. We calculated a simple correlation (r-matrix, Table I) between the number of

observed or effective males and the number of drone colonies at the tested yards. To

determine the probability of identical father genotypes we estimated for each yard the

product of the highest allele frequency for each locus.

n

(1)

Results

On Langeoog and Norderney 144 paternal genotypes were detected in the 11 tested
colonies. The number of observed matings ranged from 6 to 19 (Table Il). For the 16
mainland-mated queens we found a range from 11 to 24 patrilines per colony (Table II).
The estimates of the effective number of matings ranged from 4.61 to 31.07 (Table II). We
found no significant correlation of the number of drone colonies on the number of observed
and effective males (Figure 1). We could not observe significant differences of queen
mating-frequency among the tested island, among the lowland and between the mountain
yards (Figure 2). No differences wei®eund between the tested lowland and mountain
yards (Figure 2)Significant lower queen mating frequencies were found for the island
mating yards (Figure 2). The allelefrequencies for the identified sexual reproductives at
each mating yard are given in talblle The probaldity of identical father genotypes was
lower 2.2% for all yards.

Discussion
The tested 2Apis mellifera carnicagueens show a surprisingly high degree of variability

in the number of matings. Clearly the worker samples were inadequate to detect rare
patrilines in the offspring of our queens (Cornuet & Aries 1980). However this potential
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error is minor in relation to the extremely high variance for queen mating frequency in our
sample. Additional errors such as insufficient microsatellite variability and
misinterpretation of drifted workers also seem to be small. The four microsatellites used
were able to detect all drone fathers in the offspring of an artificially inseminated queen
(Neumanret al 1997). However, non identification of patrilines with father drones yielding
identical marker combinations strongly depends on allele frequencies. In our sample the
probability of identical father genotypes was less than 2.2% due to a high degree of
heterozygosity at the used microsatellite loci. Moreover, the level of drifted workers was
less than 5% (Neumann & Moritz 1997).

We found strong differences in mating frequency between queens that had mated on islands
and on mainland mating yards. What are potential reasons for this phenomenon?

The number of drone colonies at the mating yard does not seem to be the key factor for
gueen mating frequency since it exceeds the limits discussed by Maul (1972) and Zander &
Bottcher (1989). We found no significant correlation of the number of drone colonies at the
mainland yards with the queen mating frequency. One might argue that the tested mainland
yards differ in the probability of intruding unselected drones from outside the yard that may
increase the drone density regardless of the number of drone colonies at the yard. However,
also the mating frequencies on the high mountain mating yard Hochgrat (which we believe
to be in a drone free environment) were significantly higher than the island results.
Moreover, other individual apiary characteristics (Englert 1971, Verbeek 1976, Zander &
Bottcher 1989) do not seem to play a major role. We found no significant differences in
gueen mating frequency between the island or among the mainland mating yards.

Neumann & Moritz (unpublished data) found that genetic variability among commercial
honeybee breeding lines can play a role for queen mating frequency. However, we found no
significant differences for queen mating frequencies in our mainland sample although it
consists of different breeding lines. Apparently the overall different environmental
characteristics of island and continental mating yards are more likely to be responsible for
the high differences in queen mating frequency as suggested by Verbeek (1976). Some
important features of honeybee mating biology are different on islands. The queen flights
were more frequent and shorter than on the continent (Drescher 1965, Englert 1974,
Kinster 1974, Verbeek 1976). The flight height during mating is distinctly lower than on
the continent. Verbeek (1976) found a low drone flight altitude of only a few meters and
attempts of copulations at only 1.5 m above ground on the island of Juist. These
observations are in line with Ruttner & Ruttner (1963), Bol' Shakova (1978) and Lensky &
Demter (1985) who described an influence of climatic conditions on the mating of
honeybees. Albegt al (1955) showed in their classic experiments on the island of Volcano
strong meteorological impacts on honeybee mating behavior. At temperatures below 20° C
with overcast sky and wind above 20 miles per hour almost no matings took place on the
islands of VolcanoThe temperature seems to be an important factor (Adbef 1955,
Drescher 1968, Bol' Shakova 1978) which is at the average 2° C cooler on the islands
Langeoog and Norderney than on the mainland. Although Meinen (1970) found no impact
of wind, Verbeek (1976) claims that wind is the main influencing factor for the mating of
honeybees. A wind of up to 7m/sec did not affect the number of drones attracted to the
gueen in the experiments of Bol' Shakova (1978). The combination of low temperatures
(15°-20° C) and high wind velocities (2.6-3.9 m/sec) has been shown to increase the
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number of short queen flights during which mating does not occur (Lensky & Demter
1985). Wind speeds of more than 5m/sec were assumed to prevent mating itself (Bol'
Shakova 1978). Such wind speeds of more than 14 m/sec are frequent on the tested
Eastfrisian islands. According to Verbeek (1976) this allows only low-level flight of
honeybees leading him to the suggestion that potential drone congregation areas on the
Eastfrisian islands could not be used. In general the climatic conditions on the islands
which are associated with successful mating (Lensky & Demter 1985) seem to be less
favorable than on the mainland (Meinen 1970, Englert 1972). Since queens are most
sensitive to changes in weather (Alle¢ral 1955) and climatic conditions do affect queen

and drone mating flights (Lensky & Demter 1985) it seems not surprising that this has also
an impact on the mating frequency of queens.
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Table I: Examined mating yards with the number of tested colonies and the number of
drone colonies at the apiary (N = native worker sample per tested yard).

Yard type | Yard Colonies N Drone colonies

Island Langeoog 7 290 10
Norderney 6 196 15

Low land | Gramschatzer-Wald 6 205 20
Kdnigswald 4 152 42

Mountain | Rachel-Diensthitte 3 100 33
Hochgrat 3 112 10

) 6 29 1055 -

Table 1l: Number of observed ghand effective males g of the tested queens at the
different types of mating yards (N = sample size of native workers)

Yard type Yard Colony N is| Ne
Island Langeoog L2 33 13 12.28
L3 48 16 13.59
L4 57 16 15.49
L5 51 9 8.28
L6 49 11 9.12
L7 52 14 11.95
S 290 13.17+1.14 11.79+1.14
Norderney N1 35 6 4.61
N2 41 16 13.23
N3 43 13 11.01
N4 25 10 10.71
N6 52 19 19.79
> 196 12.8+2.27 11.87+2.44
Islands total S 486 13+1.14 11.82+1.19
Low land Gramschatzer-Waldl GW1 34 18 18.1
GW2 31 13 14.09
GWs3 39 11 10.1
Gw4 30 22 31.07
GW5 32 20 31
GW6 39 24 22.45
> 205 18 + 2.08 21.14 £ 3.55
Kdnigswald Kw1 58 20 17.59
KW2 38 24 26.04
KW3 24 12 12
Kw4 32 12 13.05
S 152 17+3 1717 +3.2
Mountain Hochgrat HG1 38 20 17.74
HG2 32 17 20.67
HG3 42 22 26.91
> 112 19.67+1.45 21.77+2.7
Rachel-Diensthitte RD1 35 18 17.5
RD2 39 21 27.44
RD3 26 15 21.67
S 100 18+ 1.73 22.2 +2.88
Mainland total > 569  18.06 £ 1.08 20.46 + 1.65
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Table lII: Allelefrequencies (four microsatellite loci: A76, A107, B124 and A43; allele size in base pairs) for the testgd/ands (L = Langeoog; N= Norderney;
GW = Gramschatzer-Wald; HG = Hochgrat; KW = Kénigswald; RD = Rachel-Diensthitte). Only the identified sexual reproducivesdamred. The probability
P for non detected patrilines over all loci is given.

Locus N Alleles

A76 209 231 233 239 243 249 251 259 261 265 267 271 277 279 281 283 287 289 291 295 299 305 311 313 325 331 343 353 357
L 1030 0 O O O O O O O0 0240 01240 O 0.080.020.070.080.060 0290010 0100 O O O0 o0
N 82 0O 0160 0O O O O O O 0290 O O O 0010020 O O0O1® O O O O O 0 0.010.2120.20
GW 119 0.010.010 0.020.030.060.100.040.030.090 0.080030 O 0.0000Pp O 0.080.100.030.120 0.010.030.070
HG 63 0 0 0.060020140 0050130 0.080.140.100 0.030 0.02M.110 O 0.060.020 0.020.020020 0 o0
KW 75 0 0.040.030.030.030.040 0040 0.010.110.040.010.040.050.010.090 0 0.090.010.030.040.090050 0 ©0.010
RD 60 0 0170 O 0020 00300 O O 0.030.050.030.0302 0 0 0.070050.180.030 0020 O 0020 O
A107 N 141 158 159 160 162 163 164 165 166 167 168 169 170 171 172 173 174 176 177 181 183 189

L 103 0.060.100 0180 0160 O0I® O O O 0300010 O O 0080 O o0 oO

N 82 0110 0 O O 0100 01® O O O 0340 O O O 0270 0 o0 oO

GW 1200 0130 0090110 0060 001 O O 0.060.030.110 0.080.040.050.050.030

HG 65 0 005002019 0 0 0.030.090 0.080.090.14 0.06 0.02 0.030.030.030.080 0 0.03

KW 76 0 0.12 0.01 0.07 0.06 0.08 0.040 0.090.110.110 0.030.090.010 0.030.100 0.010.050

RD 60 0 0080 01201 0O 0030 01 O 0080 0050030020 0.020.1 0230 0.050

B124 N 212 214 216 218 220 222 224 228 230 232 234

L 94 0 0.230.400.140.150.050 0020 0 O

N 82 0 0350190 0 0230 0230 0 O

GW 120 0 0.41 0.29 0.13 0.06 0.03 0.02 0.030.020 0.01

HG 65 0.030.540.279.090.030.02 0 0 0.020

KW 76 0.0106402301p O O O O 0 ©O

RD 60 0 0.670.070.120.020.020 00201 0 O

A43 N 124 126 127 128 132 139 140 141 142 146 P

L 102 0 0.020.090.060.030 0620 0.180 L 0.021
N 81 0 O 0030210 0.050470.030.210 N 0.017
GwW 1190 019049 0 O 0310 o0.010 GW 0.003
HG 65 0 0090370 0 0030480 0.030 HG 0.007
KW 76 0 0110380 0 0010410 0.010.08 KW 0.004
RD 60 00200704®» 0 O 0150 O 0.35 RD 0.012
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Figure 1: Regression of the number of drone colonies at the tested mating yards on the numbe
of effective males. No significant effect was found (simple correlation [r-matrix],/Rl23; P

> 0.05; Rp = 0.28; P > 0.05).
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Figure 2: Mean number of effective males on the two islands and on the four mainland mating

yards. The mean number of effective males (x * s.e.) is given. Significant differences among the
tested yard types were detected (hierarchical ANOVA model, between yard tyges:36.58,

P < 0.05; g F= 26.83, P < 0.05). No significant differences between the islands, among the

lowland yards and among the mountain yards were found (hierarchical ANOVA model, between
yards: g: F=0.12, P > 0.05;.nF= 0.35, P > 0.05).
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Testing the reliability of DNA microsatellites in instrumentally
inseminated queen honeybees
(Apis melliferalL..)

(Zuverlassigkeitstest fur DNA-Microsatelliten in instrumentell begatteten
BienenkdniginnenApis melliferal.])

Neumann P, Fondrk K*, Page RE Jr.* and Moritz RFA
Martin-Luther-Universitat Halle-Wittenberg, Fachgebiet Molekulare Okologie,
Institut fur Zoologie, Krollwitzerstr. 44, 06099 Halle/Saale, FRG
* University of California, Davis, Department of Entomology, CA 95616, United States.

In: Crailsheim K, Stabenhteiner, A (edSgziale Insekten, IUSSI-Tagung Graz 1997
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DNA-Microsatellites are powerful tools for the genetic analysis of social insect
colonies. In recent years many empirical studies used this technique to determine the
actual genotypic composition of nests. The reliability of the method has not been
rigorously tested. High mutation rates at polymorphic insect microsatellite loci and
methodological errors may distort results. Studies based on adult worker samples may
overestimate polyandry because of undetected foreign individuals.

In order to test the reliability of DNA microsatellite loci in social insects a virgin
honeybee queen was instrumentally inseminated using semen of 10 drones. Sperm were
mixed by diluting them in TRIS buffer then centrifugation. Brood combs with emerging
adults were placed into an incubator then workers were collected as they emerged. DNA
was extracted from 184 workers and the samples were combined with additional 21
DNA samples from unrelated workers. The unrelated workers simulated the effects of
,drifting” resulting from orientation errors. In a double blind test, all samples were
genotyped using 4 DNA microsatellite loci. The genotypes of the mother queen and the
father drones were determined from the worker genotypes. Workers not sharing one of
the queen’s alleles at each locus were considered to be foreign ,drifters”. 24 samples
yielded incomplete genotype data and were excluded from further analysis. In the
remaining 181 individuals all ten patrilines were found with frequencies ranging from 2
to 47. 14 foreign workers within this sample were correctly identified. One foreign
worker was not found. Our results show that in 181 meioses no visible mutational
events occur indicating that the tested microsatellites are as reliable as human
microsatellites used in forensic medicine. Undetected drifting of workers and
methodological errors did not effect the results in this study. Such an exact
documentation of the intracolonial worker population of honeybees is necessary for
studies of evolutionary biology and questions of practical bee management.
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Testing the reliability of the
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using DNA microsatellites

Neumann P, Moritz RFA and Mautz D*
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Institut fir Zoologie, Krollwitzerstr. 44, 06099 Halle/Saale, FRG
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Problem:

Evaluating performance data of honeybee sister queen colonies can suffer from two shor
comings caused by undesired group composition: 1. "Sister queen" groups are not composed ¢
sister queens due to mistakes in queen rearing management. 2. Drifting of worker honeybees.

Method:

Honeybee workers (n = 1560) were sampled from 39 colonies belonging to 10
performance groups at the performance yard Schwarzenau (Germany) in June 1995 an
genotyped using 4 DNA microsatellite loci. If performance groups were composed of combined
gueen genotypes with more than 2n + 2 alleles per locus (N = number of queens), they were
comprised non-sister queens. Workers who did not share one of the queen's alleles at each of tl
tested loci were considered as drifted individuals.

Results:

One of the tested breeding lines was identified to consist of unrelated queens. Drifting of
workers ranged from 0 to 14% with a mean of 4.63%. Drifters from neighbouring colonies did
not prefer each others home colony and no significant effect of the row position was found.
Discussion:

Drifting of workers was distinctly lower in Schwarzenau than in previously studies of
commercial apiaries. The low number of drifted workers is unlikely to have an impact on

evaluating performance data. However, unrelated queens can seriously distort results but this ca
be detected using molecular DNA technigues as shown in this report.
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Running title: Polyandry and phenotypes of honeybee colonies

Abstract

The phenotypes of thirty queenright honeybee colonies with naturally mated queens were
evaluated over a two years period. Colony size, honey yields and colony levels of infestation
with Varroa jacobsoniwere assessed. Worker samples were taken from each tested colony.
Individual workers were genotyped at four DNA-microsatellite loci to determine the degree of
polyandry. We found significant correlations between colony size and honey yield and between
honey yields and colony sizes of two subsequent years. Analyses of covariance revealed a
strong impact of the breeding lines on honey production and on infestatiorvaritba
jacobsoni The impact of polyandry on the tested phenotypic traits was weak and in no case
significant but generally had a positive effect on colony productivity. In spite of a large number
of plausible theories for the evolution of extreme polyandry in honey bees, it remains difficult
to document empirical evidence for fithess advantages at the level of colonial phenotypes
clear.

Key words:Apis mellifera colony size, DNA-microsatellite, evolution, genotypic variability,
honeybee, honey yield, parasite, polyantfigrroa jacobsoni

Introduction

Multiple mating of females is a widespread phenomenon in eusocial Hymenoptera (Crozier
and Pamilo 1996). Especially honeybees show an exceptional high level of polyandry
(Boomsma & Ratnieks 1996). Through the development in microsatellite technology (Estoup
et al 1994) detailed studies have revealed matings of honeybee queens with more than 25
males (Moritzet al 1995, Oldroydet al 1996, 1997, Neumanet al, 1998a,b). This seems
counterintuitive in light of inclusive fithess benefits derived from monandry (Hamilton
1964a,b, Gadagkar 1990) and in light of potential costs of multiple matings of the queen
(Moritz et al 1995, Oldroycet al 1996, 1997 but see Ratnieks 1990).

Obviously polyandry can only evolve if the fitness benefit exceed the costs of additional
matings. The fitness of honeybee colonies is clearly the number of surviving swarms produced
(Moritz & Southwick 1992). Colony phenotype characteristics which enhance or reduce the
likelihood of producing viable swarms are the cues to colony fitness. These should be
enhanced under larger genotypic variability. This could be either in terms of superior
performance of more genetic diverse colonies or in terms of a reduced phenotypic variance
(Pageet al 1995) assuming colonies with average phenotypes have a superior chance of
reproduction. Many hypotheses have been proposed to explain the evolution of polyandry
(Crozier & Page 1985, Crozier & Pamilo 1996, Boomsma & Ratnieks 1996). Most theoretical
and empirical studies focused on the genetic variance hypotheses (Pamilo 1993, Keller &
Reeve 1994) which predict that colonies gain fitness through a low intracolonial relatedness.
Several potential mechanisms have been proposed to explain such an increase in colony fitness
(Page 1980, Crozier & Page 1985, Sherwtzal 1988, Ratnieks 1990).

The parasite and pathogen model predicts that genetic variance reduces the susceptibility of
colonies to parasites and pathogens (Hamilton 1987, Shetna&h988, Hamiltoret al 1990,
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Shykoff & Schmid-Hempel 1991a,b). In light of their arguments polyandry in social insects
has evolved as an adaptive response to high parasite and pathogen loads similar to the
evolution of sex (Maynard Smith 1971). The findings of Shykoff and Schmid-Hempel
(1991a,b) for colonies of the bumble-bBembus terrestri@nd its parasit€rithidia bombi

seem to give empirical support to the parasite model although other explanations are also
possible.

Alternatively, the input of genetically based task specialization on colonial phenotypes has led
to several versions of the division of labor hypothesis for the evolution of polyandry (reviewed
by Robinson 1992). Polyandry should ensure a broader variety of genetic specialists (Hunt &
Page 1995) and thus allow for a more efficient division of labor through task specialization of
individual workers (Crozier & Page 1985, Calderone & Page 1991, Oldrbyd 1992a,

Dreller et al 1995). Empirical support for this hypothesis was provided by Oldetyal

(1992b) and Fuchs & Schade (1994) who found increased performance of colonies headed by
gueens with a higher level of polyandry. This may result in increased performance of colonies
with higher genotypic diversity or in an reduced phenotypic variance if polyandry stabilizes
colony behavior (Crozier & Page 1985). Pageal (1995) extended this hypothesis and
suggested that colonies with a more genotypic diverse workforce are less likely to fail. They
found that a group of colonies with a higher amount of genotypic diversity was average for
nearly all phenotypic traits measured relative to groups with a lower genotypic diversity. In
light of their results, genotypic diversity increases the probability of expressing an average
colony phenotype. Nevertheless, an unambiguous demonstration of the adaptive significance
of genotypic diversity at the colonial level is lacking and remains a major problem for
explaining the evolution of polyandry (Crozier & Page 1985, Sherehaal 1988, Keller &

Reeve 1994, Ratnieks & Boomsma 1995).

So, how can we evaluate fitness of honeybee colonies? Even with managed bee colonies it is
impossible to assess the number of surviving swarms and the mating success of drones unless
entire populations are screened during the whole reproductive season. Colony honey stores can
be considered as parameters closely linked to fithess because these stores are essential for
surviving periods of dearth. Parasites and diseases can obviously reduce colony fitness. Overall
colony size is an impressive characteristic of a social insect colony. Only large colonies have
enough workers to produce surviving swarms. Therefore colony growth and size may be
closely linked with colony fitness. Moreover, big colonies with a larger work force might per

se be more likely to buffer environmental changes than smaller colonies (Crozier & Page
1985). For example defensive behavior seems to increase in relation to group size of
honeybees (Southwick & Moritz 1985). Thus, very large groups can be effective at repelling
predators at little cost to the colony.

In this study we use the above three parameters to evaluate colony fitness and test the
predictions made by the various theories for the evolution of polyandry in the honeybee. For
the first time we combine the investigation of colonial phenotypes of naturally mated queens
with DNA microsatellite analysis to determine polyandry.
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Materials and methods

(a) colony phenotype data

In 1994 and 1995 the phenotypes of 30 queenmghtmell. carnicacolonies headed by
naturally mated queens were determined by routine performance testing at the apiary
Schwarzenau, Germany (Bayerische Landesanstalt fur Bienenzucht 1995). Annual colony
levels of infestation with the ectoparasitic mifarroa jacobsonwere evaluated by counting

the total number of dead mites in the hives after each of 3 treatments with the acarizide Perizin
(Burenet al 1992). Honey yield was determined by weighing honey frames before and after
honey extraction and by estimating residual winter honey stores. Colony size was determined
by estimating the number of sealed brood cells. Since we wanted to document the impact of
polyandry we eliminated effects of the genetic values of the breeding strains on the phenotype
by standardizing the data. For each colony and each tested phenotypic trait the difference of the
raw data point to the mean of its corresponding breeding line was used for further analysis.
The absolute differences between the actual phenotypic values of both years were used to
determine the phenotypic variability during the testing period.

(b) DNA isolation and microsatellite analysis

At least 40 workers were sampled from each colony and stored in 75% EtOH until further
processing. DNA extraction from individual workers was performed following Beye and Raeder
(1993) with the following changes: 1) Workers were incubated in insect Ringer solution (127
mM NaCl, 1.5 mM CaGl| 5 mM KCI, pH 7.4 with NaOH) for one hour at room temperature
before extraction. 2) Thoraces of individual workers were homogenized in 400 pl of DNA
extraction buffer (100 mM NaCl, 100 mM Tris-HCI (pH 8.0), 10 mM NaCl, 0.1 % SDS). 3.
DNA was resuspended in 30 ul DBB®I We used 4 DNA-microsatellite loci in this study.
Multiplex PCR of two pairs of loci (A43/B124, A76/A107) was done according to the standard
protocols of Estoupt al (1993, 1994). Amplification products were electrophorezed on standard
6% polyacrylamide sequencing gels with M13mp18 control DNA sequencing reactions run on
the same gel as size standards. Microsatellite alleles were scored as fragment lengths in ba
pairs.

c) Genotype analysis and number of observed matings

The genotypes of the mother queens and the father drones were derived from the genotypes of
worker samples. The queen was considered to be homozygous if one allele was present in eve
worker of the colony. The queen was assumed to be heterozygous for two alleles if every workel
carried one of the two alleles. The paternal alleles were those not carried by the queen. I
appropriate pedigree information was available, we used the putative mother genotype of the
tested sister queens to exclude additional allele combinations. As a rule, we chose the allel
combination yielding the lowest number of observed matings as the most parsimonious result.
Individuals which did not share one of the queen's alleles were considered to be drifted workers
and were excluded from further data analysis in this study.

(d) Data analysis

Due to finite sample sizes the observed number of subfamilies may severely underestimate th
actual number of patrilines. Therefore we estimated the number of patrilines according to
Cornuet & Aries (1980):

E(k) = k—%—%—%gé (1)
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Considering a colony & equally frequent patrilines, from which a sample @forkers is taken,
we numerically evaluateki by substitutinge(k) with our observed number of matings)(knd
the sample sizes for(Oldroydet al 1997).

We estimated from the native worker samples the average intracolonial relatBdfaksving
Estoupet al (1994). Then we calculated the number of effective malg} (sing the equation

of Crozier and Pamilo (1996) solved fogm

2
™ TUR-1 ) @
We calculated ANOVAs to screen for strain effects on the honey yield and on colony levels of
infestation withVarroa jacobsoniFor this analysis we used all tested colonies at the apiary
Schwarzenau (N = 89 colonies). We tested for potential correlations between the phenotypic
parameters and calculated partial correlations between the phenotypic data (corrected for
colony size 1994, 1995 and for worker sample size) and the number of queen matings. Finally,
the impact of polyandry, breeding line and yearly variance on the colonial phenotype was
estimated using a multivariate ANOVA (factors year [1-2] and breeding line [1-10],
covariatesk = number of estimated matings and m number of effective males). This
analysis was performed with the raw data set not standardized for the breeding lines. The

statistical analyses were performed using the EPS8&tistic package.

Results

A total number of 1290 native workers was genotyped and assigned to drone fathers. The
large genotype data set is not included in the paper but is available on request. The numbers of
observed matings {kper queen ranged from 10 to 28 with a mean of 3B723 (Table 1).

The number of estimated matings was higher ranging from 10.41 to 54.55 with a mean of
23.95+ 11.25 (Table 1). The number of effective matings ranged from 7.52 to 39 with an
average of 20.% 8.05 (Table 1). The intracolonial relatedness (min = 0.26, max = 0.32, mean

= 0.28 £ 0.01) and the absolute colonial phenotypes are given in Table 1. The mean
phenotypic values for the tested breeding lines are given in Table 1a. The breeding stocks
differed significantly in their honey yields (ANOVA: p < 0.001) and in their levels of
infestation withVVarroa jacobsoni(ANOVA: p < 0.05). We did find significant positive
correlations between the honey yield 1994 and colony size 1994, between honey yield
1994/1995 and colony size 1995, between colony sizes and honey yields of two subsequent
years and between the variability of honey yield and colony size (Table 2). However, there
were no significant correlations between the phenotypic variances and the sizes of colonies.
Thus larger colonies did not result in more homeostatic phenotype expression. We failed to
detect any significant correlation between the number of observed, estimated or effective
gueen matings and the tested phenotype characteristics of colonies (Table 3). Likewise we did
not find any significant correlation between the number of observed, estimated or effective
gueen matings and the variability of the tested phenotypic traits (Table 3) but we did find a
weak, non significant positive effect on colony productivity for the honey yield and for levels
of infestation withvVarroa jacobsoni The multivariate ANOVA revealed a stronger impact of

the factors breeding line and yearly variance on the phenotype but also positive effects of
polyandry (Table 4).
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Discussion

In light of the congruent predictions made by all evolutionary hypotheses it may seen
disappointing that we did not find any significant correlation between the tested phenotypes of
honeybee colonies and the level of polyandry of queens. However, colonies with a more
genetic diverse workforce did show an increased performance, a higher colony size and a
reducedVarroa jacobsoninfestation in both test years. The impact was however weak and
only a small percentage of the phenotype was determined by the effect of polyandry compared
to other sources of variation.

If costs for additional matings of the queen are significant we would have expected dramatic
effects at the colony level. So what are we missing that we don't find a significant impact of
polyandry on the colonial phenotype?

First, our methods for genotyping might be not precise enough for testing the hypotheses. Howe
the reliability of the employed DNA microsatellite technique for honeybees (Estaaid994) has
been artificially tested using a queen which was instrumentally inseminated with the semen of
drones (Neumanet al 1997). In this double blind test 10 patrilines and no visible mutational event
were found. The limited sample sizes per colony might have affected our estimates, as discusse
previous papers (Moritet al 1995, Oldroydet al 1995, 1996, 1997). Small sample sizes result in
non sampling errors (Boomsma & Ratnieks 1996) or non detection errors of rare patrilines (Corn
& Aries 1980). But, the probability for non identification errors of patrilines due to identical fathe
genotypes was lower than 2.2% in our sample as a result of the high degree of heterozygosity o
used microsatellite loci in the tested population (Neunetrad, 1998a). This seems to be a minor
factor compared to the wide range for queen mating frequency (10-28) in this study.

Alternatively, the method of evaluating the performance data could have lacked precision.
However, the large number of tested colonies and the repeated measures reduce the consequer
of unlikely weighing and counting errors in the performance test routine. Potential effects
resulting from drifting individuals between colonies might interfere with the genotypic
composition. However, as we show elsewhere (Neumann & Moritz 1998), drifted workers were
identified in the samples and did not show any quantitative impact on evaluating colonial
phenotype data. Colony sizes and honey yields are positively correlated in our sample as expect
from routine beekeeping experience (Sachs 1964). This is a further indication that the phenotyp
characteristics were properly evaluated.

Another explanation might be that the tested colonial phenotype characteristics are inappropriat

to test colony fitnesd/arroajacobsonimay have disadvantages for testing the parasite model:

1. Varroa jacobsoniand Apis melliferaare not a well established host-parasite-system like
Varroa jacobsoniand Apis cerana No co.-evolutionary process (Thompson 1994) between
host and parasite has been taken place. Thus, a higher resistance through a more gene
diverse worker force may not be detected because there is hardly any resistance at all for on
infected colonies. This argument does not hold, since we did find genetic variance for colony
levels of infestation among breeding lines.

2. In our study the colonies were treated with acaricides such as Perizin to determine the numb:
of mites per colony. This may mask potential effects of polyandry under natural conditions.

3. The resistance of honeybeesMarroa jacobsoniis a result of several different complex
mechanisms. Already two behavioral and two physiological mechanisms have been founc
(Kraus & Page in press). Therefore, there is no gene-for-gene relationship between parasit
virulence and host resistance as required by the parasite and pathogen model
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Thus, our findings contrast to Woyciechowskial (1994) and Paget al (1995) who compared
colony levels of infestation with sacbroodiscosphaera apisnd Bacillus larvae (Pageet al

1995) orNosema apigWoyciechowskiet al 1994) of singly inseminated queens versus multiply
inseminated queens and found no differences. This may result from colonies headed b
instrumentally inseminated queens having different phenotypes than colonies with naturally
mated queens. For example Wilde (1989) found that colonies with instrumentally inseminated
gueens produced significant more brood. In light of our findings, we cannot reject the parasite-
pathogen hypothesis (Shermanal 1988) to explain at least partly the unusual, high level of
polyandry in honeybees.

Finally, it might well be that the honey yield is an unsuitable character to test colony fitness. Jus
by chance individual foragers may find rich nectar sources. This and many other random
environmental effects may influence the amount of honey stored in colonies and only one facto
might be a higher foraging efficiency through a more genetic diverse workforce. Moreover, our
gueens were from commercial honeybee breeding stock. They were mated on mating yards whe
only few drone producing colonies are available. So, although we tested naturally mated queen
the actual degree of genotypic diversity may be less than under true natural conditions
Furthermore our colonies suffer from the cleptoparasitic beekeepers (Moritz & Southwick 1992)
which steal great proportions of honey after the foraging season and return an excess of sug
instead. This may balance potential differences in winter survival. Since we did not measure the
fitness of our colonies directly in terms of produced swarms, we basically suffer from the problem
of how our observed colony traits correlate with fitness under natural conditions. For example if
there is an optimal phenotype for colony size (Akgeal 1949) and too large colonies are no
good our interpretation based on a linear relationship between size and fitness loose explanato
power. The tested traits may be just "tokens" of fithess (Pagel1995) that are associated in
some way with natural colony survival and reproduction but we also may be mislead if fithess anc
tested trait have no linear relationship.

Our results are in line with the findings of Oldragidal (1992b) and Fuchs & Schade (1994) who
found increased performance of colonies headed by queens with a higher level of polyandry
Fuchs & Schade (1994) used artificial small colonies and their drone fathers are from different
breeding lines. This might have exaggerated the effects of polyandry in their experiments due t
more genetic diverse offspring than in natural populations. Both studies suffer from the pitfall of
instrumentally inseminated queens. Moreover, the queens were inseminated with an unnatur:
low or high number of drones (Oldrogd al 1992b: 1, 2 or 3 drones; Fuchs & Schade 1994: 1 to

6 or 250 drones).

We found empirical support for an increased colony fitness through genetic determined division
of labor. Colonies with higher levels of polyandry did produce more horays, our results
contrast to Woyciechowski and Warakomska (1994) who found no differences between the
species diversity of pollen gathered by colonies with artificially reduced worker genetic diversity
and those derived from naturally mated queens.

There have been numerous reports of genetic influences on division of labor in honey be
colonies, but the impact of worker genotypic diversity on the level of the colonial phenotype
remains unclear. Page al (1995) argue that the averaging effect of genotypic variability on
colony phenotypes may have selective advantages, making colonies less likely to "fail" because c
inappropriate colony responses to changing environmental conditions. In their experiments.
colonies with greater genotypic diversity did not have an increased fitness but had a reduce:
phenotypic variance. However they used artificial inseminated queens and drones from differen
breeding strains. This may interfere with the results as discussed above. Moreover, etsaPage
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(1995) pointed out, they analyzed the effects of worker genotypic diversity on the phenotypes o
honey bee colonies during a critical phase of colony development, the "nest initiation" phase
Kolmeset al (1989) presented data suggesting that genotypic variability may be important when
colonies are under environmental stress. Louveaux (1966) found that homogenous performin
sister queen colonies showed distinct phenotypic differences when transferred to a new differer
environment. We do not find any averaging effect of polyandry in our sample. This may result
from our mature, unstressed colonies having different requirements. Thus, high levels of
polyandry may have an averaging effect (Pagal 1995) only during critical phases of colony
development such as the post swarming phase or after changing environmental conditions.

In our study the colonies might have encountered conditions too favorable to reveal the full
potential benefit of polyandry. On the other hand, the high genetic variance component sugges
that the impact of polyandry is very weak in comparison to the breeding line effect. It might well
be that all the queens in our sample show at least the minimum level of polyandry necessary fc
the production of swarms. If we then measure fitness directly or indirectly via fithess parameters
as in this study we suffer from the problem that we cannot find any correlation between fitness
and polyandry regardless of how precisely our methods of investigation might be.

Honeybees show a well-established mass congregation mating system (Ruttner & Ruttner 196:
1965, 1966, 1972). Given that there are only little costs of polyandry in honeybees one migh
expect only small benefits resulting from high polyandry. These may be difficult to measure under
field conditions at the level of a colony's phenotype. It has been assumed that polyandry increase
the time of the queen's mating flight and therefore increases the risk of queen loss (Moritz &
Southwick 1992). For example, polyandry has been assumed to be costly as a result of hig
predation rates at drone congregation areas (Oldrbatl1997), sexually transmitted diseases or
harsh weather conditions (Mori&t al 1995, Oldroydet al 1996). Indeed, Koenigaat al (1994)

report on the waspespa affiniswhich may have specialized in the hunting and predation of
drones at congregation areas. However, the role of these factors in making polyandry costly he
never been rigorously quantified in field tests for any social insect mating system in natural
populations. So far, only the risk of honeybee queen losses after mating flights has beel
estimated. However, the results are highly diverse ranging from 1.04% (Ratnieks 1990) in a fores
to 26.4% (Tiesler 1972) on North Sea islands. Neunsnal (1998a) found that under island
conditions the number of honeybee qgueen matings can be significantly lower than on the
mainland presumably reflecting the higher risks. Moreover, the high frequencies of queen losse
have been obtained at normal apiaries where the density of nests and consequently the probabil
of lost young queens due to drifting between nests after orientation or mating flights may be
unnatural high (Ratnieks 1990). Losses due to the introduction of the queens to mating nucle
involved in beekeeping practice may overestimate the findings (Ratnieks 1990, van Praag!
personal communication). The current picture of the evolution of extreme polyandry in honeybees
remains fuzzy. A paucity to find clear fithess advantages in polyandrous colonies is
complemented by an extreme wide range of "queen" mating risk estimation. At the current stat
we would either expect the cost for polyandry to be extremely low or we have missed a critical
piece in the benefits resulting from intracolonial variance. Further studies focusing on the cost
aspect may be rewarding to contribute to our understanding of the evolutionary proximate factor:
selecting for extreme polyandry in honeybees.
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Table 1: Genotype and phenotype data of the tested. mell. carnica colonies. The
number of observed (i), estimated subfamiliesk, effective males (g), the worker

sample sizes (N) and the colonial phenotypes for the years 1994 and 1995 are given. All
colonies were headed by the same queens during the two-years testing period (BL =
breeding line, R = average intracolonial relatedness as defined by Estoepal 1994).

Colony(BL | ny k Ne R N | Varroainfestation Honey yield Colony size
[number of mites] [kg] [brood frames]
1994 1995 1994 1995 1994 1995

1 A |18 23.18 181 0.28 161 28 34.6 44.5 6 8
2 A|11 11.31 10.10 0.3 154 31 29.4 30.3 6 7
3 B|18 2269 175 0.28 520 1355 38 335 7 7.5
4 B |21 2747 27.44 0.27 385 4 37.7 334 9 7.75
5 B |15 20.75 21.67 0.27 472 2 34.8 4.1 6.5 7
6 C|20 21.32 1759 0.28 375 4 49.3 41.7 9 9
7 C| 14 1473 1413 0.28 399 9 32.8 33.7 55 6
8 D20 25.68 17.74 0.28 320 5 27.7 38.3 5.5 7
9 D |17 21.93 20.67 0.27 393 9 26.1 1 4 8
10 E| 11 1283 9.52 0.3 234 378 57.3 43.5 8 9
11 E| 21 2193 19.84 0.28 173 388 44.6 42.6 6.5 8
12 E| 18 2154 14.96 0.28 182 718 44.4 16.5 8 6
13 F| 13 14.63 14.09 0.29 231 631 40.2 38.4 7 8
14 F| 22 33.05 31.07 0.27 283 539 49.5 271.3 7 6
15 F| 20 30.05 31 0.27 268 492 56.1 345 8 8
16 F| 25 1531 15.32 0.28 301 326 34.8 41.4 7 8
18 G| 28 34.8 29.06 0.27 149 952 54.1 55.6 8 9.5
19 G| 26 5455 33.06 0.27 186 10%0 54.2 47.4 8 10
20 G| 17 23.17 1279 0.29 149 110 50.4 40.8 9 9
21 G| 20 24.04 14.84 0.28 178 175 33.4 34.6 6.25 7.5
22 H| 10 10.41 9.36 0.3 319 417 56.5 53.4 8 10
23 H| 11 25.66 28.88 0.27 285 263 20.2 38.9 7 6.5
24 H| 18 27.14 25.38 0.27 446 705 41.6 52.6 7 10
25 || 14 1724 189 0.28 324 426 54.5 41.6 8 8.5
26 I |15 2075 23.1 0.27 160 1039 53.7 4 9 9
27 | {14 18.18 19.12 0.28 322 375 46.8 41.7 7 7.5
27 | | 26 51.04 28 0.27 398 25 54.4 46.3 9 9.5
28 J| 10 1041 752 0.32 358 175%3 53.8 4 10 10
29 J| 12 13.82 10.64 0.3 188 535 45.2 43.5 7 8
30 J| 26 48.63 39 0.26 188 249 59.9 55.4 7 9.5
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Table 2: Correlation matrix for the performance data of the tested honeybee colonies in
the years 1994 and 1995. Colony size, colony levels of infestation widrroa jacobson

honey vyield of colonies and variance for the tested phenotypic traits during the two-
years testing period were considered. Significant correlations are indicated with * for p

< 0.05, ** for p < 0.01 and *** for p < 0.001.

Colony size Varroainfestation | Honey yield Phenotypic variance
1994 1995 1994 1995 1994 1995 Honey Size Varroa
Colony 1994 1
Size 1995 0.50** 1
Varroa 1994 -0.01 0.25
Infestation 1995 0.27 0.15 0.23
Honey 1994 0.51** 0.70*** (0.08 1
Yield 1995 0.06 0.77*** 10.21 0.44* 1
Phenotypic Honey | -0.08 -0.23 -0.09 -0.11 -0.12 -0.10 1
Variance Size 0.14 -0.18 -0.07 0.06 -0.16 -0.23 0.36* 1
Varroa |0.17 0.13 0.08 -0.03 0.06 -0.36* -0.03 1

Table 3: Correlation matrix (simple correlations, r-matrix) between colony size 1994 and
1995 and the number of estimated matingsk] and effective males (rg. Partial
correlations (corrected for colony size 1994 and 1995 and worker sample size) between
the number of estimated K) and effective males (9 and the performance data of the
tested honeybee colonies in the years 1994 and 1995. Colony levels of infestation with
Varroa jacobsonj honey yield of colonies and phenotypic variance during the two-years
testing period were considered. No significant correlations are found.

Kk Me
Colony size 1994 -0.06 -0.06
1995 0.09 0.03
Varroa infestation 1994 0.01 -0.20
1995 0.00 -0.11
Honey yield 1994 0.21 0.25
1995 -0.07 0.10
Phenotypic variance Honey -0.14 0.05
Size 0.18 0.25
Varroa 0.19 0.07
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Table 4: Results of the multivariate ANOVA for the impact of the breeding line, of the year and
of polyandry on the colonial phenotype (factors year [1-2] and breeding line [1-10]). The
regression analysis was calculated for both covariates (k = number of estimated matings and
number of m, = effective males). The analysis was performed with the raw data set not
standardized for the breeding lines (B = regression coefficient,dwer / Cupper = * 95% confidence
limits).

Covariate k
ANOVA
Variable Year by Breeding line Year
Breeding line
Phenotype F- P F- P F- P
1994/1995 value value value
Honey yield 2.01| 0.064 2.13 0.0% 0.0p 0.832
Colony Size 0.73| 0.683 2.013 0.06 8.49 0.006
Varroainfestation| 0.77| 0.644 0.99 0.47 8.1/ 0.007
Regression analysis
Dependent
variable
Phenotype B C|ower Cupper t-Va|Ue P
1994/1995
Honey yield 0.1498 -0.076 0.376 1.341 0.188
Colony Size 0.0186 -0.013 0.050 1.184 0.244
Varroainfestation -3.3818 -11.138 4.374 -0.882 0.383
Covariate mg
ANOVA
Variable Year by Breeding line Year
Breeding line
Phenotype F- P F- P F- P
1994/1995 value value value

Honey yield 2.01] 0064 2.1d 0.054 0454 0.832

Colony Size 0.73] 0.683 2.14 0.049 8.25 0.007

Varroainfestation| 0.77| 0.644 0.92 0.520 8.32 0.006

Regression analysis

Dependent
variable
Phenotype B Ciower Cupper t-value P
1994/1995
Honey yield 0.1762 -0.124 0.476 1.187 0.242
Colony Size 0.0112 -0.031 0.054 0.532 0.597
Varroainfestation -6.617 -16.328 3.996 -1.227 0.227
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Abstract

The presence and origin of foreign workers and drones in honey bee colonies, the impact of for
bees on the host colony’s phenotype and the effects of polyandry on the amount of foreign bees:
studied inApis melliferaL. Colony size, honey yield and colony levels of infestation with the
ectoparasitic mit&/arroa jacobsoniwere evaluated. Individuals (n = 1359 workers, n = 449 drones
were genotyped using four DNA microsatellite loci. Bees who did not share one of the host quee
alleles at each tested locus were classified as foreign, drifted individuals. The number of effec
gueen matings was derived from the native worker offspring. The proportion of foreign individue
in a host colony was defined as immigration. Colonies were identified as putative mother colonie
a gueen’s genotype corresponds with the genotype of a drifted individual. The presence of mo
colony members in foreign host colonies was defined as emigration. Drones emigrate and immig
significant more frequently than workers. Although the immigration and emigration of drones w
significantly correlated, this was not for workers. This indicates a caste specific adoption/reject
mechanism. The impact of foreign bees on the phenotypes of host colonies was weak and in no
significant. Likewise, the number of effective queen matings had no or only weak effects on 1
amount of foreign bees in colonies. We conclude that the foreign label rejection model is unlikely
explain our findings. But we were not able to discriminate between the Gestalt and the comn
label acceptance model.

Running title: Foreign bees, colonial phenotypes and nestmate recogniipis imellifera

Keywords: Apis mellifera colony size, drifting, honey yield, microsatellites, nestmate recognition
parasite, phenotype, polyandry

Introduction

In spite of conflicts within colonies, the colony is a basic functional unit in eusocial insects (Mori
& Southwick 1992). The co-operative efforts of colony members positively affect reproductiv
output and colony maintenance (Crozier & Pamilo 1996). Inclusive fithess theory (Hamiltc
1964a,b) predicts particularly strong selective advantages for societies in which the members
closely related. Thus, social insect colonies should be societies which colony members caref
scrutinize nest mates and non nest mates resulting in nestmate recognition as a cornerstone of c
integration (Crozier & Pamilo 1996). Especially for honeybees there is a detailed evidence for a v
developed nestmate recognition system (Breed 1983, Breed & Julian 1992, Breed et al 1992 an
others).

Nevertheless it is long known that in spite of the guard bees which scrutinize incoming bees
reject non-nest members (Butler & Free 1952, Breed et al 1992), drones and workers from fore
colonies can enter the hive and are adopted as new nest members (Rauschmayer 1928, Butler :
The guard bees apparently discriminate between robbing bees which are in search of food anc
bees which offer food to the guards in order to be accepted in the colony.

This adoption of new foreign nestmates has been coined drifting (Rauschmayer 1928, Butler 1¢
and requires two mechanisms: 1) individuals get “lost* as a result of orientation errors and 2)
individuals are adopted as new nest members by the workforce of the host colony. The proxin
reasons for the probability and kind of orientation errors of drones and workers have been studie
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detail and seem to depend on a variety of factors (Free 1958, Free and Spencer Booth 1961
1965, 1966a,b, 1968, 1969a, 1971, Vollbehr 1975, Currie 1982, Currie 1986, Currie & Jay 19
Moritz & Neumann 1996 among others). The arrangement of colonies in apiaries seems to be
important factor (Jay 1966a, 1968, Moritz & Neumann 1996), e.g. there is particularly stro
drifting of foreign workers (Free and Spencer Booth 1961, Jay 1965, 1966a,b, 1968) and drc
(Moritz & Neumann 1996) into colonies which were placed at the end of a row.

Beekeepers report that drones can freely drift between colonies and are readily accepte
neighboring colonies. It seems as if drones very easily gain admittance into foreign colon
(Washington 1967). Detailed studies yield mixed results. Whereas some authors find drones to
more frequently than workers (Goetze 1954, Free 1958, Witherell 1965) other claim that drol
drift as much as workers (Butler 1939, Livenetz 1952, Lecomte 1958, Kepena 1963). Our stuc
using multi-locus DNA fingerprinting (Moritz & Neumann 1996) revealed that drifting of drones
follows the same underlying behavioral mechanisms as in workers. This seems to be supporte
the findings of Giray & Robinson (1996) that behavioral development in drones is regulated
similar mechanisms as in workers.

Numerous predictions and assumptions have been made addressing the potential effects of dr
on the phenotype of honeybee colonies (Lecomte 1958, Jay 1968, Poltev 1968, Di Jong et al 1
Matheson 1984, Currie 1987 among others). In contrast, there are few papers which try to eval
the phenotypic impact of drifting, if any, in an experimental setup. Moreover, these detailed stuc
yield contradictionary results. Whereas some authors found that drifting has for example an imy
on the honey vyield or on foraging efficiency (Nekrasov 1949, Robinson 1979) others do not fi
influences (Matvijenko 1965, Jay 1969b, Jay & Dixon 1988). Likewise, the potential role
workers and drones as vectors of various parasites and pathogens (Moreaux 1953, 1959, Lec
1958, Jay 1968, Poltev 1968, Di Jong et al 1982, Matheson 1984, Currie 1987) has been show
the pythopathogenic BBLMV virus (Boyland-Pett et al 1991),Bacillus larvaespores (Goodwin

et al 1993) orTropilaelaps clareaemites (Rath et al 1991). Observations of drifting of 600m
(Boyland-Pett et al 1991) or 800m (Duranville et al 1991, Mossadegh 1993) indicate that disec
may be spread through between apiaries and whole populations by drifting. But the impact
drifting on the colonial phenotype level remains fuzzy. Goodwin et al (1994) found only a we:
impact of drifting on the spread of American foulbrood disease whereas Sakofski (1991) found
interaction between drift and colony levels of infestation with the ectoparasitic \fait@a
jacobsoni

Besides the potential effects of population shifts it remains particular unclear whether balan
levels of drift between colonies which can increase the genotypic diversity of the workforce have
impact or not. Such an increased intracolonial genotypic diversity of colonies has been claime
enhance colony efficiency. The so-called genetic variability hypotheses try to explain the evolut
of polyandry and/or polygyny (Crozier & Page 1985, Keller & Reeve 1994, Page et al 1995).

Since disease loads and honey yields can be regarded as fitness parameters of honeybee cc
(Neumann & Moritz, in review), one would expect effects of drifting at the colonial phenotype lev
if drifting is relevant for fithess. But are they differences between the impact of drifting workers al
drones? Besides the shared effects of potential disease transmission, the adoption of new wi
nestmates certainly has a different quality from the adoption of foreign male sexuals. Adopted r
worker nestmates increase the work force of the host colony. These additional workers support
native queen's offspring and increase the number of sexual reproductives of the host colony.

On the other hand, foreign laying workers may potentially produce male sexuals, decreasing the
colony's fitness. This effect seems to be minor due to worker policing (Ratnieks & Visscher 1989)
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Successful reproduction of laying workers in queenright honeybee colonies is extremely rare but
impossible (Oldroyd et al 1994).

In the absence of a nectar flow, robbing behavior between honeybee colonies may take pl
especially when colonies differ in their defence potential. Clearly, robbing workers should |
excluded even at high costs because robbing is a real danger for colonies. From an evolutio
perspective it seems therefore plausible that an efficient guarding mechanism should have |
evolved which allows the guards to discriminate drifted and robbing bees. Indeed, a drifted wor
usually tries to get access to the colony by offering a droplet of food to the guard bees (Wins
1987) to become a fully integrated nest member after acceptance.

In contrast, it seems particularly plausible that guard workers deny access of foreign drones tc
colony. Foreign drones do not forage and instead they parasitize on pollen and nectar stc
Moreover, Rindereet al. (1985) found that the presence of drones limits the production of ney
male sexuals by the host colony (but see Henderson 1994). This has been coined "male reprodt
parasitism” by Rindereet al. (1985) and they argued that the drifting of drones had an importar
impact on the rapid spread of the Africanized honeybee in the Americas. Given, male reproduc
parasitism is a major selective force, natural selection should strongly favor nestmate recogni
and effective rejection mechanisms for foreign drones. On the other hand colonies which efficiet
distribute their drones in other nests also should have a selective advantage because the\
produce more males. Consequently the cost of hosting foreign drones for the colony seems t
threefold: a loss of food resources, a decreased production of sexual reproductives through |
reproductive parasitism (Rinderet al. 1985) and the potential risk of being infested by parasites
and pathogens. Thus depending on the risk of being killed by entering a foreign hive, drifting
drones and efficient recognition/rejection mechanisms should or should not be favored by nat
selection.

It was impossible to answer the question if the intracolonial relatedness has an influence on
adoption of foreign individuals in honeybee colonies until the development of appropriate gene
markers. The adoption of new nestmates in honeybee colonies is caused by nestmate recogt
errors of the guard bees. Thus, factors which have been assumed to affect nestmate recognitio
be important for the amount of foreign individuals in honeybee colonies.

There is evidence for colony recognition in many species (Crozier & Pamilo 1996). The environm
can contribute to the colony odor (Stuart 1987, 1988b), but it has been also shown that ger
determinants are highly important (reviewed by Waldmann et al 1988). Genetic variation in k
recognition cues has been demonstrated for bees (Greenberg 1979). In light of the concej
framework of innate components for colony odor as labels, templates and referents (Lacy & Sher
1983) two possibilities for the formation of templates may be distinguished (Crozier & Dix 1979):
The Gestalt model predicts that individual genotypes are not distinguished but rather a colony c
blend which is formed by the individual labels and their proportions within the social group and
The family of individualistic models hypothesizes that individual genotypes are distinguished. Tt
can potentially be the acceptance of individuals bearing exactly the same genotype (genot
identity), the rejection of individuals possessing labels which are not included in the colony templ
(foreign label rejection) or the acceptance of individuals possessing a label included in the col
template (common label acceptance). In light of observations that monogynous ant species tend
more aggressive against intruding individuals of their own specie than polygynous ones (Holldol
& Wilson 1990, Stuart 1991, but see Stuart 1993) lower intracolonial relatedness may red
nestmate recognition efficiency because the genetically derived odor cues may be more comple
highly polyandrous colonies. Honeybee colonies headed by
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naturally mated queens show an exceptional high number of patrilines and a high variance
intracolonial relatedness (Neumann et al, in review, in review, Neumann & Moritz, in review
Consequently, honeybees offer a prime system for testing the nestmate recognition models. U
the assumptions of the divergent models we expect different correlations between the adoptio
drifted individuals by the guards and the number of effective queen matings (Figure 1):

Figure 1 Expected correlations between the adoption of intruding foreign individuals by

the guards and the number of effective queen matings under the predictions of the
different nestmate recognition models.

Acceptance by theguard bees %

100
foreign label rejection
75k
50 -
251
V[ common label acceptance
O | | |
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1) Gestalt model
We hypothesize that the higher the number of queen matings the more detailed becomes
odor blend of the colony. Thus we expect a negative correlation between the number
matings and the adoption by the guards.

2) Genotypic identity: We consider this model to be unlikely for honeybees because in a hig
polyandrous colony exactly matching genotypes, which are necessary to ensure colony clos
are a rare event.

3) Foreign label rejection:

We assume that the higher the number of queen matings, the more likely is that the label
the intruding individual are already present in the template of the colony. Consequently, t
model predicts a positive correlation between the number of matings and the amount
adopted individuals in honeybee colonies.

4) Common label acceptance:

Under the assumptions of this model, the common label must be derived from the queer
ensure nestmate recognition in a highly polyandrous honeybee colony. Thus, the ability of
guards to discriminate nestmates from non-nestmates is depend upon the frequency of
gueen's alleles at the loci encoding for recognition labels. We hypothesize that under f
individualistic model the number of adopted individuals is independent from the number
gueen matings.

64



So far, drifting has mostly been studied using body coloration of bees (Butler 1939, Witherell 1€
among others), racial characteristics (Ruttner 1992) or radioactive isotopes (Thyri 1973). F
studies have addressed this question using DNA (Moritz & Neumann 1996) or biochemical mark
(Hung & Rubik 1992). The latter techniques have important advantages for evaluating the amour
drifted individuals. No artificial dyes or racial characteristics which may interfere with the behavi
are involved. Even if the position of potential mother colonies is not known, as it might be the c:
for natural occurring nests, the genotypic composition of a host colony's intracolonial drone &
worker population can be determined.

In this paper we study the frequency and origin of foreign workers and drones in horfgyisee (
melliferaL.) colonies, the effects of polyandry on the amount of foreign individuals in colonies ar
the impact of foreign bees on the level of a host colony's phenotype. For that purpose we use [
microsatellites to: 1) genotype queens of potential host and mother colonies, 2) detect foreign dr
and workers within host colonies and 3) find out the potential mother colonies of the drift
individuals. This allows to design a drifting network between the tested colonies in a na
experimental setup. Then, we quantify the impact of foreign individuals on the level of a hc
colony's phenotype. Finally, we test our predictions for the different nestmate recognition models
the honeybee by correlating the emigration and immigration data of workers and drones with
number of estimated and effective queen matings.

Materials and Methods

Experimental design and sampling

38 queenright colonies d&pis mellifera carnicavere sampled on the performance testing apiary
Schwarzenau, Germany (Figure 2). Only queenright colonies were considered to prevent
influence of a colony's queen state on drifting (Currie & Jay 1988, Currie & Jay 1991). Using t
special arrangement of hives at Schwarzenau (Figure 2) we tried to minimize known apiary lay
effects on the drifting of workers and drones (Jay 1965, 66a,b, 1968, 1969a, Currie & Jay 1€
Moritz & Neumann 1996). The row position of the colonies in the apiary was evaluated as defir
by Moritz & Neumann (1996) to estimate whether the effects of apiary layout on drifting (Jay 19€
66a,b, 1968) are minimized or not. At least 40 sexually mature drones and 40 adult workers w
sampled from the outer frames of each colony (drones: n= 14 colonies; workers n= 38 colonies
the 08.06.1995. The colonies were sampled early in the morning from 6.00 a.m. to 9.00 a.m. be
normal drone flight activity begins (Kurrenoi 1954, Oertel 1956, Ruttner 1966). The samples we
immediately placed in 75% ethanol and kep#&f until DNA extraction.

Performance data of colonies

In 1994 and 1995 the phenotypes of 30 queenright colonies belonging to 5 different breeding li
were determined by performance testing at apiary (Bayerische Landesanstalt fir Bienenzucht 1
Neumann & Moritz, in review). Annual colony levels of infestation with the ectoparasitic mite
Varroa jacobsonivere determined by counting the total number of dead mites in the hive after ea
of 3 treatments with the acaricide Perizin (van Buren et al 1992). Honey yield was evaluated
weighing honey frames before and after honey extraction and by estimating residual winter ho
stores. Colony sizes were estimated using the amount of sealed worker brood frames. In ord
eliminate breeding line effects we standardized the phenotype data. For each colony the abs
difference was calculated to the mean of its own breeding line for every trait.
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DNA isolation and microsatellite analysis

DNA was phenol extracted from single individuals following routine protocols (Beye & Raede
1993) with the following changes:

1. Individuals were incubated in insect Ringer solution (127 mM NacCl, 1.5 mM,CGa@IM KClI,

pH 7.4 with NaOH) for one hour at room temperature before phenol extraction.

2. Thoraces of individual drones and workers were homogenized in 400 pl of DNA extracti
buffer (100 mM NacCl, 100 mM Tris-HCI (pH 8.0), 10 mM NaCl, 0.1 % SDS).

3. DNA was resuspended in 30 pl (workers) or 50 pl (drones) DDH

We used DNA-microsatellites which were developed by Esttual (1993) for Apis mellifera
Multiplex PCR was done using two pairs of loci (A43-B124, A76-A107) and the protocols c
Estoup et al (1993, 1994). Amplification products were electrophorezed on standard 6¢
polyacrylamide sequencing gels with M13mp18 control DNA sequencing reactions run on the sg
gel as size standards. Microsatellite alleles were scored as fragment lengths in base pairs.

Genotype analysis

The genotypes of the mother queens and the father drones were derived from the genotypes ¢
sampled workers (Estoup et al 1994, Neumann et al, in review). Since sister queens originated
the same mother we also used this pedigree information to determine the queens’ genotypes
worker or a drone had no allele in common with the putative mother queen genotype at one or n
of the tested loci, the individual was considered to be a drifted individual.

Number of observed, estimated and effective queen matings

The number of observed, estimated and effective queen matings was derived from the wo
offspring (Neumann et al, in review, in review, Neumann & Moritz, in review) using the
intracolonial relatedness as defined by Estoup et al (1994) and the equation of Crozier & Par
(1996). The number of estimated queen matings as defined by Cornuet & Aries (1980) v
numerically determined.

Putative mother colonies of drifted individuals

The genotypes of the drifted individuals were assigned to queen genotypes (Neumann et a
review, in review, Neumann & Moritz, in review, Table 1). If the genotype of a drifted dron
corresponds to a potential gamete type of a queen he was considered to be a son of that g
Drones were excluded from further analysis if a drone’s genotype corresponds to more than
gueen genotype. In case the genotype of a drifted worker corresponds to a queen genotype sh
considered to be an offspring of that queen. If the genotype corresponds to more than one q
genotype, the workers genotypes were compared to the drone fathers of the potential mc
colonies. In case no corresponding patriline exist in the potential mother colonies, the possible a
combinations of undetected drone fathers were derived from the allele frequencies of the ma
yard where the queens were mated. If no corresponding genotype was detected, the dr
individual was excluded from further data analysis.

Emigration
The relative proportion of a mother colony's individualg @f the total drifted individuals in
foreign host coloniesfy) was defined as the emigratior) @ a tested mother colony:

& =< (1)
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Individuals which did not show one of the host queen's alleles at each of the tested loci w
considered to be native nest members. Non detected drifted individuals may cause errors. This
detection error of drifted individuals is the probability that a drifted bee is geneticall
indistinguishable from the offspring of the host queen. This depends on the frequencies of the |
gueen's alleles at each of the tested microsatellite loci. In order to estimate this non-detection e
we calculated with the queen allele frequencies of the tested honeybee population the product o
highest queen allele frequencies for each microsatellite locus in case of the drones and the prc
of the sums of the two highest queen allele frequencies for each locus in case of the workers.

Immigration
The relative proportion of drifted individuals in the sample was defined as the immigration into
host colony.

Data analysis

We compared the immigration and emigration of workers and drones using Mann-Whitney U-te:
We defined the acceptance of a colony as the immigration divided through the emigration e
compared the two slopes for drones and workers. We calculated simple correlations (r-mat
between immigration and emigration of workers and drones with the row position, the number
effective queen matings and the colony size (Bayerische Landesanstalt fir Bienenzucht 1¢
Neumann & Moritz, in review). Partial correlations (corrected for colony size 1994 and 1995) we
performed between the drift and the performance data (Bayerische Landesanstalt fir Bienenz
1995, Neumann & Moritz, in review) because colony size has been shown to interfere with -
honey yield (Sachs 1964) and with the population dynamisé gdcobsoni(Schmidt 1995). The
statistical calculations were done using the SPStatistic package.

Results

From 1808 genotyped individuals (449 drones and 1359 workers ) 65 drifted workers and -
drifted drones could be assigned to mother colonies (Tables 2-3). The high amount of genotype
for the native individuals is not included in this paper but is available up on request. The emigrat
of workers ranged from O to 15.22 with a mean of 468866 (Table 4). For the immigration of
workers we found a range from 0 to 14.29 with an average ot#40680 (Table 4). The amount of
emigrated drones reached from 17.07 to 85.29 with a mean of 43.85 (Table 4). We found an
immigration of drones ranging from 2.56 to 89.13 with an average of 30&80 (Table 4). The
non detection error of drifted individuals as estimated from the allele frequencies of the tes
honeybee population (Table 5) was p = 0.0043 for drones and p = 0.0194 for workers. B
immigration and emigration was significantly higher in drones than in workers (Figure 3). We fou
a significant correlation between the emigration and immigration in drones (r = 0.66, p < 0.C
which was lacking in the worker sample (Figure 3). The acceptance slope of the drones \
significantly higher than for workers. There was neither a significant correlation between drone ¢
worker immigration nor emigration (Table 6). Likewise, no significant correlations of immigratior
and emigration of workers and drones were observed with the number of estimated queen mat
the number of effective males, the performance data of colonies and the row position (Table 6).
Evidence for Gestalt common label acceptance foreign label rejection?
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Discussion

Drifting of honeybees clearly is a phenomenon of commercial apiaries resulting in problems for
beekeeper (Jay 1969a). However, this does not imply that drifting is insignificant under natu
conditions. Colony aggregations of ferpis melliferahoneybees have repeatedly been found
(Oldroyd et al 1995). McNally & Schneider (1996) reported a considerable spatial aggregation
wild colonies of Apis mellifera scutellatgLepeletier) in the Okavango River Delta (Botswana)
which seems to result from limited opportunities for nesting sites. For the free nesting honeyl
specieApis dorsatanest aggregations of 2-120 colonies on a single tree or building are commg
(Seeley et al 1982, Ruttner 1988) and foreign workers have been shown using DNA microsatell
(Moritz et al 1995). Drifting has also been observed in the communal sweatgapestemon
virescensvhere 58% of adult females switch between nests (Abrams & Eickwort 1981) and in ar
such ag~ormica pratensigNeumann & Moritz, unpublished data). Hung & Rubik (1992) found up
to 54.6% foreign workers in a feral population of Africani2guds melliferacolonies.

Therefore, studies of the presence and origin of foreign individuals in honeybee colonies can pro
basic understanding of the interactions between neighboring nests and subsequently for the evol
of colony integrity. Our estimators of drifting may be influenced by the various factors known fc
drifting in apiaries (Jay 1965, 1966a,b, 1968, 1969a, 1971 Currie & Jay 1988, Moritz & Neuma
1996 among others). However, we found no correlation between the amount of drift with the r
position, showing that the effect of rows on drift (Jay 1966a, Currie & Jay 1988, Moritz & Neumar
1996) is reduced due to apiary layout. The non-detection error of drifted individuals in our sam
was low as a result of to the high degree of heterozygosity at the used microsatellite loci. It mi
well be that the emigration and immigration of male sexuals are influenced by the size of mother
host colonies, because larger colonies produce more drones. But, there was no significant correl
between colony size and immigration of workers and drones in our sample which may result fr
sampling errors. Using DNA markers we may have misinterpreted a few worker produced drone:
drifted individuals. However, the presence of successfully reproducing workers in queenri
colonies is extremely rare due to worker policing (Ratnieks & Visscher 1989) but not impossit
(Oldroyd et al 1994).

In the experiments of Currie & Jay (1988) the acceptance of artificially introduced drones in colon
ranged from 8 to 88% which is congruent with our findings of naturally immigrated drones. In o
sample drones immigrated and emigrated significantly more often than workers. This suppt
Goetze (1954), Free (1958), Witherell (1965) and Currie (1982) who observed that drones drift m
frequently than workers. This is also in line with findings that apiary layouts which significantl
reduce the drifting of workers (Jay 1966a,b, 1968) do not necessarily reduce the proportion of drc
that drift (Currie 1982). We could certainly not support reports that drones drift less often th
workers (Butler 1939, Livenetz 1952, Lecomte 1958, Kepena 1963). The differences in the estimz:
amounts of drift reported in different studies could vary with the sampling technique used (Cur
1987) and the method of evaluating (Butler 1939, Ruttner 1992, Moritz &
Neumann 1996), calculating or even defining "drift". The age of the drones at the time of t
sampling (Currie 1987), the apiary layout used (Jay 1966b, 1968, Currie & Jay 1988), environme!
conditions such as a nectar flow (Washington 1967), the topography of the study area (Currie 1¢
and the race (Rinderer et al 1985, Ruttner 1992) may also be important. In all cases, only stu
which simultaneously evaluate the drift of drones and workers, such as Free (1958) did, can pro
comparable data. Free (1958) found that the average amount of drone drift is 2-3 times higher
that of workers. Our findings are in line with Free (1958) in principle, but we found 1(
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times more drifting drones which can be explained by the various factors influencing the amoun
drift. Such high levels of foreign individuals in colonies made Accorti (1991) argue that honeybe
have a marked tendency to "wander" among colonies. He proposed a hypothesis that there
continuos interaction among the members of honeybee colonies present in a particular biotope.

The levels of adopted drone and worker individuals by the guard bees were independent from
level of polyandry of the queens. We found no significant correlation between the number
observed, estimated or effective queen matings and the level of immigrated and emigrated drone
workers. Thus, the degree of intracolonial genotypic diversity did not show any significant effect
the emigration and immigration of drones and workers in our tested colonies. Our result is in |
with the findings of Beyet al (in press) for the meadow aRbrmica pratensisThese authors did
not find an influence of the intracolonial relatedness on the aggression behavior of workers. -
common label acceptance model and the Gestalt model can both explain our findings. Beyond
number of queen matings which ensure a more or less unique colony odor under the Gestalt mo
is not possible to distinguish between the two models. Moreover, the odor blend of a colony
highly complex. Random environmental effects such as the flower odor imported by the forag
(Getz 1991) certainly play a role. Breed (1983) has shown that both environmental and genetic
factors are important. However, our results suggest that the foreign label rejection model is unlik
to explain our findings. We conclude thatApis melliferathe intracolonial relatedness has no or
only weak effects on the likelihood of foreign individuals to be adopted in host colonie
Instrumentally inseminated queens or queens which have naturally mated with an unusual
number of males (<10) as found by Neumann et al (in review) may provide a test system to furi
distinguish between the two models.

The impact of the amount of foreign bees on the tested colonial traits was weak and in no c
significant. We found no significant correlation between the immigration of worker and drones a
the honey yields of our colonies. So far, our results are in line with Matvijenko (1965), Jay (196¢
and Jay & Dixon (1988). Matvijenko (1965) found that orientation cues such as colors, which ¢
known to reduce drift, did not effect the honey yields of colored and non colored colonies. Similar
Jay (1969b) and Jay & Dixon (1988) found that apiary layouts which are known to reduce the d
of workers (Jay 1969a) did not affect the honey yield of the colonies in the studied apiaries. T
effects of drifting found by Nekrasov (1949) and Robinson (1979) can be explained by: 1) a mt
higher amount of drifting workers up to 75 or 80% (Robinson 1979, Pfeiffer & Crailsheim 199.
Pfeiffer 1995), which is effected by the apiary layout (Jay 1966a) and 2) the positive correlat
between colony size and honey yield known from routine beekeeping experience (Sachs 1964
our study relevant worker population shifts between colonies are reduced due to apiary layout.

Given that the genotypic diversity of colonies has an impact on colony efficiency as predicted by
hypotheses for the evolution of polyandry (Crozier & Page 1985, Keller & Reeve 1994), one mig
expect a positive correlation between the immigration of workers and the honey yield of he
colonies. Considering an average intracolonial relatedness between native honeybee workers of
(Neumann & Moritz, in review) and our findings of 0-14.29% foreign workers in colonies, whicl
can be related by zero to the queen and her mates, the increase in genotypic variability due to fol
workers can be higher as resulting from polyandry alone (up to r = 0.24). Nevertheless, the incre:
intracolonial genotypic diversity did not significantly affect the colonial phenotype.

Surprisingly, we do not find any significant impact of drifting workers and drones on colony leve
of infestation withVarroa jacobsoni Although the intracolonial drone population can consist of
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more than 80% of foreign individuals no significant effect on colony levels of infestatioriVwith
jacobsoniwas found. So far, our results are in line with Goodwin et al (1994) who found the
drifting is not a particularly cause of the spread of American foulbrood disease. But our rest
contrast to the findings of Sakofski (1991) who found higher emigration from colonies with high
levels of infestation with/. jacobsoni However he used only small colonies (c. 1000 bees) whict
may interfere with the factors determining the amount of emigration. Honeybees invade colon
weakened by . jacobsonito rob their honey, which certainly promotes the propagation of tha
parasite. Indeed, robbing behavior seems to be the important spread mechanisjadobsoni
Sakofski (1991) found when weak infested colonies were robbed by a strong uninfested colc
mites were transferred to the uninfested colony at a high transfer rate.

Given that the transmission of parasites and diseases via drifting is an important risk fac
honeybees should avoid the adoption of drifted individuals. They should carefully scrutini
incoming individuals because foreign individuals may carry the organisms that can potentially |
the colony. However, they do adopt new male nestmates very easily. We conclude that drifting
either drones and workers is not a particular cause for colony levels of infestatidh yaitobsoni
Such a high level of drifting drone honeybees is in line with the fact that honeybees do not show
particular behavioral pattern to avoid infestations with parasites and pathogens (Kraus & Page
press).

Why do we find such a high amount of foreign drones in host colonies? Are drones simply mq
prone to orientation errors and/or are male sexuals more easily adopted by the guards of the
colony? Using DNA markers we can obviously not give a judgment about the behavioral interactic
between the drifted individuals and the guards at the hive entrance. Furthermore, we do not know
actual number of individuals which are ,lost. Moritz and Neumann (1996) found that th
underlying behavioral mechanisms for the orientation of workers are also important for drones. E
we can not exclude that drones are more prone to orientation errors. However, we have data &
successfully adopted foreign bees. Thus, we can evaluate the effectiveness of the guards tov
drones and workers by comparing the composition of the intracolonial drone and work
populations.

Since both drifting workers (Pfeiffer 1995) and drones (Kihl & Neumann 1996) significantly prefe
their neighbouring colonies, we would expect the adoption rate to be equal to the rate of intruc
individuals if the acceptance of the guards is less significant. Indeed, our colonies which show
levels of foreign drones also have a large proportion of male nestmates in other colonies. Tl
immigration and emigration of male sexuals were positive correlated. But this is not the case
workers. In light of this finding one could argue that the rejection mechanism found for workers
lacking for males altogether. However, this argument does not hold because the aggressive beh
of guard bees towards foreign workers and drones is similar (Kirchner and Gadagkar 19¢
Furthermore, colonies which adopt a high number of workers do not necessarily adopt many fore
drones. Under the same adoption and/or rejection mechanism one would expect a common tenc
for host colonies to accept foreign drones and workers. In particular we found a non signific
negative In this study, we found colonies with more than 80% foreign drones. This may indicate t
nestmate recognition is not particularly effective for drones. A potential guarding/rejectic
mechanism against males, if any, seems to be very inefficient because it failed at the average 5C
the time. On the other hand nestmate recognition is a common phenomenon in insect societies
honeybees Breeet al (1982) and Breed (1983) showed that workers are able to discriminate ne
mate workers from other workers. Also for males nestmate recognition has been documente
sweat beesl.asioglossum zephyrurgEmith 1983) and in polistine wasps (Shellman-Reeve anc
Gamboa 1985).
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This suggests that the adoption mechanism by the work force of host colonies is caste specific
workers and drones. Divergent olfactory cues may be important for the observed differences betw
immigration and emigration of workers and drones. Some authors claim a so-called “dror
pheromone* (Klinker 1993) which has been assumed to catalyze the adoption process for me
This indicates that the risk of being killed maybe low for a drifted male. This is supported by Cur
(1987) who found that 20% of the drones drift more than once.

A simple explanation might be that drones were less often or less intensely screened by the gu
This seems plausible in light of the danger of robbing bees. Landing workers should be inspe
immediately before they may enter the nest and could subsequently recruit new robbing bees. In
context, the different flight pattern of drifted and robbing bees may be different which can provi
cues for the guards. Additionally, drones usually enter their mother colony after mating flights or
for a very short period of time. They feed and leave the colony immediately for the next mati
flight. Thus, intensive checks by the guards may potentially reduce the chance of a brother dron
mate. However, drifting workers entering a host colony were also accepted without antagonisn
the experiments of Poltev (1968) and only few drifting workers were rejected or killed by the gue
bees of recipient colonies as found by Jay & Dixon (1988). Pfeiffer & Crailsheim (1994
hypothesized from their observations that drifting did not shorten the lifetime of workers that drift
workers were rarely attacked by the guard bees. This suggests that the mechanism which enabile
guards to distinguish between drifters and robbing bees is very efficient. Otherwise one wo
expect a higher amount of drifting workers being killed by the guards. But this may also suggest 1
there is no control/rejection mechanism at all for drifted workers and drones as soon as the gu
have discriminated between robbing and drifted workers.

We hypothesize that simply the number of guard bees is the key factor for the amount of adoj
drone and worker individuals. The more guard bees were present, the higher the chance of k
checked. This seems to be supported by Echazaretta (1988, 1993) and Echazaretta et al (1989
found a higher number of drones drifting from aggressive colonies to gentle ones and by the re:
of Eischen et al (1986) that attacks on intruding wax mddadi€ria monelld were correlated with
the number of bees guarding the entrance. Echazaretta et al (1988) hypothesized that
reproductive parasitism would theoretically lead to a spread of defensive behavior in a populatior
honeybees. Indeed, European colonies have been found to have a higher number of immigt
drones than Africanized ones (Rinderer et al 1985) which show significantly more guard be
(Eischen et al 1986).

At first glance, the ready acceptance of foreign drones seems counterintuitive in light of inclus
fithess theory, particularly since the adoption of foreign drones is presumably not free of costs
the colony. However, behavioral patterns can only evolve if benefits outweigh the costs. None of
potential costs of hosting foreign individuals seem to be high enough to outweigh the costs
evolving an special effective guarding mechanism against drifting males and/or workers. No imp
of drift on the level of the host colony's phenotype has been found and as long as there are no dic
differences in the aggression/acceptance level of host colonies for drones a male reproduc
parasitism (Rinderer et al 1985) is not fitness relevant.
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Table 1 Putative genotypes (four microsatellite loci, length in base pairs) of the 38 tested queens
(Neumann et al, in review, in review, Neumann & Moritz in review).

Locus A76 Al07 B124 AA43 Locus A76 Al07 B124 A43
Colony Colony

1 209 172 216 127 20 277 170 214 127
281 174 216 140 291 176 214 146

2 251 158 214 127 21 267 170 214 140
313 164 218 127 283 176 216 140

3 257 165 214 127 22 239 160 214 127
267 171 214 140 283 176 216 140

4 251 171 214 127 23 251 160 214 127
261 177 214 140 265 168 222 140

5 249 171 220 127 24 243 158 214 126
313 176 230 140 251 160 216 140

6 229 176 214 127 25 209 162 214 127
277 183 214 146 271 162 216 140

7 253 162 214 127 26 209 172 214 127
267 174 214 140 283 174 216 140

8 251 160 214 127 27 251 160 214 127
305 160 222 140 259 172 218 140

9 251 168 216 126 28 305 166 214 140
313 172 218 140 317 176 216 142

10 209 160 214 127 29 287 159 214 127
271 168 224 140 313 176 216 140

11 259 170 214 127 30 285 159 214 140
283 176 216 140 299 183 214 146

12 277 158 214 127 31 287 166 214 127
283 176 216 140 343 168 214 140

13 239 158 214 127 32 267 160 214 127
299 162 216 140 267 170 222 140

14 209 162 214 140 33 271 165 214 127
343 172 222 140 313 167 214 140

15 209 162 212 126 34 209 170 214 127
283 172 216 140 277 173 216 140

16 253 167 214 140 35 299 168 214 127
295 171 216 140 313 174 216 140

17 299 167 218 127 36 251 158 214 127
299 171 222 140 287 163 214 140

18 261 165 218 140 37 251 158 214 127
271 177 222 140 287 163 218 140

19 265 163 214 127 38 267 160 212 127
287 165 216 140 343 160 214 140
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Table 2 Genotypes (four microsatellite loci, length in base pairs) of the drifted workers, their host colonies and their putaive moth
colonies (nd = not determined, ? = no corresponding queen genotype).

Locus A76 Al07 Bl124 A43 Host Mothe] Locus A76 Al107 B124 A4l Host Mother
Worker Colony | Colony | Worker Colony| Colony

1 299 168 214 127 1 36 36 271 165 214 127 19 33
299 176 216 142 299 171 214 140

2 271 162 214 140 1 29 37 267 170 218 nd 20 32
313 176 216 140 267 179 222 nd

3 313 168 216 127 2 35 38 229 160 214 144 27 30
313 172 216 140 299 167 216 146

4 271 168 214 140 3 10 39 295 167 214 127 27 16
271 168 214 140 303 182 214 140

5 249 176 nd nd 4 5 40 267 164 nd nd 23 21
313 176 nd nd 271 176 nd nd

6 229 168 214 140 4 6 41 243 160 214 127 23 24
259 183 214 146 305 160 214 140

7 271 168 214 127 4 35 42 277 168 nd 127 26 34
313 174 220 140 277 172 nd 127

8 229 162 214 127 4 7 43 251 162 214 12¢ 26 25
253 168 214 140 271 172 216 127

9 233 171 214 127 4 3 44 277 170 214 144 27 34
267 176 218 139 325 176 216 140

10 275 158 214 127 5 12 45 249 164 214 140 27 23
283 172 214 127 267 168 214 140

11 271 171 222 127 5 17 46 241 nd 214 14 21 24
299 171 230 127 243 nd 214 140

12 271 171 212 127 5 ? a7 271 165 214 nd 29 33
343 171 214 140 277 177 214 nd

13 249 172 214 127 5 26 48 251 160 nd nd 29 23
283 172 216 140 271 183 nd nd

14 271 158 214 126 5 12 49 243 158 nd nd 29 24
283 179 216 127 277 163 nd nd

15 283 176 216 127 5 12 50 251 160 nd nd 29 27
313 176 218 140 277 172 nd nd

16 271 171 214 127 6 18 51 239 168 214 12y 3( 22
271 177 222 140 267 176 214 140

17 271 166 214 127 6 34 52 229 176 214 12y 3( 29
277 173 214 140 287 176 216 140

18 249 158 220 127 6 5 53 236 162 214 127 3q 29
271 176 220 140 313 176 214 140

19 251 158 214 127 7 36 54 257 160 214 12y 3( 27
287 164 214 127 277 172 216 140

20 249 158 214 nd 7 18 55 261 158 212 127 31 ?
271 176 218 nd 261 168 214 140

21 229 170 214 127 7 6 56 265 163 216 127 33 19
273 176 218 139 265 163 216 127

22 267 168 214 126 7 ? 57 313 164 214 12y 33 2
283 174 214 146 343 167 222 140

23 249 160 214 140 9 14 58 209 168 nd nd 33 10
343 172 216 140 209 168 nd nd

24 269 168 214 140 13 31 60 277 174 216 12y 34 35
343 174 214 140 311 174 224 127

25 251 162 214 140 13 24 61 265 174 216 12y 34 35
251 183 214 140 311 174 216 127

26 271 165 214 140 14 33 62 265 174 216 12y 34 35
271 172 222 140 299 176 216 140

27 239 160 214 140 15 22 63 251 163 214 12y 34 36
305 170 214 140 283 167 216 140

28 267 158 214 140 16 36 64 305 171 214 12y 34 ?
287 167 214 140 339 177 216 127

29 287 163 214 127 17 19 65 265 160 214 12y 34 38
305 176 218 127 267 166 214 140

30 287 165 214 127 17 19 66 287 158 214 12y 34 37
287 165 218 140 311 171 216 140

31 267 163 214 127 17 19 67 271 168 214 12y 34 35
305 176 222 140 299 174 214 140

32 267 171 214 127 17 3 68 271 168 214 12y 37 35
299 171 216 140 311 174 214 140

33 287 161 214 140 18 19 69 267 160 214 12y 3 32
313 165 218 140 267 174 214 140

34 271 159 214 127 18 29 70 243 160 214 14D 3 24
299 169 228 146 265 176 214 140¢

35 271 160 214 127 18 10
287 177 216 140
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Table 3 Genotypes (four microsatellite loci, length in base pairs) of the drifted drones, their host colonies and their putative mothe
colonies. If more than one queen genotype is corresponding, the possibilities are given (nd = not determined, ? = no

corresponding queen genotype).
7

Locus A76 Al107 Bl124 A43 Host Mothe]  Locus A76 A107 B124 A4 Host Mother

Drone Colony| Colony | Drone Colony| Colony
1 nd nd 230 127 3 5 128 nd nd 222 140 8,17,32
2 269 177 214 127 3 ? 129 261 165 222 140 18
3 275 177 214 140 3 12 130 261 177 218 140 18
4 313 171 nd nd 3 5 131 261 177 218 144( 18
5 313 176 220 140 4 5 132 271 177 218 14 18
6 313 176 nd nd 4 5,29 133 261 177 222 140 18
7 313 176 nd nd 4 5,29 134 271 165 222 140 18
8 253 162 214 127 4 7 135 261 177 218 14 18
9 257 165 nd nd 4 3 136 261 166 218 14( 18
10 253 162 nd nd 4 7 137 271 166 222 144 18
11 313 176 220 140 4 5 138 271 166 222 140 18
12 229 176 nd nd 4 6 139 265 163 216 127 19
13 245 170 nd nd 4 5 140 293 168 218 127 17
14 229 176 nd nd 4 6 141 271 176 214 144 ?
15 nd nd 220 140 4 5,27 142 271 177 218 140 18
16 275 176 nd nd 4 6,20 143 271 165 218 140 18
17 267 171 216 140 5 3 144 271 165 222 140 18
18 251 174 214 140 6 7 145 271 177 218 140 18
19 267 171 214 127 6 3 146 271 177 222 140 18
20 311 170 230 127 6 5 147 261 177 218 140 18
21 249 176 220 140 6 5 148 299 170 214 12y 35
22 313 171 220 140 6 5 149 265 163 214 12y 19
23 249 171 230 140 6 5 150 265 165 214 12y 19
24 251 171 214 127 7 4 151 287 165 216 12y 19
25 251 177 nd nd 7 4 152 265 165 216 127 19
26 229 183 214 146 7 6 153 271 165 218 140 18
27 313 176 230 127 7 5 154 287 165 216 12y 19
28 275 183 214 127 7 6 155 229 176 214 12y 6
29 265 165 nd nd 17 19 156 287 163 216 12y 19
30 265 165 nd nd 17 19 157 271 177 218 140 18
31 265 163 nd nd 17 19 158 261 165 nd nd 18
32 275 176 214 127 17 6,20 159 313 168 216 127 35
33 275 176 214 146 17 6 160 313 168 216 12y 35
34 271 165 nd nd 17 33 161 271 165 nd nd 33
35 271 165 nd nd 17 33 162 299 168 nd nd 35
36 275 176 nd nd 17 12,2 163 251 163 nd ng 36,37
37 271 177 218 140 17 18 164 271 165 nd nd 33
38 265 163 nd nd 17 19 165 251 163 nd nd 36,37
39 271 165 218 140 17 18 166 313 174 216 12y 35
40 291 176 214 146 17 20 167 313 168 214 14p 35
41 265 165 216 140 17 19 168 313 168 216 12y 35
42 209 170 nd nd 17 34 169 313 168 216 140 35
43 291 176 214 146 17 20 170 313 174 216 14p 35
44 275 176 nd nd 17 12,2 171 313 174 216 14p 35
45 291 176 214 127 17 20 172 299 174 214 12y 35
46 291 176 214 146 17 20 173 313 174 216 12y 35
a7 291 176 214 140 17 20 174 251 163 218 14p 37
48 261 171 nd nd 17 4 175 313 168 nd nd 35
49 271 165 nd nd 17 18 176 251 163 218 12y 37
50 nd nd 214 140 17 3,7,16].. 177 285 158 214 140 36
51 251 171 nd nd 17 4 178 343 160 214 14 38
52 291 170 nd nd 17 20 179 299 168 216 12y 35
53 265 163 nd nd 17 19 180 335 162 216 140 ?
54 287 163 214 140 17 19 181 283 160 214 14p 22
55 305 167 214 127 17 ? 182 313 174 216 12y 35
56 265 163 216 140 17 19 183 287 163 214 12y 19,37
57 261 165 nd nd 17 18 183 295 176 224 12y ?
58 nd nd 214 140 17 3,7,16].. 185 313 174 214 127 35
59 299 176 nd nd 17 35 186 209 172 216 140 1
60 275 176 214 146 17 6 187 271 163 214 140 33
61 287 165 214 127 17 19 188 285 160 214 12y 36
62 265 166 216 127 18 19 189 287 163 214 14p 19,37
63 305 171 216 140 18 ? 190 271 162 214 14p 25
64 295 167 216 140 18 16 191 277 173 216 12y 34
65 265 163 216 127 18 19 192 277 173 216 14 34
66 287 165 214 127 18 19 193 299 167 218 12 17
67 305 166 216 140 18 28 194 277 173 216 12 34
68 265 168 214 127 18 23 195 343 160 212 14 38
69 nd nd 216 127 18 1,3,19}.. 196 277 170 216 127 34
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70
71
72
73
74
75
76
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
123
124
125
126
127

287
287
265
291
287
287
261
265
305
291
nd
287
287
265
265
265
nd
nd
271
261
271
261
271
291
271
291
273
261
271
271
271
271
271
271
299
299
271
271
291
291
271
291
nd
261
271
271
261
271
271
261
271
291
271
nd
nd
nd

169
163
163
176
165
165
178
165
171
176
nd
164
165
165
163
165
nd
nd
165
165
165
165
177
170
177
176
170
165
177
165
177
165
177
177
168
167
177
177
170
170
177
176
nd
177
165
165
165
177
177
177
177
176
165
nd
nd
nd

214
216
216
214
214
216
222
214
216
214
214
216
214
214
216
214
216
214
222
218
222
218
222
214
222
214
214
218
218
218
222
222
222
222
216
218
222
218
214
214
218
214
218
222
218
222
218
nd
218
218
222
214
218
222
218
222

127
127
127
146
127
127
140
127
140
127
127
127
127
127
127
127
140
127
140
140
140
140
140
127
140
127
146
140
140
140
140
140
140
140
140
140
140
140
146
127
140
146
140
140
140
140
140
nd
140
140
140
146
140
140
140
140

18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19

31
19
19
20
19
19

19

20

2,3,19]).

19
19,31

19

19

19
1,111

2,3,19f..

18
18
18
18
18
20
18
20
20
18
18
18
18
18
18
18
35
17
18
18
20
20
18
20
9,17,3
18
18
18
18
18
18
18
18
20
18
8,17,3
9,17,3

LN

8,17,3
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197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
229
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
249
248
249
250
251
252

271
nd
343
287
277
nd
299
343
299
277
343
343
209
343
287
299
271
271
nd
343
251
277
313
313
287
251
271
299
271
285
271
271
299
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285
271
287
299
251
251
277
311
313
251
251
287
nd
251
343
209
313
299
287
271
209
287

161
nd
160
163
170
nd
174
161
168
173
160
160
173
162
159
168
162
162
nd
160
158
173
176
176
168
158
162
169
162
158
162
162
174
158
159
162
158
174
163
158
173
176
168
163
164
160
nd
160
162
173
168
174
163
162
172
163

9,17,...

1,14
19,37



Table 4 Emigration and immigration of workers and drones for the tested colonies
(Emigration = E, Immigration = I, N = total sample size per colony).

Drones Workers
Colony| E I N E I N

1 0 10 30
2 3,03 0 33
3 18,18 26,67 14 5 3,23 39
4 36,36 63,16 20 0 8,8 61
5 2245 2,56 39| 5,56 14,29 40
6 28,57 28,57 20| 541 75 38
7 27,27 38,46 13| 1,69 6,45 62
8

9

0 0 22
0O 313 32
10 8,57 0 32
11 0 0 32
12 256 2,63 38

13 | 77,42 68,89 43 2,7 10 37
14 | 77,42 65 35| 541 75 40
15 |8529 89,13 42| 11,36 25 40
16 | 53,85 71,43 42 0 2,56 29

17 9,68 0 34
18 0 7,41 27
19 4 3,85 23
20 0 3,85 33
21 3,03 0 24
22 769 69 31
23 6,45 0 34
24 1351 O 32
25 3,03 0 26
26 3,7 6,67 29
27 6,9 10,71 35
28 0 0 30
29 11,76 12,12 30
30 3,7 13,33 46
31 256 2,56 43
32 4,55 0 36
33 6,67 6,67 42

34 |[34,48 59,57 42| 7,69 7,14 41
35 (49,06 22,86 33| 1522 7,5 41
36 |17,07 29,17 45 9,5 5 40
37 |33,33 81,25 30 25 2,5 40
38 (39,13 56,25 28| 2,56 2,38 37

x/I¥ 42,85 50,21 449 4,63 4,66 1359
+s.e | 607 6,8 0,66 0,69
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Table 5 Allele frequencies for the tested honeybee population. Only identified sexual reproductives are considered.

Locus Locus
A76 A107
Allele Queens  Queens [Allele Queens  Queens
(bp) and drones (bp) and drones
(n=76) (n=743) (n=76) (n=753)
209 0.09 0.016 141 0 0.007
231 0.01 0.04 158 0.079 0.085
233 0 0.013 159 0.026 0.025
239 0.03 0.015 160 0.132 0.114
243 0.01 0.067 162 0.079 0.066
249 0.01 0.018 163 0.039 0.033
251 0.12 0.073 164 0.013 0.056
255 0.03 0.021 165 0.053 0.02
259 0.04 0.05 166 0.026 0.066
261 0.03 0.044 167 0.039 0.039
265 0.03 0.077 168 0.066 0.076
267 0.08 0.051 169 0 0.009
271 0.05 0.081 170 0.066 0.068
277 0.04 0.028 171 0.066 0.045
279 0 0.011 172 0.066 0.064
281 0.01 0.011 173 0.013 0.015
283 0.08 0.047 174 0.053 0.021
287 0.08 0.047 175 0 0.042
289 0 0.003 176 0.132 0.076
291 0.01 0.015 177 0.026 0.053
295 0.01 0.022 181 0 0.012
299 0.08 0.059 183 0.026 0.007
305 0.03 0.031 189 0 0.003
311 0 0.02
313 0.09 0.073
325 0 0.007
331 0 0.004
343 0.04 0.037
353 0 0.026
Locus Locus
B 124 A43
Allele Queens  Queens |Allele Queens  Queens
(bp) and drones (bp) and drones
(n=76) (n=739) (n=76) (n=715)
212 0.03 0.022 124 0 0.001
214 0.54 0.507 126 0.039 0.098
216 0.24 0.242 127 0.395 0.386
218 0.08 0.1 139 0 0.015
220 0.01 0.056 140 0.513 0.443
222 0.08 0.031 141 0 0.007
224 0.01 0.009 142 0.013 0.01
228 0 0.008 146 0.039 0.039
230 0.01 0.016
232 0 0.001
234 0 0.007
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Table 6 Correlation matrix (simple correlation, r-matrix) for the immigration and emigration of workers and drones with
the row position (as defined by Moritz & Neumann 1996), with the number of obseryedstimatedk) and effective

(ne) queen matings (data from Neumaetral, in review, in review, Neumann & Moritz, in review, Neumann & Moritz
previously unpublished) and colony size (Size 94, Size 95). Partial correlations (corrected for colony size 1994 and
1995) were performed between the drift and the performance data of the tested honeybee colonies (Bayerische
Landesanstalt fur Bienenzucht 1995; Neumann & Moritz, in review). Colony levels of infestatioviawitia jacobsoni

(Varroa 94, Varroa 1995) and the honey yield of colonies (Honey 94, Honey 95) were considered. No significant
correlations were found.

Emigration Immigration

Drones Workers Drones Workers
Row position -0.13 -0.25 0.22 -0.23
k 0.18 0.13 -0.12 0.06
Ne 0.02 0.11 -0.20 0.08
Size 94 0.04 -0.11 -0.14 0.04
Size 95 -0.18 -0.04 -0.06 -0.18
Varroa 94 -0.16 -0.14 0.16 0.07
Varroa 95 -0.01 -0.55 0.01 -0.05
Honey 94 0.05 -0.53 -0.51 0.15
Honey 95 -0.20 -0.19 0.13 0.38
Emigration Drones 1
Emigration Workers 0.13 1
Immigration Drones 0.66* -0.27 1
Immigration Workers -0.07 0.11 -0.51 1
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Figure 2 Schematic map of the performance yard Schwarzenau from which the samples were
taken. The sampled colonies are black, numbered from 1 to 38 and clustered in groups
of up to five in bee shelters (rectangles) which are separated through dense vegetation of
at least 18 m. According to Jay (1966, 1968) such an arrangement of hives reduces drift.
The direction of the flight entrances is indicated with black bars (ellipses and irregulars
= vegetation, rectangles = buildings).
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Figure 3 Immigration and emigration of workers and drones in the tested colonies. The
immigration and emigration of drones was significantly higher than of workers (Mann-
Whitney U-test: immigration: U = 23, p< 0.0001; emigration: U = 0; p< 0.0001).

Individuals %

60

50F
40F
30
20
10F

ol 1
Workers Drones Workers Drones
Immigration Emmigration

Figure 4 Adoption of foreign workers and drones. We found a significant correlation between
the immigration and emigration for drones (triangles, simple correlation, r-matrix: r =
0.66, p < 0.02) but not for workers (squares, simple correlation, r-matrix: r = 0.01, p >
0.96). The two slopes were significant different from each other (distance test between
the two regression coefficients, p < 0.01).

Immigration %
100

75

50

25

O ] v | ] 1
0 25 50 75 100

Emmigration %

85



Zusammenfassung

In dieser Arbeit wurde die genotypische Komposition von Vélkern der Honighteis elliferg

mit Hilfe der DNA Microsatellitentechnik analysiert. Die erhobenen genetischen Daten wurden zur
Analyse von zwei Verhaltensweisen verwendet, die entscheidend die Verwandtschaftsstruktur de
Kolonien beeinfluBen kdnnen: die Polyandrie der Konigin und der Verflug von Arbeiterinnen und
Drohnen. Dadurch wurde versucht, einen Beitrag zur Klarung zentraler Fragen der
Evolutionsbiologie und der Bienenzucht zu leisten.

Es konnte eine hohe Variabilitdt der Polyandrie Apis melliferagezeigt werden. Fur naturlich
gepaarte Koniginnen wurde eine Variationsbreite von 10-28 Paarungen pro Koénigin nachgewieser
Vermutlich kbnnen Umweltfaktoren eine entscheidende Rolle bei der Mehrfachpaarung spielen
Signifikante Unterschiede in der Paarungshéaufigkeit wurden zwischen Koéniginnen gefunden, die
sich auf Inseln ohne Drohnen (6.454.2), auf Inseln mit Drohnen (18 1.14) oder auf dem
Festland gepaart hatten (18.861.08). Fur die Paarung der Honigbiene unginstige klimatische
Gegebenheiten auf den Inseln sind dabei wahrscheinlich von Bedeutung. Meine Ergebnisse fir d
Drohnen freie Insel zeigen, dafd erfolgreiche Paarungsflige der Konigin Uber grof3ere Strecke
offenes Wasser moglich sind, die in Kombination mit grof3er Entfernung zu Drohnen
produzierenden Vdlkern die Paarungshaufigkeit erniedrigen. Die gefundene grof3e Varianz [&R
vermuten, dal3 die Paarungshaufigkeit bei Honigbienen unter Umstanden charakteristisch fur lokal
Populationen ist.

Es konnte kein signifikanter Zusammenhang zwischen dem Phanotyp der Kolonien und der Hoh
der Polyandrie gefunden werden. Jedoch zeigen schwache, nicht signifikante Trends, dafl3 d
Polyandrie einen positiven Beitrag zur Produktivitéat auf der Ebene der Kolonie leistet, wie er von
den Hypothesen zur Evolution der Mehrfachpaarung gefordert wird.

Der Verflug der Drohnen war hoher als der Verflug der Arbeiterinnen. Die Ein- und Auswanderung
verflogener Tiere war fur Drohnen aber nicht fur Arbeiterinnen korreliert. Es bestand kein
Zusammenhang zwischen der Aus- oder Einwanderung von Drohnen und Arbeiterinnen einzelne
Kolonien, was darauf hindeutet, daf’3 unterschiedliche, u.U. Kasten spezifische Erkennungs- bzv
Adoptionsmechanismen von Bedeutung sind. Es konnte kein signifikanter Einflul3 des Verflugs au
der Ebene des Phéanotyps der Gastkolonien gefunden werden. Gleichfalls bestand kei
Zusammenhang zwischen der Paarungshaufigkeit der Koénigin und der Hohe des Verflugs. Dit
Analyse zu den Modellen der Nestgenossenerkennung la3t daher vermuten, daf3 “foreign lab
rejection” bei Honigbienen unwahrscheinlich ist.

In dieser Studie wurde erstmalig die DNA Microsatelliten Technologie fur Fragen der Bienenzucht
angewandt. Ein Zuverlassigkeitstest wurde fiir eine potentielle Belegstelle auf der Insel Baltrumn
durchgefuhrt. Der Test zeigte, dal3 kontrollierte Paarungen auf Baltrum nicht garantiert werder
kénnen, da Paarungen der Baltrum Koéniginnen mit Drohnen vom Festland nachgewiesen wurdel
Interaktionen mit den benachbarten Inselbelegstellen Langeoog und Norderney waren jedoc
unwahrscheinlich. Die im Vergleich zu den benachbarten Belegstellen signifikant geringere
Paarungshaufigkeit der Baltrum Ko&niginnen zeigte, daf} die Paarungsbedingungen auf de
drohnenfreien Insel als erschwert zu werten sind. Fiur die Beurteilung der Sicherheit einer etablierte
Belegstelle Baltrum im Routinebetrieb ist jedoch eine erneute Uberpriifung mit einer ausreichende
Anzahl an Drohnenvélkern erforderlich.

Der Paarungserfolg auf den Inselbelegstellen Langeoog und Norderney, auf den Landbelegstelle
Gramschatzer-Wald und Konigswald und auf den Gebirgsbelegstellen Rachel-Diensthitte un
Hochgrat. wurde tber die Paarungshaufigkeit der Konigin erfal3t. Die geringere Paarungshaufigke
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der Koniginnen auf den Inselbelegstellen war nicht auf die Anzahl der Drohnenvdlker
zurtckzufihren.

Die Zuverlassigkeit des Priufhofs Schwarzenau wurde getestet. Der Verflug der Arbeiterinnen wa
deutlich geringer als in friheren Untersuchungen von kommerziellen Bienenstanden. Die
Arbeiterinnen bevorzugten nicht reziprok ihre jeweiligen Heimatvolker. Der geringe Arbeiterinnen-
sowie der hohe Verflug der Drohnen zeigten keinen Effekt auf die Erhebung der Leistungsdaten
Unverwandte Koniginnen kénnen jedoch die Ergebnisse verfalschen, da gezeigt wurde, dal
untersuchte Prufgruppen nicht aus Geschwisterkdniginnen bestanden. Dies lal3t vermuten dal’3 Feh
bei der Kéniginnenaufzucht auftraten.

Fur die in dieser Arbeit verwendeten DNA Microsatelliten wurde ein Zuverlassigkeitstest unter
Zuhilfenahme einer kinstlich besamten Konigin durchgefihrt. In einem Doppelblind Versuch
konnten die 10 fur die Besamung verwendeten Drohnen in der Arbeiterinnennachkommenschatft de
Konigin nachgewiesen werden. Da auch kein sichtbares Mutationsereignis gefunden wurde, schei
das bei Honigbienen angewendete Verfahren ahnlich zuverlassig zu sein wie in der forensische
Medizin.

87



Curriculum vitae of
Peter Neumann

PERSONAL DATA

Nationality: German

born on: 14.December.1967

in: Berlin

EDUCATION

Prim. school: 1974-1980 Robinson-Grundschule, Berlin
Highschool: 1980-1987  Lessing-Oberschule, Berlin
Abitur: 22. Jun. 1987 grade: sehr gut (A)

ACADEMIC QUALIFICATIONS

Vordiplom in Chemistry TU Berlin (18. Oct. 1988).

Vordiplom in Biology FU Berlin (14. Nov. 1991)

Diplom in Biology FU Berlin (25. Oct. 1994), grade: sehr gut (A),
Current position: Research and teaching assistant at the TU Berlin

MAJOR FIELDS OF TRAINING AND RESEARCH EXPERIENCE:

Laboratory Assistant, Institut fir Humangenetik FU Berlin (1.1.1993-31.3.1993);

Teaching Student Assistant TU Berlin (3.1993-12.1994); courses in statistics and genetics
for undergraduates.

Research and Teaching AssistanfTU Berlin (DFG funded project): The role of drifting for
the social parasitic strategy of layiAg mell. capensisvorkers. Principal investigator:
Prof. Dr. RFA Moritz (since 1.1.1995); courses for graduates:

Laboratory: a) Molecular genetics of honeybees (1995/1996/1997), b) Population genetics of
honeybees (1995/1996), c) Morphology and genetics of social insects (1997),

Field excursions:Behavioural Ecology of wood ants (1995/1996).

Temporary Visiting Researcher at the Department of Genetics (since 1.1997) and at the
Ecological Research Station, Oland (5.-7.1997) of Uppsala University (DAAD funded
project), Pricipial Swedish investigator: Prof. Dr. P Pamilo

International workshops: Kinship Theory (EU-TMR Network), Mols, Denmark, (1997),
Social Evolution in Vertebrates and Invertebrates (ESF), Castleton, UK (1997)

Berlin, 24 August 1998

88



Dipl. Biol. Peter Neumann

2 (49)(30) 314-73318/73568

FAX (49)(30) 314-73177
neum0738@mailszrz.zrz.TU-berlin.DE

Dipl. Biol. Peter Neumann, Luxemburgerstr. 30 - D 13353 Berlin

Berlin, 24 August 1998

Erkléarung

Sehr geehrte Damen und Herren

hiermit erklare ich an Eides statt, dal3 ich fir meine Promotion keine anderen als die angegebe
Quellen und Hilfsmittel benutzt habe und dal} die inhaltlich oder woértlich aus anderen Werk
entnommenen Stellen als solche kenntlich gemacht wurden.

Mit freundlichen GriRen,

Peter Neumann

89



	Inhaltsverzeichnis
	Introduction
	Testing the reliability of the potential honeybee mating area Baltrum using virgin queens and single-locus DNA-fingerprinting
	Queen mating-frequency on different types of honeybee mating yards
	Testing the reliability of DNA microsatellites in instrumentally inseminated queen honeybees
	Testing the reliability of the honeybee performance yard Schwarzenau using DNA microsatellites
	The impact of polyandry on the phenotype of honeybee (Apis mellifera L.) colonies
	Nestmate recognition and the impact of foreign bees on colonial phenotypes of Apis mellifera
	Zusammenfassung

