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Abstract — Performance testing in honeybees relies on comparing colony traits of commercial inter-
estin a 1- or 2-year test period. Groups of sister colonies are tested to determine breeding values and
the procedure is gravely distorted if unrelated queens are included in the sister groups. Maternity was
verified in nine sister queen groups from a routine performance test. Individual workers (n = 40)
were taken from 36 queenright colonies and genotyped using four DNA microsatellites. Queen geno-
types were derived from the worker offspring. The consistency of maternity of the sister queen
groups was evaluated using the number of alleles per locus and the putative mother queen geno-
types. One group unambiguously included non-sister queens. In our tested population, the probabil-
ity of not detecting unrelated queens ranged from < 0.001 up to 0.005 depending on the putative
mother queen genotype. In light of the high costs and labour of testing colony traits, we recommend
including maternity testing into the routine procedure of honeybee performance testing.
© Inra/DIB/AGIB/Elsevier, Paris
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1. INTRODUCTION pedigree information of the queens is essen-
tial for selection and evaluation of breed-

Performance testing and selective hon-  ing values at the level of the colony pheno-
eybee breeding is based on comparing  type. The groups of colonies with sister
groups of colonies with sister queens. The  queens are usually evaluated at performance
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apiaries over a period of 2 years. For exam-
ple in the testing procedure of the Bavarian
Institute for Bee Breeding, bee breeders pro-
vide groups of ten sister queens which are
introduced into standardized test colonies.
Various colony traits such as levels of infes-
tation with parasites or honey yields are
evaluated over the testing period. However,
the evaluation of the performance data is
meaningless if ‘sister queen’ groups are not
composed of sister queens. Errors may be
due to mistakes in queen-rearing manage-
ment on the part of the bee breeder or during
the introduction of the queens.

Advances in honeybee DNA microsatel-
lite technology [3, 4] allow one to confirm
the maternity of sister queen groups in hon-
eybee performance testing. Since the
queens’ genotypes can be derived from their
worker offspring, the breeding lines of the
sister groups can be verified without sacri-
ficing the queens. Only the two maternal
alleles need to be confirmed for each locus.
Therefore, only small samples are needed
which can be taken and analysed easily at
low cost. Thus, the integrity of breeding
lines and performance groups can be eval-
uated precisely without interfering with
colony performance and routine operating
conditions at the apiary.

In this study we use DNA microsatellites
to: 1) genotype worker offspring of the
tested queens, 2) derive the queen genotypes
from her offspring, and 3) identify test
groups which are composed of non-sister
queens.

2. MATERIALS AND METHODS
2.1. Sampling and genotyping

Thirty-six queenright honeybee colonies of
nine test groups were performance tested at the
apiary Schwarzenau (Germany) in June 1995
[1]. For each colony, DNA was phenol extracted
from at least 40 individual workers [8]. Individ-
uals were genotyped using four DNA microsatel-
lite loci (A43, A76, A107, B124) standard pro-
tocols of Estoup et al. [3, 4]. The genotypes of the

queens and of the drones were determined from
the genotypes of the worker oftspring. 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.

We used two different approaches to test the
integrity of the sister queen groups. Since hon-
eybee queens mate with many males (4, 7], each
tested queen might potentially belong to another
patriline of the maternal colony. Therefore, the
maximum number of paternal alleles in a group
of honeybee sister queens must be assumed to
be equal to the number of queens. The maximum
number of maternal alleles is two in case of het-
erozygosity of the mother queen. Hence, the pedi-
gree information of the tested queen groups can
be investigated by simply counting the number of
alleles at each microsatellite locus and taking
into account homozygous genotypes. Non-sis-
ter queens are unequivocally included in a group
of n individuals if:

1) more than two different homozygous geno-
types can be found;

2) the number of alleles exceeds n if two dif-
ferent homozygous genotypes are present in the
group;

3) the number of alleles exceeds n + 1 if one
homozygous genotype is present in the group;

4) the number of alleles exceeds n + 2 if no
homozygous genotype is present in the group.

However, some groups may be composed of
queen genotypes with less than n, n + 1 or
n + 2 alleles and nevertheless include non-sis-
ter queens owing to a potential low discrimina-
tory power of the microsatellites employed for the
analysis. Therefore, it is also important to eval-
uate the individual genotypes of all tested queens.
Since daughters inherit only one out of two
maternal alleles at each locus from their mother,
all queens within the tested groups must share
at least one (in the case of homozygosity of the
mother queen) or one out of two (in the case of
heterozygosity of the mother queen) alleles at
each locus. These shared alleles among the geno-
types of the tested queens represent the putative
mother queen genotype of each tested group.
Each homozygous genotype determines one puta-
tive maternal allele. If queens in a tested group
did not share these putative mother queen alleles
at each locus, the group unequivocally included
non-sister queens. If a group were composed of
matching queen genotypes, it was assumed to
consist of sister queens thus allowing for second
order errors.
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2.2, Error analysis

As in any test system, first and second order
errors may occur. First order errors (identification
of an unrelated queen although it was a sister)
may stem from mutational events. Second order
errors (non-detection of an unrelated queen) result
from unrelated queens sharing at least one of the
maternal alleles of the sister queens. Second order
errors depend on the discrimination power of the
analysis which is determined by the maternal
allele frequencies of each of the tested microsatel-
lite loci. The mother of the sister queen group
has two alleles m, and m, at a given marker locus.
Since we can estimate the maternal allele fre-
quencies, f, , and f, ,, in the population from the
worker sample, we can calculate the probability
of sampling the two alleles in unrelated queens.
This is the combined probability that the unre-
lated queens carry at least one allele of the mother
queen. Given the population is in Hardy-Wein-
berg equilibrium, the probability of finding an
identical allele in an unrelated queen, here termed
the non-detection error, ¢, for any given locus,
l,1s

&= (U =fu Mot + A = oo o + /o
=f  +f, 0]

where ¢, = non-detection at locus /, f, | = fre-
quency of first maternal allele, and f, , = fre-
quency of second maternal allele.

If we increase the number of non-linked

marker loci the total non-detection error E
becomes smaller and is the product of all e:

n
R=[]e, 2
=1

where £ = total non-detection error, ¢, = non-
detection at locus [, and » = number of loci.

Figure 1. The non-
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3. RESULTS

A total number of 1 408 workers was
genotyped and assigned to patrilines. The
derived queen genotypes of the tested breed-
ing lines are shown in fable I. One of the
tested breeding line groups shows more than
n + 2 queen alleles at two loci (A76 and
A107, table II) and was identified as con-
sisting of unrelated queens. The allele fre-
quencies of the tested honeybee population
are derived from the allele frequencies of
the sexual reproductives in the population
(table III). The non-detection error E of
unrelated queens ranged from < 0.001 to
0.005 for our tested sister queen groups
(table 1V), depending on the putative geno-
type of the mother queen (figure 1).

4. DISCUSSION

Our results clearly show that DNA
microsatellite analyses are feasible to reli-
ably detect unrelated queens. One of the
tested groups included non-sister queens.
This shows that mistakes in queen-rearing
management have occurred either during
grafting or before shipping. Moreover, bee
breeders may be tempted to compensate for
queen losses with unrelated queens to
achieve the complete test group of ten
queens. We feel that one can safely exclude
mutational events as a possible explanation
for non-matching genotypes because muta-

non-detection error E

detection error of unre-
lated queens for the
tested breeding lines as
a function of the number
of DNA microsatellite
loci used. Breeding line
B is not shown because
the group was identified

as consisting of non-sis-

A .
D Breeding
F lines

ter queens. With four

loci E 1s 0.005 % smaller
for all other tested
groups.

A76

A107

Loci included



508 P. Neumann et al.

Table 1. Putative genotypes of the queens derived from offspring workers (four microsatellite loci,
length in base pairs, putative mother queen alleles are in bold, non-matching queen genotypes are
framed).

Sister Locus Sister Locus
group group
Queens A76 Al07 BI24 A43 Queens A76 Al107 Bi24 A43
A 1 265 163 214 127 F 1 251 171 214 127
287 165 216 140 261 176 214 140
2 287 159 214 127 2 261 165 218 140
313 176 216 140 271 177 222 140
3 287 165 214 127 3 269 165 214 127
343 168 214 140 313 167 214 140
4 271 165 214 127 4 287 159 214 127
313 167 214 140 313 176 216 140
B 1 251 162 214 127 G 1 251 158 214 127
267 174 | 214 140 287 163 214 140
2 251 167 214 140 2 251 158 214 127
295 171 216 140 313 164 218 127
3 305 166 214 140 3 251 160 214 127
313 176 216 142 305 160 222 140
4 239 160 214 127 4 251 160 214 127
283 177 216 140 265 168 222 140
C 1 257 165 214 127 H 1 209 170 214 127
267 171 214 140 277 172 216 140
2 299 167 218 127 2 209 172 216 127
299 171 222 140 277 174 216 140
3 267 160 214 127 3 209 162 212 126
267 170 222 140 283 172 216 140
4 267 170 214 140 4 209 172 214 127
283 176 216 140 - 283 174 216 140
D 1 267 160 212 127 I | 251 158 214 127
343 160 214 140 287 163 218 140
2 209 160 214 127 2 259 170 214 127
271 168 224 140 283 176 216 140
3 209 162 214 140 3 277 158 214 127
343 172 222 140 283 176 216 140
4 209 162 214 127 4 251 170 214 127
271 162 216 140 259 172 218 140
E 1 299 168 214 127
313 174 216 127
2 251 168 216 126
313 172 218 140
3 239 158 214 127
299 162 216 140
4 243 158 214 126

251 160 216 140




Maternity testing in honeybcees 509

Table II. Number of queen alleles per locus for
cach tested sister group. Sister group B (bold)
shows more than n + 2 (n = number of tested
queens per group = 4) alleles at two loci (A76
and A107).

Table II1. Allele frequencies for the tested hon-
eybee population (size in base pairs). Only iden-
tificd sexual reproductives (queens and drones)
are considered.

Locus Locus
Sister  Locus AT76 A107
group  A76 A107  Bl124 A43 Allele n=743 Allele n=753
A 5 6 2 2 209 0.016 141 0.007
B 7 8 2 3 231 0.04 158 0.085
C 4 5 4 2 233 0.013 159 0.025
D 4 4 5 2 239 0.015 160 0.114
E 5 6 3 3 243 0.067 162 0.066
F 6 6 4 2 249 0.018 163 0.033
G 5 6 3 2 251 0.073 164 0.056
H 3 4 3 3 255 0.021 165 0.02
I 5 5 3 2 259 0.05 166 0.066
261 0.044 167 0.039
265 0.077 168 0.076
267 0.051 169 0.009
tions must have simultaneously occurred at 271 0.081 170 0.068
two loci. This seems very unlikely in light of 277 0.028 7 0.045
. . 279 0.011 172 0.064
the low mutation rates (< 6.73 x 10) found 281 0011 173 0015
for the four DNA microsatellite loci used ;g3 0.047 174 0.021
in this study [6]. For our sample, null alleles  »g7 0.047 175 0.042
can be excluded as another potential error 289 0.003 176 0.076
source because not more than two homozy- 291 0.015 177 0.053
gous worker genotypes per colony were 295 0.022 181 0.012
detected at each locus. The probability of 299 0.059 183 0.007
detecting unrelated queens strongly depends 305 0.031 189 0.003
upon the allele frequencies of the breeding 3 0.02
: : 313 0.073
population. The non-detection error [2] is 5 0.007
large if the maternal queen genotype is com- 337 0.004
prised of very common alleles. In our test 343 0.037
population unrelated queens cannot be 353 0.026
detected with £ ranging from < 0.001 up to
0.005, depending on the genotype of the  Locus Locus
mother queen of each sister queen group. B 124 A43
This shows the high reliability of our  Allcle n="7139 Allele n="715
approach.
212 0.022 124 0.001
The large sample size in the current study 24 0.507 126 0.098
is associated with undesirable high costs 216 0.242 127 0.386
which seem to render this method less suit- 218 0.1 139 0.015
able for the routine control of commercial 220 0.056 140 0.443
breeding lines. A different sampling regime, 222 0.031 141 0.007
however, can overcome these problems. One 224 0.009 142 0.01
e s N - 228 0.008 146 0.039
possibility is to sacrifice the queens after 230 0.016
the testing period to determine their geno- 535 0.001
type directly. Alternatively, the queens’ geno- 534 0.007

types can also be determined by analysing
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Table I'V. Random probability of sharing puta-
tive maternal alleles by unrelated queens for each
sister group and each locus (e, = non-detection
error for each locus, E = overall non-detection
error using all four microsatellites).

Sister e; E
group
A76  Al107 Bl24  A43

A 0.120 0.096 0.507 0.541 0.003
C 0.110 0.113 0.538 0.541 0.004
D 0.118 0.180 0.507 0.443  0.005
E 0.132 0.161 0.242 0.541 0.003
F 0.117 0.096 0.607 0.443  0.003
G 0.073 0.199 0.507 0.386 0.003
H 0.016 0.085 0.242 0.443 <0.001
I 0.120 0.153 0.507 0.541  0.005

their drone offspring. Adult drones are not
suitable for such an analysis as a result of
the high amount of drifting drones between
colonies (up to 80 %) [5] and, therefore,
brood samples should be taken. Since eggs
are difficult to collect from the cells and
young larvae may require additional puri-
fying steps during DNA processing (unpub-
lished data), we suggest using a sample of
drone pupae. The genotype of the queen can
be reliably determined by genotyping ten
drone pupae to determine potential het-
erozygosity at the marker locus with suffi-
cient precision. Because worker-produced
drones are eliminated through policing [9,
10] the genotype of the queen is determined
accurately without sacrificing the queen. In
the light of ongoing cost reductions and fur-
ther automation of DNA technology, the
genotyping of queens may establish itself
as a routine screening of honeybee breed-
ing lines. Already the cost of labour inten-
sive performance testing of honeybee
colonies over 1 or 2 years far exceeds that of
the costs involved in our study. Therefore,
we strongly recommend that the sister
groups delivered to the testing apiaries
should be examined to ensure that the test-
ing reflects the actual genetic values of
breeding lines rather than random effects.
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Résumé — Utilisation de microsatellites
d’ADN pour analyser la maternité chez
les abeilles (Apis mellifera L.). Le test des
performances et I’élevage sélectif des
abeilles repose sur la comparaison de
groupes de colonies ayant des reines sceurs,
mais la présence dans les ruchers expéri-
mentaux de reines non apparentées peut
réduire a néant la valeur de 1’expérience,
qui est coliteuse en travail et en argent. Il
semble donc utile de vérifier la lignée d’éle-
vage des reines avant d’entamer le proto-
cole de test. Au rucher de Schwarzenau on
a effectué des analyses de maternité sur
36 colonies réparties en neuf groupes afin de
déceler la présence de reines non sceurs. Des
ouvrieres (n = 40) ont été prélevées indivi-
duellement dans ces colonies, qui ont subi
les tests de performance et dont on a déter-
miné le génotype a I’aide de quatre micro-
satellites d’ADN. Le génotype des reines a
été déterminé a partir de celui des ouvrieres
(tableau I). L’ uniformité des groupes tes-
tés a été évaluée par le nombre d’alleles par
locus et le nombre de génotypes de reines
homozygotes (tableaux I et II). Un groupe
de n individus renferme clairement des
reines non sceurs s’il présente 1) plus de deux
génotypes homozygotes, ii) plus de n alleles
par locus, en ayant deux génotypes homo-
zygotes, iii) plus de n + | alleles par locus,
en ayant un génotype homozygote, iv) plus
de n + 2 alleles par locus sans avoir de géno-
type homozygote. Pourtant des groupes peu-
vent étre composés de génotypes de reines
avec moins de n, n + 1 ou n + 2 alleles et
renfermer néanmoins des reines non sceurs ;
aussi a-t-on estimé les génotypes putatifs
des reines meres et vérifié le génotype de
toutes les reines testées. Toutes les reines
sceurs doivent partager un alléle (si la mere
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est homozygote) ou I’'un des deux alleles (si
Ia mere est hétérozygote) a chaque locus.
L’un des groupes (lignée B, tableau II) a
présenté plus de six alléles a deux locus
(A76 et A107). La probabilité de ne pas
découvrir des reines non sceurs a été éva-
luée par les fréquences alléliques des reines
et des males de la population d’abeilles tes-
tée (tableau III). Elle était comprise entre
0,001 et 0,005 selon le génotype de la reine
mere (tableau 1V, figure 1). Ceci montre
que les microsatellites d’ ADN sont capables
de découvrir avec une grande probabilité
des reines non sceurs. Tester les caracteres
des colonies implique des dépenses élevées
et un gros travail. En conséquence nous
recommandons d’intégrer en routine les ana-
lyses de maternité dans les tests de perfor-
mances des colonies. © Inra/DIB/AGIB/
Elsevier, Paris

Apis mellifera [ microsatellite ADN / test
de performances / élevage de reines / test
de maternité / reine sceur

Zusammenfassung — Mutterschaftsana-
lysen bei Honigbienen mit Hilfe von DNA
Mikrosatelliten (Apis mellifera L.). In der
Leistungspriifung von Bienenvélkern wer-
den Geschwistergruppen getestet. Die Anlie-
ferung unverwandter Kéniginnen an die
Priifh6fe kann die Aussagekraft der arbeits-
und kostenintensiven Priifung vollig
zunichte machen. Es erscheint daher hilf-
reich, vor Beginn der Testperiode die Priif-
koniginnen auf ihre Zuchtlinie zu iiberprii-
fen. Am Priithof Schwarzenau (Bayern)
wurden Mutterschaftsanalysen bei neun
Gruppen von Geschwisterkoniginnen durch-
gefiihrt, um unverwandte Koniginnen zu
entdecken. Individuelle Arbeiterinnen (n = 40)
wurden aus 36 weiselrichtigen Volkern ent-
nommen, die der Leistungspriifung unter-
zogen wurden, und mit Hilfe von vier DNA
Mikrosatelliten genotypisiert. Die Genoty-
pen der Kéniginnen wurden mit Hilfe der
Arbeiterinnen ermittelt (Tabelle I). Die Inte-
gritit der Priifgruppen wurde mit Hilfe der

Anzahl an Mikrosatelliten- Allelen je Locus
und der Anzahl an homozygoten Konigin-
nengenotypen bestimmt (Tabelle I, II).
Unverwandte Koniginnen sind definitiv in
einer Gruppe aus n Geschwisterkoniginnen
enthalten wenn: 1. Eine Gruppe mehr als
zwei verschiedene homozygote Genotypen
aufweist. 2. Eine Gruppe mit zwei ver-
schiedenen homozygoten Genotypen mehr
als n Allele je Locus aufweist. 3. Eine Gruppe
mit einem homozygoten Genotyp mehr als
n + 1 Allele je Locus aufweist. 4. Eine
Gruppe ohne homozygoten Genotyp mehr
als n + 2 Allele je Locus aufweist. Da jedoch
auch Gruppen mit weniger Allelen unver-
wandte Koniginnen enthalten kénnen, wur-
den die putativen Genotypen der Mutterko-
niginnen bestimmt und die Genotypen aller
getesteten Koniginnen iliberpriift. Alle
Geschwister miissen ein Allel (bei Homo-
zygotie der Mutter) oder ein von zwei Alle-
len (bei Heterozygotie der Mutter) teilen.
Eine der Priifgruppen (Zuchtlinie B, Tabelle
2) wies mehr als 6 Allele an zwei Loci auf
(A76 und A107). Die Wahrscheinlichkeit,
unverwandte Koniginnen nicht zu entdecken,
wurde mit Hilfe der Allelfrequenzen von
Koniginnen und Drohnen der getesteten
Honigbienenpopulation (Tabelle 3) abge-
schiitzt (s. Formeln 1 und 2) und reichte von
E =<0,001 bis zu E = 0,005, abhingig vom
jeweiligen Genotyp der Mutterkdnigin
(Tabelle 4, Abbildung I). Dies zeigt, daf
DNA Mikrosatelliten in der Lage sind,
unverwandte Koniginnen mit hoher Wahr-
scheinlichkeit zu entdecken. In Anbetracht
der hohen Kosten und arbeitsintensiven
Uberpriifung der Leistungsmerkmale emp-
fehlen wir daher Mutterschaftsanalysen rou-
tinemafig in die Leistungspriifung zu inte-
grieren. © Inra/DIB/AGIB/Elsevier, Paris

Apis mellifera | DNA Mikrosatelliten /
Honigbiene / Kéniginnenzucht / Mutter-
schaftsanalyse / Geschwisterkonigin
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