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Abstract — The estimation of breeding value for the honey bee is markedly more difficult than for other
agricultural animals as colony traits in honey bees are the expression of the combined activities of the queen
and workers. Recent studies have shown strong negative genetic correlations between the contributions of
both queens and workers to economically important traits (e.g. honey production). The most advantageous
method currently available for evaluating breeding values in other animals, the Best Linear Unbiased Predic-
tion (BLUP)-Animal Model, has been adapted to the peculiarities of honey bee genetics and reproduction.
This method considers maternal (queen) effects using all available records of relatives and weights these so
as to obtain the most accurate prediction of the genotype. It simultaneously considers environmental effects,
genetic merit of mates and contemporarily tested colonies, and estimates the breeding values for queen and

worker effects on colony traits for each queen.

Apis mellifera | breeding value / genetic response / honey production / maternal effects /

BLUP-Animal Model

1. INTRODUCTION

Several distinctive genetic and reproduc-
tive peculiarities in the honey bee make the
breeding of this species difficult. While sev-
eral complex breeding strategies have been de-
veloped which take these peculiarities into ac-
count (Crow and Roberts, 1950; Mackensen
and Nye, 1966; Ruttner, 1968; Boger, 1969;
Cale and Rothenbuhler, 1975; Rinderer, 1977,
Page and Laidlaw, 1982; Milne, 1985; Oldroyd
et al., 1985; Kulincevic, 1986; Moritz, 1986;
Szabo and Lefkowitch, 1987; Bienefeld, 1994;
Harbo, 1996), the breeding evaluation of the
honey bee is not as advanced as in other agri-
cultural species (Willam, 1991). Most traits are
determined by both the animal’s genes and the
environment in which it is kept, but the breed-
ing value is solely determined by its genes.
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The environmental effect on the animal is cor-
rected for as effectively as possible by com-
paring the measurements of the animal and its
relatives (animals with partly the same genes)
in different locations and years to the mea-
surements of other (unrelated) animals. Since
only genes and not environmental influences
are passed on to the next generation, genetic
evaluation is essential for every breeding pro-
gramme. An animal can have as many breed-
ing values as there are traits to be measured.

To estimate the breeding value using mea-
surements of related animals, an accurate esti-
mate of the genetic relatedness (degree of ge-
netic conformity) between the informants and
the animal in question is necessary. This is
less complex in other species (0.5 between full
sibs, 0.25 for half sibs and 0.5 between parent
and offspring, etc.), but due to the honey bee
queen’s multiple mating habits and the exis-
tence of haploid males, calculations are much
more complex. Within a single colony, the
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genetic relationship can vary between 0.25 and
(without inbreeding) 0.75 (Crow and Roberts,
1950; Polhemus et al., 1950; Laidlaw and
Page, 1984).

However, the main methodological prob-
lem is that the colony’s performance and be-
haviour both result from the interaction be-
tween the queen and worker bees. The workers
collect the nectar and engage in a specific de-
fence behaviour, but the queen also influences
honey production and the colony’s behaviour.
A comparable situation is observable in mam-
mals where the phenotypic expression of ma-
ternally influenced traits in the progeny, such
as birth and weaning weight, are influenced by,
for example, the ability of the dam to provide
enough milk and a suitable environment. Thus,
the dam contributes to the performance of the
progeny in two ways: firstly, through her direct
genetic effects (genes) passed to the progeny
and secondly, through her ability to provide a
suitable environment. In the honey bee, ma-
ternally influenced traits can be defined as
the sum of unknown non-genetic queen in-
fluences, such as the quality and quantity of
eggs produced, pheromone production, etc. on
traits measured in the offspring workers. It is
hardly possible to measure these queen effects
directly in the queens themselves, but only via
the impact on their progeny (colony perfor-
mance or behaviour). Their impact on worker
bees is strictly environmental; however, the
queen’s ability to lay enough eggs of sufficient
size, produce pheromones, etc. is both geneti-
cally and environmentally determined.

Willham (1963) developed a general model
which allows for a separate estimation of
the heritabilities for the direct and maternal
effects and the genetic correlation between
them. The genetic correlations are important
because genes may affect both maternal influ-
ence on and the direct effects of the progeny.
Willham’s approach is based on the measure-
ments of offspring traits (e.g. growth) of dif-
ferently related animals (full sibs, maternal or
paternal half sibs, cousins, etc.) which exhibit
different genetic relations between the mothers
and offspring, allowing a statistical separation
of maternal and direct effects on a trait.

This approach can be adapted to the pe-
culiarities of the honey bee (Chevalet and

Cornuet, 1982). Calculations using a large
data set of performance test results from Apis
mellifera indicated moderate heritabilities for
worker and queen bee influence on various
colony characters, such as honey production,
defence behaviour and calmness during in-
spection (Bienefeld and Pirchner, 1990). How-
ever, in common with results from other agri-
cultural animals (Robinson, 1981), the honey
bee also displayed a clear negative genetic cor-
relation between direct (worker) and mater-
nal (queen) effects on these traits (Bienefeld
and Pirchner, 1990). Lerner (1950) pointed out
that genetic correlations between two char-
acters would eventually become negative if
selection were to be applied to both traits si-
multaneously. Those pleiotropic genes that af-
fect both characters in the desired direction
would be acted upon strongly by selection and
brought towards fixation, whereas pleiotropic
genes that affect one characteristic favourably
and the other adversely would be influenced
much less by selection and would remain at
intermediate frequencies. The negative con-
sequence of the negative correlation between
maternal and direct effects is that it strongly
impedes selection response (Willham, 1963;
Foulley and Lefort, 1978; Roehe and Kennedy,
1993). Hanrahan (1976) derived that if the ra-
ti0 hgirect/Nmaternal (h = square root of the her-
itability) is less than the absolute value of the
negative genetic correlation, then selection re-
sponse will actually run in the direction oppo-
site to that which was intended.

Chevalet and Cornuet (1987) developed
a selection index for one trait and van
Engelsdorf and Otis (2000) developed an in-
dex for several traits for honey bees. Biene-
feld and Pirchner (1991) meanwhile derived
a selection index for several traits which si-
multaneously considers queen and worker ef-
fects. However, the use of selection indices
is becoming less common, as environmental
influences as well as differences in the genetic
levels of the mating partners and the simul-
taneously tested animals in the testing station
can only be insufficiently corrected for.

Best linear unbiased prediction (BLUP) has
become the most widely accepted method for
genetic evaluation of domestic livestock. The
most advanced procedure currently available is
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the BLUP-Animal Model (Henderson, 1988).
Traditional methods of genetic evaluation use
only limited information (own performance
and performance of sisters) and do not include
an adjustment for the level of contemporarily
tested animals or for the merit of the mate of
an animal. In these methods it is assumed that
all mates and all contemporarily tested animals
are a random sample of the population, and
to the extent that this assumption is incorrect,
bias could enter into the evaluation. BLUP is,
in simple terms, a simultaneous evaluation of
animals in which the genetic merit of all rel-
atives plus the animal’s own performance are
used to estimate the animal’s genetic merit.

The objective of this study is to extend the
BLUP-Animal Model for the use of genetic
evaluation in the honeybee.

2. METHOD OF CALCULATION

2.1. The BLUP-Animal Model
methodology considering maternal
effects

If the BLUP-Animal Model methodology
on the biology of honey bees is to be used, the
combined influences of the queen and work-
ers on the characteristics of a colony and the
negative genetic correlation between both ef-
fects have to be considered. Quaas and Pollak
(1981) first developed an approach which
takes the exertion of maternal influence into
account. This was adapted to the genetic pe-
culiarities of the honey bee as follows:

y=Xb+Zlu1 +7Zour + ¢ (1)

where

y = a vector of records/traits of the colonies
(e.g. honey production, defence behaviour),

b = a vector of fixed year/beekeeper/location
effects,

u; = a vector of random worker (direct) effects,
u, = a vector of random queen (maternal) ef-
fects,

e = a vector of random residual effects,

X = a known incidence matrix relating the ob-
servations to the corresponding environment
(year/beekeeper/location),

Z; = aknown incidence matrix relating the ob-
servations to corresponding worker effects,

Z, = aknown incidence matrix relating the ob-
servations to the corresponding queen effects.

Solutions were obtained from the following
mixed model equations:

X'X X'Zy X7,
71X Z/121+A7101 Z/122+A7102
7> X Z/221+A7102 Z/222+A71(l3

b X'y
u | = Z/l y (2)
up Z/zy
where
o2 o2\
(o) - (L) = o
U1 02
with
o-% = additive genetic variance for worker ef-

fects,

a‘% = additive genetic variance for queen ef-
fects,

0'%2 = additive genetic covariance between
worker and queen effects,

0% = residual error variance,

A~! = inverse of the additive genetic relation-
ship matrix.

The matrix which indicates the additive ge-
netic relationship among individuals is called
the numerator relationship matrix A, which is
symmetric, and its diagonal element for ani-
mal i is equal to 1 + F; where F; is the inbreed-
ing coeflicient of animal i (Wright, 1922). The
diagonal elements represent twice the proba-
bility that two gametes taken at random from
animal i will carry identical alleles by descent.
The off-diagonal elements constitute the nu-
merator of the coefficient of relationship be-
tween animals i and j.

However, for solving the mixed model
equations (2), it is not the relationship ma-
trix A which is required, but rather its in-
verse, A~'. Calculation of the inverse of this
matrix becomes cumbersome if the size of
the pedigree increases. Henderson (1976a) and
Dempfle (1989) derived a very efficient algo-
rithm to generate the inverse of the relationship
matrix A directly via the decomposition

Al=M'.D' (M), “4)
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where M~! is a lower triangular matrix with
all 1’s in the diagonal and with the only non-
zero elements of the ith-row being —0.5 for
the columns corresponding to known parents,
while D is a diagonal matrix which is depen-
dent on the pedigree information.

The definition of both matrices will be sub-
sequently adapted to the very specific situation
of pedigree recording in honey bee breeding in
order to maintain the merits and ease of use of
the well-established theory above.

2.2. Adaptation of the BLUP-Animal
Model to the peculiarities of the
honey bee

The principle of our maternal trait model
does not differ from other BLUP-Animal
Models that take maternal effects into account.
The general theory and details of application
of these are fully described by Mrode (1996).
However, one important modification is nec-
essary for the evaluation of honey bees as
the genetic relationships within the honey bee
population are much more complex. Genetic
evaluation using the BLUP model is heavily
dependent on the genetic covariance among in-
dividuals for both higher accuracy and unbi-
ased results.

Genetic relationships and inbreeding in the
honey bee strongly depend on the breeding
scheme and mating system. The mode of cal-
culating the relationship matrix was adapted
to the situation in Germany (this revised for-
mula is also applicable to breeding schemes
in other countries, however). Here, the queens
are mated by drones of known descent in
isolated mating stations (mostly islands) or
by artificial insemination. In the mating sta-
tion, several queens provide the drones. These
drone-producing queens are all daughters of
a single breeding queen. Only this breeding
queen is listed in the pedigree. Polemus et al.
(1950) pointed out that the haploid drone can
be considered as a random sample of identical
gametes from his female parent. Consequently,
the drone-producing queen corresponds to the
sire in ordinary diploid species. Since more
than one queen is used for mating, the pater-
nal descent is a mixture of semen from sis-

ters. Bienefeld et al. (1989) showed that in this
case the average genetic relationship between
two individuals (or “average individuals” in
the case of workers) depends on the weighted
probability descending from the same drone,
from different drones of the same queen or
from different drones of different but related
queens. In regular mating systems, where the
number of drone-producing queens and the de-
gree of their genetic relatedness in the mating
station is similar year after year, these coef-
ficients of relationship can be expressed as a
function of the average number of drones d a
queen mates with and the number of drone-
producing queens ¢ (Bienefeld et al., 1989).
To recapitulate this result, the average related-
ness in full sibs f'S (identical mother mated on
the same mating station), and the correspond-
ing value in half sibs AS (different mother, but
descended from drones from the same mating
station) are defined by

2g+d+qd -1
S(g,d)= —————;
ISed= s

2g +3d +qgd -2
hS (q.d) = — 1 )

Ag+d+3qgd-1)

These estimates are not much affected by
realistic deviations from these assumptions
(Bienefeld et al., 1989). The described mating
scheme has been used in some countries for
several decades, but the procedure of estimat-
ing the average relationship can be adapted to
other honey bee breeding schemes as well.

To address cases in which pedigree infor-
mation is only available on the male side,
Henderson (1976b) developed the father — ma-
ternal grandfather — approach, in which the
same method of calculation is used, but the
corresponding coefficients in M and D have
to be altered. Since in the honey bee there is
clear pedigree information on the female side
(mother, mother of drone-producing queens)
only, this approach initially seems to be more
appropriate. However, if only the mother of
the drone-queens is considered in the pedigree
(and not the drone-producing queens them-
selves), possible genetic relationships result-
ing from their paternal descent are neglected.
This results in an underestimation of genetic
relatedness, and consequently, in a less accu-
rate genetic evaluation.
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To solve this problem, a dummy father
is inserted into the pedigree for each drone-
producing sister group. The maternal descent
of these dummy fathers is the mother of
the drone-producing queens; paternally, they
themselves are also descended from a dummy
father, which has to be newly coded and in-
serted into the pedigree. The advantage of this
method is that complete pedigree information
is now available for every queen and average
worker bee on the paternal side in each gener-
ation as well. Since these newly coded fathers
do not correspond to a normal single individ-
ual, but to a sample of gametes from a related
sibling group, the genetic relationship of the
offspring also differs from the normal breed-
ing situation in other animals

Whereas the female parent-offspring rela-
tionships are identical with other species, the
coefficient characterising the paternal gene
flow needs to be modified. The paternal and
maternal flow of genes also determines the ge-
netic relationship between offspring. A prob-
lem arises in the honey bee in that the trans-
mission of paternal genes results in different
genetic relationships in the offspring depend-
ing on whether two individuals share the same
mother or not. If two individuals have differ-
ent mothers (paternal half sibs), they cannot
share identical paternal genes (that means, de-
scending from the same drone). If two indi-
viduals have the same father and mother, 1/d
(d = average number of drones mated with the
queens) of these offspring share, on average,
100% identical paternal genes.

To solve the problem of different paternal
gene transmission, Bienefeld and Reinhardt
(1995) suggested adjusting for the underesti-
mation of genetic relatedness in full sibs and
the overestimation of genetic relatedness in
paternal half sibs by using correcting factors in
the corresponding off-diagonal elements in D.
However, D then becomes a diagonal-block-
matrix, and the size of the units to be in-
verted are of the order of magnitude of half-
sibling groups. Consequently, this approach is
less suitable for larger data sets.

Much more efficient from a computational
point of view is to keep D as a diagonal matrix
and to parameterise the path coefficient in M
between the dummy father and its offspring in

such a way that it minimises the sum of least
squares deviations of the estimated genetic re-
lationships and their theoretical assumptions
concerning the average relatedness within full-
and half-sibling groups. This procedure gives
an estimation of the average path coefficient p

A 2(fS +hS)—%

9g + 6d +2qd - 5
2Aq+d+3qd—1)

plq,d) =

= -

)

(6)

between a dummy father and its offspring
which is generally unequal to 0.5.

At present an average path paternal coeffi-
cient of p(8,12)=0.367 is used, which is de-
duced from the preliminary fixing of an aver-
age of ¢ = 8 drone-producing queen colonies,
and d = 12 effective drones per mated queen
stemming randomly from these colonies. Fig-
ure 1 demonstrates that the slopes of the re-
latedness functions are very smooth within the
parameter range of interest.

From this concept of a dummy father with
paternal path coefficient p # 0.5 follows, that
other than in the case of mammals, the breed-
ing value u; of an offspring is calculated from
the corresponding values of its parents (s =
sire, d = dam) with Mendelian sampling m; by
means of

u= O.5ud+pus+mi (7)

which gives an additional term in calculating
the variance of the Mendelian sampling,

var (m;) = var (u;) — var (pus) — var (0.5uq)
— 2cov (pus, 0.5uq)
= oo [(1+ F)) - pa,
—-0.25a44 — pasd]
=ol[l-pU+F)
—0.25(1 + Fy) + (1 = 2p) F,-]
whereas ags = 1+ Fg,ay0 = 1+ Fgand ayg =

2F; are elements of the numerator relationship
matrix A.
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The elements of the diagonal matrix D = diag(var(m;)/ 0'5) are then derived by

Pedigree status

Elements of matrix D

neither parent is known 1
either “sire” (s) or
“dam”(d) is known
both parents are known

which yields the classical formula 1-0.25 (1 +
Fy) — 0.25(1 + F,) in the conventional case
where p = 0.5.

3. THE ADVANTAGE OF THE NEW
CONCEPT OF GENETIC
EVALUATION IN THE HONEY
BEE

The prediction of breeding values consti-
tutes an integral part of most breeding pro-
grammes for genetic improvement. Whereas
breeding programmes are very complex in the
honey bee, the standard of genetic evaluation
is not equivalent to its economic and eco-
logical importance. Due to mating behaviour
and highly complicated genetics, there are in-
sufficient modern approaches for this species.
Modern concepts of genetic evaluation cannot
be directly used for the honey bee, because
these concepts do not allow for the species’
peculiarities. However, new developments in

1-p*(1 +Fy)
1-0.25(1 + Fy)
1 - pX(1+F,)—025(1 + Fy) + (1 — 2p)F; 8)

computational methods and increased comput-
ing capacity mean that it is now possible to
apply these methods to honey bees. The rea-
sons why most national breeding evaluation
schemes now use the BLUP-Animal method-
ology are also relevant for the honey bee. In
comparison to the widespread use of devia-
tions from bee yard average or selection index
(Bienefeld and Pirchner, 1991; van Engelsdorf
and Otis, 2000) in honey bee evaluation, the
described approach has two advantages:

3.1. It considers the contribution from
both castes on colony expression

Selection based on a phenotype which
has been insufficiently adjusted for the
environmental effects of the bee yard also ne-
glects the impact of queen and worker ef-
fects on the traits. Particularly in the case of
negative correlation between maternal and di-
rect effects, which is shown to exist in many
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species (Robinson, 1981), including the honey
bee (Bienefeld and Pirchner, 1990), selection
response is significantly reduced. A negative
correlation between maternal and direct effects
impedes selection response because it reduces
the phenotypic variation and tends to keep
the population at a particular value (Willham,
1963). Roehe and Kennedy (1993) demon-
strated in a simulation analysis that selection
response was reduced by up to 77% compared
with the scenario in which maternal and direct
effects were genetically independent.

3.2. It considers genetic relatedness
among colonies in order to facilitate
genetic comparisons within the
whole population

The particularity of the (queen and worker)
composed colony’s character is not the only
factor which is usually neglected. In most
countries, selection in the honey bee is only
based on environmentally adjusted phenotypic
records. Usually, records are expressed as de-
viations from the bee yard average so that
the influence of environment and beekeeping
management can be removed. This seems to
facilitate a fair comparison between queens
from different bee yards/regions. One prob-
lem with deviations from bee yard average
arises from the small size of the bee yards
in which most colonies are kept. An average
based on a few records is less reliable than one
from a large number of colonies. More seri-
ous, however, is the ignoring of genetic dif-
ferences among bee yards. As in individual
records, these averages are influenced by the
environment and the genotypes of the colonies
involved. Consequently, deviations cannot be
compared across bee yards or regions. Even
a negative deviation in a bee yard with a su-
perior genetic level may imitate a much more
suitable genotype than a colony with a high
positive deviation estimated in a poor genetic
background. Modern methods of genetic eval-
uation, especially the BLUP-Animal model,
provide for comparison across bee yards and
regions. The evaluation makes use of “genetic
links” created through cross-regional use of fa-
ther colonies and through the distribution and
testing of sister colonies at different testing

stations. Since the BLUP-Animal Model ap-
proach considers the performances of the ani-
mal itself, all its relatives and the genetic val-
ues of the other colonies tested in each bee
yard (genetic background), its estimates pro-
vide a much more reliable selection tool across
the population. However, its exact relative ef-
ficiency depends on the genetic interlinking
within the population.

To summarise, the following advantages of
the BLUP-Animal Model methodology can be
achieved by replacing traditional methods of
breeding evaluation:

e It uses information available on all the rel-
atives, optimally weighted depending on
the genetic distance from the actual indi-
vidual.

e It weights the information depending on
its accuracy of comparison (size of testing
station).

o It accounts for the selective use of animals
by adjusting for the genetic merit of their
mates.

e It accounts for the genetic competition be-
tween animals within a testing station.

e It corrects for culling as it occurs over
time.

e [t continually updates the breeding value
as more information becomes available.

e [t simultaneously corrects for all known
environmental effects and for possible ge-
netic differences between testing locations.

The above-described approach has been
used in Germany since 1994 for estimation of
breeding values in the honey bee. We found
a selection response for honey production of
0.04% per year before initiating genetic eval-
uation (based on 37220 records). Since the
BLUP-Animal model has been used for ge-
netic evaluation, the increase (29 214 records)
was estimated as 0.54% per year, or 13-fold
higher. The selection response for the trait de-
fensive behaviour increased from 0.03% (be-
fore) to 0.62% (since genetic evaluation) per
year (Bienefeld, 2005). The BLUP-Animal
Model represents a state-of-the-art method-
ology for the genetic evaluation of all other
agricultural species (Mrode, 1996). The de-
scribed modification of this approach permits
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the successful application of this most ad-
vanced technique to the honey bee as well.
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Evaluation de la valeur génétique de 1’Abeille
domestique du point de vue des effets de la reine
et des ouvrieres — une approche par le modele
animal BLUP.

Apis mellifera [ valeur génétique / consanguinité /
effet maternel / production de miel / modele ani-
mal BLUP

Zusammenfassung — Zuchtwertschitzung bei
der Honigbiene unter Beriicksichtigung von
Koniginnen- und Arbeiterinneneffekten — Ein
BLUP-Animal-Model-Ansatz. Die  Zuchtwert-
schitzung ist bei der Honigbiene aus mehreren
Griinden schwieriger als bei anderen landwirt-
schaftlichen Nutztieren. Volkseigenschaften sind
bei der Honigbiene Ausdruck der gemeinsamen
Aktivititen der Konigin und der Arbeiterinnen.
Neuere Untersuchungen zeigten zudem noch
eine negative genetische Korrelation zwischen
den beiden Kasteneinfliissen bei Honigleistung
und Verhalten der Volker. Dies muss bei der
Selektion beriicksichtigt werden, um den gene-
tischen Fortschritt zu optimieren. Um das zu
bewerkstelligen, wurde das aktuellste in der
Tierzucht verwendete Zuchtwertschitzverfahren
(BLUP-Animal Model) an die Besonderheiten
der Honigbiene angepasst. Bei diesem Ansatz
werden der genetische Einfluss der Konigin und der
Arbeitsbienen auf die Volkseigenschaften simultan
beriicksichtigt und zur Berechnung des jeweiligen
Zuchtwertes alle Priifabschliisse von verwandten
Volkern verwendet, gewichtet mit dem genetischen
Verwandtschaftsgrad zum jeweiligen Probanden.
Ein wesentlicher Aspekt der Anpassung des Zucht-
wertschidtzkonzeptes an die Gegebenheiten der
Honigbiene ist die Entwicklung einer veranderten
Routine zur Berechnung der Verwandtschafts-
matrix, die zur genetische Verkniipfung aller
Individuen (Koniginnen und Durchschnittsar-
beitsbienen) innerhalb der gesamten Population
im Schidtzmodell benétigt wird. Hierdurch wird
jedes Volk als Informant fiir verwandte Volker
genutzt und profitiert von allen Priifergebnissen
verwandter Volker bei der Berechnung seines
Zuchtwertes. Dariiber hinaus beriicksichtigt die

vorgeschlagene Methode simultan die quantifizier-
baren Umweltfaktoren, das genetische Niveau der
Anpaarungspartner und das der Vergleichstiere auf
den Priifstinden. Dies ermdglicht eine sehr prizise
und iiberregionale Bewertung des genetischen
Potentials von Koniginnen, die bei den bisher
verwendeten Ausleseverfahren nicht moglich war.

Bienenzucht / Zuchtwertschitzung / Inzucht /
Maternale Effekte / Genetischer Fortschritt /
Apis mellifera
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