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We constructed a linkage map of Bombus terrestris (Hymenoptera, Apidae) phase unknown. The map
contains 79 markers (six microsatellite and 73 RAPD markers) in 21 linkage groups and spans over
953.1 cM. The minimal recombinational size of the B. terrestris genome was estimated to be 1073 cM.
Using ¯ow cytometry, the physical size of the haploid genome of B. terrestris was calculated to be
274 Mb. This is the second linkage map for a social insect species. Bombus terrestris has on average
®ve times less recombinational events per kb than the honey bee Apis mellifera. Male haploidy,
chromosome size, and eusociality can now be excluded as reasons for the high recombination
frequency of Apis mellifera. Finally, the sex determination locus of B. terrestris was placed on the map
using bulked segregant analysis.
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Introduction

Since Dzierzon's (1845) pioneering work on honey bees
it has long been known that male Hymenoptera are
haploid and develop from unfertilized eggs. This so
called haplo-diploid sex determination is used by
approximately 20% of all animals (Bull, 1983). Under
haplo-diploidy males develop from unfertilized eggs and
are haploid whereas females are diploid and arise from
fertilized eggs. The most widespread proximate mech-
anism of sex determination in Hymenoptera seems to be
the complementary sex determination system (CSD;
Whiting, 1943; for reviews see Crozier, 1977 and Cook,
1993). The idea behind CSD is that individuals which
are hemi- ( � haploid) or homozygous at the sex locus
will develop into phenotypic males whereas heterozy-
gous individuals are females (Whiting, 1943). A partic-
ular case of CSD is the single-locus CSD (e.g. Butcher
et al., 2000), i.e. there is only a single sex determination
locus. If species with a single-locus CSD are inbred (e.g.
a sister±brother mating) we expect that half of the
diploids will be males. Those diploid males are either
inviable, sterile or produce sterile (triploid) daughters.

Therefore, the e�ects of inbreeding in Hymenoptera
with a single-locus CSD are severe. Evidence for single-
locus CSD is mostly provided by controlled breeding
experiments and the occurrence of diploid males at the
expected frequency (Cook, 1993). However, the molecu-
lar basis of both the haplo-diploidy and CSD remains
unknown.

Apis mellifera (the honey bee) has a single-locus CSD
and is the only social hymenopteran species for which
the location of the sex determination locus is currently
mapped both in a linkage and a physical map (Hunt &
Page, 1994; Beye et al., 1996). Here, we extend this
analysis by mapping the sex locus in the bumblebee,
Bombus terrestris, in order to provide a second system to
the investigation of the molecular mechanisms of sex
determination under haplo-diploidy. Bumblebees belong
to the same family as honeybees (Apidae). As a study
system, bumblebees have the advantage that diploid
males are raised to adulthood, in contrast to honey bees
where they are normally removed as larvae (Woyke,
1963).

Bombus terrestris is a well-studied and widespread
species in Europe, and breeding experiments suggested a
single-locus CSD (Duchateau et al., 1994). On the basis
of ratios seen in the neotropical species B. atratus*Correspondence. E-mail: Jgadau@biozentrum.uni-wuerzburg.de
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Garofalo (1973) proposed a two-locus CSD system.
Duchateau et al. (1994) on the basis of breeding studies
showed clearly that a single-locus CSD system applied
to B. terrestris. Although it is possible that congeners
di�er in sex-determination system, a sample size e�ect is
more likely, given that Garofalo's (1973) results do not
di�er signi®cantly from those expected under one-locus
CSD (Crozier, 1977). We here place the single sex
determination locus of B. terrestris on a genetic map, an
important step to understand the molecular mechanisms
that determine sex under male haploidy in Hymenop-
tera. Diploid males and females (workers or gynes in the
case of social Hymenoptera) derived from one queen
di�er under a single-locus CSD system in the allelic
composition at the sex locus; diploid males have to be
homozygous whereas workers have to be heterozygous.
This can be used to map the sex determination locus
because molecular markers that are linked with the sex
locus should show the same pattern.
One recurrent problem for the mapping of social

Hymenoptera is that only a few species can be bred in
the laboratory, where control over ancestry and des-
cending lines is possible. For example, for social insect
colonies collected in the ®eld, the pedigree is generally
unknown. Therefore, only two-generation families are
available for the mapping, and information about the
linkage phase is missing. Methods for mapping phase
unknown have been developed and implemented in a
couple of mapping programs (e.g. CRIMAPCRIMAP, Lander &
Green, 1987). Since most of these programs are written
for small family sizes and diploid organisms like
humans, we have developed a simple method to
construct linkage maps phase unknown using MAP-MAP-

MAKERMAKER version 2.0 (Lander et al., 1987). MAPMAKERMAPMAKER

has the advantages that it can handle haploid data and
that family size is unlimited, features of a mapping
population typically for social Hymenoptera. With our
new approach it is possible to generate linkage maps for
almost every hymenopteran species as long as enough
o�spring are produced by a single female, which is
normally no problem for eusocial Hymenoptera. Addi-
tionally, it makes the screening of the grandparents
unnecessary and avoids long lasting and di�cult breed-
ing experiments, thus saving time and resources.
In this study we generated a linkage map for

B. terrestris based on RAPD and microsatellite markers.
We used males derived from a queen for which we had
no marker information of her parents ( � phase
unknown). We tested our results derived from our
method of mapping phase unknown with a second
mapping program (Lander & Green, 1987) that had a
mapping phase unknown routine implemented. We
could place the sex determining locus on this linkage
map and corroborated the existence of a single-locus

complementary sex determination system for B. terres-
tris. Finally, we determined the physical genome size of
B. terrestris and could therefore calculate the average
amount of recombination frequency per physical unit.

Materials and methods

Origin of bumblebees

All tested individuals (workers, haploid and diploid
males) were o�spring from one female mated to one of
her brothers. Both were derived from the brood of a
queen caught in spring 1997 around ZuÈ rich, Switzer-
land. Voucher specimens are stored at the University of
WuÈ rzburg and ETH ZuÈ rich. The mated female hiber-
nated at 5°C in the laboratory for four months. Then
she was put into a rearing box (acrylic glass,
12.5 ´ 7.5 ´ 5.5 cm) in a climate chamber set at 29°C
and 60% relative humidity with a callow worker of
another colony to stimulate egg laying. This worker was
removed as soon as the young queen had produced ®ve
individuals, and the entire incipient colony was trans-
ferred into a perlite nest (Pomeroy & Plowright, 1980).
The colony eventually produced 57 workers, 409 males
(haploid and diploid) and 18 young queens. As expected
for diploid male producing colonies, males were pro-
duced concurrently with workers. The ploidy status of
haploid and diploid males was con®rmed with micro-
satellites (B124±B126, Estoup et al. (1995)) and four
codominant RAPD markers (fragment length poly-
morphism). The mapping population consisted of 116
of the haploid males.

Sample sizes for each experiment

1 Four haploid males of the colony were screened for
polymorphism for 1119 RAPD primers and nine
microsatellites.
2 One-hundred and nineteen haploid males (i.e. the
mapping population) were genotyped using 65 RAPD
primers and six microsatellites.
3 Bulk-segregant analysis was performed with six
females (workers) and diploid males from the same
colony as the haploid mapping population to identify
markers linked with the sex determination locus.
4 Forty-eight diploid males and 48 females (workers)
from the same colony as the mapping population were
tested with markers identi®ed as cosegregating with the
sex determination locus.

DNA extraction and RAPD-PCR reactions

DNA from half the thorax of individual males and
females was isolated with a standard CTAB-Phenol
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extraction method (Hunt & Page, 1995). The RAPD-
PCR reactions (Williams et al., 1990) were carried out in
12.5 lL reaction volumes using 5 ng of genomic DNA,
0.6 lMM primer, 100 lMM each of dATP, dCTP, dGTP and
dTTP (Pharmacia), 10 mMM Tris-HCl (pH 8.3), 50 mMM

KCl, 2 mMM MgCl2 and 0.75 U Taq. The 10 nucleotide
RAPD primers were obtained from Operon Tech-
nologies (Alameda, CA) and the University of British
Columbia Biotechnology Centre (Vancouver, Canada).
Ampli®cation was performed with the following param-
eters: ®ve cycles of 94°C/1 min, 35°C/1 min and 72°C/
2 min, and another 32 cycles at 94°C/10 s, 35°C/30 s
and 72°C/30 s.

Gel electrophoresis and scoring

The ampli®cation products were resolved in 20 ´ 25 cm
horizontal gels using 1% Synergel (Diversi®ed Biotech,
Newton Center, MA) and 0.6% Agarose in a 0.5 ´ TBE
bu�er. Gels were run for 500±600 Vh, stained in
ethidium bromide for 25 min, destained in distilled
water for another 40 min, and recorded on an UV
transilluminator with Polaroid 667 ®lms. After the map
and the linkage groups were established, all markers
were ordered according to their position in the linkage
groups, and all gels were scored a second time. This
allowed us to control for unlikely double crossovers due
to scoring errors.

Microsatellite PCR and scoring

The mother (queen) of the mapping population was
heterozygous for eight of nine microsatellite loci tested.
Six of the heterozygous loci (B10, B11, B116, B118,
B124, and B126) were used for further linkage analysis.
PCR detection of the microsatellites was done according
to Schmid-Hempel & Schmid-Hempel (2000). The reac-
tion mixtures each contained 1±10 ng of total DNA,
and multiplex PCRs were run for the loci B10±B11,
B116±B118, and B124±B126 (Estoup et al., 1995).

Phase unknown linkage analyses

For mapping it is normally necessary to assign a linkage
phase to every marker, i.e. the alleles coming from the
grandmother are codeddi�erently from the alleles coming
from the grandfather. As the grandparents of the mother
(queen of our colony) of our mapping population were
not available to determine the linkage phase, we designed
the following simple procedure to map phase unknown in
MAPMAKERMAPMAKER (Lander et al., 1987), that has no phase
unknown mapping procedure implemented.
1 First we assigned a phase arbitrarily to every allele of
our markers (our convention was to assign 1 to presence

alleles or to the longer allele of a fragment length
polymorphism, and 0 to absence or to the shorter alleles,
respectively).
2 Then for each marker, an arti®cial second marker was
introduced into the data set having the same genotype
but complementary phase. Since we had haploid indi-
viduals as mapping populations we now had a data set
with twice as many markers and each possible linkage
phase.
3 MAPMAKERMAPMAKER (Lander et al., 1987; version 2.0 for Mac-
intosh; data type was coded as `haploid') was used to do a
complete two-point analysis of this doubled dataset. This
procedure allowed us to determine the phase and to
calculate simultaneously the recombination frequencies
between linked markers. Once we knew the phase of the
markers we discarded all markers with the wrong phase
for the next step, the multipoint analysis. Note, only the
high progeny number allowed us to determine the phase
of linked markers in our approach.
4 For the following multipoint analysis the phase was
known and we could proceed with a normal linkage
analysis.
The mapping procedure with MAPMAKERMAPMAKER followed a
standard protocol described below.
1 A two-point linkage analysis of the doubled dataset
(194 markers, see Results) was performed with the
`GROUPGROUP' command (setting: LOD � 3.0; theta � 0.4) to
®nd a preliminary set of linkage groups. Note, that
this was the doubled data set and that every linkage
group had therefore to be present twice. All of the
linkage groups we found followed this prediction, i.e.
we found 36 identical linkage groups. Using this
procedure we determined the linkage phases of the
markers. Once phase information was established,
multipoint analysis could be carried out with a phase
known data-set.
2 Multi-point analysis within all putative linkage
groups generated in step 1 were done with the `FIRST-FIRST-

ORDERORDER' command (LOD � 3.0, theta � 0.4). This ana-
lysis gave the most likely order of the markers in each
linkage group.
3 Using the `RIPPLE'RIPPLE' command, the order found in step 2
was tested within each linkage group for all possible
three-point orders of consecutive markers. The most
likely order for every marker is shown. Markers that
were linked at 2 cM or less could not be ordered at a
LOD 2 threshold because with the given size of the
mapping population there were too few informative
meioses.

All map distances (cM) were calculated from recom-
bination fractions (%) according to Kosambi's mapping
function (Kosambi, 1944) because Kosambi's function
resulted in less map expansion than Haldane's function
when the `DROPDROP MARKERMARKER' command was used.
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Test for the phase unknown mapping
procedure ± I

We used CRIMAPCRIMAP ± a program in which a phase unknown
mapping procedure is implemented ± to see whether we
would get the same result as with our method. To
generate a phase unknown data set for CRIMAPCRIMAP we
introduced a third non-informative allele for each
marker. This simulated a diploid mapping population
with an uninformative father, which is necessary to run
CRIMAPCRIMAP. Then we did a two-point analysis to generate
linkage groups. To overcome the problem that CRIMAPCRIMAP

could not be applied to all markers at once, smaller data
subsets comprising a smaller number of markers each
were formed to be analysed by CRIMAPCRIMAP. The subsets were
created in such a way that each pair of markers was
included in at least one dataset making sure that linkage
between these markers could be detected.

Test for the phase unknown mapping
procedure ± II

In order to test our phase unknown mapping procedure
empirically with a known linkage map we performed
two tests with the Apis mellifera map data set which has
365 mapped markers (Hunt & Page, 1995). In the ®rst
test we took 100 linked markers (randomly chosen),
doubled the data, and reversed phase for the doubled
data. Then we ran MAPMAKERMAPMAKER (Lander et al., 1987) to
see whether we obtained exactly the same linkage groups
as in the original map. This test was performed twice.
In the second test we took the markers of the three

biggest linkage groups to check whether we would
get the same ordering of markers within the linkage
groups. Although this was not a rigorous statistical test
it demonstrated the power of our mapping phase
unknown approach.

Comparing linkage maps and relative
map sizes between species

Most of the published maps for non-model organisms
are unsaturated (average marker density >10 cMM).
Therefore, estimates of real map sizes for these species
are lacking. However, relative map sizes may be
obtained and compared by controlling for marker
numbers as a covariate; we can construct maps with
equal numbers of markers and compare their sizes. A
larger genome would yield a larger map size with the
same number of markers. For example, to compare the
map sizes of A. mellifera (Hunt & Page, 1995), Nasonia
spp. (Gadau et al., 1999), and B. terrestris (this study)
the linked markers of all data sets (A. mellifera, 365
markers; Nasonia, 91 markers; and B. terrestris, 79

markers) were randomized and linkage of 20, 40, 60, and
80 (79 in the case of B. terrestris) markers were
calculated for each species using MAPMAKERMAPMAKER with the
default settings. For all species, we then calculated the
total map size as the size of each linkage group plus
40 cMM to account for all unlinked markers. Our justi®-
cation for adding 40 cMM is that all markers must be
linked somewhere, but were left unlinked, during the
mapping procedure, because they had no companion
markers within 40 cMM of them (given by the setting of
theta � 0.40). Our expectation is that genomes with
overall higher rates of recombination will be relatively
much larger. This is because fewer markers are likely to
be linked together into a single linkage group if the
linkage map of a species is large. This e�ect is expected
to be particularly evident when few markers are used.
However, as marker numbers increase, linkage groups
should coalesce, resulting in a slower increase in map
size as the map approaches saturation.

Physical genome size of B. terrestris

To determine the physical genome size of B. terrestris we
conducted standard ¯ow cytometry of thoracic muscle
cells (for detailed methodology see Otto, 1994). As size
standard we used thoracic muscle cells of A. mellifera
since the physical size of the haploid genome of
A. mellifera is known to be 178 Mb (Jordan &
Brosemer, 1974; Hunt & Page, 1995).

Mapping of the sex locus

To ®nd markers segregating for the sex determination
locus we combined the DNA of six diploid males and six
workers (derived from the same queen as the haploid
males of the mapping population) into separate samples
(� bulk). We screened for any marker present in the
diploid males but absent in the workers and vice versa
(`bulk segregation analysis', e.g. De Tomaso et al.,
1998). Markers segregating between diploid males and
workers were independently tested with six di�erent
individual diploid males and workers, respectively.
Markers which again segregated consistently between
diploid males and workers were tested on an additional
48 diploid males and 48 workers to con®rm linkage with
the sex locus and to derive an estimate of the distance
between these markers and the sex locus. Every marker
which shows variability between the diploid males and
workers must also be variable in the haploid males of
the same colony, because the queen must be heterozy-
gous for this marker. Therefore, having identi®ed
markers linked to the sex locus, they immediately could
be integrated into the linkage map derived from the 116
males of the mapping population.
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Results

Linkage map

A total of 1119 RAPD primers (Operon primer sets A±Z
and UBC primers 1±599.) were prescreened on four
haploid males of the mapping population. The best 65
RAPD primers generated 91 segregating nuclear mark-
ers; that is an average of 1.4 markers per RAPD primer.
Additionally, six microsatellite markers segregated in
the mapping population. Of the RAPD markers 71
(78%) showed presence/absence polymorphism whereas
20 markers (22%) displayed fragment length polymor-
phisms. The recovery rate of all alleles was normally
distributed (mean � SD: 0.50 � 0.07; Fig. 1).

MAPMAKERMAPMAKER (LOD 3.0; theta 0.40; Lander et al., 1987)
mapped 79 of 97 markers (82%) into 21 linkage groups
(Fig. 2). The map spanned 953.1 cMM with an average
marker spacing of 12.1 cM. Since B. terrestris has 18
chromosomes (Hoshiba et al., 1995) three of the 21
linkage groups must be linked with other linkage
groups. Thus, the total genome size was estimated to
be 1073 cM, assuming that three of the linkage groups
have to be linked and that gaps represent at least 40 cM
due to our setting of MAPMAKERMAPMAKER (theta � 0.40).

Test for the phase unknown mapping
procedure ± I

The two-point linkage analyses with CRIMAPCRIMAP produced
the exact same linkage groups as we did with our
approach with MAPMAKERMAPMAKER (doubling the dataset and
¯ip-phase). However, there were three markers,
V17-0.87 (LG I), 570-0.55 (LG II) and 465-0.54 (LG
IV) which were linked, with LOD scores smaller than 3.0

(2.75, 2.84, and 2.93, respectively) but had higher LOD
scores when we used our approach with MAPMAKERMAPMAKER

(3.05, 3.14, and 3.23, respectively). In general all LOD
scores in CRIMAPCRIMAP were 0.3 units smaller than the LOD
scores in our MAPMAKERMAPMAKER approach (results not shown).
This was due to the following di�erences in calculating
the LOD scores in CRIMAPCRIMAP and MAPMAKERMAPMAKER.

MAPMAKERMAPMAKER calculated the LOD scores simply by using
the likelihood ratio:

L�theta�=L�0:5���thetan�rec���1 theta�n�non rec��=�0:5�n;

where theta � recombination fraction; n � number of
individuals genotyped; n(rec) � number of putative
recombinants; n(non-rec) � number of putative non-
recombinants), because although we generated two
additional markers (by doubling and phase-switching)
the two-point LOD score calculation only uses the
information of two loci at a time.

In contrast, CRIMAPCRIMAP uses the more appropriate
formula for the likelihood ratio:

L�theta�=L�0:5�
� ��0:5� thetan�rec� � �1 theta�n�non rec��
� 0:5� �thetan�non rec� � �1 theta�n�rec���=�0:5�n:

This formula is more appropriate because it combines
the probabilities for both possible phases in the calcu-
lation of the L(theta).

If n is large the likelihood ratio calculated by MAP-MAP-

MAKERMAKER is twice that computed by CRIMAPCRIMAP, which
leads to a mapmaker LOD score that is in¯ated by
log10 2 � 0.3.

Fig. 1 Plot of the recovery rates (number of
individuals with allele 1/number of all indi-
viduals tested) for all markers. The recovery

rate is normally distributed (mean �
SD � 0.50 � 0.07).
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To account for the overestimation of the LOD scores
in our approach we could simply increase our LOD
threshold by 0.3 units. However, since the size of the
linkage map of B. terrestris is only around 1000 cM, an
appropriate LOD threshold for the linkage of two
markers in B. terrestris would be 2.5 (see p. 68 in Ott,
1999 for a discussion of LOD thresholds). Therefore,
using a LOD score threshold of 3.0 with our approach
already compensates for this deviation.
Once we have established the phase of a marker we

can simply discard the markers with the ``wrong'' phase
and proceed with a multipoint analysis in the `usual
way' (see Materials and methods).

Testing the phase unknown mapping
procedure ± II

Using our approach with the 395 RAPD marker set of
Apis mellifera (Hunt & Page, 1995) we generated the

same linkage groups and the same order of markers
within the linkage groups as in the original map of Hunt
& Page (1995) where phase was known.

Mapping of the sex determination locus

We screened 499 primers (UBC primers 100±599) in the
bulk segregation analysis of two DNA template mix-
tures of six diploid males and six workers each. Two
markers (237-0.30 and 389-0.36) di�ered between bulks
and also segregated during the screening of six di�erent
individual workers and six diploid males. A consecutive
run on 48 diploid males and 48 workers each revealed
that both markers were linked to the sex locus (237-
0.30 � 16.5 cMM and 389-0.36 � 7.5 cMM). Since the mark-
ers also segregated in the haploid males of the mapping
population, the sex locus could be incorporated into the
linkage map. Only one sex determination locus was
found and it mapped into a single linkage group IX

Fig. 2 Linkage map of B. terrestris based on RAPD markers. Markers are named by their primer designation. The primer
designation is a letter and a number for primers of Operon Technologies, or a number for primers from the University of British

Columbia. The primer name is followed by a dash and the approximate size of the ampli®ed fragment in kilobases. Markers showing
fragment-length polymorphisms are indicated with an ``f'' following the marker name. The position of the sex locus was determined
by comparing the distance between the two markers 389-0.36 (7.5 cM) and 237-0.30 (16.5 cM) and the phenotypic sex in diploid

males and workers, and the distance of these markers in haploid males (24.1 cM). The sex locus must be located between these
markers because 16.5 cM and 7.5 cM (the distance between the sex determination locus and the markers) sum to 24.0 cM.
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(Fig. 2), together with ®ve other markers (three addi-
tional Operon markers which were previously scored for
the haploid males only, see Fig. 2). Only one of these
three Operon markers (Z7-4.0) could also be mapped in
the diploid workers and males. The other two Operon
markers could not be scored in diploid individuals
because the mate of the queen had the present allele.
Note, that RAPD markers are generally dominant
markers so that in diploid individuals heterozygotes of
the allelic type present/absent cannot be distinguished
from homozygotes of the type present/present. The most
likely position of the sex locus is given in Fig. 2. The
distances between the ¯anking markers (389-0.36 and
237-0.30) of the sex locus in linkage group IX, derived
from the diploid individuals and the haploid mapping
population, were almost identical (24.1 cM vs. 24 cM,
results not shown). However, the distances between the
marker 237-0.30 and Z7-0.49 were quite di�erent in the
haploid and diploid map (10.8 vs. 1.1 cM).

Physical genome size of B. terrestris

Thoracic muscle cells of B. terrestris contained 1.54 times
more DNA than the cells of A. mellifera (N � 50 000
cells, coe�cients of variance (%) for A. mellifera and
B. terrestriswere 2.53 and2.52, respectively). Thephysical
size of the haploid genome of B. terrestris was thus
calculated to be 274 Mb ( � 1.54 ´ 178 Mb).

Discussion

Genome map

Bombus terrestris is the second social insect species for
which a linkage map is now available. The map contains

79 markers and spans over 953.1 cM. The minimal
recombinational size of the B. terrestris genome was
estimated to be 1073 cM. The linkage map of B. terres-
tris is thus signi®cantly smaller than the linkage map of
the closely related honey bee (Apis mellifera) but it is
similar to other hymenopteran species (Fig. 3). On the
other hand, the physical genome of B. terrestris was
estimated to be 274 Mb and is therefore 1.54 times
larger than that of A. mellifera (178 Mb). Therefore,
1 cM in the linkage map of B. terrestris equals on
average 255 kb in physical units. In contrast 1 cM in the
honey bee map equals 50 kb (Hunt & Page, 1995). This
means that on average A. mellifera has an astonishing
®ve times more recombinational events per kb than
B. terrestris (see also Fig. 3). This is especially interest-
ing because A. mellifera belongs to the same family,
Apidae, as B. terrestris but has one of the highest
recombination frequencies ever reported for higher
eukaryotes (Hunt & Page, 1995). We now can exclude
several structural explanations like haplo-diploidy or
small chromosomes for this high recombination fre-
quency in A. mellifera, as originally proposed by Hunt &
Page (1995), because both A. mellifera and B. terrestris
have a single-locus CSD system and both have small
chromosomes (Hoshiba et al., 1995). We can also
exclude that the evolution of sociality favours an
increase in recombination frequency per se because
B. terrestris is eusocial as well. Rather, it appears more
likely that `external', ecological reasons have driven
the evolution of high recombination frequencies in
A. mellifera. For example, the high recombination
frequency of A. mellifera could be associated with the
more complex and elaborated system of division of
labour in A. mellifera (Page & Robinson, 1991) or with
high parasite loads in this species (Otto & Michalakis,

Fig. 3 Comparison of relative map sizes
between Apis mellifera, Bombus terrestris,
and three parasitic Hymenoptera (Bracon

hebetor, Antolin et al., 1996; Trichogramma
brassicae, Laurent et al., 1998; Nasonia spp.,
Gadau et al., 1999). Dashed lines are the

95% con®dence limits of the regression line.
It is very obvious that A. mellifera has a
signi®cantly higher recombination frequency

than all other hymenopteran species for
which linkage maps have been published.
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1998; Schmid-Hempel, 1998). Division of labour is
thought to pro®t from an increased recombination
because it increases the genotypic and presumably
phenotypic diversity among workers within a colony
for multigenic traits, assuming that these variable genes
are linked together on chromosomes. This could lead to
a more stable division of labour. If division of labour is
a determinant of the high recombination frequency in
A. mellifera, we would expect that closely related species
like A. dorsata and very distantly related eusocial
hymenopteran species with a very similar type of
division of labour like the leaf cutter ants (e.g. species
from the genus Acromyrmex) should have equally high
recombination frequencies. To evaluate this hypothesis
we are currently working on linkage maps for Acromyr-
mex echinatior. Alternatively, parasites and pathogens
can theoretically produce an increase in recombination
(Peters & Lively, 1999). An increase of recombination
would produce a genetically more diverse worker force
and might so hamper the colonization of a whole colony
by a single pathogen or parasite genotype.

Mapping of the sex locus

The bulk segregation analysis of diploid workers
and diploid males was a quick and e�cient way to
®nd molecular markers linked with the sex locus in
B. terrestris. Since the diploid individuals were produced
by the same female (queen) as the haploid mapping
population we could directly incorporate the molecular
markers linked with the sex locus into the linkage map
of B. terrestris.
Our results (Fig. 2) support a single-locus sex deter-

mination mechanism in B. terrestris. (Duchateau et al.,
1994), and makes a two-locus sex determination system
as proposed for B. atratus, a neotropical bumblebee
(Garofalo, 1973) unlikely. Alternatively, it is possible
that in B. atratus di�erent selection pressures like high
inbreeding frequencies might have favoured the evolu-
tion of a multilocus CSD system, but to our knowledge
nothing is known about inbreeding frequencies in this
species.
However, we cannot exclude the possibility of addi-

tional QTL (quantitative trait loci) in¯uencing the sex
determination in B. terrestris, as shown by Holloway
et al. (2000) for a Bracon sp. near hebetor, because we
have not done a QTL analysis of the sex determination
of the diploid individuals Ð workers and diploid males
Ð for all markers. However, both, breeding studies and
the molecular data now are consistent with a single-
locus CSD mechanism for B. terrestris.
The distance between the sex locus and the closest

marker of our linkage map is 7.5 cM, i.e. approximately
1.9 Mb in physical units. This is prohibitively large for

identifying the gene directly by genome walking, but it
will be the starting point in future studies to search for
markers associated more closely with the sex locus.
Clearly, a knowledge of the genomic map, including the
sex locus, in B. terrestris has a variety of exciting
applications, from the possibility of characterizing sex
genes to studies of selection and maintenance of allelic
diversity at the population level.
A linkage map of B. terrestris containing 79 markers

and which is produced by a newly designed phase
unknown mapping procedure is su�cient to map a
single-locus trait Ð here the sex determination locus Ð
by using a bulk segregation approach. This result is
promising for future projects in B. terrestris, including
mapping of quantitative traits like disease resistance or
behaviour. In general this new mapping approach
combined with highly variable anonymous molecular
markers (AFLP, RAPD, etc.) opens a new avenue
towards a fast and e�cient mapping of a non-model
organism which can not be bred in the laboratory, as is
the case for most social Hymenoptera.
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