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FULL PAPER
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Summary The identification of quantitative trait loci (QTL) through genome-wide association studies

(GWAS) is a powerful method for unravelling the genetic background of selected traits and

improving early-stage predictions. In honey bees (Apis mellifera), past genetic analyses have

particularly focused on individual queens and workers. In this study, we used pooled whole-

genome sequences to ascertain the genetic variation of the entire colony. In total, we

sampled 216 Apis mellifera mellifera and 28 Apis mellifera carnica colonies. Different experts

subjectively assessed the gentleness and calmness of the colonies using a standardised

protocol. Conducting a GWAS for calmness on 211 purebred A. m. mellifera colonies, we

identified three QTL, on chromosomes 8, 6, and 12. The two first QTL correspond to

LOC409692 gene, coding for a disintegrin and metalloproteinase domain-containing

protein 10, and to Abscam gene, coding for a Dscam family member Abscam protein,

respectively. The last gene has been reported to be involved in the domestication of

A. mellifera. The third QTL is located 13 kb upstream of LOC102655631, coding for a

trehalose transporter. For gentleness, two QTL were identified on chromosomes 4 and 3.

They are located within gene LOC413669, coding for a lap4 protein, and gene LOC413416,

coding for a bicaudal C homolog 1-B protein, respectively. The identified positional

candidate genes of both traits mainly affect the olfaction and nervous system of honey bees.

Further research is needed to confirm the results and to better understand the genetic and

phenotypic basis of calmness and gentleness.

Keywords Abscam, Apis mellifera, GWAS, lap4 protein, pool sequences

Introduction

Honey bee behaviour is a routinely applied selected criterion

in beekeeping (Uzunov et al., 2017; Guichard et al., 2020).

To date, two commonly applied traits to assess the

behaviour of honey bees are calmness, i.e. the extent to

which bees remain quiet on the brood comb during colony

inspection, and gentleness, which is an estimator for colony

defensive behaviour (B€uchler et al., 2013). The advantages

of calm and gentle honey bee colonies are manifold as they

are easier to inspect, prevent beekeepers from getting stung,

support the rapid location of the queen on the brood comb,

and limit the risk of harming the queen during brood frame

manipulations. The latter characteristics are especially

important for small and endangered honey bee populations

in order to maintain genetic diversity (Guichard et al.,

2019). Beekeepers and experts use different protocols to

assess the behaviour of honey bees (Guzm�an-Novoa et al.,

2003; B€uchler et al., 2013). Population genetic analyses of

different honey bee populations have shown that the

heritability estimates of calmness and gentleness can vary

between low (0.02) and moderate (0.51) values (Collins

et al., 1984; Moritz et al., 1987; Brascamp et al., 2016;

Andonov et al., 2019; Guichard et al., 2020), whilst the two

traits can be highly correlated (e.g. a genetic correlation of

0.91 in an Austrian Carnica population) (Brascamp et al.,
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2016). Despite the release of the honey bee reference

genome in 2006 (Honeybee Genome Sequencing Consor-

tium, 2006), little knowledge on the genetic background of

calmness and gentleness is currently available. A recent

study based on whole-genome sequences of 37 Apis mellifera

carnica drones identified 1035 genome-wide single nucleo-

tide polymorphisms (SNPs) with a putative effect on

gentleness (Jones et al., 2020). However, to the best of our

knowledge, no quantitative trait loci (QTL) were reported

for calmness and gentleness, whilst several QTL were

reported for stinging behaviour (Arechavaleta-Velasco

et al., 2003).

Stinging behaviour, which is also part of the gentleness

assessment, is triggered by an alarm pheromone, an odour

compound emitted by workers when the colony is disturbed

(Breed et al., 2004). The response to this pheromone leads

to an elevation of the worker’s metabolism, which is

especially strong in very aggressive colonies (Southwick &

Moritz, 1985; Andere et al., 2002). This defensive

behaviour is expressed by a fraction of the workers (Moore

et al., 1987), originating from specialised patrilines (Robin-

son & Page, 1988; Breed et al., 1990). Stinging behaviour

has been extensively studied in North American raised and

managed Africanised and European honey bees. To date,

three QTL—sting-1, sting-2, and sting-3—were reported on

chromosomes 2, 3, and 7 (Elsik et al., 2016), respectively,

including genes affecting the activity of the nervous system

and sensory signalling (Hunt et al., 1998; Hunt et al.,

2007). For the defensive behaviour of honey bees (including

stinging and guarding), several candidate genes were

identified (Guzman-Novoa et al., 2002; Arechavaleta-

Velasco et al., 2003; Galindo-Cardona et al., 2013). Gene

expression analyses of candidate genes showed that some of

these genes are up- and down-regulated by the alarm

pheromone (Alaux et al., 2009), whilst simultaneously the

alarm pheromone production is controlled by other genes

(Hunt et al., 1999). Therefore, these results demonstrate

that the defensive behaviour of honey bees involves a

complex interplay of genes affecting alarm pheromone

production and the nervous system.

This research study aimed to identify QTL associated with

calmness and gentleness to enhance the selection of the

native Apis mellifera mellifera in Switzerland (Guichard et al.,

2020) and to better understand the genetic architecture of

currently applied selection traits in honey bees.

Materials and methods

Data sampling

Between 2016 and 2019, we sampled the phenotype and

genotype information of 244 honey bee colonies, the

majority of the samples belonging to A. m. mellifera (MEL)

from Switzerland. Our data collection included 146 MEL

colonies belonging to a selection programme (SL_CH),

sampled at different test apiaries in Switzerland, as well as

70 MEL colonies from two conservation areas located in

Switzerland (CS_CH, 45 colonies) and France (CS_FR, 25

colonies). We also included 28 A. m. carnica colonies (CAR) to

identify putative outliers within our MEL sample and to verify

the identified QTL in another honey bee subpopulation. For

each colony, we collected approximately 500 workers using

a standardised sampling method: the volume corresponding

to 500 workers had previously been determined and was

used to select a jar of corresponding capacity for sampling.

This sampling aimed to statistically include all existing

patrilines among workers in the colony as rare patrilines can

affect the phenotype (Robinson & Page, 1988), as well as to

limit the effects of drift and robbing on sampling. The

sampling size of 500 workers was also chosen in order to

minimize the proportion of individual contributions: some

slightly larger bees could produce more DNA, for instance.

Worker samples were stored at �20°C until DNA extraction.

Phenotyping

The sampled colonies were evaluated once for calmness and

gentleness. Experts used a standardised scoring system

(B€uchler et al., 2013) to correctly assess the behaviour of

colonies. Briefly, the scoring system utilises numerical

scores between 1 and 4; the minimum and maximum

scores are used to characterise extremely nervous/defensive

(1) and calm/gentle (4) colonies, respectively. Colonies

expressing a behaviour between the two extremes are

accordingly rated with a score of 2 or 3. To discriminate

between colonies expressing a very similar level of

behaviour, it was also possible to use half- and quarter-

points. In total, eight experts assessed the calmness and

gentleness of the 244 colonies at 22 apiaries (18 in

Switzerland and 4 in France) using different hive types

(Dadant Blatt, Swiss hive, and others), whilst at each

apiary, all colonies were kept in a single hive type and

evaluated by a single expert. At some apiaries, calmness and

gentleness could be measured several times; for these

colonies, the mean value of the multiple observations,

supposed to better fit the genetic value of the colony

(Brascamp et al., 2016), was used for the analyses.

Significant subpopulation effects on observations were

identified by ANOVA followed by a Tukey multiple comparison

of means with a 95% confidence interval. We used a simple

linear regression model including year, expert, hive type,

and apiary to determine by ANOVA the significant effects on

calmness and gentleness. Furthermore, we calculated a

phenotypic correlation between the two traits corrected for

the apiary effect.

DNA extraction

The approximately 500 workers per colony were shredded

in a DNA extraction solution containing 4 M urea, 10 mM

© 2021 The Authors. Animal Genetics published by
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Tris-HCl pH 8, 300 mM NaCl, 10 mM EDTA, using a blender.

The resulting mix was centrifuged for 15 min at 3500 g,

and 200 µl of supernatant was used for DNA extraction.

0.5 mg proteinase K and 15 µl of DTT 1 M were added

before incubation overnight at 56 °C. The lysate is then

used for DNA extraction with a QIAsymphony instrument

and DNA Mini Kit (Qiagen). The final elution volume is

100 µl. Pair-end sequencing was performed on a Illu-

minaTM HiSeq 3000 or a NovaSeq 6000 platform. The

number of samples per lane was optimised to target

approximately 309 raw sequencing data per sample.

Sequence alignment

Raw reads from pool sequencing of the 244 colonies were

aligned to the honey bee reference genome Amel_HAV3.1,

Genebank assembly accession GCA_003254395.2 (Wall-

berg et al., 2019), using BWA-MEM (v0.7.15; Li, 2013),

and duplicates were marked with Picard (v2.18.2; https://

broadinstitute.github.io/picard/, last accessed 5 March

2021). Samples sequenced in two runs were merged with

SAMTOOLS (v1.8; Li et al., 2009).

Pool sequence analysis

The subsequent analyses were restricted to approximately 7

million informative SNPs. This pre-selection of genome-wide

SNPs was validated using 870 honey bee drones from

France and other western European countries (A. Vignal,

personal communication) as low-frequency SNPs can be

identified more easily in haploid sequence data. With the

application of the reduced SNP panel, it was possible to

significantly increase computing time without ignoring low-

frequency SNPs.

After the alignment, the resulting BAM files were

converted into pileup files using the samtools mpileup

utility (Li et al., 2009) using the following parameters:

coefficient of 50 for downgrading mapping quality for reads

with excessive mismatches (-C 50), minimum mapping

quality of 20 for an alignment (-q 20), and minimum base

quality of 20 (-Q 20), following standard protocols. Files

produced by mpileup were interpreted by the PoPoolation2

utility mpileup2sync (Kofler et al., 2011) for the Sanger

Fastq format, with a minimum quality of 20. Finally, sync

files were converted to a depth file containing a sequencing

depth value for each SNP and count files summarising

reference and alternative allele counts for each SNP, using a

custom-made Python script (van Rossum & Drake, 2009).

Allele frequencies and quality filtering

Based on the aforementioned count files including

7 023 977 SNPs, we removed 99 555 SNPs with multiple

alternative alleles and 207 904 SNPs with an excessively

high and low sequencing depth. After this quality control,

we calculated the frequencies of the reference and alterna-

tive alleles for 6 716 518 SNPs and additionally excluded

820 141 homozygous loci. The remaining 4 554 843 SNPs

were summarised in PLINK dosage and map files and

further edited for minor allelic frequency above 5% and

extreme deviation from the Hardy–Weinberg equilibrium

using the INFO metric as implemented in PLINK (Purcell

et al., 2007). The final 1 389 840 genome-wide SNPs were

used for population structure and genome-wide association

analyses.

Population structure analysis

To illustrate the population structure of the colonies and to

identify putative outliers within MEL samples, we carried

out a principal component analysis (PCA) based on the

frequency of the reference allele with R (R-Core-Team,

2018). The first and second principal components (PCs)

were used for the graphical presentation of the population

structure and included as covariates in the GWAS to

account for population stratification.

Genome-wide association studies and candidate gene
mapping

Genome-wide association studies were performed on SNP

dosage data using a linear regression model as implemented

in PLINK (Purcell et al., 2007). We adjusted the model for

covariates capturing population stratification (PCA) and

significant effects (e.g. apiary) on the traits. These effects

were identified by ANOVA on a linear regression model

containing apiary, hive type, evaluator, and year. Signifi-

cant associated SNPs were determined based on a 1%

genome-wide Bonferroni-corrected threshold. The GWAS

results were visualised using Manhattan and quantile–
quantile plots with the R package qqman (Turner, 2014).

Furthermore, the effect and the allele frequency of the best-

associated SNP for each trait and subpopulation (including

CAR) were calculated and visualised. Significant subpopu-

lation effects on allele frequencies were identified by ANOVA

followed by a Tukey multiple comparison of means with a

95% confidence interval. Genes within the identified QTL

regions were determined using the NCBI Genome Data

Viewer (https://www.ncbi.nlm.nih.gov/genome/gdv/

browser/genome/?id=GCF_003254395.2) and the refer-

ence genome assembly Amel_HAv3.1 (Wallberg et al.,

2019).

Results

Calmness and gentleness assessments of the sampled
colonies

For calmness, CS_FR colonies had the highest mean

uncorrected score, followed by CAR, SL_CH, and CS_CH
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(Fig. 1a). The difference between the three MEL subpopu-

lations was statistically significant (P < 0.05, ANOVA), whilst

CAR was only significantly different from CS_CH (P < 0.05,

Tukey multiple comparison of means). Detailed results of

the statistical tests are provided as Supplementary Material

(File S1, SM 1A ). For gentleness, almost the opposite result

was observed as CS_CH colonies showed the highest and

CS_FR the lowest uncorrected scores, respectively (Fig. 1b).

Compared to calmness, only the difference between CS_CH

and the other subpopulations was statistically significant

(P < 0.05, Tukey multiple comparison of means; File S1, SM

1B). According to the contradictory observations, the

phenotypic correlation between the two traits was quite

low (r = 0.39, standard error = 0.06).

Population stratification of the sampled colonies

The first principal component (PC1), accounting for 98% of

the total variance, clearly separated the CAR from MEL

colonies and simultaneously highlighted the existence of

five outliers within the MEL colonies (one SL_CH and four

CS_FR; Fig. 2). The second principal component (PC2),

accounting for 1% of the total variance, illustrated that

CS_FR gradually overlapped with SL_CH colonies, whilst

CS_CH colonies tightly clustered. After this result, the five

MEL outliers were removed from the dataset, and the PCA

was re-calculated without CAR colonies to account for the

population stratification of the 211 purebred MEL colonies

in the GWAS analyses (not shown). The GWAS analyses

were performed on 1 326 634 genome-wide SNPs.

Calmness association

The GWAS analysis on calmness was adjusted for popula-

tion stratification using the aforementioned first two PCs,

accounting for 75% of the total variance (PC1 = 65%, PC2 =

10%), and four covariates showing a significant effect on

the trait (year, apiary, hive type, and expert; File S1, SM

2A). After this adjustment, calmness was significantly

(P < 0.01) associated with three QTL on chromosomes 6,

8, and 12 (Fig. 3a). The detailed list of the 10 best

associated SNPs can be found in Table S1, SM 4. The

best-associated QTL on chromosome 8 at 750 884 base

pairs (bp) refers to an intron of the LOC409692 gene. The

second QTL on chromosome 6 at 1 584 897 bp is located in

the intron of the Abscam gene, whilst the third QTL on

chromosome 12 at 604 143 bp is not embedded in a gene

region. The nearest gene, LOC102655631, is located 13 kb

upstream of the QTL. Dividing the colonies into two groups

according to their uncorrected phenotypes, according to the

allelic frequency of the best-associated SNP on chromosome

8, showed that colonies segregating the T allele at high

frequency (>50%) were calmer, whilst the majority of

colonies carried the T allele at low frequency (<50%) and

were less calm (Fig. 3b). Furthermore, it can be seen that

some colonies with a low T allele frequency were assessed

with a maximum score of 4 (very calm). In general, the

associated T allele segregated at low frequency in all

subpopulations, whereas on average CS_CH showed the

highest and CAR the lowest frequencies, respectively

(Fig. 3c, File S1, SM 3A).

Gentleness association

For the GWAS analysis on gentleness, the same number of

covariates were included in the model whilst the hive type

was removed (File S1, SM 2B). Gentleness was significantly

(P < 0.01) associated with two QTL on chromosomes 3 and

4 (Fig. 4a). The detailed list of the 10 best associated SNPs

can be found in Table S1, SM 4. The best-associated QTL, on

chromosome 4 at 3 378 436 bp, corresponds to an intron

of the gene LOC413669, whilst the second QTL, on

Figure 1 Jitterplots of uncorrected observations for calmness (a) and gentleness (b) according to subgroup. Black rhombus corresponds to mean

value, bars correspond to standard deviation. Different letters indicate significant (P < 0.05) differences between groups following a Tukey multiple

comparison of means with a 95% confidence interval
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chromosome 3 at 1 483 128 bp, is located in an intron of

the gene LOC413416. The allele frequency of the best

associated SNP demonstrated that colonies with a high G

allele frequency (>50%) were gentler compared to those

carrying the G allele at low frequency (<50%; Fig. 4b).

Compared to calmness, the colonies were better distributed

according to their uncorrected phenotypes over the two

frequency groups, whereas a few colonies with a low G

allele frequency were assessed to be very gentle (maximum

score of 4). The G allele frequency of the different subpop-

ulations revealed that the occurrence of this allele is

significantly different between MEL and CAR, as well as

between CS_CH and the remaining MEL subpopulations

(SEL_CH and CS_FR), whilst the associated G allele is highly

segregated within CS_CH (Fig. 4c, File S1, SM 3B).

Discussion

We conducted GWAS analyses for calmness and gentleness

using pool sequences of 211 A. m. mellifera colonies. These

analyses led to the identification of three QTL associated

with calmness and two QTL associated with gentleness,

respectively. Due to the small sample collection and the

subjective scoring of the colonies, we cannot exclude the

possibility that our current GWAS results are strongly

biased. It would need to be confirmed with more colonies,

also in different populations.

For calmness, the best-associated QTL on chromosome 8

is located in a gene (LOC409692) coding for the disintegrin

and metalloproteinase domain-containing protein 10.

Homologues of this protein are involved in many biological

pathways, including neurogenesis in vertebrates and

Drosophila melanogaster, where e.g. Kuzbanian plays a role

in axonal extension (Fambrough et al., 1996; Rooke et al.,

1996; Pan & Rubin, 1997; Chen et al., 2007). Furthermore,

this family of proteins affect different cellular functions

through shedding (i.e. the release of transmembrane

molecules from the cell surface (Reiss & Saftig, 2009)).

According to the described functions in other species, this

protein might also affect the development of the nervous

system in the honey bee.

The second identified QTL, on chromosome 6, corre-

sponds to the Abscam gene, coding a protein of the Dscam

family. Dscam proteins are well known to be associated with

neuronal wiring in Drosophila melanogaster and vertebrates

(Schmucker et al., 2000; Hattori et al., 2008), whilst in

Drosophila these proteins are also involved in axonal

targeting of olfactory receptors (Hummel et al., 2003; Zhu

et al., 2006). In the honey bee, the Abscam gene is expressed

in the optic and antennal lobes, which integrate visual and

olfactory information, especially at the level of olfactory

neuron axons (Funada et al., 2007). Furthermore, it has

been demonstrated that this gene participates in neuronal

connections during honey bee development (Funada et al.,

2007).

The third QTL, on chromosome 12, is located 13 kb

upstream from a gene (LOC102655631) coding for a

trehalose transporter (facilitated trehalose transporter

Tret1-like). Trehalose is known to be a key carbohydrate

synthesized during honey bee larval development, especially

during larval stages (Farjan et al., 2015; Łopie�nska-Biernat

et al., 2018). In D. melanogaster, trehalose is synthesized by

neurosecretory neurons (Miyamoto & Amrein, 2019) and is

particularly known to confer developmental robustness

(Matsushita & Nishimura, 2020). In D. melanogaster, Tret

genes are particularly expressed in the central nervous

system, and mutant flies unable to produce trehalose die

due to local failure in the central nervous system (Matsuda

et al., 2015).

For gentleness, the best-associated QTL on chromosome 4

refers to LOC413669, a gene coding a protein called lap4.

This protein is involved in many cellular growth and

differentiation processes, whilst it also affects olfactory

behaviour in D. melanogaster (Anholt et al., 1996; Ganguly

et al., 2003). The second QTL on chromosome 3 is located in

a gene (LOC413416) coding a protein called bicaudal C

homologue 1-B. In Megachile rotundata, a bicaudal C coding

gene was associated with diapause development (Yocum

et al., 2018), whilst in Asian honey bees (Apis cerana cerana)

this protein affects cold resistance (Xu et al., 2017).

None of the previously reported candidate genes for

stinging behaviour were located in the reported QTL regions

(Hunt et al., 1998; Hunt et al., 2007; Elsik et al., 2016).

Thus, the detected QTL suggests that other major genes

affect the genetics of gentleness, even though these traits

also assess the defensive behaviour of honey bees. Compared

to previous studies, calmness and gentleness did not show a

high phenotypic correlation. Nevertheless, we identified a

common genetic background associated with olfaction in

Figure 2 Principal component (PC) analysis of the sampled colonies,

according to subgroup. Apis mellifera mellifera (MEL) outliers (prob-

ably admixed colonies) clustering with the Apis mellifera carnica (CAR)

colonies (PC1 > 0) are identified (O1–O5) and removed from GWAS

© 2021 The Authors. Animal Genetics published by
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honey bees. Therefore, our results suggest that for both

traits, olfactory signals play an important role and are

useful in recognising alarm and brood pheromones in the

colony as well as external odours (e.g. intruders).

Around 7000 years ago, humans started to keep honey

bees in artificial hives. Since that time, the honey bee

genome has been exposed to human-mediated selection.

Population genomic analyses of the honey bee have

(a)

(b) (c)

Figure 3 GWAS for calmness. (a) Manhattan plot and quantile–quantile plots for calmness (N = 211 Apis mellifera mellifera [MEL] colonies, outliers

removed). The red line is the threshold for SNPs having a significant (P < 0.01) effect on phenotype. Three SNPs have a highly significant effect. The

best SNP located at 750 884 base pairs on chromosome 8 corresponds to the LOC409692 gene. One other significant SNP located at 1 584 897 base

pairs on chromosome 6, is situated in the Abscam gene. A third significant SNP exists at 6 041 432 base pairs on chromosome 12 but does not

correspond to a gene. (b) Calmness (uncorrected phenotype) according to percentage of T allele of the best SNP (chromosome 8). (c) Mean

percentage of T allele for best SNP and associated standard deviation in each subgroup. Different letters indicate significant (P < 0.05) differences

between groups following a Tukey multiple comparison of means with a 95% confidence interval

© 2021 The Authors. Animal Genetics published by
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already revealed strong signatures of positive selection on

currently applied selection traits (e.g. royal jelly produc-

tion; Rizwan et al., 2020). In this study, we associated the

Abscam gene with calmness. Recently, this gene was also

identified to be under selection by comparing modern and

historic A. m. mellifera samples from Switzerland (Parejo

et al., 2020). Therefore, we assume that behavioural-

associated genes in particular are good candidates to

investigate the domestication of A. mellifera. However, due

to the low frequency of the associated allele in all sampled

(a)

(b) (c)

Figure 4 GWAS for gentleness. (a) Manhattan plot and quantile–quantile plots for gentleness (N = 211 Apis mellifera mellifera [MEL] colonies,

outliers removed). The red line is the threshold for SNPs having a significant (P < 0.01) effect on phenotype. The best SNP, located at 3 378 436 base

pairs on chromosome 4, corresponds to gene LOC413669. Another significant SNP, located at 1,483,128 base pairs on chromosome 3, corresponds

to gene LOC413416. (b) Gentleness (uncorrected phenotype) according to percentage of G allele of the best SNP (chromosome 4). (c) Mean

percentage of G allele for best SNP and associated standard deviation in each subgroup. Different letters indicate significant (P < 0.05) differences

between groups following a Tukey multiple comparison of means with a 95% confidence interval

© 2021 The Authors. Animal Genetics published by
John Wiley & Sons Ltd on behalf of Stichting International Foundation for Animal Genetics, doi: 10.1111/age.13070
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subpopulations, we were not able to show a meaningful

selection in A. mellifera.

Conclusions

We identified five QTL associated with calmness and

gentleness using whole-genome sequences. The positional

candidate genes mainly affect the olfaction and nervous

system of honey bees. Candidate genes for behaviour might

be useful in investigating the domestication of A. mellifera.

Further research is needed to confirm the results and to

better understand the molecular and phenotypic basis of the

two traits. We believe that our results might be used in the

future to implement marker-assisted selection in A. m.

mellifera to select calm and gentle honey bees.
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