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Abstract – In order to detect quantitative trait loci (QTL) on body composition and venom characteristics of
honeybees, two F2 backcross progenies issued from crosses between subspecies Apis mellifera mellifera and
Apis mellifera ligustica were genotyped for microsatellite markers and characterized for 31 quantitative traits.
Three traits were recorded for body colour, 11 for wing morphometry, 12 for cuticular hydrocarbons and five for
venom components. We detected 50 QTL responsible for quantitative variations in these traits, seven of which
showed putative pleiotropy. Most of the QTL were specific to one progeny, revealing allelic variation of these
QTL within the parental subspecies. The position of some of these QTL was accurately determined, with the
minimum confidence interval reaching 76 kb and 1.5 cM, and containing a single gene.

honeybee / genetics / QTL / morphometry / cuticular hydrocarbons / venom

1. INTRODUCTION

The first genetic map built from RAPD
markers (Hunt and Page 1995) initiated honey-
bee genetics and search for quantitative trait loci
(QTL). A second step in genetic studies was
achieved with the publication of Expressed

Sequence Tag (EST) database available for
microarray expression studies (Whitfield et al.
2002). Finally, the complete genome was se-
quenced in 2006 (Honeybee Genome Sequencing
Consortium 2006) and organized into oriented
chromosomes thanks to a microsatellite-based
genetic map (Solignac et al. 2007). Honeybees
are progressively turning into a model species.

Since 1995, genetic and genomic publica-
tions focused however on specific properties of
Apis mellifera, meaning agronomic interest and
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eusocial behaviour. Description of QTL concerned
foraging behaviour, such as, quantity of pollen
stored by a colony (Hunt et al. 1995), quantity
and quality of pollen and nectar taken and age of
first foraging (Rueppell et al. 2004, 2006, 2011),
aggressiveness behaviour (Arechavaleta-Velasco
et al. 2003; Hunt et al. 1998, 1999), learning
ability (Chandra et al. 2001), hygienic behaviour
(Lapidge et al. 2002) or ovary size development
linked to the reproductive status of a female
(Linksvayer et al. 2009; Oxley et al. 2008;
Rueppell et al. 2011). However, the present
knowledge of honeybee genetics would allow
approaching numerous other traits, for now
mainly studied in Drosophila melanogaster.

We choose to focus in this study on four
categories of traits which are expressed at the
individual level instead of the colony level:
cuticular hydrocarbons (12 traits), venom com-
ponents (five traits), abdominal colouration
(three traits) and wing venation (11 traits).
Cuticular hydrocarbons are known to serve as
ecological, behavioural and physiological sig-
nals in insect and other arthropod species (for a
review, see Howard and Blomquist 2005).
Venom components are of interest both for their
impact on human health (Dotimas and Hider
1987; Hider 1988; Lima and Brochetto-Braga
2003) and for their pharmalogical properties
(Rajendra et al. 2004). Morphometric traits
(abdominal colouration and wing venation) are
part of the “standard morphometry” described
by Ruttner et al. (1978) and Ruttner (1988).
They have been used for the definition of the
numerous subspecies of honeybee that originate
from a wide range of geographic locations and
are still widely studied (Diniz-Filho et al. 2000;
Radloff et al. 2003; Ruttner et al. 2000).

All these traits were previously shown to be at
least partially genetically determined justifying
the search for determining QTL. Cuticular hydro-
carbon profiles of worker bees taken from the
same subfamily differed less than those between
subfamilies present in a colony indicating a
genetic control of the profile (Arnold et al. 1996,
2000). Venom quantity and composition was
shown to be variable between species of the

genus Apis and subspecies of A. mellifera
(Schmidt 1995; Schumacher et al. 1992). Finally,
heritabilities of morphometric traits were esti-
mated to be moderate to high with little effect of
dominance (Oldroyd et al. 1991; Poklukar and
Kezic 1994). The evidence of genetic variation
for the four groups of traits indicates that QTL
detection is promising.

In this paper, we describe the QTL charac-
terisation for 31 traits from these four categories in
honeybee. Analyses were applied to two F2
backcross progenies from crosses between two
subspecies of honeybee divergent for most of the
traits recorded: Apis mellifera mellifera and Apis
mellifera ligustica. Details on QTL analyses,
potential pleiotropy and fixation of alleles in the
subspecies are described, and putative candidate
genes are discussed when available.

2. MATERIALS AND METHODS

2.1 Crosses

The crosses are described in detail in Solignac et
al. (2004). Workers from two F2 backcross progenies
were genotyped and phenotyped for specific quanti-
tative traits. Two F1 queens were obtained from
crosses between virgin A. mellifera ligustica queens
and A. mellifera mellifera drones. These subspecies
were retained as most of the traits chosen for this
analysis had previously been reported to show
divergent levels or characteristics in the subspecies
(Ruttner 1988; Schumacher et al. 1992), justifying
the assumption that different alleles for major QTL
affecting these traits will segregate in the progeny of
F1 queens. These F1 hybrid queens (named B and V)
were then double backcrossed with one drone from
each of the two parental subspecies. The two resulting
F2 backcross progenies comprised 92 and 95 workers
for queen B and queenV, respectively, composed of two
subfamilies each, from the two backcrosses: B1
(parental drone A. mellifera mellifera, 54 workers)
and B2 (parental drone A. mellifera ligustica, 38
workers), for the progeny of queen B, and V1 (parental
drone A. m. mellifera, 50 workers) and V2 (parental
drone A. mellifera ligustica, 45 workers) for the
progeny of queen V.
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2.2 Genetic markers

The honeybee genetic map was built with 1,880
markers for the progeny of queen B and 662 for the
progeny of queen V, leading to a total of 2,008
markers (Solignac et al. 2007). The same set of
markers was used for QTL screening. Some markers
were eliminated for various reasons: (1) they were at
null distance from other markers with less missing
genotypes; (2) they showed null alleles and geno-
types could be obtained for one subfamily only; or
(3) genotyping quality was too low, leading to a large
number of missing data. Finally, 1,282 and 585
markers were selected for a first QTL genome scan
for queens B and V, respectively. The mean distance
between consecutive markers was 3.6 and 7.1 cM for
queens B and V, respectively, with maximum dis-
tances of 15.9 and 32.9 cM, respectively.

After a first QTL detection, the density of markers
was increased in the vicinity of the detected QTL in
order to confirm their presence and improve their
localisation. Markers that were heterozygous for
queen V, but which had not been used initially were
then genotyped. Moreover, using the genome sequence
of the honeybee, 85 new markers were designed to
complement the genotyping effort. Among these, 20
and 24 were genotyped in queen B and queen V,
respectively, for the QTL regions of interest. The final
density was around 5 cM between markers in each
candidate region, except in three cases where it was not
possible to define new markers closer than 7–9 cM due
to a high recombination rate or a gap in the sequence
assembly.

For markers of one specific QTL of interest (Col1)
the number of genotyped progeny was enlarged to
277 workers for queen V to improve the detection
accuracy.

Origin of the marker alleles could be identified
systematically. For further analyses, alleles were
noted 1 when coming from the subspecies A.
mellifera mellifera and 2 when coming from the
subspecies A. mellifera ligustica. As a consequence,
the two queens had genotypes 12, and within each
subfamily progeny were either 11 and 12 (if drone
was 1) or 12 and 22 (if drone was 2). This notation
ignores allelic variability within subspecies even
when it exists.

2.3 Quantitative measures

The abdomen of each individual from the two
progenies was photographed. Yellow surface area on
tergites 3 and 4 and total abdomen surface area were
measured using NIH image and ImageJ software
(Abramoff et al. 2004). Three quantitative traits were
obtained from the ratio between yellow and total
surface area: yellow area on tergite 3 (Cou1), yellow
area on tergite 4 (Cou2) and their sum (Cou3), all of
these being expressed as a proportion of total
abdomen area. Obviously, Cou3 was highly correlat-
ed with Cou1 and Cou2. Nevertheless, all three traits
were used in QTL detection to maximise the chance
of detecting low QTL effects.

Additional morphometric traits used were obtained
from the right forewing of individuals. Nineteen points
were picked out at venation intersections, and ten
angular measures were calculated from them. These
measures are part of the morphometric characters
defined by Friedrich Ruttner (1988), to compare
geographic races of honeybee. The correspondence
with Ruttner’s characters is as follows: Angle1=31,
Angle2=28, Angle3=25, Angle4=21, Angle5=22,
Angle6=30, Angle7=23, Angle8=26, Angle9=27
and Angle10=24. The length of the forewing was also
measured for the queen B progeny (distance between
the two most extreme points of the wing venation: d1–
8). For all morphometric traits (abdominal colouration
and angles of wing venation), measures were made
twice and the final quantitativemeasure was the average
of the two values.

To measure cuticular hydrocarbons, young bees were
isolated for the first 15 days after emergence to prevent
any admixture with other colony members. Fifteen-day-
old individuals were frozen and immersed for 5 min in
1 ml of pentane solvent to dissolve cuticular hydro-
carbons. The solvent was then kept at −20°C to avoid
evaporation and placed at room temperature for 30 min
before analysis. Identification of cuticular hydrocarbons
was performed using capillary gas chromatography–
mass spectrometry (Incos 50, Finnigan). Their relative
quantities were determined from the peak surface areas
using both on-column and automate phase solid
interface high-temperature capillary gas chromatogra-
phy (Ogden et al. 1998). Measures were performed
with a retention gap (2 m×0.53 mm) followed by a
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HT5 column (25 m×0.32 mm×0.10 μm), helium as

gas vector using Hewlett Packard 5850 series II

chromatograph. Component detection was carried out

with Hewlett Packard flame ionisation detector. Twelve

components were selected for QTL mapping. They

comprised from 23 to 33 carbons. Six of these were

alkane components (Cir1, C23; Cir2, C25; Cir3, C26;

Cir4, C27; Cir7, C29; and Cir12, C33), five were

alkene components (Cir6, C27:1; Cir8, C31:1a; Cir9,

C31:1b; Cir10, C33:2; and Cir11, C33:1) and the last

(Cir5) could not be determined.
For venom components, the poison sac was taken

from each individual and placed in a 5-μl sterile

water. The sac was squeezed two to three times and

then removed from the tube. Samples were conserved

at −20°C. They were kept 30 min at room tempera-

ture and homogenized before use. The relative

quantity of the different venom components was

determined by a modified high-performance liquid

chromatography method (Ameratunga et al. 1995).

Detection was performed at 280 nm. Five compo-

nents could be quantified: noradrenaline (Nor),

dopamine (Dop), apamin (Apa), phospholipase A2

(Pho) and melittin (Mel). Their relative quantities were

estimated from the surface area of the peaks.

2.4 Statistical analysis

Quantitative variation within the whole sample,

each family and each subfamily was studied using R

2.10.1 (R Development Core Team 2005). Normal

distribution was tested using the Shapiro–Wilk test,

applied to the four subfamilies. Medians and varian-

ces of each quantitative trait were compared between

B and V progenies using Kruskal–Wallis tests and

Fligner–Killeen tests, respectively. The advantage of

these methods is that they rely on very few

assumptions. In particular, normal distribution of the

quantitative measure is not assumed for either tests,

and variance equality is not required for the Kruskal–

Wallis test. Overall tests for variance equality were also

conducted for the four subfamilies using Fligner–

Killeen test, and pairwise comparison were performed

when overall tests where significant. Median values

were also compared between each of the two subfami-

lies belonging to the same progeny (B1 was compared

with B2 and V1was compared with V2) using Kruskal–

Wallis tests. As most of the relations between quantita-

tive measures were not linear, Spearman’s correlation

coefficient calculation was made and tests applied.

When multiple and non-independent tests were con-

ducted (pairwise comparison of variance between

subfamilies, correlation coefficient), a Holm correction

of the p values for multiple testing was applied.

2.5 QTL detection

QTL detection was performed with QTLMap

(Elsen et al. 1999). The two F2 backcross progenies

were analysed separately, in order to detect specific

QTL allelic combinations segregating in the putative

heterozygous queens families. Interval mapping

analyses were applied along all the linkage groups

from the position of the first marker to the last

(position x=InitPos, MaxPos). The genetic model

for the traits was yijk ¼ mi þ eijk under the null
hypothesis H0=“no QTL segregating”, and yijk ¼
mi þΣjpxjkgj þ eijk under the alternative hypothesis

H1=“a QTL segregating at position x”, where yijk is
the phenotype for individual k from drone subfamily
i having genotype j, j=[11, 12, 22], μi is the mean of
the progeny from drone i, pxjk is the probability for
individual k to be of genotype j at the tested position
x, computed according to Elsen et al. (1999), from
the genealogy, genetic map and observed genotypes,
gj is the fixed effect for genotype j, eijk is the residual
normally distributed with mean 0 and standard devia-
tion σ. The distribution of the residual assumes
homoscedasticity between the two drone subfamilies.
This hypothesis was shown to be robust but potentially
lowering the power to detect QTL when heteroscedas-
ticity was actually present (Goffinet et al. 1999). To
avoid overparameterization, a constraint on genotypic
effects was applied: Σjgj=0. A Newton–Raphson
algorithm was used to maximise the likelihoods L0,
and L1

x for each tested position x, and thus obtain
estimates of genotypic effects. Likelihood ratio tests
(LRT)x were computed as –log(L0/L1

x), with max
(LRTx)x=InitPos,MaxPos indicating the most likely posi-
tion of a QTL on the linkage group considered.

From ĝ11, ĝ12 and ĝ22, at the position of max(LRTx),

the trait variance explained by the QTL was computed

as Vq ¼ 0:25bg11 þ 0:5bg12 þ 0:25bg22, approximating
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the distribution of the genotypes in the queens progeny
with the proportions 1:4, 1:2 and 1:4, for genotypes 11,
12 and 22, respectively. The proportion of variance
explained by the QTL was further computed dividing
Vq by the phenotypic variance of the trait Vp
(estimated from centred quantitative measures, i.e.
by subtraction of the subfamily mean). A test was
applied to determine whether the QTL was
additive, (partially) dominant or overdominant.
The additive effect a of the QTL was estimated as
bg22 � bg11½ �=2, and the dominance effect d was esti-

mated as bg12 � bg22 þ bg11ð Þ=2, with the ratio r ¼ ba
bd

quantifying the level of dominance for the QTL: if |r|
Є [0;0.5], the QTL was said to be additive or
codominant Co, if |r| Є [0.5;0.8], the QTL was said
to be partially dominant d, if |r| Є [0.8;1.2], the QTL
was said to be dominant D, and if |r| > 1.2, the QTL
was said to be overdominant SD in the following
results.

Sixteen genetic maps, one for each chromosome,
were successively scanned for the 31 quantitative
traits. The first step consisted of screening the
genome by interval mapping, taking 5 cM steps.
When QTL were detected, new genotyping in the
vicinity of the primo-detected QTL were performed
and a second interval mapping was performed in the
region of interest, using 1 cM steps. A large number
of QTL detection analyses was performed during this
study: 31 traits, corresponding to about 18 indepen-
dent factors (>90% variation explained by the 18
highest eigenvalues of the correlation matrix of the
traits), were tested on 16 independent linkage groups,
corresponding to a total of 288 independent tests. To
account for multiple testing, the threshold for the
estimated LRT was defined in order to achieve a
proportion of 5% of false-positive results at the level
of the genome-wide analysis for each queen family
(5% threshold=14.1). It corresponded to an approx-
imate Bonferroni correction of the type I error of 5%
for the test on each chromosome for each trait using
the factor 288, leading to a 1.7·10−4 type I error for
the chromosome-wide χ² test with 1 degree of
freedom. Results at a 10% type 1 error at the
genome-wide level are reported as a tendency for
QTL detection. Confidence intervals (CI) were
computed at the 90% level applying the log-drop-off
technique, as proposed by Lander and Botstein 1989.
Physical boundaries of the CI are from the v4
assembly of the honeybee genome.

2.6 Localisation of genes of interest

We searched for localisation of well-known genes
in the CI described for the QTL. These genes are
involved in the molecular pathways known to
influence quantitative traits studied in model species
such as D. melanogaster or had been previously
described specifically in honeybee (venom compo-
nents). We first looked for annotated genes in the
genome (on the NCBI website: http://www.ncbi.nlm.
nih.gov/) and when genes were not annotated, we
blasted homologous sequences from model organ-
isms against the RefSeq protein dataset of honeybee
on the NCBI website.

For body colour QTL, we localised pigment pro-
duction genes and patterning genes (Wittkopp et al.
2002; Wittkopp and Beldade 2009). We took advan-
tage of the genes described in Dearden et al. (2006)
and Drapeau et al. (2006). For venom component
QTL, we sought the localisation of genes coding for
mellitin, apamin (Gmachl and Kreil 1995), dipeptidyl
peptidase and phospholipase A2 (Hoffman 2006), and
genes involved in catecholamine synthesis, such as
dopamine and noradrenaline (Pendleton et al. 1998;
Squire et al. 2003). Study was made on two main
categories of enzymes involved in the biochemical
pathway of cuticular hydrocarbons: elongase
(Chertemps et al. 2007; Howard and Blomquist
2005) and desaturase (Dallerac et al. 2000; Eigenheer
et al. 2002; Legendre et al. 2008), which had
previously been shown to involve quantitative
changes. Finally, genes described as influencing wing
vein pattern (Blair 2007; De Celis and Diaz-Benjumea
2003; Molnar et al. 2007; Sander et al. 2010; Yan et al.
2009) were compared with morphometric QTL. For
this last category, we also used some of the genes
described in Dearden et al. (2006).

3. RESULTS

3.1 Description of quantitative variation

Body colour is a very distinctive character of
the two parental subspecies studied here, A.
mellifera mellifera and A. mellifera ligustica,
between which it differs markedly. The resulting
variability observed in the progeny was high for
the three traits measured (Figure 1). Percentage
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of yellow surface ranged from 0 to 34 for Cou1,
0 to 27 for Cou2 and 0 to 57 for Cou3. It also
clearly appeared that the yellow surface was
greater on the third abdomen segment (Cou1)
than on the fourth (Cou2). As a result, it was
mainly the third segment that contributed to the
total yellow surface of the abdomen (Cou3).

The most abundant cuticular hydrocarbons
had between 27 and 33 carbons, with a
predominance of the compound Cir11 (mean,
21.5%), an alkene with 33 carbons and one
double bond. The average composition ob-

served in the two progenies was divergent from
that described in Chaline et al. 2005). These
previous authors indicated that the major com-
ponent was Cir4 (19.5% of the total hydro-
carbons present on the cuticle) followed by
Cir11 (15.8%). Moreover, the same authors
described Cir6 as a low proportion compound
(2.7%) while it was the second most abundant
compound in our study (mean, 15.3%). How-
ever, the proportions cited in Chaline et al.
(2005), were obtained from individual foragers
while our results were obtained from isolated

Figure 1. Quantitative variability of the different sets of traits (the progenies of queens B and V are pooled).
Variability is represented by the boxplot function of R 2.10.1. The thick line indicates the median position. The
two walls of the box correspond to first and third quartiles. Whiskers are separated from the box by a 1.5
interquartile range (3rd quartile minus 1st quartile). Circles represent individual measures outside the whiskers.
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emerging bees. Maturation with age, as well as
compound exchange between individuals could
explain such divergences. Large variability was
observed for the twelve compounds. Distribu-
tions seemed to be highly spread for traits Cir1
to Cir5, for which numerous measurements
were found outside the whisker bounds.

The relative abundance of venom compo-
nents melittin (mean, 57.8%) and phospholipase
A2 (mean, 8.3%) was similar to that described
in the literature (Dotimas and Hider 1987).
However, the relative abundances of the three
other components were the opposite to those
found in previous studies: we observed 4.4%
noradrenaline and 4.6% dopamine, while these
had previously been described to represent less
than 1% of the venom, and we observed only
0.2% apamin, which had previously been
quantified at between 1% and 3% of the venom
(Dotimas and Hider 1987). However, these
previously published data were obtained from
a mixture of venom from numerous bees.
Furthermore, the authors did not specify the
subspecies from which this venom was collect-
ed. Differences in venom composition between
individual bees and subspecies could explain
these discrepancies. Indeed, in our study, the
proportion of each component showed clear
variability within the progeny.

The ten venation angles measured had all
about the same magnitude of variability. Angle5
had the largest range (30° between the smallest
and the largest value) while Angle10 had the
smallest (7° between the smallest and the largest
value), and all other angles had a range around
20°. This was true when one point, which
clearly diverged from the distribution, had
been discarded. The deviant measures came
from a single individual of the queen V progeny
and were discarded from subsequent analyses.
Finally, large variability was also observed in the
wing size trait.

The distribution of all traits was compared
with the normal distribution using Shapiro–Wilk
tests. The comparison was conducted for each
trait within the subfamilies, this level being the
most relevant for QTL mapping (drone effect

removed for interval mapping). Normality was
respected in most cases, except when distribu-
tion was highly spread (Cir1 to Cir4) or
comprised frequent null values (colour traits,
Dop and Apa). However, no transformation was
applied to these traits as previous tests (unpub-
lished data) showed that the Gaussian model
applied here for QTL detection was robust to
similar deviations from normality.

Distribution of the traits within each subfam-
ily was studied. Examples for Cou1, Mel, Cir8
and Angle8 are shown in Figure 2. Paternal
contribution to the mean of the group was high
in most cases. Consequently, it was taken into
account in the model for QTL detection.
Furthermore, similar differences between the
two subfamilies were found in B and V
progenies for 17 out of 30 traits (for example,
see Cou1 and Angle8 in Figure 2). This
suggested the existence of subspecies effects.
In two cases (Mel and Angle5 in Figure 2), the
opposite effect of paternal contribution were
observed between the two progenies. For the 11
remaining traits, no significant difference was
observed between subfamilies in at least one
progeny (for example, see Cir8 in Figure 2).
Despite the subspecies effect, traits were not
fixed within subspecies: medians and/or varian-
ces were significantly different between the two
progenies in 24 out of 30 traits (not shown).

Correlations were tested in each family on
centred quantitative values (subfamily mean
subtracted). Table I shows only significant
correlations after correction for multiple testing;
these were only found between traits from the
same category (colours, cuticular hydrocarbons,
venom components or angles) and mostly
concerned cuticular hydrocarbons.

3.2 QTL localization

As a first step, interval mapping was performed
with steps of 5 cM for each chromosome, each
progeny and each trait. Seventy-two significant
LRT peaks were detected from the first screening
at the suggestive level of 10% at the genome-wide
level. The second interval mapping was applied
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with 1 cM steps on these specific regions,
covering at least the confidence interval and no
less than 40 cM. This second screening resulted in
the confirmation of 65 LRT peaks out of the 72
primo-detected. The higher marker density
resulted in a better definition of the LRT peaks:
(1) CI being reduced by 5 to 24 cM for 20 peaks
and (2) maximum LRT position being better
defined (shifts up to 21.2 cM in the most dramatic
case). However, in few cases, CI were enlarged in
the second finer screening. Increases were gener-
ally low (less than 5 cM), with one notable
exception for the QTL affecting Mel on chromo-
some 7 (progeny V). In this case, the CI was
enlarged by 14.5 cM. This larger peak was

probably composed of two different peaks only
seeable when marker density increased. Specific
effort was applied to a peak on chromosome 1,
where 192 supplementary individuals from prog-
eny V had records for Cou1, Cou2 and Cou3
traits. Figure 3 shows the results of screenings
with the two density maps for trait Cou1 in
progenies B and V (where the tested progeny in
the 1 cM screening was enlarged to 277
individuals). New analyses allowed a dramatic
increase of the test statistic significance for
progeny V, from a p value of 0.018 to a p value
lower than 0.0001 at the genome-wide level.

Some of the LRT peaks were observed in the
same regions for different quantitative traits. In

Figure 2. Quantitative variation within the four different subfamilies (B1, B2, V1 and V2) for Cou1, Mel, Cir8
and Angle8. Each point is an individual measure. Units are the same as in Figure 1. Grey lines indicate the
mean value of the trait in each subfamily.
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most cases, the traits involved were from the same
category. Such cases suggested the existence of
pleiotropic QTL, or at least pleiotropic chromo-
somal regions. By counting each pleiotropic
region as one QTL, and adding QTL detected
for single traits, the analysis resulted in 50
different QTL for the 31 studied quantitative
traits: seven QTL for colouration (named Col1 to
Col6b), 9 for venom components (Venom1 to
Venom9), 12 for cuticular hydrocarbons (HC1 to
HC12) and 22 for wing morphometry (Morpho1
to Morpho22) (Table II). As expected, the
pleiotropic QTL were partly in agreement with
the phenotypic correlations observed. For exam-
ple, Col1 and Col2 jointly influenced the
correlated traits Cou1 and Cou3 and Cou2 (for
Col1 only). Inversely, no significant phenotypic
correlations were found between traits influenced
by HC2, HC3 or Morpho2. An eighth pleiotropic
QTL could have been identified for Cou1 and
Cou3 on chromosome 16, but as the CI did not
overlap, we preferred to describe two distinct and
genetically linked QTL (Col6a and Col6b).
Finally, three pairs of LRT peaks concerning
traits from different categories had almost iden-
tical CI (Venom7 and Morpho7, Venom9 and
Morpho8, HC5 and Morpo21). They were
described as single trait QTL in this first stage.
Information about the LRT peaks is summarized
in Figure 4. This clearly shows a striking result:
the QTL, except Col1 and HC3, were only found
in one progeny. HC3 was a special case because
it influenced different traits in progenies B (Cir7
and Cir12) and V (Cir5). Moreover, in many
cases, several different QTL were found for one
trait in one progeny when no QTL were found
for the same trait in the other progeny. Finally, no
QTL was found (neither in B or V progeny) for
Pho, Cir1, Cir3 and Cir4.

Another striking result is the high number of
QTL showing dominance: only 18 QTL showed
additive patterns, and in 19 cases the test
concluded to overdominance. The ratio of
dominance over additive effect was higher than
5 in four cases, reaching a maximum value of
16 (Angle8 on chromosome 6). Moreover, for

Table I. Test for correlations within families for centred
values (Spearman’s method adjusted for multiple testing,
see text).

Trait 1 Trait 2 Family

B V

Cou1 Cou2 * NS
Cou3 ** **

Cou2 Cou3 ** **
Nor Dop NS ***
Cir1 Cir2 ** NS

Cir7 *** NS
Cir2 Cir3 * *

Cir4 ** **
Cir7 ** **
Cir8 ** **
Cir9 NS *
Cir11 ** **

Cir3 Cir4 ** *
Cir7 ** ***
Cir8 ** **

Cir4 Cir7 ** **
Cir8 ** **
Cir9 NS *
Cir10 *** **
Cir11 ** **

Cir5 Cir9 NS ***
Cir11 NS *

Cir6 Cir9 ** NS
Cir11 ** **

Cir7 Cir8 ** **
Cir10 NS *
Cir11 ** **

Cir8 Cir10 NS ***
Cir11 *** ***

Cir9 Cir12 ** ***
Cir10 Cir11 * *
Angle4 Angle5 ** **

Angle10 *** NS
Angle5 Angle7 NS *

Angle9 * NS
Angle10 ** NS

Only pairs of traits for which significant correlation was
found in at least one family are mentioned

NS non-significant

*Significant at the 5% level

**Significant at the 1‰ level

***Significant at the 1% level
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Figure 3. Results of interval mapping along chromosome 1 for Cou1 (pleiotropic QTL Col1). Results from first
screening (5 cM, dotted line) and second screening (1 cM, continuous line) are shown on the same graph. a
Interval mapping in the queen B progeny; b interval mapping in the queen V progeny; the second screening
was performed with an enlarged sample size of 277 individuals. The genetic position is slightly different
between the two progenies due to variations in the genetic maps. Two sub-peaks were detected at the same
physical position in each case. The second peak was discarded from the CI in queen B progeny due to a high
difference in significance.
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five traits in progeny B (Cou1, Cou3, Cir9 and
Angle8) and one in progeny V (Angle7), the
addition of the QTL effects explained more than
100% of the phenotypic variance. More than 70%
of the phenotypic variance is explained for five
other traits within progeny (Apa, Cir2 and Cir12 in
progeny B, Mel and Angle4 in progeny V).

The range of the CI was highly variable:
between 76 and 2,422 kb, corresponding to 1
and 22 cM, respectively. This variability, and the
large values for some CI, could not result from
discrepancies in the density of the genetic maps
between these regions, as density was increased
to similar values in all segments, but could
indicate the presence of more than one gene of
interest in the same region.

3.3 Genes of interest within QTL CI

Table III lists genes known to be involved in
molecular processes of the quantitative variation
studied here and localized in or close to the CI

of the detected QTL. These genes were either
known from model species such as D. mela-
nogaster and previously identified as homolo-
gous genes in honeybee, or specific genes
mapped to honeybee (venom components). We
searched for genes involved in pigment produc-
tion as well as in patterning. Two well-known
genes (Tan and Ebony) are present in or very
close to the CI of Col1: the first clearly distinct
peak in queen V (Figure 3b) was very close to
Tan, and the second peak, shared between the
two queens (Figure 3a, b), included Ebony. One
of the patterning genes could be located in the
CI of Col1 (wnt4). This pleiotropic regulatory
protein influences pigmentation, among other
things, and belongs to the developmental genes
described in Dearden et al. (2006). However, no
particular gene could be identified in or close to
the CI of the six other QTL for body colour.

Cuticular hydrocarbons are derived from
fatty acids. Among the 12 and six putative

Figure 4. Number of LRT peaks detected for each trait in each progeny (progeny B in white and progeny V in
black). The number on each bar corresponds to the number of the chromosome bearing the LRT peak.
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genes annotated for homology with elongase and
desaturase, respectively, four of the elongase
genes were located close to each other in the CI
of HC3. Furthermore, several annotated genes
were located in unknown scaffold in the published
assembly (not attributed to a linkage group).
However, Robertson et al. (2007) manually
incorporated some of these unknown scaffolds
into the smallest chromosomes. Among them,
scaffold Un.655, comprising two genes homolo-
gous to elongase, was placed between scaffolds
16.7 and 16.8, within the CI of HC3. It seems
that several genes coding for elongase are
clustered in this region, as observed in D.
melanogaster. One gene homologous to desatur-
ase was also observed in the vicinity of HC5, but
the distance from the CI was quite large (93 kb).

Dopamine and noradrenaline are well known
as neurotransmitters from the catecholamine

group (Squire et al. 2003). One of the well-
described enzymes involved in the synthesis of
catecholamine could be found in the CI of
Venom3: dopamine beta hydroxylase catalyses
the transformation of dopamine to noradrenaline.
However, no candidate gene could be located in or
close to the CI of QTL Venom4 to Venom9
influencing mellitin and apamin traits.

We compared the location of the identified
genes involved in the wing vein pattern of
honeybee (Dearden et al. 2006) with the CI
found for angles. Despite the large number of
QTL and the large number of candidate genes,
few co-locations were found. Furthermore, we
signalled the presence of a yellow gene in the
CI of Morpho3, although this gene is not
described as influencing wing vein character-
istics. In D. melanogaster, this gene is required
for the deposition of melanin, a pigment

Table III. Genes of interest found in the confidence intervals of the QTL detected.

QTL Gene/function ID K Start Stop d from CI

Col1 Tan GB13643 LG1 11,991,507 11,996,967 10,630

Wnt4 Signal transduction GB10450 LG1 12,597,050 12,616,120 Within

Ebony GB19941 LG1 13,297,018 13,311,847 Within

Venom3 Dopamine beta
hydroxylase

GB16337 LG3 7,514,385 Within

HC3 Long-chain fatty acid
elongation

GB12176 LG16 1,762,074 1,764,525 Within

Long-chain fatty acid
elongation

GB19345 LG16 1,909,141 1,933,372 Within

Long-chain fatty acid
elongation

GB19268 LG16 1,819,639 1,830,897 Within

Long-chain fatty acid
elongation

GB14916 LG16 1,938,602 1,984,821 Within

Long-chain fatty acid
elongation

GB16107 Un.655=LG16 1,767,245 1,817,244 Within

Long-chain fatty acid
elongation

GB13826 Un.655=LG16 1,767,245 1,817,244 Within

HC5 Desaturase GB18070 LG12 4,460,820 4,462,763 92,819

Morpho1 Engrailed GB15566 LG1 19,145,586 19,191,405 59,815

Morpho3 Yellow (Yellow-y) GB19464 LG10 11,741,768 11,747,281 Within

Morpho18 Wnt11 Signal transduction GB16243 LG5 11,040,606 11,046,486 Within

Morpho11 Hephaestus, Notch
signalling

GB12758 LG8 10,988,503 11,037,222 Within

K chromosome number (or linkage group (LG)), d from CI distance from confidence interval of the QTL (in bp)
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differentially expressed between vein and inter-
vein cells.

4. DISCUSSION

Quantitative variation is complex and in most
cases only partly explained by known genetic
variants. Genetic dissection of quantitative traits
implies the estimation of the number of loci
involved, of the allelic effect of each locus and
of the interactions between alleles at the same
locus and at different loci.

Honeybee genetics is not highly developed
despite the agronomic interest of the species.
One reason is honeybee social organization and
the fact that most agronomic traits are expressed
at the colony level. Furthermore, inbreeding is
highly unfavourable due to single-locus sex
determination (Hasselmann et al. 2001), which
precludes genetic studies on homozygous
strains. On the other hand, effects of environ-
mental variation are somewhat attenuated, al-
though not eliminated, by nest breeding of
young bees. We intended to bypass the lack of
divergent homozygous strains by crossing di-
vergent subspecies, as frequently done in live-
stock species. The assumption is that allelic
variation at the locus of interest will be greater
between subspecies than within subspecies.
Indeed, subspecies effect was detected for most
of the traits. However, within subspecies varia-
tion appeared to be high for most, if not all of
the traits. As a consequence, over the 50 QTL
detected, only two of them were shared between
the two progenies, and up to five QTL were
detected for one progeny when no QTL at all
were detected in the other. Comparing the
variances estimated for each progeny for the
different traits (not shown) confirmed both the
hypothesis of simple allelic variation within
subspecies and the hypothesis of existence of
dominance and/or epistasis effects on the traits
studied. As a consequence, our strategy of
searching for QTL in two different progenies
was successful in maximising the number of
QTL detected, given the number of genotypes
and phenotypes recorded.

Another striking result is the high number of
QTL showing overdominance. This is probably
the result of the between-subspecies cross where
association of very distinct alleles can generate
new phenotype variability. This result would
correspond to the heterosis effect described in
genetic processing of crops or livestock species
(Gallais 1988; Hochholdinger and Hoecker
2007). Finally, it should be noted that part of
the detected dominance could also be a conse-
quence of the deviations from normality in the
distribution of some of the traits (for Cir2 for
example) and needs confirmation.

Besides the discrepancies in QTL detected
between the progenies, the proportion of phe-
notypic variance explained by the QTL was also
variable (Table II). It should be noted that the
sum of Vq/Vp for a single trait in a single
progeny may exceed 100%, which is an
overestimation of individual QTL effects and a
known consequence of the models that maxi-
mise the variance at one QTL position to detect
QTL. Adding effects estimated independently at
the different significant positions is straightfor-
ward to obtain a general view of the genetic
architecture of the traits, but it is not statistically
correct. Only models jointly accounting for all
loci, and potentially their interactions, would
allow precise QTL variance estimations, with
only marginal improvement of location accura-
cy. However, high number of progeny is
required to achieve accurate estimation of all
genotypic effects when multiple positions are
tested jointly, and no software is available that
accounts for double backcross progeny. In most
cases two or three QTL were sufficient to
explain more than 70% of the phenotypic
variance. This suggests the existence of a low
number of major genes involved in the quanti-
tative variation of the studied traits. The lowest
proportion of variance explained by one QTL
was 15%, probably corresponding to the lower
limit for detection of one QTL in our protocol.

No QTL was detected in either the B or V
progenies for the four traits Phos, Cir1, Cir3 and
Cir4. No single reason can explain this obser-
vation for all the traits. Their phenotypic
variance was of the same magnitude as the
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variance of other traits for which QTL were
detected. Three of the four traits with no QTL
did not fit a normal distribution (Cir1, Cir3 and
Cir4), but the fourth one did (Pho); there were
other cases where traits for which QTL were
detected did not fit this assumption either
(Cir2). One explanation could be the larger
environmental variances and difficulties in
measuring these traits, resulting in lower phe-
notyping accuracies. However, it is unlikely that
environmental variance diverges strongly be-
tween traits from the same category. Finally,
these traits could be under the influence of
numerous genes, each contributing only a small
part of the overall variance, e.g. <15% of the
phenotypic variance, and were thus undetect-
able with the sample and genetic maps used in
this study.

Seven pleiotropic QTL were detected in this
study, as well as three cases of co-localization
(Venom7 and Morpho7, Venom9 and Morpho8,
HC5 and Morpo21). One would expect, these
genetic linkages to be observed when correla-
tions between traits were significant, as for
Col1, Col2, HC1 and Morpho1, but they were
less clear for other pleiotropic QTL and co-
localizations. Even without the Holm correction
to account for multiple testing, correlations
supporting HC2, HC3 and Morpho2 remained
undetectable. One possibility is that the interval
comprised two different genes influencing the
traits. These genes would be close enough to
generate low genetic correlations between the
traits, but the genetic correlations could not be
estimated in our populations. Among other
explanations for the lack of correlations in
agreement with pleiotropic QTL, opposite cor-
relations resulting from environment and/or
other QTL might mask correlations due to
pleiotropic QTL or segments.

Some genes known to influence the trait
studied in model organisms could be located in
the CI of the QTL found. For example, the
presence of Tan and Ebony precisely in the two
peaks detected in the Col1 QTL is a strong
validation of the region proposed. However,
despite the large size of the gene space sought
(about 200 genes over the four pathways), only

a few genes could be assigned to the QTL
found. This result might be linked to the
unfinished status of honeybee genome assem-
bly. The published version of the genome was
still fragmented, with 186 Mb positioned on 626
mapped scaffolds (located in a specific chromo-
some) and 40 Mb in unmapped scaffolds
(Honeybee Genome Sequencing Consortium
2006). Some superscaffolding efforts have been
made to reduce the gaps in the sequence
(Robertson et al. 2007), but numerous scaffolds
are still referred to as “unknown”, as their
position in the genome is not determined. In
fact some genes of putative influence on the
traits studied here were located in these “un-
known” scaffolds and might be relocated in our
CI in the future. The recent release of a new
version of the genome (4.5) improved consid-
erably this picture with 203 Mb assembled into
chromosomes but the sequence is still dispersed
over 340 mapped scaffolds and 5,304 un-
mapped scaffolds representing 31 Mb. Further-
more, besides the gaps in the sequence
assembly, the number of annotated genes in A.
mellifera is small compared with D. mela-
nogaster. The RefSeq protein set used in Blast
requests on the NCBI website comprises only
10,409 proteins for honeybee, but 18,556 for
fruit fly. This difference is likely to be due to
better knowledge of Drosophila genetics. Fur-
thermore, the large evolutionary distance be-
tween honeybee and model organisms is
unfavourable for annotation of its gene set. In
comparison, the RefSeq protein set comprises
15,995 genes for D. pseudoobscura, a close
relative of D. melanogaster, and 12,902 genes
for Anopheles gambiae, which is more distant,
but also in the order Diptera. The publication of
the A. mellifera genome assembly also suggests
that annotation was very stringent and maybe
missed some known genes. This is confirmed
by a recent study of the completeness of
genome sequencing projects (Parra et al.
2009), which showed that the coverage of the
honeybee genome sequence is good but that the
annotation is not complete even for genes
highly conserved between eukaryotes. Another
annotation difficulty may result from honeybee

178 F. Mougel et al.



genes having more and longer introns than those
of fruit fly. All together, gaps in the sequence
assembly and incomplete annotation are probably
responsible for the absence of genes in the CI of
two QTL (Col6a and Morpho15). It is also likely
that the number of genes was underestimated in
many of the CI. Whatever the gaps in genome and
annotation, the lack of identified genes in the CI of
the QTL may also be related to genes and/or
pathways specific to honeybee. The strength of
our approach is the opportunity it offers to
describe new genes involved in observed quanti-
tative variation, adding to our understanding of
these traits even in the era of complete genome
description.

5. CONCLUSIONS

Fifty different QTL could be described in this
study, and some of them with highly significant
LRTat the genome-wide level. The generally large
proportion of variance explained by the detected
QTL suggests the existence of few major genes
responsible for the genetic architecture of traits in
the four categories studied. The traits revealed
great variability within the two parental subspe-
cies, resulting in the detection of very different
sets of QTL in the two queen families analysed.
Few candidate genes could be proposed based on
the knowledge of molecular pathways and confi-
dence intervals described. However, this number
could increase with improvement of the annota-
tion of the honeybee genome and completeness of
the genome assembly.
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