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ABSTRACT

Honeybees, Apis mellifera, have experienced the full impacts of globalisation, including the recent invasion by the parasitic mite
Varroa destructor, now one of the main causes of colony losses worldwide. The strong selection pressure it exerts has led some
colonies to develop defence strategies conferring some degree of resistance to the parasite. Assuming these traits are partly her-
itable, selective breeding of naturally resistant bees could be a sustainable strategy for fighting infestations. To characterise the
genetic determinism of varroa resistance, we conducted the largest genome wide association study performed to date on whole
genome sequencing of more than 1500 colonies on multiple phenotypes linked to varroa resistance of honeybees. To take into
account some genetic diversity of honeybees, colonies belonging to different ancestries representing the main honeybee subspe-
cies in Western Europe were included and analysed both as separate populations and combined in a meta-analysis. The results
show that varroa resistance is substantially heritable and polygenic: while 60 significant associations were identified, none ex-
plain a substantial part of the trait genetic variance. Overall our study highlights that genomic selection for varroa resistance is
promising but that it will not be based on managing a few strong effect mutations and rather use approaches that leverage the
genome wide diversity of honeybee populations. From a broader perspective, these results point the way towards understanding
the genetic adaptation of eusocial insects to parasite load.
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1 | Introduction

The honeybee, Apis mellifera, is a crucial contributor to sustain-
able food production (Klein et al. 2007). However, beekeepers
have been experiencing dramatic colony losses for the past two
decades (Bruckner et al. 2023; Potts et al. 2010). Such losses are
sustainable neither for beekeepers nor for the agroecosystems
relying on services provided by honeybees. Beekeepers them-
selves are major actors to counter such losses, through knowl-
edge acquisition on the biology of honeybees, on threats they
face and on good beekeeping practices (Jacques et al. 2017).
Extensive research has shown that honeybees are threatened by
multiple factors: both abiotic, with the loss of natural resources
and the impact of pesticides due to agriculture intensification;
and biotic, with the infection by a diversity of pests and parasites
that impair bee survival (Goulson et al. 2015). Among biotic fac-
tors, the ectoparasite Varroa destructor is currently considered
as the main threat to honeybee health and beekeeping world-
wide (Traynor et al. 2020). In most regions of the world, col-
ony losses have dramatically increased since its introduction in
Apis mellifera populations in the 1960s (Eastern Europe) and
the 1970s (Western Europe) (Le Conte, Ellis, and Ritter 2010;
Traynor et al. 2020). Originating from Asia, where a stable
host-parasite relationship exists with its historical host Apis
cerana, varroa now infests most Apis mellifera colonies world-
wide. Varroa invades multiple compartments of the honeybee
colony: it reproduces in the brood, feeds on adult honeybee hae-
molymph and fat body, and is associated with a higher preva-
lence of viral infections (de Miranda et al. 2011; Rosenkranz,
Aumeier, and Ziegelmann 2010; Traynor et al. 2020). Combined
together, these effects on individual bees can lead to colony
collapse within a few months if no actions are taken to control
mite infestations (Fries, Imdorf, and Rosenkranz 2006). To
date, managing varroa infestation presents many constraints,
offering beekeepers only a few unsustainable solutions to fight
the deadly mite (Rosenkranz, Aumeier, and Ziegelmann 2010;
Noél, Le Conte, and Mondet 2020). Some rely on the use of
chemical compounds, such as amitraz and fluvalinate. These
must be administered under strict veterinarian prescription and
are banned from organic farming. In addition, there has been
a rise in varroa resistance to these chemicals over recent years
(Rinkevich 2020).

Since the beginning of the 1990's, colonies naturally surviving
varroa infestation without treatment have been observed in sev-
eral regions of the world, raising hope for beekeepers to over-
come the problem. Such populations have been identified in the
USA, France, Sweden, Norway and South America (Mondet,
Beaurepaire, et al. 2020). In these surviving colonies, honeybees
often display behavioural defences against the parasite. For ex-
ample, honeybees are observed cleaning brood frames or groom-
ing each other more extensively (Dadoun et al. 2020; Spivak and
Danka 2020). These collective responses might contribute to
the limitation of parasite population growth and could provide
colonies with social immunity (Cremer, Armitage, and Schmid-
Hempel 2007), a sustainable long-term adaptation to counter
the immense damage caused by varroa. The defence repertoire
against varroa includes: (i) hygienic behaviour, the non-specific
cleaning of damaged brood cells, (ii) varroa sensitive hygiene
(VSH; Harbo and Harris 2005), the targeted cleaning of spe-
cific cells parasitised by varroa, or (iii) recapping behaviour

(Mondet, Beaurepaire, et al. 2020; Mondet, Parejo, et al. 2020;
Oddie, Dahle, and Neumann 2018), consisting in removing the
cap of brood cells followed by recapping, and (iv) a physiolog-
ical mechanisms called suppressed mite reproduction (SMR;
Mondet, Beaurepaire, et al. 2020; Harbo and Harris 1999), which
describes a disruption in mite reproduction due to an action of
the brood itself. Expression of these different traits lead to an
increase in mite non reproduction within brood cells (MNR;
Mondet, Parejo, et al. 2020; Harbo and Harris 1999), also called
decreased mite reproduction, DMR (von Virag et al. 2022). These
are associated with lower overall mite population and limit
growth and infestation (Noé&l, Le Conte, and Mondet 2020). Such
mechanisms have raised interest within the beekeeping sector as
well as academic interest in deciphering the genetic mechanisms
underlying varroa resistance in the honeybee.

As for common livestock species, the most straightforward way
to increase varroa resistance in the honeybee population ap-
pears to be through selection and dissemination of the most re-
sistant lines. Since the late 1990s, efforts have been put into the
selective breeding of such resistant honeybee strains (Rinderer
et al. 2010; Biichler et al. 2020). Yet, selecting for complex traits
in honeybees has been hindered by features that strongly dif-
ferentiate honeybees from other more typical livestock species.
Due to the social nature of honeybees, many phenotypic traits
of interest to beekeeping (including varroa resistance traits) are
expressed at the group (i.e., colony) level and thus cannot be ad-
dressed by classical GWAS approaches where phenotypes are de-
termined at the individual level. In addition, many of these traits
are linked to group behaviours and are thus difficult to pheno-
type and can display rather low repeatabilities and heritabilities
(Rothenbuhler 1964; Bienefeld and Pirchner 1990; Harbo and
Harris 2009; Eynard et al. 2020; Guichard et al. 2020).

At the breeding level, managing honeybee reproduction can
be difficult. Honeybees are polyandric (Tarpy, Hatch, and
Fletcher 2000), meaning that one queen mates with multiple
males. In nature, this mating happens once in the honeybee
queen's life. Typically, a honeybee queen can fly multiple ki-
lometres to reach a male congregation and mate with up to 20
males, storing sperm in her spermatheca. This will be used
throughout the queen’s life to produce diploid organisms, female
worker bees or daughter queens. Contrarily, male offspring or
drones, are born from unfertilised eggs and are consequently
haploid. In addition, sex determination is governed by a ha-
plodiploid mechanism at a single locus, the complementary
sex determiner (CSD) locus (Zayed 2004; Beye et al. 2003) at
which diploid homozygosity is lethal (Woyke 1963), limiting
inbreeding drastically. Finally, honeybee populations bred for
beekeeping encompass an important genetic diversity, with
strong regional clustering, which impedes the identification of
genetic markers that are relevant outside the population where
they are identified. Developing molecular tools to assess the
genetic make-up of honeybee colonies could help in honeybee
breeding by coping with some of these issues. To list a few pos-
sibilities, genomic-enabled prediction of resistance traits could
reduce the amount of complex phenotyping required by identi-
fying promising colonies early in life. Also, genetic assessment
could help identify the genetic structure of colonies (Eynard
et al. 2022), allowing the design of crosses limiting inbreeding
in selection programmes.
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In addition to their use in selection programmes, molecular
tools can help to identify pathways involved in resistance by
assessing the statistical effects of polymorphisms on the vari-
ability of complex phenotypes, using genome wide association
studies (GWAS). This offers opportunities to develop new ap-
proaches that take into account the specific genetic determin-
ism of honeybees and to open avenues for genomic selection on
traits such as varroa resistance. However, tools to perform ge-
netic association studies are so far not tailored to encompass the
genetic specificities of honeybees, limiting the power of genomic
studies performed on this species and their transferability into
breeding tools. Some markers associated with varroa resistance
have been identified (see Mondet, Beaurepaire, et al. 2020 for a
review) but most genomic studies performed on honeybee traits
so far were built on a limited number of samples (10-200 indi-
viduals or colonies; Avalos et al. 2020; Shorter et al. 2012; Liu
et al. 2016; Southey et al. 2016; Conlon et al. 2019; Guichard,
Dainat, et al. 2021; Guichard et al. 2021; Guichard et al. 2022),
restricting the power of the analyses and their use for develop-
ing a general breeding tool. To date, the use of potential markers
has been limited, mostly due to a lack of low-cost genotyping
tools, leaving beekeepers with very limited access to varroa re-
sistant stock.

In this study, we took advantage of the unique situation rep-
resented by the French honeybee populations. Indeed, the
French territory has the advantage of presenting a large va-
riety of landscapes, environments and ecosystems, where
honeybee populations with different genetic backgrounds co-
exist, together with a large variety of hybrid colonies (Wragg
et al. 2022). To take this diversity into account, we performed
one of the largest genomic studies to date applied to honey-
bees, with the phenotyping and complete genome sequencing
of more than 1500 colonies. Using uniquely tailored genetic
and genomic tools, such as queen genotype reconstruction
from pool sequence data (Eynard et al. 2022), GWAS and meta-
GWAS analyses (Morris 2011; Urbut et al. 2019), we investi-
gated the genetic basis of three major traits linked to varroa
resistance: overall varroa infestation of the colony, MNR and
recapping of varroa infested brood cells. We identified mul-
tiple genetic markers associated with these traits on several
chromosomes and evidenced the heterogeneity of the genomic
regions involved across populations. This large-scale effort
provides a new understanding of the genetic mechanism un-
derlying honeybee resistance to its main parasite, the Varroa
destructor mite.

2 | Materials and Methods
2.1 | Honeybee Colonies and Sampling Strategy

The sampling strategy was established to represent the diversity
(both in terms of genetic background and beekeeping practices)
of honeybee colonies bred in Western Europe, mostly in France,
but also including several other European and non-European
countries, to enlarge our sampling base. A total of 97 beekeepers
participated in this study. They were located mostly in France
but also in Switzerland, Luxembourg, the Netherlands, Sweden
and New Zealand (Figure 1). The colonies outside France were
included as they show similar genetic backgrounds to the French
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FIGURE 1 | Geographic distribution of the sampled colonies.
Geographical locations of colonies that were only sequenced (in green)
and both phenotyped and sequenced (in red). The size of the dot rep-
resents the number of honeybee colonies per location and category.

honeybee population, thanks to historical or ongoing trade be-
tween beekeepers. A total of 1513 colonies were sampled and
sequenced: 1189 from France, 185 from Switzerland, 37 from
Luxembourg, 37 from the Netherlands, 15 from Sweden and 50
from New Zealand. Out of these 1441 colonies were also phe-
notyped, after satisfying the condition that each beekeeper
contributed at least 6 colonies (from 6 to 125 with on average
19.25 colonies). These colonies were phenotyped for multiple
traits known to be related to varroa resistance (described in de-
tail below), once per colony at the end of the beekeeping season
(summer and autumn, i.e., typically between July and September
in Europe).

2.2 | Genetic Characterisation of Honeybee
Colonies

All colonies were genotyped using the pooling and whole ge-
nome sequencing strategy described in Eynard et al. (2022). This
study developed a strategy for characterising the average colony
genetic composition, taking in account the specificities of honey-
bee genetics and colony social organisation, by sequencing large
pools of honeybee workers, which can represent an average of
the genetics of the colony and are also the individuals respon-
sible for resistance trait performance within colonies. Briefly,
three steps were involved for each colony: first allele counts at
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selected single nucleotide polymorphisms (SNPs) were obtained
from the whole genome sequence, then the genetic background
of the colony was estimated from a subset of discriminating
markers, and finally the genotype of the queen was predicted
among colonies of similar genetic background. These three steps
are detailed below.

2.2.1 | Whole Genome Sequencing

For each colony, approximately 500 honeybee workers were
ground in 100 mL of TNE buffer. Then, 15 mL of ground sample
was then collected and centrifuged for 15min at 3400 rcf (rela-
tive centrifugal force). A volume of 200uL of supernatant was
lysed overnight at 56°C, with a solution of proteinase K (Eurobio
GEXPRKO1-B5) and DTT (1,4 dithiothreitol). Automated DNA
extraction was done with a Qiasymphony-Qiagen. DNA concen-
trations for each sample were estimated with Infinit200-Tecan.
Thereafter, pool sequencing was done on a NovaSeq6000 platform
in order to obtain about 30X genome wide raw sequencing cov-
erage. Sequencing reads were aligned to the honeybee reference
genome Amel HAv3.1 (Genbank accession GCA_003254395.2;
Wallberg et al. 2019), using BWA-MEM (Li 2013). In addition,
it was expected that the biological sample contained adult var-
roa, present in the phoretic phase on the bees, within the pool
of sequenced honeybee workers. The obtained reads were there-
fore also aligned to the varroa mitochondrial genome from the
Vdes_3.0 assembly (Genbank accession GCA_002443255.1;
Techer et al. 2019) using the same procedure.

2.2.2 | SNP Genotyping

Genotypes were estimated at each of the 7,023,976 high-quality
SNPs identified in Wragg et al. (2022). Pool sequences were
analysed using Samtools mpileup (Li and Durbin 2009) with
the recommended parameters: -C minimum mapping quality
for reads with excessive mismatches of 50, —q minimum map-
ping quality for an alignment of 20, —Q minimum base quality
of 20. Then, Pileup files were interpreted by the PoPoolation2
utility mpileup2sync (Kofler, Pandey, and Schlotterer 2011),
with a minimum quality of 20 and were finally converted to
allele counts and sequencing depth files, filtering out real tri-
allelic and potential sequencing error. This procedure led to a
set of 6,831,074 SNPs that were used in all downstream anal-
yses. Colonies were sequenced on average at 27.4X coverage
and each selected SNP at 29.9X coverage, as planned by our
study design (Table S1).

2.2.3 | Population Structure

For each colony, we ran the model presented in Eynard
et al. (2022) to estimate the genetic background on 48,589
SNPs selected for their capacity of differentiating the three
main European genetic backgrounds (Wragg et al. 2022;
Dogantzis et al. 2021; Obsteter et al. 2022): the C lineage, com-
prising the mildly differentiated Apis mellifera ligustica and
Apis mellifera carnica; the M lineage of Western Europe Apis
mellifera mellifera and the O lineage of Eastern Europe/South-
Western Asia Apis mellifera caucasia. Specifically, the SNPs

were chosen based on the following criteria: (i) a maximum of
two polymorphic sites within a 100 base pair window, (ii) only
one representative marker per linkage disequilibrium (LD)
block with R? higher than 0.8, (iii) the variance between allele
frequencies in the three main European genetic backgrounds
is higher than zero, to allow for population identification
and (iv) minor allele frequencies (MAF) within the selected
markers follow a uniform distribution. The list of selected
markers is provided in Table S2. For step (ii) above, LD was
estimated by using the reference diversity panel from Wragg
et al. (2022) using the plink software version 1.9 (Purcell and
Chang 2015; Purcell et al. 2007) with options -r2 -ld-window
100 -ld-window-kb 10 -1d-window-r2 0.8 and a unique marker
was selected manually as the median point for each LD block.
The admixture model from Eynard et al. (2022) was used to
estimate the genetic background of each colony (i.e., the ad-
mixture proportions; Pritchard, Stephens, and Donnelly 2000
of each of the three genetic backgrounds).

2.2.4 | Queen Genotype Reconstruction

Following the procedure described in Eynard et al. (2022) we
grouped the colonies in categories based on their genetic back-
ground (A. m. ligustica & carnica, A. m. mellifera, A. m. cau-
casia and hybrid), so as to obtain homogeneous populations.
Colonies were grouped in one of the three first categories
if they harboured more than 80% of the same genetic back-
ground. Colonies that could not be assigned to such a homo-
geneous background were assigned to the ‘hybrid” group. The
group of pure A. m. caucasia colonies was too small (n=21) to
be considered further in the study. Once homogeneous groups
are defined it is possible to perform honeybee queen genotype
inference using the homogeneous model described in Eynard
et al. (2022). In short, the method is based on the likelihood of
the queen genotype, written as

+ C
x| dj.f.8 ~ Binomial(@, df) €]

where g is the (unknown) queen genotype, f; is the unknown
reference allele frequency in the population, d; and x] the se-
quencing depth and allele counts obtained from pool sequencing
for locus I and colony c. By considering all colonies of the same
genetic background jointly, f, can be estimated by maximum
likelihood and the posterior probabilities of the three possible
genotypes of the queen can be computed.

2.3 | Varroa Resistance Phenotypes

2.3.1 | Varroa Infestation

Varroa infestation was quantified with four different measures:
phoretic mite infestation (on adult bees using two different
methods), brood infestation and total mite load.

Phoretic mite infestation (v_pho) was measured using the deter-

gent method (Dietemann et al. 2012). In brief, a sample of approx-
imately 300 adult honeybees was collected in each colony, on a
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frame containing uncapped brood. After weighing this sample,
the number of mites falling as a consequence of washing with a
detergent solution was counted, and the proportion of mites within
the sample expressed as the number of varroa per 100 honeybees
(assuming the weight of 1 single bee to be 140mg). An alternative
measure of phoretic varroa (v_mito) was obtained from the pool
sequencing data by calculating the ratio of the number of reads
mapping to the varroa mitochondrial genome on the number of
reads mapping to the honeybee genome sequence.

Brood infestation (v_brood) was expressed as the proportion of
varroa infesting brood cells in the colony. This proportion was
estimated among 300 randomly sampled brood cells on a single
frame containing capped broods aged 7-11days post-capping
(P5-P8 stages).

Total mite infestation (v_load) was estimated by combining the
phoretic and brood infestations:

bee
Vioad = Vbrood X Mbrood T vpho X 100 (2)

where the total number of brood cells (,,,,,) and adult bees
(np,,) in the colonies were estimated using the ColEval method
(Hernandez et al. 2020).

2.3.2 | Mite Non Reproduction

MNR, originally known as SMR, was estimated as detailed in
Mondet, Parejo, et al. (2020). In brief, this estimate infers varroa
reproductive status for each brood cell infested by a single var-
roa foundress and provides a proportion of reproductive mites in
the colony. It was estimated on about 300 brood cells (some also
used to determine mite brood infestation) with the aim to reach
at least 35 single mite infested cells.

2.3.3 | Recapping of Infested Cells

The uncapping and further recapping of varroa infested brood
cells by adult honeybees is a behavioural trait that has been
shown to be associated with varroa resistance (Oddie, Dahle, and
Neumann 2018). It can be estimated by dissecting brood cells
to detect the presence (non-recapped cell) or absence (recapped
cell) of the larval cocoon silk in the cell cap (Biichler 2017). This
was measured on the colony at the same time as measuring
MNR. This trait is expressed as the proportion of recapped cells
among the infested cells.

All phenotypes were recorded by technicians having followed an
extensive training period prior to sampling. Moreover, for statisti-
cal analysis they were corrected to fit the assumption of Normality
underlying genome wide association study (GWAS) models.
Details on the transformations can be found in Methods S1.

2.3.4 | Phenotypic Characterisation of Colonies

The correlation between varroa-associated phenotypes within
and across groups were estimated using the traditional Pearson's

method. A Principal Component Analysis (PCA) was performed
using the R package FactoMineR (Lé, Josse, and Husson 2008).
Due to scoring difficulties in the field some phenotypes are
missing for some colonies (number of missing records for v_pho
n=106, v_mito n=209, v_brood n=112, v_load n=165, MNR
n=112, recap n=112 out of 1423 phenotyped colonies, after ex-
clusion of the A. m. caucasia colonies). Imputation of these miss-
ing records was performed prior to analysis using the R package
MissMDA (Josse and Husson 2016). Loadings of colonies on the
first principal components (PCs) were used as a synthetic varroa
infestation phenotype for genetic association tests.

2.4 | Genome Wide Association Studies
and Meta-Analyses

2.41 | Genomic Relationship Matrix

For each genetic background identified, A. m. ligustica & car-
nica, A. m. mellifera and the hybrids, only SNPs with a MAF
above 0.01 and missing rate below 5% were retained. A genomic
relationship matrix (GRM) between colonies within each group
was estimated on pool sequencing allele frequencies taking SNP
LD into account through the SNP weights produced by LDAK
(Speed et al. 2017; see Methods S2 for more details). Additionally,
in order to further describe the genetic structure within each
group, a PCA on the GRM was performed, using LDAK (Speed
et al. 2012). Horn's parallel analysis (Dinno 2009) was used to
decide on the number of PCs to keep as covariates in the linear
model for explaining the variance. Twenty, 12 and 16 first com-
ponents were retained from this PCA for A. m. ligustica & car-
nica, A. m. mellifera and the hybrid colonies respectively.

2.4.2 | Genome Wide Association

Genome wide association study were performed for three traits:
varroa infestation (here-after called varroa_inf), MNR and re-
capping of varroa infested cells (recap). Each GWAS tested the
association between the reconstructed queen genotypes and
the phenotype using the univariate linear mixed model (Imm)
as proposed in GEMMA (Zhou and Stephens 2012) at each SNP
in turn (LMM-GWA), resulting for each SNP in an estimate
of its effect and associated standard error, as well as a p value.
Association studies were performed for all markers initially
available, after filtering for MAF above 0.01 and missing rate
below 5% (3,084,335 reconstructed queen's genotypes for the
A. m. ligustica & carnica; 2,729,072 for the A. m. mellifera and
3,185,994 for the hybrid individuals respectively). Polygenic ef-
fects were accounted for with the GRM described above. In ad-
dition, further correction was performed by adding as covariates
the PCs from the PCA of the GRM, selected as explained above.
This was done to correct for the effects of unmeasured confound-
ers with the genetic structure on the phenotypic variation (such
as apiaries, beekeeper, year etc. effects). In Methods S2, we il-
lustrate how the structures of the GRMs correlate somewhat to
different environmental structures in the data.

To assess the effectiveness of the correction for population
structure, the genomic inflation factor A,, was estimated as
the median of the chi-squared test statistics divided by the
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expected median of the chi-squared distribution under the null
hypothesis. Parameter 4, ranged between 1.02 and 1.08 for the
GWAS on A. m. ligustica & carnica, between 0.98 and 1.03 for
the GWAS on A. m. mellifera and between 0.99 and 1.04 for the
GWAS on the hybrid colonies therefore showing essentially no
inflation or deflation of the p values associated with the tested
SNPs (Figure S1).

To determine the significance of each SNP for a trait, a false
discovery rate procedure was applied, using the adaptive
shrinkage method (Stephens 2017) as implemented in the ashr
R package. Specifically, SNPs with a local false discovery rate
(1fdr) and local false sign rate (Ifsr) lower than 0.1 were deemed
significant. The Ifdr is the probability, knowing the observed
data, that an effect is erroneously declared significant and Ifsr is
the probability, knowing the observed data, that the sign of an
effect declared significant is wrong (Stephens 2017). The pro-
portion of phenotypic variance explained by the SNPs (PVE),
and its standard error, was estimated by the univariate lin-
ear model (LMM-GWA) and using the Bayesian sparse linear
mixed model (bs1mm, BSLMM-GWA), with default gamma pa-
rameters of 0-300 SNPs, 1,000,000 sampling steps and 100,000
burn-in iterations, as proposed by GEMMA (Zhou, Carbonetto,
and Stephens 2013). This model was fitted with the GRM and
associated covariates, exclusively for LMM-GWA, and we es-
timated the proportion of genetic variance explained by the
sparse effects (PGE) of the trait as well as 95% credible intervals
from empirical estimates.

2.4.3 | Meta-Analysis

Genome wide association study results for the same pheno-
type on the three ‘pure’ genetic backgrounds were combined
with two meta GWAS methods: (i) MANTRA (Morris 2011) a
meta-analysis method dedicated to combine GWAS results from
different genetic ancestries, and (ii) mash (Urbut et al. 2019) a
general purpose data-driven Bayesian meta-analysis method
modelling SNP effects with a mixture of multivariate Gaussian
distributions with different correlation matrices.

MANTRA and mash were run on all SNPs, using effects (f)
and associated standard errors estimated with LMM-GWA of
GEMMA. For mash inferences, canonical and data-driven co-
variance matrices were used. The canonical matrices were es-
timated automatically by mash. Data-driven matrices were:
(i) estimated based on extreme deconvolution from PCA ma-
trices, (ii) based on F,t values between populations, similar to
MANTRA and (iii) based on correlation between SNP or gene
effects in the different groups. Mash includes an estimation of
the residual correlation. In this analysis, the simple residual
correlation estimation model was preferred, as it outperformed
more complex residual correlation estimation models. SNPs
with a logl0(Bayes Factor)> 5 with MANTRA were called sig-
nificant, a threshold which was shown to be conservative by
Wang et al. (2013). Mash automatically assigns significance to
each marker. In our study the corresponding logl0(BF) thresh-
old varied from 1.16 to 1.4 depending on the trait.

Genetic correlations were estimated using Pearson's correlation
coefficients on the allele effects for each SNP, calculated by our

different GWAS methods (individually with GEMMA and ash,
and across co-ancestries with MANTRA and mash).

2.4.4 | Gene Prioritisation

The variant effect predictor (VEP) tool from Ensembl (McLaren
et al. 2016) was used to identify the impact of each variant of
each significant SNP on the corresponding honeybee genome
annotation (stop codon, gained or lost, missense, frameshift...),
its closest genes and their locations (upstream, downstream,
intronic or exonic region...). Additionally, we identified distant
genes, in conserved haplotype regions, containing variants in
high LD (R? > 0.8) with the significant SNP. Linkage disequilib-
rium was computed, for each group, using data from the genetic
diversity reference panel Wragg et al. (2022) for each signifi-
cant SNP with all other variants on the same chromosome using
the plink software version 1.9 (Purcell and Chang 2015; Purcell
et al. 2007) with options -ld-window-r2 0.8 -r2 inter-chr.

In addition, it is crucial to integrate all existing studies in order
to have the best a priori knowledge of varroa resistance mech-
anisms. Therefore, to confront our results with previous work,
we took advantage of the recent review by Mondet, Beaurepaire,
et al. (2020). Compared to the studies reported in this review,
our analysis tackles a much larger genetic diversity of honey-
bee populations in Europe, as well as beekeeping practices rep-
resentative of the diversity of colony management strategies.
To compare genome regions detected across studies, we trans-
formed genome coordinates for the previous studies described in
Mondet, Beaurepaire, et al. (2020) into coordinates for the latest
genome assembly (HAv3.1; Wallberg et al. 2019) such as used
here, by performing a liftover (Table S3).

3 | Results

3.1 | Genetic and Phenotypic Diversity
of Honeybee Colonies

Using allele frequencies estimated from pool sequence data for
the 1513 sampled honeybee colonies, we identified three main
ancestry groups: 703 colonies were identified as having more
than 80% A. m. ligustica & carnica genetic background, 407 as
having more than 80% A. m. mellifera genetic background and
382 as hybrids (Figure 2). An additional 21 colonies were found
to be of pure A. m. caucasia ancestry, but due to the small sam-
ple size of this category they were not analysed further.

For the purpose of this study, we collected six phenotypes on
these colonies. Out of the six phenotypes initially available,
four were associated with varroa infestation (on the adult bees:
phoretic infestation rate v_pho and varroa mitochondrial se-
quence reads v_mito, inside the brood: brood infestation rate
v_brood and overall in the colony: varroa load v_load). These
were highly positively correlated with each other (R between
0.79 for the correlation between v_pho and v_brood and 0.88 for
the correlation between v_brood and v_load), p values < 107
and drove the first dimension of the PCA across all colonies
(Figure 3), and also within each group (Figure S1), with about
60% of the variance explained in each case. The first component
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Caucasia Hybrids
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FIGURE 2 | Genetic backgrounds for each colony, per group. Proportion of genetic backgrounds from subspecies in four groups of colonies.

Vertical bars represent colonies with subspecies proportions. Yellow: A. m. ligustica or A. m. carnica; black: A. m. mellifera; green: A. m. caucasia.

The three larger groups: A. m. ligustica & carnica, mellifera and hybrids were selected for GWAS.
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FIGURE 3 | Correlation and principal component analysis. Description of the correlation between phenotypes and PCA. Panel (A) shows the cor-
relations between our original phenotypes, with larger dots for stronger, green for positive and red for negative correlations. Panel (B) summarises the
percentage of variance explained by each of the PCs from axis 1 to 5. Panel (C) shows our phenotypes on PCA for axis 1, 2 and 3, the colour gives the
contribution of each variable to the axis, with red as the highest. The correlation and PCA estimates are based on an analysis of the dataset including

colonies from the three groups A. m. ligustica & carnica, A. m. mellifera and the hybrids (n =1423).
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of the PCA was used as a synthetic varroa infestation phenotype
thereafter (varroa_inf). The two remaining phenotypes were
expected to be linked to resistance to varroa infestation, either
through mechanisms repressing varroa reproduction, and thus
varroa population growth within the colony (MNR), or through
the cleaning of brood cells infested by varroa (recap). MNR was
slightly positively correlated (R=0.23, p value < 107'%) with the
recapping of infested brood cells, as expected under the assump-
tion that recap contributes to overall MNR. MNR was not cor-
related with varroa infestation (R close to and non-significantly
different from zero). recap was slightly negatively correlated
with varroa infestation (R between —0.15 for the correlation be-
tween recap and v_brood and —0.07 for the correlation between
recap and v_mito, p values < 0.0045). This observation is consis-
tent, as recap is one of the mechanisms linked to a reduction in
varroa infestation within the colony. MNR and recap both con-
tributed to the second dimension of the PCA, explaining about
20% of the variance. They are separated on the third axis of
the PCA, which explains about 12% of the variance (Figure 3).
GWAS were performed on each of these three phenotypes (var-
roa_inf, MNR and recap).

3.2 | Meta-Analysis of Varroa Resistance

Our aim with the meta-analysis was to identify markers sig-
nificantly associated with our traits of interest across the three
main honeybee genetic backgrounds found in Europe. Within
populations, we used a standard linear mixed model approach,
implemented in GEMMA (Zhou and Stephens 2012). Significant
genetic markers (SNPs) were identified relative to their local false
discovery and false sign rates, estimated by adaptive shrinkage
(Stephens 2017). Population level analyses were combined into
a meta-analysis using two Bayesian methods: a co-ancestry spe-
cific program MANTRA (Morris 2011) and the more generalist
mash (Urbut et al. 2019), to increase power to detect significant
markers across the three genetic backgrounds.

3.2.1 | Associated Variants

The individual GWAS for each genetic background group and
each phenotype allowed us to identify 8 genomic regions of in-
terest (nine SNPs). A detailed list of the SNPs can be found in
Table S1.

In detail:

i. For varroa_inf, we found one variant (1:10080627:C>T)
in A. m. ligustica & carnica, with a positive alternative al-
lele effect, and one (4:11665460:G > A) in the hybrid group,
with a negative alternative allele effect.

ii. No significant variants were identified for MNR.

iii. For recap, we identified four significant variants in
A. m. mellifera. For two SNPs, the alternative alleles
had negative effects on the trait (2:2729874:T>C and
3:1059430:T>C), whereas the two others had positive
effects (4:4327611:G > A, 15:8485332:G>A). In A. m. li-
gustica & carnica, a region with two SNPs was found, for

both of which the alternative alleles had positive effects
on the trait (2:12025610:A > G, 2:12025647:A > G). Finally
in the hybrid group, one variant was detected for which
the alternative allele had a negative effect on the trait
(13:9483955:C>T).

Out of these nine significant SNPs, eight were located in-
side genes described in the honeybee annotation (Wallberg
et al. 2019) and one was located 7kb upstream of the closest gene
(for more details see Table S1).

Across the three traits, the meta-analysis allowed the identifica-
tion of 51 genomic regions containing 56 significant SNPs: 14 (n
SNPs =14) were significant for varroa_inf, 14 (n SNPs=15) for
MNR and 23 (n SNPs=27) for recap. These regions were distrib-
uted across the whole genome, involving almost every chromo-
some (for a detailed list of the SNPs, see Table S2).

In detail:

i. For the varroa_inftrait: Of the 14 SNPs, four were located
on chromosome 7; two each on chromosomes 1, 5 and
8 and one on chromosomes 4, 6, 11 and 12. Thirteen of
these SNPs were considered significant in the MANTRA
meta-analysis with loglO(BF) ranging from 7.59 to
5.09 and one was significant in the mash analysis with
logl0O(BF)=1.16. For six of these variants, the alter-
native allele had a positive effect on the trait in at least
one of the groups (5:9190579:A>G, 7:5772089:A>T,
7:6738985:T> A, 7:11806658:G > A, 8:9799408:C>T and
12:10734707:A>G), for seven alternative allele had a
negative effect on the trait, in at least one of the groups
(1:20960056:C>T, 1:25184394:C>T, 4:11665460:G> A,
5:75369:C>T, 6:10450971:C>T, 7:5762037:T>C and
8:2468335:C>T) and for one the sign of the effect de-
pended on the group (11:9369229:T > C). Eight SNPs were
found inside genes from the honeybee annotation, six in
introns, oneina 5’ UTR and one in a 3’ UTR region. Out of
the six remaining SNPs, three were within 11 kb upstream
and three 54 kb downstream the closest gene.

ii. For MNR: of the 15 SNPs, four were located on chromo-
some 1; two each on chromosomes 8, 10 and 12 and
one each on chromosome 2, 3, 5, 11 and 15. All these
SNPs were considered significant in the MANTRA
meta-analysis with loglO(BF) ranging from 5.12 to
6.44. For three of these variants, the alternative al-
lele had a positive effect on the trait, in at least one of
the groups (2:4437645:G>A, 12:10153855:A>G and
15:4853529:C>T), for seven it had a negative effect on
the trait, in at least one of the groups (1:16327085:C> T,
1:21374478:G > A, 1:24201224:C>T, 3:6206342:C>T,
8:1150346:C>T, 11:9527267:G> A and 12:136634:G>C)
and for five the sign of the effect depended on the groups
(1:2891204:G>A, 5:2008472:A>C, 8:9557205:C>T,
10:5359169:T > A and 10:5359173:C>T). Out of the 15
significant SNPs, 12 were found inside genes: 10 in in-
trons, one in a 3’UTR region and one causing a missense
variation. The three remaining SNPs were within 17kb
downstream the closest gene.
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iii. Finally, for recap: of the 27 SNPs, four each were located on
the chromosomes 2 and 7; three each on the chromosomes 1,
5 and 14; two each on chromosomes 4 and 15 and one each
on chromosome 3, 8, 9, 10, 11 and 16. Of these SNPs, 26 were
considered significant based on their logl0(BF) values for
the MANTRA meta-analysis with loglO(BF) ranging from
5.01 to 7.61 and six had logl0(BF) values higher than one
from the mash analysis, with logl0O(BF) ranging between
1.41 and 2.53. Five SNPs for recap were found significant
in both the MANTRA and mash meta-analysis, while for
the other two traits, no SNPs were found significant in both
analyses. For these five SNPs, the logl0(BF_MANTRA)
ranged between 5.03 and 7.61 and the logl0(BF_mash) be-
tween 1.41 and 2.53. These SNPs were located on the chro-
mosomes 2 (two SNPs), 3, 11 and 15. For eight of the SNPs,
the alternative allele had a positive effect on the trait, in at
least one of the groups (1:7448807:A>T, 1:7448811:T>C,
4:7321246:T> A, 4:7321247:.G>T, 14:6686131:A> G,
14:8481541:A> G, 15:2081876:A>G and 15:8485332:G> A),
for 18 SNPs the alternative allele had a negative effect on
the trait, in at least one of the groups (1:15280956:G> A,
2:2729874:T> C, 2:8350714:G> A, 2:12025610:A > G, 2:1606
0868:G>A, 3:1059430:T>C, 5:6736534:T>C, 5:6761414:
T>A, 5:8737386:G> A, 7:7028040:G> A, 7:7051965:A>G,
7:7078376:C>T, 8:1551638:C>T, 9:11564671:A>C, 10:202
6877:C> G, 11:14369154:G > C, 14:3782741:G > A and 16:1812
909:C>T) and for one SNP the effect depended on the genetic
group (7:8466948:A > G). Out of the 27 significant SNPs, 18
were found inside genes: 16 in introns, one in a region coding
for long non coding RNA and one in a 5UTR, being also a
missense variant. Three SNPs were found between 52 and
102kb downstream of the closest genes. The remaining six
SNPs were found between 5 and 129kb upstream of the clos-
est genes (for details, see Tables S2 and S3).

Next we identified chromosome regions smaller than 1 Mb that
shared significant SNPs between multiple traits. Between var-
roa_inf and MNR we identified a total of five such overlapping
regions (p value=6.4x10"%). Two were on chromosome 1 in
the regions 20.9-21.4 and 24.2-25.2Mb, one was on chromo-
some 8:9.5-9.8 Mb, one on chromosome 11:9.3-9.6 Mb and one
on chromosome 12:10.1-10.8 Mb. Between varroa_inf and recap
we identified a region on chromosome 5:8.7-9.2Mb, one region
on chromosome 7:6.7-7.1Mb and one region on chromosome
8:1.5-2.5Mb (p value for these overlaps=0.042). Finally be-
tween MNR and recap we identified one region on chromosome
8:1.1-1.6 Mb. Statistically the overlaps between varroa_inf and
MNR were highly significant, and between varroa_infand recap
slightly significant, assuring us that the marker co-occurrence
was non-random (Table 1). (Figure 4, for the details of each re-
gion see Table S4).

3.2.2 | Heterogeneity of Effects

Three groups of colonies were analysed, based on genetic ho-
mogeneity. Two have relatively pure genetic backgrounds, cor-
responding to the two main lines of honeybee subspecies in
Western Europe, and the third consists of varying degrees of
hybridisation between pure groups. The F,, (a measure of ge-
netic differentiation between groups) between groups was 0.26

TABLE 1 | Overlapping regions. Number of overlapping regions
between each trait and p value associated with the probability of these
associations being non-random.

Varroa_inf MNR
(nregions=14) (nregions=14)
MNR (n regions =14) 5(6.4x107%)
Recap (n regions =23) 3(0.042) 1(0.79)

between A. m. mellifera and A. m. ligustica & carnica, 0.20 be-
tween A. m. mellifera and hybrids, and 0.08 between A. m. ligu-
stica & carnica and hybrids.

As detailed earlier, we observed 17 SNPs in the meta-analysis
(six for varroa_inf, three for MNR and eight for recap) for which
alternative allele had significant positive effects for at least one
of the groups. For 32 SNPs (seven in varroa_inf, seven in MNR
and 18 in recap) we saw significant negative effects for at least
one of the groups. Finally for seven SNPs (one in varroa_inf,
five in MNNR and one in recap) we observed a divergent effect
depending on the group (Table S3). We noticed that marker
effects estimated with GEMMA lacked precision, whereas the
ash and mash methods applied stronger shrinkage to the es-
timates bringing most of them closer to zero. Going from in-
dividual analysis to meta-GWAS improved the power to detect
associations and improved our ability to accurately estimate the
markers' effects.

Around 80% of the significant SNPs identified were located in
intronic regions, and there were no differences between the
annotations of the significant SNPs on the genome and the an-
notations of all tested SNPs, that is, there was no enrichment
for a specific genomic feature. Five SNPs were found to be sig-
nificant in both the GWAS performed on the separate groups
and in the meta-analysis: one for varroa_inf significant in the
hybrid group, three for recap in the A. m. mellifera group and
one for recap in the A. m. ligustica & carnica group. All five SNPs
were located within genes: LOC102655235 and LOC410853 on
chromosome 2, LOC409402 on chromosome 3, LOC408787 on
chromosome 4 and LOC726948 on chromosome 15.

3.2.3 | Example of Associations

One interesting region on chromosome 8 has two SNPs that
were significant in the meta-analysis: for MNR at 9,557,205bp
and for varroa_inf at 9,799,408 bp. These are in close vicinity to
the ecdysone receptor (Ecr) gene (Figure 5). In addition, we also
identified a SNP, located at 9,696,277 bp, within Ecr, in high LD
with the significant SNP 8:2468335:C > T, that was also found in
the meta-analysis for varroa_inf (Table S5).

Another interesting region contains one SNP significant
for recap, at 2,081,876bp on chromosome 15 and two sug-
gestive SNPs, close to the significant threshold, at positions
2,021,142 and 2,081,914bp. The markers 15:2081876:A>G
and 15:2081914:A > G were in full LD in A. m. ligustica & car-
nica and in the hybrid group and in high LD (R*>0.8) in A. m.
mellifera. They are located within the same 1.6kb haplotype
block identified by Wragg et al. (2022) (Table S6), which did
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FIGURE4 | Overlap between traits across significant regions. Position of each of the significant SNPs on the honeybee chromosomes: a coloured

dot means that this position has been identified either in A. m. ligustica & carnica, in A. m. mellifera or in hybrids in individual GWAS; a red square
means that it has been identified in the meta analysis. The coloured bars represent the phenotypes of interest varroa_inf (yellow), MNR (green) and
recap (pink). This figure allows us to see overlapping windows containing significant markers across the phenotypes.

not contain annotated genes in the current honeybee genome
annotation. The marker 15:2021142:C>T is located in a short
haplotype block (0.175kb) overlapping the gene LOC413200,
which has been identified as a putative immune related gene
by Ryabov et al. (2014). Interestingly, they were located less
than 1 Mbp downstream of a group of eight genes coding
for odorant binding proteins (Obp). The alternative allele of
the first SNP (15:2021142:C>T) had a negative effect for all
groups, whereas that of the second (15:2081876:A > G) had a
positive effect for all groups, particularly for A. m. ligustica &
carnica (Figure 6).

3.3 | Polygenic Architecture of Varroa Resistance

The Bayesian sparse linear mixed model (BSLMM-GWA)
(Zhou, Carbonetto, and Stephens 2013) implemented in the
program GEMMA provides estimates for the proportion of
PVE explained by the SNPs and PGE explained by the sparse
effects, for each trait and in each group (Table 2 and Figure 7).
PVEs estimated using BSLMM-GWA ranged between 0.14 and
0.82 (se=[0.09; 0.19]) and were close to the LMM-GWA esti-
mates, which ranged between 0.20 and 0.82 (se =[0.07; 0.15]).
The 95% confidence and credible intervals for PVEs from both

LMM-GWA and BSLMM-GWA appeared exclusively positive,
except for MNR in the hybrids group. However, PGEs were
much lower, ranging between 0.06 and 0.33 (se=[0.08; 0.25]).
Their 95% confidence/credible intervals often included zero.
The only traits and groups having PGEs significantly differ-
ent from zero were varroa_inf and recap for the A. m. ligustica
group with PGEs of 0.277 and 0.238 respectively, and MNR for
the A. m. mellifera group with a PGE of 0.23. The estimates for
the GWAS on hybrids and A. m. mellifera always showed larger
standard error, due to the smaller sample sizes of these groups.
Interestingly, it appears that the PVE estimate is slightly higher
for A. m. mellifera and the MNR phenotype compared to the two
other groups (0.62 vs. 0.40 and 0.20), whereas they seem similar
between the three groups for the two other phenotypes, varroa_
inf (close to 0.75) and recap (close to 0.55) (a complete summary
can be found in Table S7).

Correlations between SNP effects across the whole genome,
estimated using GEMMA and ash for individual GWAS analy-
sis on the one hand, and MANTRA and mash for meta-GWAS
on the other, were mostly positive (Table 3, the detailed cor-
relations can be found in Table S8). However, as expected there
was almost no correlation between the different groups when
estimated from individual GWAS (R ranged between 0.04
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and 0.05 for varroa_inf, between —0.009 and 0.01 for MNR
and between —0.005 and 0.02 for recap) whereas there was
some positive correlation when estimated from meta-GWAS
(R ranged between 0.74 and 0.90 for varroa_inf, between 0.63
and 0.95 for MNR and between 0.34 and 0.89 for recap). Across
the different phenotypes, recap and MNR appear to be slightly
positively genetically correlated (R ranging between 0.02 and
0.20 depending on the association method and genetic group),
as one could expect knowing that recapping behaviour, per-
formed by adult bees, is potentially a component of the MNR

phenotype. The phenotypes varroa_inf and MNR were not
genetically correlated (R ranging between —0.02 and 0.07 de-
pending on the association method and genetic group). Finally,
varroa_inf and recap were mostly negatively correlated for A.
m. mellifera and A. m. ligustica & carnica (R ranging between
—0.30 and —0.02 depending on the association method and
genetic group) whereas there was no to very little positive ge-
netic correlation between these two phenotypes in the hybrids
group (R ranging between 0.02 and 0.17 depending on the as-
sociation method).
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4 | Discussion

In this study, we performed the largest genome wide associa-
tion study to date on the resistance of honeybees to their cur-
rent biggest biotic threat, the parasite Varroa destructor. We
combined an extensive genotyping and phenotyping effort with

meta-analysis methods to identify genetic markers and associ-
ated genes harbouring a significant effect on varroa resistance.
We took advantage of having both multiple traits associated with
varroa resistance and a complex genetic ancestry, characteristic
of honeybee colonies. We were able to locate significant resis-
tance effects to some regions of the honeybee genome (within
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TABLE 2 | Summary of phenotypic variance explained and proportion of genetic variance explained.

Varroa infestation Resistance to varroa infestation
Varroa_inf MNR Recap
PVE(se) from LMM-GWA
Ligustica & Carnica 0.705 (0.091) 0.396 (0.113) 0.632 (0.100)

Mellifera
Hybrids

PVE[95% CI] from BSLMM-GWA

Ligustica & Carnica
Mellifera
Hybrids

PGE[95% CI] from BSLMM-GWA

Ligustica & Carnica

0.731 (0.160)
0.816 (0.124)

0.820 [0.683; 0.953]
0.719 [0.410; 0.982]

0.821 [0.570; 0.998]

0.277 [0.024; 0.555]

0.625 (0.191)
0.197 (0.178)

0.475 [0.314; 0.640]
0.718 [0.433; 0.981]

0.145 [0.006; 0.393]

0.143 [0.001; 0.503]

0.534(0.165)
0.570 (0.160)

0.759 [0.602; 0.910]
0.663 [0.420; 0.893]

0.580 [0.285; 0.847]

0.238 [0.008; 0.575]

Mellifera 0.065 [0; 0.286] 0.233 [0.005; 0.666] 0.331 [0.010; 0.751]
Hybrids 0.128 [0; 0.569] 0.238 [0; 0.880] 0.115 [0.001; 0.425]
varroa_inf MNR recap
PVE_Imm- !
PVE_bsimm+
PGE § :
PVE_Imm- —_ —_— I R Groups
PVE_bsimm-+ : —_————— —_——— —_——— - Ligustica & Carnica
PGE- _._ N S PR I I el @ — et — - Melhfera
; -~ Hybrids
PVE_Imm- : ; —_—
PVE_bslmm- f ——— —— — —_————
PGE- A W R i I Y N A N I —
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Value with 95% confidence or credible interval

FIGURE 7 | Genome wide association estimates. Confidence and credible intervals for the PVE by LMM-GWA (full line) or BSLMM-GWA (long
dotted line) and the PGE explained by BSLMM-GWA (short dotted line) for the three group analysed: In yellow A. m. ligustica & carnica, in dark grey
for A. m. mellifera and in blue for hybrid and the three phenotypes varroa_inf, MNR and recap.

specific genetic types and across the whole meta-population)
offering insights into the biological mechanisms involved in
varroa resistance. The regions we identified in this study only
explain a small portion of the genetic determinism for varroa
resistance, meaning that the genetic variance of varroa resis-
tance traits is highly polygenic. This study, based on about 1500
phenotyped honeybee colonies for which we sequenced pools of
workers and genotyped around 3 million SNPs, benefits from
the largest sample size (phenotyped and sequenced) known
thus far and used for performing a GWAS in honeybees. This
study is the most global association study for honeybee varroa
resistance traits to date. The set of colonies included is highly
representative of many honeybee populations worldwide, con-
taining all the genetic backgrounds described in the diversity
panel of Wragg et al. (2022). Our analysis stands out from the
previous honeybee quantitative genetic studies that mostly fo-
cused on one specific genetic background, often in small exper-
iments, not truly representative of the real-world situation and

for really specific phenotypes (see Guichard et al. 2021 for a re-
view). In addition to the effort to gather the raw data, this study
benefited from dedicated statistical methods for reconstructing
honeybee queen genotypes from sequenced pools of workers
(Eynard et al. 2022) and from meta-analyses approaches used
to increase statistical power to detect significant associations
(Morris 2011; Urbut et al. 2019).

4.1 | Phenotyping Varroa Resistance

Resistance to varroa is a complex trait, involving many different
aspects of the biology of honeybee colonies. A recent extensive
review of varroa resistance traits (Guichard et al. 2020) has re-
vealed that there is no clear evidence for significant correlations
between the standard traits measured as proxies for varroa resis-
tance, such as VSH, grooming, MNR, hygienic behaviour or re-
capping behaviour. Depending on the population on which the
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TABLE 3 | Genetic correlations between traits and across methods
and genetic groups. Range estimates of Pearson correlations between
SNPs effects for our traits of interest calculated by different GWAS
methods (GEMMA, ash, MANTRA and mash), on the different genetic
groups.

Varroa_inf  MNR Recap
Varroa_inf 1
Ligustica & MNR [0.042; 0.049] 1
Carnica
Mellifera [—0.023;
0.012]

Hybrids [0.050; 0.072]
Ligustica & Recap [—0.304; [0.131; 1
Carnica —0.213] 0.176]
Mellifera [-0.132; [0.088;

~0.020] 0.197]
Hybrids [0.021;0.173]  [0.021;

0.119]

trait has been measured, in particular their evolutionary history
(e.g., natural or artificial selection), the correlations between
these traits range from ‘apparent link’ to ‘no link’.

Here, we observe a slightly positive phenotypic correlation be-
tween traits linked to varroa resistance, MNR and recap (overall
or at the population level), and a small negative correlation be-
tween these two traits and varroa_inf (Figure 3 and Figure S1).
This finding fits with the hypothesis that there is a panel of
mechanisms allowing honeybees to resist varroa and that these
mechanisms do not seem to be completely shared across honey-
bee subspecies.

An important experimental aspect that limits varroa resistance
studies, including this one, is that most of the currently applied
measures of varroa resistance are difficult to scale to a large num-
ber of samples. For example, they can involve tedious and poten-
tially subjective scoring, induced or artificial varroa infestation,
multiple measures in time, estimation of ratios and applying
heuristic thresholds for minimum detection. Nevertheless, direct
estimates of varroa infestation remain the simplest traits to score
for quantifying varroa resistance. Indeed, a low varroa infesta-
tion can be explained by multiple phenomena either linked to the
environment, to beekeeping practices, to varroa biology or to a
property of the honeybee colony itself. In this study, in addition to
the classical measures of varroa infestation, we proposed to esti-
mate varroa infestation indirectly, using the ratio of reads mapped
to the varroa mitochondrial DNA over those mapped to the hon-
eybee genome (varroa_mito). We believe this new measure offers
specific advantages for the study of varroa resistance: (i) there is
a high correlation between this estimate and the phoretic varroa
infestation (Methods S1), a trait that is more complex to measure,
(ii) both the colony genome sequence and the varroa infestation
information come from a unique biological sample and therefore
share their time points, (iii) there is no potential bias due to the
operator, (iv) no specific technical skills are needed and (v) it is
comparable across studies. As for other varroa infestation phe-
notypes, this measure can be impacted by the environment or

the beekeeping practices. The cost of sequencing the sample to
obtain the trait off-sets the labour costs incurred with physically
phenotyped traits. However, using it as a phenotype for varroa
infestation would facilitate the establishment of a large collection
of standardised phenotypic records, necessary to be able to build
up information through time, follow phenotypic progress in a
surveyed populations, perform genetic meta-analyses and poten-
tially breed honeybee populations for varroa resistance.

4.1.1 | Insightsinto Biological Mechanisms Underlying
Varroa Resistance

Varroa resistance mechanisms can be partitioned into two types
of traits. The first type includes traits related to hygiene (includ-
ing VSH, recapping and MNR, but also more broadly groom-
ing behaviour), involving first the accurate detection of varroa
infested cells by worker bees, followed by their subsequent in-
spection/destruction. It has been shown that bees expressing the
VSH behaviour (VSH bees) target more specifically than other
bees cells with highly compromised brood, which is related
to the level of infestation in the cells (Harbo and Harris 2005;
Mondet et al. 2015). As a result, cells with fewer mites or mites
that are not effectively reproducing are more likely to stay intact,
thus increasing the level of MNR in the colony. The second type
of traits are expressed by either the workers or the brood and
disrupt the reproduction of the mites within capped cells (and
thus increase MNR). Both trait types can reduce mite infesta-
tion in the colony, thus increasing varroa resistance of honeybee
colonies. Interestingly, in this study we found genetic markers
associated with genes that relate to these two categories.

4.11.1 | Impairment of Mite Reproduction. Two of our
significant SNPs for recap were in a region around 7Mb on chro-
mosome 1 described as a potential quantitative trait locus (QTL)
for VSH, in an association study by Tsuruda et al. (2012). Two
other significant markers 1:2891204:G > A and 1:21374478:G>A
were inside genes LOC410758 and LOC413968 respectively. These
genes have been identified in a study by Saelao et al. (2020) when
looking for selection signals in hygienic honeybee populations in
the USA. In addition, our marker 11:14369154:G > C, which is sig-
nificant for recap, is located close to the TpnCi gene, coding for tro-
ponin C type. This gene has been shown to be over-expressed in
non-hygienic Africanised bee lines, when compared with hygienic
lines, by Teixeira et al. (2021). Finally markers 4:10789077:T>C
and 8:1551638:C>T were located in genes also found by Ament
et al. (2011) and are believed to be involved in protein abundance
in the fat body and haemolymph of the adult honeybee. We know
that varroa, while infesting the colony, survives by feeding on
these bee biological fluids: the fat bodies when on adult bees
and the haemolymph when on pupae (Han et al. 2024). These
markers might signal either an impact of varroa infestation,
or the resilience to such infestation, on biological pathways linked
to the composition of the honeybee haemolymph and fat body.

In the region on chromosome 8, we identified multiple signif-
icant markers close to the gene Ecr, ecdysone receptor. This
gene, active in the vitellogenin production pathway, has been
described as crucial for the reproduction of Varroa destructor,
despite being produced by the bee host (as well as other arthro-
pods). Our results are thus consistent with the Ecr gene, and
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more generally the vitellogenin pathway, as key factors in the
interaction between honeybees and varroa (Conlon et al. 2019;
Feldlaufer and Hartfelder 1997; Aurori et al. 2021).

4.1.1.2 | Detection of Varroa Infested Cells by Hon-
eybees. When looking more into the general biology
of the honeybee, we found two markers, significant for MNR
on chromosome 10, located in the 5-HT2beta gene. This gene
is a serotonin receptor involved in olfactory pathways in a large
number of insects (French et al. 2014; Verlinden, Vleugels,
and Vanden Broeck 2015). Its role in resistance to infestation
could be related to the processing of cues sent to the adult bee to
trigger behavioural traits and confirms the importance of olfac-
tory pathways. We also noticed that the significant markers
3:12973246:A>G and 12973248:A> G located in LOC413503
(GenBank accession alias GB41230) also found by Mondet
et al. (2015), as being differentially expressed in the antennae
of honeybees expressing VSH behaviour.

In the region on chromosome 15, we identified multiple signif-
icant markers located less than 1 Mb downstream from a group
of genes coding for odorant binding proteins (Obp). These genes
are found in two major clusters on the honeybee genome, with
seven genes on chromosome 9 and nine on chromosome 15 (a
monophyletic group called C-minus subfamily). In addition, two
genes are located on chromosome 10 and one each on chromo-
some 2 and 12. One gene remains un-annotated on the current
honeybee reference genome, giving a total of 21 genes (Forét
and Maleszka 2006; Mam, Karpe, and Sowdhamini 2023). The
cluster located on chromosome 15 contains eight genes (Obpl3
to Obp21), six of which have already been mentioned in ge-
nomic studies looking at varroa resistance related traits (Obpi4,
Obpl5, Obpl6, Obpl7, Obpl8 and Obp21; Mondet, Beaurepaire,
et al. 2020; Gebremedhn et al. 2023). In particular, Obpi4 has
been identified as upregulated in two studies looking at gene
and protein expression in VSH bees (Mondet et al. 2015; Jiang
et al. 2016; Hu et al. 2016). Obp18 has been identified by two pro-
teomic studies looking at the VSH and hygienic behaviour traits
(Jiang et al. 2016; Hu et al. 2016; Guarna et al. 2015; McAfee
et al. 2018). Even though these genes did not contain significant
SNPs in the dedicated analysis, we can still hypothesise that
they might be involved in some resistance mechanism targeting
varroa infestation as they play a major role in sensory pathways.
These genes might be relevant for marker assisted selection, as
suggested by Marta Guarna et al. (2017), who developed a tool for
selection for hygienic behaviour in Canadian honeybees.

4.2 | Genetic Architecture of Varroa Resistance

The review by Guichard et al. (2020) reported heritabilities for
traits associated with varroa resistance ranging from close to 0
to up to 0.85, with large standard errors. More recently, Gabel
et al. (2023) estimated the heritability of MNR to be close to
0.4, which is in the same range as our estimates, between 0.20
and 0.40. Most 95% confidence/credible intervals for heritabil-
ity estimates found in the literature included zero, while those
estimates that did not were mostly modest (<0.2). In addition,
repeatability estimates for these traits are low (e.g., Biichler
et al. 2020; Eynard et al. 2020). More importantly, estimates
based on different populations, for example, A. m. mellifera or A.

m. ligustica & carnica reveal differences that could be explained
by different genetic architectures involved in these traits.

The heritability estimates for the honeybee resistance traits stud-
ied here seem high compared to standard traits measured on live-
stock species, which could be due to the fact that we are unable to
completely distinguish genetic from environmental stratification.
When intending to estimate heritabilities in honeybees, one faces
the challenge to integrate the potentially large impact of environ-
mental variation, as part of the population structure is possibly
associated with such variation, in addition to genetic variation.
In this study, we aim to correct for such structure by thoroughly
accounting for covariates, PCs of the GRM. To validate our ap-
proach, we computed correlations between genetic, geographic
and environmental distances of our colonies with a Mantel test
and found that environmental variables are slightly correlated
with population structure, whereas their correlation with our
phenotypes of interest is not significantly different from zero
(Table S9). Environmental variables seemed therefore to have
some impacts that we do not take into account in our analysis
(Table S10), and that might have slightly affected our heritability
estimates with an upward bias. Such environmental bias can be
considered as confounding factors in our GWAS analysis. Their
extent can be measured by comparing the GWAS results from
single locus GWAS (LMM-GWA) or multi-loci GWAS (BSLMM-
GWA), because the former corrects for confounding factors using
PCs of the GRM while the latter does not. Consistent with a small
effect of phenotype/genotype confounding, we found the PVE
estimates with BSLMM-GWA to be usually larger than those ob-
tained with LMM-GWA (Figure 7 and Table 2), although the dif-
ference was always very small. Overall, we cannot rule out some
inflation of PVE estimates due to remaining confounding effects,
but it is not likely to affect our general conclusion on the polygenic
background of the traits analysed.

The PGE explained by large effects, estimated with BSLMM-
GWA (Zhou and Stephens 2012), was generally low and included
zero. These estimates support our hypothesis that varroa resis-
tance traits are highly polygenic and not simply driven by a few
markers with large effects. The traits linked to varroa infestation
and to resistance seem to have a small yet significant component
of genetic heritability, and thus can be passed on from one gener-
ation to the next through selection. This is consistent with the few
examples of the efficiency of artificial selection for honeybee re-
sistance to varroa infestation (Harbo and Harris 2005, 2009). Our
results, obtained here in more diverse honeybee populations than
most studies, imply that genetic selection (natural or artificial) has
the potential to drive increased varroa resistance in other genetic
and environmental contexts, a positive perspective for honeybee
populations worldwide. However, and even though we identified
genetic markers with significant effects, it is unlikely that major
causal mutations, explaining a big part of the phenotypic vari-
ance, can contribute significantly to this adaptive response.

4.3 | The Future of Genome Wide Association
Studies in Honeybees

The honeybee genome displays several unique characteristics.
First, it is known to experience a large number of recombina-
tion events, with an average recombination rate of 37c¢cM/Mb
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(Wallberg et al. 2019). Second, the effective population size (i.e.,
the number of actively reproducing individuals) of a local popu-
lation is expected to be rather large, due to the polyandric nature
of the natural honeybee mating system, with each queen mating
with multiple males from many other colonies, thus avoiding the
over-representation of a specific reproductive individual or ge-
netic line. Such particularities cause low LD (Methods S2), mak-
ing it harder to identify candidate loci (QTLs) linked to specific
traits, to use in selection.

In addition, the honeybee population exhibits a complex genetic
diversity. We provide here a better understanding of the genetic
architecture underlying varroa resistance in honeybees in gen-
eral, and in the French population in particular. Many honeybee
colonies are hybrids, having varying proportions of the three
main Apis mellifera subspecies found in Europe, namely ligus-
tica & carnica, mellifera and caucasia. In this study, we took ad-
vantage of this admixed population to identify genetic markers
linked with our traits of interest within genetic types, in hybrids
and across these populations, highlighting differences in sig-
nificance and direction of the effects depending on the genetic
type. Indeed, markers with opposing effects across the different
genetic backgrounds, especially between A. m. ligustica & car-
nica and A. m. mellifera were identified. Knowledge of LD and
the associated identification of local haplotypes for genomic re-
gions of interest, combined with knowledge of the effects of in-
dividual SNPs for each subspecies, can increase our prediction
accuracy for different traits. A better understanding of the local
genetic background of the hybrid population could help predict
the effects of specific SNPs. Studies focusing on hybrid colonies,
with their diverse genetic background scattered throughout the
genome, and comparing different genetic make-ups, could be
highly valuable to identify relevant genetic patterns. As an exam-
ple, multiple genome regions were flagged with more than one
significant marker for the trait recap, but evidence linking these
regions to honeybee biology is lacking. These regions should
therefore be earmarked as potential regions of interest for future
studies geared towards improving honeybee genome annotation
and understanding the underlying biological pathways.

4.4 | Selection on Honeybee Resistance to Varroa

One practical perspective of our work could be to integrate
the identified SNP variants identified into genomic selection
programs aiming at breeding for resistant honeybee colonies.
Genomic selection is commonly used in mainstream livestock
species but its application in global honeybee breeding is thus
far lacking. In some countries, such as Germany, the selective
breeding programmes are restricted to specific and rather homo-
geneous bee subspecies, such as A. m. carnica, limiting the ge-
netic diversity available for effective selection. Mating schemes
for which mating stations or artificial insemination are used for
large-scale breeding programs, are recorded in dedicated da-
tabases containing data for the majority of the German A. m.
carnica breeding population (Lorenz 2016; Hoppe et al. 2020).
In this context, some studies (Du et al. 2022a, 2022b; Hoppe
et al. 2022; Uzunov et al. 2022; Bernstein et al. 2023) described
the statistical models and sampling strategies that can be suc-
cessfully applied to implement genomic selection in honeybees.
One limitation to the widespread use of these methods is that so

far genomic selection has been proven successful when the focus
is on a single honeybee subspecies, for example, A. m. carnica,
and concentrates the efforts on phenotypes linked to production.
In the context of the French honeybee population, as described
in this study, the hybrid stock as well as the complex phenotypes
of interest, make it less straightforward to apply genomic selec-
tion directly. Traits with highly polygenic inheritance are chal-
lenging for selection and we expect that the markers identified
here will not be sufficient for marker-assisted selection, even
though the abundant estimated variances for the phenotypes
still supports the possibility of selection, as it has been pursued
in the USA (Harbo and Harris 1999).

In future studies, a primary focus should be put on increasing
further the sample size, in terms of the number of phenotyped
and genotyped colonies, to boost the precision, detection power
and replication capacity of association studies. Robustness of
selection decisions could benefit from deeper pedigree records
(Bernstein et al. 2023), as well as access to a large number of
individual queen genotypes (Bernstein et al. 2021), rather than
reconstructed ones. However, accessing this information implies
a larger experimental burden, potentially limiting sample sizes.
Hence, finding the right balance to optimise statistical power
needs further evaluation. In addition, there is a need for stan-
dardised biological samples in terms of genotype and phenotype.
The genotypes could either come from using genome wide SNP
panels (Bernstein et al. 2023; Jones et al. 2020) or from whole
genome sequencing characterised using a genetic diversity panel
(Wragg et al. 2022). Phenotype collection could be automated
further and with reduced variability, such as proposed here with
the sequence-derived infestation measure (varroa_mito).

5 | Conclusion

Today varroa is a global threat to honeybee populations world-
wide and is not likely to disappear. Sustainable management of
varroa will require adapting honeybee populations to this new
risk. This will involve multifactorial actions and by revealing the
significant heritability of resistance traits, our study highlights
that genetics is likely to play a role in this endeavour. While we
show that many varroa resistance traits have a genetic determin-
ism across a large diversity of honeybee colonies, this genetic de-
terminism is not simple: it is very unlikely that a few mutations
can be found that would confer genetic resistance to varroa in
honeybees. While this could be seen as negative, as it will involve
complex genetic management strategies, it also has the positive
consequence that polygenic adaptation to varroa is more likely
to be sustained in time, avoiding simple bypassing by varroa as is
often seen for simple genetic resistance mechanisms.

Beyond the importance of our study to honeybee genetics, we be-
lieve it illustrates the great contribution that genomics can bring to
the understanding of populations and their adaptation, not only in
domesticated but also in wild species. With decreasing sequencing
costs and the development of statistical methods to optimise the
information retrieved from genomic data, understanding the ge-
netic determinants of population adaptation is becoming feasible
in many biological systems. In the face of the current challenges
affecting biodiversity in general such information can offer a key
contribution to the conservation of many species.
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