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Summary

The purpose of this paper was to get an orientation estimate of the genetic improvement that
can be achieved applying genomics in honey bees. Firstly we simulated a common breeding
programme that was supplemented by genomic preselection of queens before phenotyping of
their colonies and preselection of drone-producing queens. We found additional annual
genetic improvement up to 20%. Secondly we designed a programme that exploited the
possible fast generation turnover of queens. We found a 2¼ fold genetic improvement as
compared to the common programme. Although the simulations are approximate,
implementation of genomics looks promising, especially for programmes with structures that
differ considerably from current practice.
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Introduction

Since a decade breeding programmes in farm animals involve genomics, which usually means
that breeding values are estimated by combining phenotypic and genomic information. For
genomic selection a reference population is required to relate genotypes to phenotypes. In
Germany, such a reference population is currently being set up in honey bees (Bienefeld,
2015). In a simulation study, Gupta et al. (2015) estimated the accuracy of the estimated
breeding value (EBV) of a virgin queen based upon the phenotype of the colony from which
it was reared, and also when the queen was additionally genotyped. For a heritability of 0.25
for the aggregate selection criterion, they found accuracies of 0.35 without genomics, and
0.45 with genomics. However, to the best of our knowledge, response to genomic selection in
honey bees has not yet been investigated.

The purpose of this paper was to explore the potential of genomics for enhanced genetic
improvement in honey bees. To do this we studied two options. The first option was to
supplement a common breeding programme with genomic preselection of queens. In such a
breeding programme the generation interval is 2 years for dams and 3 years for sires. In
principle, however, it is possible to produce four dam generations per annum. As a second
option, therefore, we designed a breeding programme that exploited this possibility, leading to
far shorter generation intervals.
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Methods

The common breeding programme
The design of the common breeding programme is illustrated by Figure 1. Annually test
colonies are set up. In such a colony, the workers (20,000 say) descend from the queen that

heads the colony. The queen hass been fertilized by a
multitude of drones at an isolated mating station or by
instrumental insemination. These drones descend from a
group of drone-producing queens. This group of drone-
producing queens is labelled as the sire of the colony.
The phenotype of a colony is the expression of the
average breeding value of workers (for worker effects)
and the breeding value of the dam (for queen effect).
We took the sum as the criterion of selection. We call
the workers in the colony full sibs though different
genetic relationships exist within a group of workers
because the queen has been mated by multiple drones
from multiple queens. Similarly the drone-producing
queens are full sibs, and the breeding value of the sire in

fact is the average breeding value of the drone-producing queens. Usually a fill-sib group of
test colonies is phenotyped, i.e. their dams are reared from the same parental colony, and
selection is mostly within such a group based upon the EBV of each colony.

In this structure genomics was supplemented in two ways. The first was preselection of
queens that are to head test colonies. In this scenario we took the number of test colonies to
remain unaltered, but queens that head these colonies were preselected by genomics. The
second was preselection of drone-producing queens. Again the number of drone-producing
queens was taken unaltered but in contrast to the current situation, where in principle these
queens are a random sample from queens reared from the parent colony, they were
preselected by genomics.

The breeding programme assumed 10 sires per generation mated to 90 queens each.
Each sire consisted of 8 drone-producing queens. The group of queens mated to a single sire
consisted of 15 full-sib groups of 6 queens each. We looked at preselection ratios of 1:2, 1:4,
and 1:8. We took 0.55 as the accuracy of the EBV of a colony. This value is in line with the
accuracy of an EBV of a queen reared from such a colony of 0.35 (see Annex). For
preselection we took 0.45 as the accuracy of genomic EBV. The values of 0.35 and 0.45 were
taken from Gupta et al. (2015).

The genomics breeding programme
In the genomics breeding programme, phenotyping only was used to set-up and update the
reference population. Selection was solely based upon genomic EBVs. The programme
exploited the feasibility in honey bees of a very fast generation turnover in queens. After the
emergence of a queen, fertilization can take place 10 days later. The queen starts to produce
worker eggs 17 days after emergence, and larvae to produce a next generation of queens can
be harvested 3 days after that. This leads to the emergence of a next generation of queens 32
days after the previous one. As illustrated in the Annex, we assumed that in this way four
generations could be produced per annum, leading to a generation interval of 0.25 years for

Figure 1. Elements of the
common breeding programme.
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dams. For sires the timing was different. It takes longer for a queen to start laying drone eggs
as compared to worker eggs, and furthermore drones take longer to develop. As illustrated in
the Annex, consequently the generation interval for sires was taken to be 1 year.

We took a breeding programme of 50 breeding queens that both act as dam and as sire.
I.e. queens that were used as dam to harvest larvae at an age of 20 days are used about one
year later as sire to produce drones. The 50 resulting colonies produced 2, 4, 8 or 16 queens,
leading to proportions selected for both dams and sires of 1:2, 1:4, 1:8 and 1:16. Note that in
this case the number of drone-producing queens per sire was one. We assumed that colonies
were tested to update the reference population, but clearly the updating lagged behind the
actual selection. We assumed the accuracy of genomic EBV to be 0.25, which took into
account loss of accuracy because of this lag. This accuracy is 75% of the accuracy we
approximated from the values given by Gupta et al. (2015), the percentage of 75% being
chosen based upon Habier et al. (2007).

Simulations
We simulated1 the effects of one generation of selection, details of which are given in the
Annex. The simulations concerned breeding values of queens, sires and colonies, following
Brascamp and Bijma (2014). EBVs were simulated based on breeding values and accuracies.
Preselection and selection was based upon EBVs and genetic superiorities were the average
breeding values of parents that were (pre)selected on the basis of EBVs. In both programmes
we assumed queens to be fertilized by semen of 12 drones on average. All simulations were
replicated 10.000 times.

Results

The common breeding programme
The genetic superiorities for dams and sires without genomics were found to be 0.31 and 1.38
units of additive genetic standard deviation, such that annual genetic improvement () equals .
Additional genetic superiorities from preselection of queens and drone-producing queens
were 0.09, 0.14 and 0.18 for 1:2, 1:4 and 1:8 respectively, with only very small differences
between preselection of queens vs. drone-producing queens. For example, when preselection
was , and when both queens and drone-producing queens were preselected . Relative to the
situation without preselection these were annual genetic improvements of 105% and 121%.

The genomics breeding programme
The results of the genomics breeding programme are given in Table 1.

Table 1. Genetic superiorities of selected parents () and annual genetic improvement (),
expressed in genetic standard deviations dependent upon proportion selected. The number of
selected parents equals 50. Results are also given as a percentage () of annual genetic
improvement in the common breeding programme (0.337 genetic SD)

Proportion
selected %
1:2 0.193 0.309 92
1:4 0.309 0.495 147
1:8 0.403 0.644 191
1:16 0.478 0.764 227
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The table shows annual genetic improvements up to 227% of the common breeding
programme.

Discussion

Although the simulations were very simple the results promise useful application of
genomics. Simulation over many generations for both programmes will change the results by
reduced genetic variance due to inbreeding and the Bulmer effect, but we expect the general
conclusion of our analyses unchanged. We assumed a mortality of queens of zero and
fertilization rates of 100% and more realistic simulations will inflate our results. Further work
is needed to optimize the updating of the reference population. We currently assumed that all
colonies of selected queens were phenotyped, and that the accuracy of genomic EBVs was
maintained in that way.

In practical application it is expected that DNA of a virgin queen can be sampled from
the queen cell in which it developed to a fully grown queen. In the process of development
the individual pupates a number of times, which leaves DNA in the queen cell sufficient for
genotyping (Bienefeld, K., Talk for the “Züchtertagung der DIB”, Mayen, 11 November
2016). For the proposed programme to be feasible, DNA collection, genotyping and breeding
value estimation needs to take place within 10 days to allow virgin queens to be selected
before mating. This requirement may, however, not be critical because mating of this material
produces valuable stock also if not for phenotyping.

In the common breeding programme it may be tempting to use preselection by
genomics to reduce the number of performance-tested colonies. This is not a good idea
because preselection of queens is relatively ineffective as compared to selection of colonies.

We expect that a common breeding programme remains in operation also when a
genomics programme is developed, the latter probably positioned as an open nucleus. In that
way the results of genomics are continuously tested as compared to results of the common
programme.

As a conclusion, implementation of genomics in honey-bee breeding looks promising
but involves a complete rethinking of the design of the breeding programme.
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Annex

General aspects of the simulations
The breeding values of colonies and queens were simulated according to Brascamp and Bijma
(2014). We briefly summarize the equations used, using the numbering of the equations as in
their paper.
The breeding value of a queen was simulated as

where equals the breeding value of the dam and the average breeding value of the drone-
producing queens. Furthermore represents sampling, with variance

In equation (13) stands for the additive genetic variance, for the coefficients of inbreeding
for dams and sires, respectively, for the number of drone-producing queens and for the
additive genetic relationship between full sibs, in this case a group of drone-producing
queens. Assuming that the numbers of drones per drone-producing queen and numbers of
offspring per drone follow Poisson distributions, equals

where is the average number of drones fertilizing a queen and is the additive genetic
relationship between dam and sire.

The breeding value of a colony was simulated as

with

In the simulations we assumed to be in equilibrium, which means that in equation 24a .
We took the inbreeding coefficients to be zero.

For selection in both breeding programmes we simulated EBVs based on breeding values and
accuracies of EBV. More specifically, in the common breeding programme we require the
EBVs of colonies (groups of workers) and, in the case of supplementing genomics, those of
queens as well. For the genomics breeding programme we solely require genomic EBVs of
queens. To simulate the EBVs, we used the fact that the regression of EBV on breeding value
() equals the accuracy squared (), and that the variance of the EBV is as well (taking the
additive genetic variance to be unity). Taking these starting points, + sampling. It follows
that the variance of sampling equals , such that EBV can be simulated as , where is a draw
from a standard normal distribution.
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The common breeding programme
In the common breeding programme we needed the accuracy of colony’s EBV. Taking the
accuracy of an EBV for an virgin queen to be r, it follows that the accuracy of EBV of the
colony from which the queen is raised equals . In our simulations for the common breeding
programme and , such that the accuracy of colony’s EBV equals 0.55.
Dams are the heads of test colonies. They are reared from colonies that are 1:6 selected within
full-sib groups. In case of preselection of the queens, a multiple of 6 queens will be reared
and there will be additional genetic superiority by selection of 6 queens within full-sib groups
on the basis of the genomic EBVs with an accuracy of 0.45, combining genomics and
pedigree-information including phenotypes.
Sires are the drone-producing queens reared from selected colonies. Selection first is for the
best colony within full-sib groups followed by selection amongst those best colonies. In case
of preselection of the drone-producing queens there is additional genetic superiority by
selection within a full-sib group of potential drone-producing queens reared from a particular
colony.

The genomics breeding programme.
Table A1 provides details of the mating system. We illustrate it for two years (the period
2018-2019) to demonstrate the generation interval for sires in particular.

Table A1. Timing of matings in the genomics breeding programme

Queens
Gener-ation of
drone-producing

queens
Daughters

Emergence
Phenotyping
completed

Months between
emerg-ence of
queens and
daughters

Gener-ation Emergence Insemination dams sires
1 15 May

2018
25 May
2018

16 Jun 2018 Jul 2019

2 16 Jun
2018

26 Jun 2018 18 Jul 2018 Jul 2019

3 18 Jul 2018 28 Jul 2018 19 Aug
2018

Jul 2019

4 19 Aug
2018

29 Aug 2018 15 May
2019

Jul 2019

5 15 May
2019

25 May
2019

2 16 Jun 2019 Jul 2020 1 12

6 16 Jun
2019

26 Jun 2019 3 18 Jul 2019 Jul 2020 1 12

7 18 Jul 2019 28 Jul 2019 4 19 Aug
2019

Jul 2020 1 12

8 18 Aug
2019

29 Aug 2019 5 15 May
2020

Jul 2020 9 12

The generation interval for dams equals 1 month for the first three generations in a year and 9
months for the last one, giving an average of 3 months. This simply equals the result
considering that there are four generations in a year. The generation interval for sires always
is one year. Taking the example of the emergence of queens of generation 5, emerging 15
May 2019, the drones used to inseminate those queens are from queens that emerged 16 Jun
2018. Because the next generation of queens emerges 16 Jun 2019, the generation interval
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equals 12 months. Collecting drones the end of August may be a problem as the numbers of
drones still present at the end of season may be limited. Fresh semen can be preserved for
over a month, however, which promises the insemination date of 29 Aug to be feasible.

Each generation a group of 2, 4, 8 or 16 queens was reared from each of the 50 dams. After
genotyping the 50 queen with the highest EBV were selected. EBV’s accuracy was 0.25.
Each sire was mated to only one queen. In case genotyping cannot be achieved before mating
all queens within a group would be mated to the same sire.


