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Abstract

Selective breeding for Varroa resistance is an important strategy to improve honey bee
colony survival against Varroa destructor, which remains a major threat to their health.
However, phenotyping resistance traits is often labor-intensive. Marker-assisted selection
(MAS) offers an alternative by selecting colonies based on molecular markers associated
with resistance traits. This study evaluated the implementation of MAS for drone brood
resistance (DBR, i.e., mite non-reproduction in drone brood), using a three-SNP model
within the ongoing Flemish honey bee breeding program. From 2022 to 2025, predominantly
Apis mellifera carnica workers and drones were genotyped. Through targeted breeding and
mating via instrumental insemination, we aimed to reconstruct the genetic profile with all
three SNPs’ protective alleles. Over sampling years, SNP2 and SNP6 increased in frequency
in both workers and drones, whereas SNP4 did not. The cumulative three-SNP score also
increased over years and generations, with the greatest genetic gain achieved by combining
targeted breeding and targeted mating. The ideal genetic profile was obtained in three
queens. However, genetic progress was not reflected in the DBR phenotype. These findings
provide insights into the potential and limitations of MAS, suggesting future efforts in
breeding programs towards genomic selection.

Keywords: honey bee; Varroa destructor; drone brood resistance; marker-assisted selection;
SNP; targeted breeding

1. Introduction

Honey bees play an essential role in agriculture by pollinating many crops. However,
honey bee health has been at risk over the last few decades due to pathogens and pests,
pesticide exposure, extreme weather changes, and landscape impoverishment [1-3]. De-
spite intensified human intervention, including chemical treatments, rapid colony disease
management, and breeding efforts, the parasitic mite Varroa destructor remains one of the
main threats to honey bees [4,5]. Naturally evolved Varroa resistance has been documented
in several unmanaged populations [6-10], but this process often coincides with major
colony losses. In the long term, selective breeding provides a more sustainable solution for
apiculture. Breeding efforts were initially focused on colony performance (honey yield)
and favorable behavioral traits (e.g., gentleness and reduced swarming tendency) [11].
Currently, priorities have shifted toward breeding colonies expressing Varroa resistance [12].
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A frequently used approach is field-assisted selection (FAS), which involves selecting Var-
roa-resistant traits that can be phenotypically observed in a colony by the beekeeper. For
example, hygienic behavior, whereby honey bees detect and remove dead brood from
sealed cells [13], can be quantified using the pin-killed brood assay [14]. To maintain a
breeding stock, continuous selection for multiple traits, taking into account their genetic
correlations, heritability, and environmental interactions, is required [11,12,15,16]. In addi-
tion, the polyandrous nature of honey bee reproduction [17] makes breeding programs in
apiculture challenging and limits their widespread implementation.

An alternative and more advanced approach is to identify and use molecular markers
associated with the phenotypes of desirable traits for the selective breeding of mite-resistant
colonies. This strategy is called marker-assisted selection (MAS), which accelerates breeding
progress, enabling large-scale and more accurate selection than FAS [12,18,19]. Molecular
markers for MAS can be genetic markers, such as single-nucleotide polymorphisms (SNPs;
variations in only one nucleotide at specific loci in the genome), or expression biomarkers
(i.e., transcripts or proteins) [12,15,20]. Genetic and proteomic markers have been identified
for the previously mentioned hygienic behavior [21,22].

Another promising Varroa-resistant trait is suppressed mite reproduction (SMR). This
colony-level trait can be expressed in two ways: fecundity- or fertility-based reduction in
mite reproduction [23]. The former is characterized by the mother mite producing a lower
number of viable and/or mated daughter mites due to delayed egg laying or the absence
of a male [23,24]. The latter is defined as the inability of the foundress mite to produce
any offspring, either male or female, also known as mite non-reproduction (MNR) [23].
Since mites prefer to reproduce in drone brood [25], MNR in drone brood, also called
drone brood resistance (DBR), is favored as a Varroa-resistant trait [26]. Since 2017, DBR
has been phenotypically assessed within the Honeybee Valley (HBV, Ghent University)
mass selection breeding program in Flanders, Belgium [27]. DBR measurement requires
a detailed examination of Varroa-infested drone brood to determine mite reproductive
success, making the procedure labor-intensive, time-consuming, and dependent on suitable
brood samples [28]. Therefore, alternative, easier, and faster methods have been sought.

In 2019, Broeckx et al. [26] found eight SNPs in seven different Apis mellifera genes
linked to MNR in drone brood. These findings originated from only one hybrid Var-
roa-resistant/sensitive (VR/VS) colony from the Amsterdam Water Dunes (The Nether-
lands) [26]. Consequently, this colony-specificity raised the question of whether the eight-
variant model could be implemented for MAS on a population-wide scale, including
different A. mellifera subspecies and beekeeping practices, or whether these findings were
colony-specific. Therefore, Lefebre et al. [29] built on Broeckx et al.’s [26] study and vali-
dated the eight-variant model in Flemish honey bee colonies. Furthermore, they described
a new reduced three-variant model, containing only three SNPs of the original eight: SNP2,
SNP4, and SNP6 [29]. Two SNPs shifted properties in the reduced model compared to the
original model: SNP2 changed from a risk SNP (i.e., the variant-type allele for the SNP was
associated with decreased MNR) to a protective SNP (i.e., the variant-type allele for the
SNP was associated with increased MNR), and SNP6 changed from a protective SNP to a
risk SNP [29]. Based on these associations, Lefebre et al. [29] identified the favorable and
unfavorable alleles for each of the three SNPs. This three-variant model [29] was based
on Apis mellifera carnica samples (evolutionary A. m. C lineage; [30]), while the original
eight-variant model [26] originated from an Apis mellifera mellifera queen (evolutionary
A. m. M lineage) [30]. To strengthen the hypothesis that evolutionary background may
influence the models’ variant properties, an exploratory association study was performed
to screen for the original eight SNPs across 14 European countries and six subspecies [20].
They suggested that the genetic DBR marker-loci linkages may differ between A. mellifera
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subspecies or phylogenetic lineages; more specifically, the properties (risk or protective) of
SNPs associated with DBR may vary [20].

With this knowledge, DBR-associated genetic markers could be used for MAS, consid-
ering the subspecies of the tested queens. Consequently, MAS was implemented in the HBV
selection program using the three-variant model [29], as the main subspecies of beekeepers
in the program was A. m. carnica. The ultimate goal of this MAS application was to enhance
the DBR phenotype by reconstructing the genotypic profile with all three SNPs’ protective
alleles. This was achieved by providing our participants with advice on breeding and
mating. In doing so, we evaluated whether MAS increased the frequency of favorable SNP
alleles in Flemish honey bee colonies across years and generations in an ongoing breeding
program. Finally, we aimed to analyze whether the genetic progress was mirrored in the
phenotypic assessment of DBR. Therefore, phenotypic analyses were continued over the
years and were not yet replaced by the MAS procedure. Together, these research questions
aim to clarify the efficacy and extent to which current MAS practices translate into expected
genetic breeding gains and phenotypic progress in terms of mite resistance.

2. Materials and Methods
2.1. Colony Sampling

From 2022 to 2025, Flemish beekeepers sampled a self-selected number of colonies from
their apiaries, preferably with a defined genetic background, in different regions of Flanders,
Belgium. Most beekeepers participating in the MAS study were also enrolled in the Flemish
mass selection program coordinated by Honeybee Valley, although participation in the mass
selection program was not a prerequisite for inclusion in this study. New participants were
allowed to join the MAS study annually, with varying numbers of colonies. No restrictions
were imposed on honey bee subspecies/breeds for participation. All queen data were
centralized using our web-based application, Breed It (https://www.honeybeevalley.eu/,
accessed on 3 November 2025). Beekeepers reported the subspecies/breed of their queens,
and this was not independently verified. The pedigree data included the maternal and
paternal lines, the way of mating, and the associated drone line. Based on this information,
and as queens were tested over multiple consecutive years, the resulting dataset contained
related lineages.

Within the framework of the mass selection program, the phenotypic traits mite non-
reproduction (MNR) and mean V. destructor reproduction rate (mVR) were assessed as
described by von Virag et al. [23] and Lefebre et al. [28]. For this purpose, participants ac-
quired capped drone brood of at least 2 dm? containing 16-18-day-old (purple-eyed) pupae
between April and July. From this drone brood sample, 30 pupae were kept separately
for subsequent genotyping. If no drone brood sample was available, the beekeepers were
instructed to collect a separate specimen of 30 drone pupae of comparable developmental
age. Additionally, 30 purple-eyed worker pupae (minimum age of 17 days) per colony
were pooled in a single vial. After collection, the labelled samples were immediately frozen
by the beekeeper and later transported to the laboratory, maintaining the cold chain, where
the samples were stored at —20 °C until further phenotyping or genotyping analyses.

2.2. Phenotyping: Data Collection and Calculations

From each brood sample, capped cells were manually opened and inspected, and data
were collected on the number of mother mites and the number of male and female progeny
present in each cell. Using these data, different phenotypes were classified as follows: no
mites in the cell; one mother mite without progeny; one mother mite with progeny; and
multiple mother mites. These phenotypes can be further grouped as Single Infested Cells
(SICs), cells with only one mother mite, and Multiple Infested Cells (MICs), cells with
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multiple mother mites. In addition, the pupal ages of all opened cells (regardless of mite
infection) were recorded in accordance with Tofilski [31] to calculate the average pupal
age of the brood sample. The opening of cells was grouped into counting phases, whereby
counting was stopped if too few mites were found in the brood cells. In this way, we
avoided excessive time spent on a brood sample with an insufficient mite load. If enough
mites were found in a phase, counting continued to the next phase until a maximum of
350 cells were opened. If 35 SICs were found before the last phase, inspections were halted.
The calculations of MNR and mVR followed the definitions described by Lefebre et al. [28]:
MNR, defined as the proportion of SICs without offspring over the total number of SICs,

_ SICs without of fspring

MNR (%) = 1
(%) total number of SICs x 100,

with a minimum of 10 SICs, and mVR, defined as the average number of offspring per
infested cell, while compensating for the reduced number of offspring with increasing
proportions of multiple infested cells.

_ total number of of fspring mites _ total number of mother mites

VR = ; , 1.37,
" total number o f mother mites " total number of infested cells %

with a minimum of 10 infested cells. Brood samples were excluded for further analysis if
the average pupal age was younger than 16.5 days or older than 18.5 days.

2.3. Queen and Colony Genotyping

As this study constitutes an assessment of long-term data rather than a methodological
study, the full protocol is not reiterated here; instead, it is provided in the cited references.

2.3.1. Pooled Leg gDNA Extraction

From each sample of worker or drone pupae, 30 different hind legs were pooled in an
Eppendorf tube containing 180 uL ATL buffer from the QIAamp® DNA Micro Kit (Qiagen,
Hilden, Germany). After overnight incubation at 56 °C with 20 uL proteinase K, gDNA
was extracted according to the manufacturer’s instructions. Finally, gDNA was eluted in
50 uL. DNase/RNase-free water.

2.3.2. Genotyping and Allelic Frequency Analysis

Drone and worker genotyping for SNP2, SNP4, and SNP6 was performed by qPCR
with dual-labelled probes following the protocols of Claeys Bouuaert et al. [32] using pooled
gDNA as a template. For each SNP, allelic discrimination plots were constructed by plotting
the end-point Relative Fluorescence Units (end-RFU) values of FAM (fluorescein; wild-type
fluorophore) against the end-RFU values of TR (Texas Red; variant-type fluorophore) for all
pooled drone leg samples. Based on these allelic discrimination plots, the genotypes of the
respective queens were reconstructed. Determination of allele frequencies in pooled worker
gDNA samples was performed as described by Lefebre et al. [29]. Briefly, per genotyping
assay, SNP-specific calibration curves with standards 0%, 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, and 100% variant-type allele were run in duplicate. Data analysis was
performed using Bio-Rad CFX Manager 3.1 (Bio-Rad Laboratories, Hercules, CA, USA) and
Microsoft Excel for Microsoft 365 (Version 2608; Microsoft Corporation, Redmond, WA,
USA). For each pooled worker sample, the percentage of variant-type allele was calculated
by regression of the ratio of end-RFU TR to end-RFU FAM against the quadratic intraplate
calibration curve. The results were subsequently fine-tuned using the reverse fluorescence
ratio (end-RFU FAM/end-RFU TR).
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2.3.3. Three-Variant Model: Scoring, Breeding and Mating Strategies

Although samples from different subspecies/breeds were collected, processed and
scored, further breeding and mating advice was only provided for colonies headed by
carnica ssp. queens. Participants were informed that the interpretation of the results for
Apis mellifera Buckfast and A. m. mellifera colonies should be approached with caution,
as the variant model used in the present study was developed specifically for A. m. car-
nica [20]. Results from other subspecies/breeds were retained in the dataset to support
future analyses of genetic and phenotypic variation across different honey bee subspecies.
Occasionally, laboratory analyses did not yield results for one or more SNP markers, for
example, due to insufficient biological material or other technical limitations.

Favorable alleles for the three SNPs in carnica ssp. were the variant-type allele for SNP2
and the wild-type allele for SNP4 and SNP6 [29]. For each SNP, genotyping scores were
expressed as the relative proportion (%) of the favorable allele within the analyzed samples.
In worker samples, reflecting the colony’s genetic composition, this percentage showed
the average allelic composition across the pooled workers owing to their mixed genetic
composition, as workers inherit genetic material from both the queen (maternal line) and
the (multiple) drones she mated with (paternal line). Consequently, worker-derived allele
frequencies could range continuously from 0 to 100%. The pooled drone samples reflected the
queen’s allelic composition, as drones originate from unfertilized eggs and therefore inherit
only maternal genetic material. When the queen was homozygous for a given SNP allele, the
drone samples yielded values of either 0 or 100%. When the queen was heterozygous, the
pooled drone sample contained both alleles, resulting in an intermediate percentage of 50.

To improve the overall presence of genetic markers and combine the favorable alleles
of the three genetic markers within colonies, the three SNP scores for workers and drones
were summed separately, resulting in a cumulative score ranging from 0 to 300. Each SNP
was given equal weight in this cumulative score, which was used as a practical selection
index rather than an estimate of each SNP’s relative contribution to MNR. Subsequently, the
colonies were ranked according to these cumulative scores. Based on the worker-derived
cumulative scores, maternal breeding lines for queen rearing were identified (=targeted
breeding), and based on the drone-derived cumulative scores, colonies as sources of drones
for instrumental insemination (II) were identified (=targeted mating). This enabled the
combination of complementary favorable SNP profiles for SNP2, SNP4, and SNP6, on the
condition that the donor drone line did not have a 0% score for any of the three SNPs, or
in other words, that the paternal line was not homozygous for the unfavorable allele. In an
attempt to create this ideal genetic profile in queens (and colonies), multiple years of targeted
breeding and targeted mating (TB-TM) of queens were implemented. Since this strategy was
not feasible on a large scale, we encouraged our participating beekeepers to at least breed
from queens with a favorable genetic profile, or in other words, apply targeted breeding and
non-targeted mating (TB-NM). Lastly, queens originating from non-targeted breeding and
non-targeted mating (NB-NM) were included as a reference. For all three strategies, progress
in the genetic profile could be assessed over generations and could be compared to each other.

2.4. Statistics

Statistical analyses were only performed on the carnica ssp. dataset. Data cleaning,
analysis, and visualization were conducted using R version 4.5.1 (R Foundation for Statisti-
cal Computing, Vienna, Austria) within RStudio version 2025.09.1 (Posit Software, PBC,
Boston, MA, USA). All tests were checked and complied with the required assumptions.
Mixed-effects models (LMMs), including beekeeper identity as a random effect, were
initially evaluated for all analyses. When the beekeepers’ identity explained negligible
variance and did not materially affect the model estimates, simpler linear models (LMs)
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were retained. To assess temporal trends in worker-derived marker frequencies (individual
SNPs and the sum of three SNPs) across sampling years, LMMs were fitted with sampling
year as a continuous fixed effect and beekeeper as a random effect to account for repeated
sampling of colonies from the same beekeeper. To assess similar temporal trends over
generations, LMs with generation as an explanatory variable were used. In separate models,
the response variable was the percentage of the favorable allele within each pooled worker
sample for each genetic marker (SNP2, SNP4, and SNP6), and the sum of the percentages
across the three markers. The estimated regression coefficient ([3) represents the annual or
generational change in the frequency of the favorable allele or cumulative three-SNP score.

Drone SNP scores were coded as ordered categorical variables (0, 50, and 100), cor-
responding to increasing representation of the favorable SNP allele. Temporal trends in
marker frequencies (individual SNPs and the cumulative three-SNP score) from drone
samples over sampling years were analyzed using separate cumulative link mixed mod-
els (CLMMs), with sampling year as a continuous fixed effect. Beekeeper identity was
included as a random intercept to account for repeated sampling from the same beekeeper
in the different years. Model coefficients were reported on the cumulative logit scale, and
statistical significance was assessed at « = 0.05. Generational trends in drone SNP scores
were not formally analyzed because the number of available drone results was limited and
unevenly distributed across generations, particularly in later generations. Therefore, the
dataset was considered insufficient for robust statistical inference.

Temporal trends over sampling years for phenotypic traits (MNR and mVR) were
assessed using LMs with sampling year as the explanatory variable. MNR values were
log-transformed as log(MNR + 1) to improve the model assumptions. Temporal trends in
MNR and mVR over generations were assessed using LMMs, with generation as a fixed
effect and beekeeper identity as a random intercept. To evaluate the relationship between
phenotypic traits (MNR and mVR) and genotyping results obtained from the drone (brood
and pupae) samples, a Spearman’s rank correlation was performed.

3. Results
3.1. Descriptive Statistics

Between 2022 and 2025, 975 colonies from 73 beekeepers were sampled for drone brood,
worker pupae, and drone pupae, with an average of ~13 sampled colonies per beekeeper.
The sampled colonies were headed by 848 (~87%) A. m. carnica queens, 55 (~6%) A. m.
Buckfast queens, 67 (=7%) A. m. mellifera queens, and five (=1%) queens of an unknown
subspecies. Detailed yearly sample numbers for all subspecies/breeds are provided in
Supplementary Materials Table S1.

For the subsequent statistical analyses, the dataset was restricted to carnica ssp.
colonies (see Section 2.3.3). Table 1 shows the number of samples taken and data-rendering
samples in this dataset between 2022 and 2025. Of the screened colonies (N = 848), ~41%
yielded the previously mentioned three sample types, ~26% yielded two, and ~33%
yielded only a single sample type. In 2022, the sample size was smaller because it included
only sampled workers from our own colonies and worker/drone samples from the an-
nually collected worker/drone brood within the framework of the traditional selection
workgroup of HBV. Sample sizes increased substantially from 2023 onwards, following the
expansion of participant recruitment and sampling efforts. The number of available MNR
and mVR measurements was substantially lower than the number of collected drone brood
samples because many samples did not meet the requirements for phenotypic assessment.
The Supplementary Materials Table S2 shows the individual SNP results for each sampling
year in the carnica ssp. dataset.
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Table 1. Representativeness of the sample collection and corresponding results over sampling years
(carnica ssp.; 2022-2025).

2022 2023 2024 2025
Sampled workers 49 198 201 250
Result for sum of three SNPs 49 194 198 245
Sampled drones 103 141 169 159
Result for sum of three SNPs 102 138 164 159
Sampled drone brood 103 126 138 130
Result for MNR 34 30 65 43
Result for mVR 26 24 59 39

Bold text indicates the sample type from which the results in the subsequent rows were obtained.
SNPs = single-nucleotide polymorphisms; MNR = mite non-reproduction; mVR = mean V. destructor
reproduction rate.

Across all drone samples, only three colonies achieved the maximum cumulative three-
SNP score (=300), corresponding to favorable results for all three markers. Two colonies
were observed in 2024 and one in 2025. No worker sample reached a cumulative three-SNP
score of 300; the highest observed worker score was 270.91 in 2025. However, for the
separate SNPs, there were cases of a perfect score in workers (=100%) over the years, with
70 colonies for SNP2, 8 colonies for SNP4, and 25 colonies for SNP6. The Supplementary
Materials Table S3 summarizes the genotyping results for each sampling year.

For the genotyping generational analyses based on worker samples, 301 queens
were included, spanning up to four generations, although most lineages comprised three
generations. Table 2 shows the variation in worker sample sizes among generations and
breeding-mating strategies. The largest number of colonies was available for the NB-NM
group (reference group), whereas later generations in the TB-NM group were represented
by relatively few colonies. Consequently, results involving later generations should be
interpreted cautiously due to reduced statistical power. The number of drone SNP scores
available over generations was too limited and therefore not included in the genotyping
generational analyses. Drone brood sample sizes—and thus the corresponding phenotyping
results (MNR and mVR)—also varied among generations (see Table 2), with lower numbers
in the third generation.

Table 2. Overview of the genotyping sample size for the different breeding and mating strategy
groups, and phenotyping sample size, per generation (carnica ssp.).

Generation 1 Generation 2 Generation 3 Generation 4

Sampled workers—Result for sum of 3SNPs

Targeted breeding & targeted mating (TB-TM) 13 30 7 6
Non-targeted breeding & non-targeted mating (NB-NM) 35 137 29

Targeted breeding & non-targeted mating (TB-NM) 12 40 2

Sampled drone brood

Result for MNR 21 42 3

Result for mVR 14 37 3

Bold text indicates the sample type from which the results in the subsequent rows were obtained.
SNPs = single-nucleotide polymorphisms; MNR = mite non-reproduction; mVR = mean V. destructor
reproduction rate.

3.2. Genotyping Results

In the worker samples, the linear mixed-effects model showed that the frequency of the
favorable SNP2 allele increased significantly over the sampling period (3 = 12.20 & 1.01 SE,
t =12.08, p < 0.001). The frequency of the favorable SNP4 allele significantly decreased
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over time (3 = —2.94 £ 0.85 SE, t = —3.46, p < 0.001). The frequency of the favorable
SNP6 allele increased significantly over the sampling period (3 =5.95 4+ 0.96 SE, t = 6.23,
p < 0.001). So, the temporal trends differed among the three markers (Figure 1A). The
cumulative frequency score of the three SNPs in workers increased significantly over time
(B =14.59 £ 1.73 SE, t = 8.44, p < 0.001; Figure 1B).

A B
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Figure 1. Genotyping results in carnica ssp. workers per sampling year (2022-2025). (A) The frequency
(%) of the favorable allele for the three separate SNPs across the sampling years. (B) The sum of
the percentages of the three favorable SNP alleles (=cumulative three-SNP score), with the red line
representing the overall trend estimated using a linear mixed-effects model that accounts for repeated
measurements within beekeepers.

In the drone samples, a non-significant increasing temporal trend was detected in
SNP2 scores between 2022 and 2025 (3 = 0.10 & 0.08 SE, z = 1.23, p = 0.22), after accounting
for repeated sampling within beekeepers. The SNP4 scores exhibited a non-significant
negative temporal trend ( = —0.16 & 0.08 SE, z = —1.96, p = 0.05). In contrast, the SNP6
scores increased between 2022 and 2025, but this trend was not significant (3 = 0.14 £ 0.08
SE, z = 1.68, p = 0.09). Similar to the results in workers, trends differed among the three
markers (Figure 2A). The cumulative three-SNP score in drones did not exhibit a significant
temporal trend (3 = 0.04 &= 0.08 SE, z = 0.63, p = 0.53; Figure 2B).
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Figure 2. Genotyping results in carnica ssp. drones per sampling year (2022-2025). (A) Distribution of
the percentage of samples for the three separate SNPs, with the least favorable score (0%) at the bottom
of the bar graph. (B) Distribution of the sum of the percentages of the three favorable SNP alleles
(=cumulative three-SNP score), with the least favorable score (0%) at the bottom of the bar graph.
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When applying TB-TM over generations, the cumulative three-SNP score increased
significantly (3 = 27.10 & 4.85 SE, t = 5.59, p < 0.001; Figure 3A). This indicates that the
overall frequency of favorable SNP alleles increased with successive generations. Sig-
nificant increases were observed in the frequencies of the favorable alleles of SNP2 and
SNP4, whereas SNP6 showed no significant trend (Supplementary Materials Table S4).
Consequently, the increase in the cumulative three-SNP score was primarily attributable to
the changes in SNP2 and SNP4. When NB-NM occurred over generations, the cumulative
three-SNP score increased significantly across generations (3 = 14.45 &+ 5.64 SE, t = 2.56,
p = 0.01; Figure 3B). A significant increase in the frequency of the favorable SNP2 allele was
observed across generations. In contrast, no significant changes were detected in SNP4
or SNP6 (Supplementary Materials Table S4). These results indicate that changes in SNP2
primarily drove the significant increase observed for the cumulative three-SNP score. When
applying TB-NM over generations, the cumulative three-SNP score showed non-significant
increasing temporal change ( = 3.81 = 9.38 SE, t = 0.41, p = 0.69; Figure 3C). Generation 3
was represented by a low number of colonies (n = 2), which should be considered when
interpreting the results. No significant generational trends were detected for any of the
individual SNP markers (Supplementary Materials Table S4). Comparison of the model
estimates indicated that the increase in the cumulative three-SNP score across generations
was more pronounced under the TB-TM strategy (3 = 27.10 £ 4.85) than under the other
two strategies (3 = 14.45 + 5.64; 3 = 3.81 £ 9.38).
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Figure 3. Sum of the percentages of the three favorable SNP alleles (=cumulative three-SNP score) in
carnica ssp. workers per generation, with different breeding and mating backgrounds: (A) targeted
breeding and targeted mating (TB-TM), (B) non-targeted breeding and non-targeted mating (NB-NM),
and (C) targeted breeding and non-targeted mating (TB-NM). The red lines represent the overall
trend estimated using linear models.

3.3. Phenotyping Results

Log-transformed MNR values (back-transformed for visualization) showed a bor-
derline significant negative trend over the study period (3 = —0.14 £ 0.07 SE, t = —1.98,
p = 0.05; Figure 4A). In contrast, mVR increased significantly over time (3 = 0.28 £ 0.11 SE,
t =2.53, p = 0.01; Figure 4B).
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Figure 4. Phenotypic trait results across sampling years (2022-2025). (A) Mite non-reproduction
(MNR) and (B) mean V. destructor reproduction rate (mVR) results in carnica ssp. drone brood per
sampling year (2022-2025). (A) MNR is defined as the proportion of SICs without offspring over the
total number of SICs. (B) mVR is defined as the average number of offspring per infested cell, while
compensating for the reduced number of offspring with increasing proportions of multiple infested
cells. The red lines represent the overall trend estimated using linear models.

A non-significant decrease in MNR was observed across generations (3 = —0.14 £ 0.22
SE, t = —0.62, p = 0.54; Figure 5A). Similarly, mVR decreased, but not significantly, with
increasing generation number (3 = —0.70 & 0.39 SE, t = —1.80, p = 0.08; Figure 5B).

A B
° 10.0
80
[ ]
60 75
g =
5.0
S0 €
[ ] [ ]
20 2.5
% |—|—| ?
0 ' 0.0 ®
1 2 3 1 2 3
Generation Generation

Figure 5. Phenotypic trait results across generations. (A) Mite non-reproduction (MNR) and (B) mean
V. destructor reproduction rate (mVR) results in carnica ssp. drone brood per generation. (A) MNR
is defined as the proportion of SICs without offspring over the total number of SICs. (B) mVR is
defined as the average number of offspring per infested cell, while compensating for the reduced
number of offspring with increasing proportions of multiple infested cells. The red lines represent
the overall trend estimated using mixed-effects models that account for repeated measurements
within beekeepers.

3.4. Correlation Between Genotyping and Phenotyping

No significant correlations were detected between the cumulative three-SNP score
and MNR (p = —0.10, p = 0.21; Figure 6A) or mVR (p = 0.02, p = 0.85; Figure 6B). Likewise,
the individual SNP scores (SNP2, SNP4, or SNP6) were not significantly correlated with
either MNR or mVR (all p > 0.05; Supplementary Materials Table S5). Overall, we were
unable to show that improvement in SNP scores was associated with improvement in the
measured phenotypic resistance traits in the sampled colonies.
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Figure 6. Correlation results between the cumulative three favorable SNP alleles and the phenotypic
traits: (A) mite non-reproduction (MNR) and (B) mean V. destructor reproduction rate (mVR) results
in carnica ssp. drone brood.

4. Discussion

This study evaluated the implementation of marker-assisted selection within the ongo-
ing HBV breeding program by genotyping numerous colonies (workers and drones) across
Flanders. By providing participating beekeepers with breeding and mating recommen-
dations based on colony and queen genotypes, we aimed to reconstruct the ideal genetic
profile and eventually improve the DBR phenotype.

4.1. Genotyping Results

From the worker samples, it appeared that the breeding population accumulated
SNP2 and SNP6 over four years, whereas the occurrence of SNP4 decreased over time.
Comparison of the estimates showed that the increase for SNP2 was stronger than for SNP6.
The underlying cause of the divergence in SNP4 distribution in the Flemish population
could be explained by the distribution of allelic frequencies reported for the reduced three-
variant model demonstrated by the screening study of Lefebre et al. [29]. Based on this
model, SNP4 had the lowest favorable allele frequency (0.37) compared to SNP2 (0.51) and
SNP6 (0.45). Consequently, fewer queens initially carry the favorable SNP4 allele, reducing
the opportunity for selection to increase its frequency compared with the other two SNPs.
Analysis of the sum of the three SNPs in the workers revealed that the overall presence of
genetic markers increased over the study period. After four years, the worker population
approached the theoretical maximum three-SNP score (270.91 out of 300, with 100% for
SNP2, 100% for SNP4, and 70.91% for SNP6), demonstrating substantial enrichment of
the selected markers. Similar SNP distribution trends were observed in drones, although
the increases were smaller and not statistically significant. The reduced sample size for
the drones likely limited the statistical power to detect significant changes. A very small,
non-significant increase was observed in the overall presence of genetic markers in drones.
Despite the challenging attempts, a queen line with the desired genetic profile was obtained
on three occasions, demonstrating that this genetic combination is achievable within the
breeding program.

An important question arising from the observed temporal increase in the overall
SNP presence in workers and drones is whether this improvement can be attributed to
our efforts in targeted breeding and mating practices. Therefore, three approaches were
compared: (1) TB-TM, (2) TB-NM, and (3) NB-NM (reference group). All three strategies
increased the cumulative three-SNP scores over subsequent generations, suggesting that
genetic markers accumulated throughout the breeding populations, irrespective of the
breeding strategy. However, the magnitude of this increase differed among strategies.
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Colonies resulting from the first strategy showed the strongest increase, indicating that
managing both maternal and paternal contributions accelerates the accumulation of genetic
markers in the breeding population. This finding is consistent with previous studies
demonstrating that controlled mating via II can increase the rate of genetic gain [33-36].
Despite high interest and its apparent effectiveness, Il remains difficult to implement on
a large scale. Successful insemination requires several technically demanding steps, each
associated with a risk of failure. Furthermore, inseminated queens must survive until the
following breeding season before they can contribute both daughter queens and drone-
producing colonies. As a result, only a limited number of generations originating from
targeted mating could be included in this study, which reduced the sample size available
for evaluating this strategy. Nevertheless, targeted breeding without controlled mating
also increased the cumulative three-SNP score. Although the increase was smaller, this
approach may represent a more feasible strategy for large-scale implementation. Moreover,
the limited sample size, particularly in the third generation, likely reduced the precision
of the estimated trend. With a larger number of observations, the genetic gain achieved
through targeted breeding alone may become more apparent. Several factors may have
contributed to the observed increase in this group. First, the initial generation already
consisted primarily of queens with the highest cumulative three-SNP scores within their
respective testing years, providing a favorable genetic starting point (Figure 3C). Many of
the beekeepers in the HBV selection group expressed an interest in rearing new queens
from this stock. In addition, mating was not entirely random. Many beekeepers mated
their queens at island or land mating stations to improve other desirable traits. It is possible
that the drone populations at these isolated mating stations also carried favorable SNP
alleles, thereby contributing to the observed genetic gain. This hypothesis could not be
confirmed because, to our knowledge, the drone colonies from isolated mating stations
have not been genotyped. Interestingly, the reference group, part of the population that
was bred from randomly chosen queens and randomly mated, also showed a gradual
increase in the total three-SNP score. This was not completely unexpected, as these colonies
were still part of the HBV breeding program. Within this program, queens are selected
for multiple Varroa-resistant traits, such as hygienic behavior, MNR, and mVR [27]. Many
beekeepers purchase daughter queens from stocks proven to possess desirable traits, and
unknowingly have favorable SNP results. Consequently, DBR genetic markers may have
been unintentionally enriched in the reference group through phenotypic selection rather
than through deliberate marker-assisted selection.

Taken together, these findings suggest that marker-assisted selection can increase
the frequency of SNPs under different breeding and mating scenarios, with the greatest
genetic progress achieved by combining targeted queen breeding and targeted mating.
Nevertheless, because targeted mating is labor-intensive and difficult to implement on
a large scale, targeted breeding alone may represent a practical compromise that still
contributes to the gradual enrichment of favorable alleles within the breeding population.

4.2. Phenotyping Results

While the genotyping results indicate that genetic markers accumulated over time and
generations, the question arises as to whether the phenotyping results have also shown an
overall improvement. In contrast to our expectations, no phenotypic progress over time
was observed for DBR in terms of MNR and mVR. The generational analyses showed a neg-
ligible, non-significant negative trend in the MNR results, whereas a favorable generational
trend was observed in mVR results. Namely, a decreasing trend, however non-significant,
indicating fewer offspring per infested cell, per mother mite, with each generation.
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The apparent lack of phenotypic improvement may reflect the complexity of the DBR
trait itself. Although SMR has been reported to have relatively high heritability [37], the
present study did not demonstrate a clear improvement in MNR (fertility-based SMR) over
subsequent generations. There are many influencing factors, such as the mite-infestation
level of the sampled colonies, labor-intensive assessment protocol, and the amount of
available drone brood in the hives, making it challenging to apply this trait in practice. For
instance, the low dataset for MNR and mVR in this study reflects the unsuitable pupal age
and low infestation levels in drone brood of the sampled colonies. The accuracy of DBR
scoring depends heavily on the number of assessed SICs [24]. For mVR, 10 infested cells are
sufficient to distinguish between high and low results [28]. Conversely, there is some debate
regarding whether 10 SICs are sufficient for MNR assessment. A minimum of 35 SICs is
more commonly accepted for obtaining the MNR score [24]. However, we did not follow
this suggestion because a previous study assessing brood samples from Flanders already
showed that the brood was not sufficiently infested [28]. The low infestation could be the
result of the high investment in Varroa control in the sampled colonies. Although chemical
treatment was not allowed during the testing season, biotechnical measures, such as forced
brood interruption and brood removal [4,38-40] were still allowed and not accounted for.
To attain higher infestation rates, the timing of sampling could be changed. For example, at
the end of summer, the growth of the mite population is sufficiently high [23]; yet, by that
time, there is barely any drone brood available in the colony. However, an excessively high
infestation rate can also be disadvantageous, because there will be more MICs, making
it more difficult to assess MNR [41]. Repeated measurements could be beneficial for
reliability; however, the narrow time window in which drone brood is available in Flemish
honey bee populations hinders this. Another approach could be to artificially increase mite
load by applying a ‘mite shower’, supplying colonies with a high number of living mites
through donation of highly infested emerging brood [8], which is less labor-intensive than
individual brood cell infection by inserting a Varroa mite [42].

Besides the infestation levels and protocol concerns, overall, DBR is a very complicated
trait to assess. If the colony shows a high expression of DBR, and thus decreases mite
infestation in the brood, it becomes more difficult to explore enough SICs to confirm
the DBR trait [24]. Furthermore, DBR acts jointly with other resistant traits to control
mite population dynamics and secure colony survival, such as Varroa-sensitive Hygiene
(VSH) [43—46] or recapping [44-47]. For example, if VSH bees show a preference for
targeting cells with reproducing mites over cells with non-reproducing mites, DBR results
will indirectly increase [24,43,46]. Thus, the resulting phenotype cannot be exclusively
credited to the DBR trait. The outlined findings confirm the reported challenges involved
in phenotyping brood samples for MNR and mVR [23,24,48].

4.3. Correlation Between Genotyping and Phenotyping

Based on the reduced three-variant model, queens carrying a greater number of favor-
able SNP alleles (reflected by the genotype of their drones) were expected to have a higher
probability of expressing DBR [29]. The outcomes of the correlation analyses were in line
with the previous observations of the phenotyping results; improvement in the three-SNP
score was not associated with an improvement in the DBR phenotype. However, these
findings should not be interpreted as evidence against the reduced three-variant model [29].
The study of Lefebre et al. [29] reported a prediction accuracy of 76%, indicating that
drones containing favorable alleles for all three genetic markers have a higher probability
of expressing DBR, though not with complete certainty. Furthermore, the selected SNPs
represent genetic markers associated with the trait rather than confirmed causal variants.
The original eight markers were identified in seven different genes, reflecting the polygenic

https://doi.org/10.3390/agriculture16181983


https://doi.org/10.3390/agriculture16181983

Agriculture 2026, 16, 1983

14 of 19

nature of DBR [26]. The biological relevance of the genetic markers has been supported by
Broeckx et al. [26], who proposed that these SNPs influence brood pheromone signaling.
One SNP could cause better pheromone sensing by brood-caring bees, and some SNPs
might cause lower brood pheromone production by the pupae. Ultimately, this results in
a low-level pheromone release that is unable to initiate oogenesis in the mite but allows
normal chemical communication for brood care to continue [26]. Another possible hypoth-
esis for the observed genotype—phenotype discrepancy, although not investigated in the
present study, could be that trait loci may interact epistatically with other loci [49,50]. In
other words, the phenotypic outcome of one locus may depend on other loci, such that the
expected DBR phenotype is not always expressed despite the presence of the favorable
SNP alleles. Genotyping reflects the genetic potential for DBR expression, whereas pheno-
typing captures the realized expression of the trait at a single point in time under specific
environmental and management conditions. Consequently, phenotypic measurements are
inherently more variable and susceptible to external influences than underlying genotypes.

We assumed that the climatic conditions across Flanders were similar. However,
the lack of knowledge of the environmental variables (e.g., humidity and temperature)
could be seen as a weakness of this study, as genotype-environment interactions could
clarify the failure of phenotypic progress in the trait of interest [24,43,48,51]. Furthermore,
management of the selection stock can influence the trait by, for example, keeping colonies
at high densities [52] and low inter-colony distances [53,54] and the influx of mites from
neighboring hives due to drift will increase [23,43].

Another possible reason for the observed non-correlation is the insufficient number of
generational rounds for the trait to become phenotypically present in the population. Due
to the general lifecycle of honey bees, which produce drones only for a certain period during
the year, this study covered only four years and three breeding generations of selection.
However, the multigenerational study of Guarna et al. [15] using protein markers observed
effective disease-resistant hygienic behavior in their bee stocks after three generations of
MAS. More research should be performed to investigate whether the trait DBR requires a
longer period of selection to observe phenotypic improvement.

Still, an important observation is that the proportion of usable results obtained from
the original samples was considerably lower for phenotyping than for genotyping (see
Table 1), suggesting that genotyping is a more productive approach. Eventually, future
breeding programs may benefit from combining markers associated with multiple Varroa
resistance mechanisms, rather than focusing on a single trait at a time. In general, it is
increasingly recognized that Varroa resistance involves several complex polygenic traits,
including DBR, VSH, recapping, and grooming, along with colonies expressing these traits
simultaneously [46,55]. To select for Varroa resistance while also predicting trait trade-offs
before undesirable traits (e.g., aggressiveness) manifest in colonies, genomic selection (GS),
rather than MAS, could be applied [46,56]. GS uses thousands of markers across the entire
genome to predict complex polygenic traits, in contrast to MAS, which targets only a
small number of specific genes or large-effect quantitative trait loci (QTL) [57]. Therefore,
genome-assisted breeding (GAB) is expected to be more effective than MAS [58] and has
provided meaningful additions to the field of predictive breeding [59,60].

5. Conclusions

This study demonstrated that marker-assisted selection can successfully increase the
frequency of genetic markers associated with the predisposition to drone brood resistance
(DBR) in the Flemish honey bee breeding population. Specifically, two of the three SNPs
from the reduced three-variant model (SNP2 and SNP6) showed increased frequency
over sampling years in both the workers and drones. In addition, comparing different
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breeding and mating strategies provided further insight into the long-term effects of MAS
implementation, demonstrating that the combination of targeted breeding and targeted
mating promoted the fastest spread of the SNPs in the breeding stock. However, translating
this genetic progress into measurable phenotypic improvement under practical breeding
conditions remains challenging, as reflected by the MNR and mVR results. The limited
phenotypic response highlights the complexity of DBR expression and the difficulties of
reliably assessing this trait in field conditions. These findings indicate that larger breeding
populations, additional generations of selection (with II as the mating strategy), and
continued phenotypic monitoring will likely be required before a consistent genotype—
phenotype correlation becomes apparent. The implementation of the reduced three-variant
model in a Flemish carnica ssp. population demonstrates the potential usage of genetic
markers as a complementary tool in honey bee breeding. Due to the complex associations
of DBR with other traits and the general polygenic nature of Varroa resistance, integrating
multiple markers via genomic selection into future bee breeding programs could further
improve selection efficiency. Overall, this study provides valuable insights into both
the opportunities and practical limitations of implementing the MAS strategy, offering
a noteworthy contribution to our knowledge of sustainable selection strategies aimed at
improving honey bee resilience against V. destructor.
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Abbreviations

The following abbreviations are used in this manuscript:

FAS Field-assisted selection

MAS Marker-assisted selection

SNP Single-nucleotide polymorphism
SMR Suppressed mite reproduction
MNR Mite non-reproduction

DBR Drone brood resistance

HBV Honeybee Valley

VR/VS Varroa-resistant/sensitive

mVR Mean Varroa destructor reproduction rate
SIC Single infested cell

MIC Multiple infested cell

ATL buffer  Anterior Tissue Lysis buffer
QIAamp Quality, Ingenuity and Accessibility amplification

DNA Deoxyribonucleic acid

DNase Deoxyribonuclease

RNase Ribonuclease

qPCR Quantitative polymerase chain reaction
end-RFU End-point relative fluorescence units
FAM Fluorescein

TR Texas red

II Instrumental insemination

TB-TM Targeted breeding and targeted mating

TB-NM Targeted breeding and non-targeted mating
NB-NM Non-targeted breeding and targeted mating
LM Linear Model

LMM Linear Mixed Model

CLMM Cumulative Link Mixed Model

VSH Varroa-sensitive hygiene

GS Genomic selection

QTL Quantitative trait loci

GAB Genome-associated breeding
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