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1 | INTRODUCTION

Phenotypic change in response to selection directly depends on the
amount of phenotypic variation and whether this variation is trans-
mitted from parents to offspring. Hence, predicting the evolutionary
potential of a trait can be done by estimating the genetic component
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Abstract

The genetic contribution to phenotypic variation (namely the heritability) affects
the response to selection. In honeybee, the haplodiploid sex determination does not
allow the straightforward use of classical quantitative genetics methods to estimate
heritability and genetic correlation. Nevertheless, specific methods have been devel-
oped for about 40 years. In particular, sibling analyses are frequently used with three
main methods: an historical model using the average colony relatedness, a half-sib/
full-sib model, and the more recent animal model. We compared those three methods
using experimental and simulated datasets to see which performs the best. Our ex-
perimental dataset is composed of 10 colonies with a total sample of 853 workers. All
individuals were genotyped to reconstitute the pedigree, and phenotypic traits were
measured: labial palpus and wing cubital veins lengths. We also simulated phenotypic
datasets with varying levels of heritability, common environment effect, and genetic
correlation between traits. The simulation approach showed that the average colony
relatedness was highly biased in presence of common environment effect whereas
the half-sib/full-sib and the animal model gave reliable estimates of heritability. The
animal model provided the greatest precision in genetic correlations. Using this latter
method, we found that wing vein lengths had high heritabilities whereas the palpus
length had lower heritability due to larger environmental variance and/or measure-
ment error. Finally, significant genetic correlations among measured traits indicate

that they do not evolve independently.
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of the phenotypic variance V, (namely the heritability) which is
calculated from the phenotypic resemblance of related individuals
in quantitative genetic analyses (Lynch & Walsh, 1998). More pre-
cisely, the genetic variance (V) can be partitioned into an additive
component (V,) as well as non-additive components: the dominance

variance (Vp,, due to the interaction of alleles at the same locus) and
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the epistatic variance (due to interaction of alleles at different loci).
The response to selection depends only on the additive part of the
genetic variance as indicated by the (univariate) breeder's equation
R = h? S, where R is the expected change in trait means per genera-
tion, h? the narrow-sense heritability and S the selection differential
(Lush & Hubbs, 1945). Quantitative genetics analyses allow breed-
ers to improve economically important characteristics in animals
or plants and evolutionary biologists to understand or predict trait
evolution.

Similarly, studies of heritability in the honeybee, Apis mellifera, had
the primary goal of increasing honey production, disease resistance,
and decreasing swarming and aggression (Koffler et al., 2017). Such
economical concerns had motivated the development of specific
solutions to apply quantitative genetics analyses to this haplodip-
loid polyandrous species. First, the morphological, physiological, and
behavioral differences between castes preclude the use of straight-
forward parent-offspring regression approach (but coloration traits
can be analyzed, e.g., Szabo & Lefkovitch, 1992). A noticeable ex-
ception is the Cape honeybee, Apis mellifera capensis, in which laying
workers produce female workers, allowing parent-offspring regres-
sion to be performed (Brandes, 1988; Le Conte et al., 1994; Moritz
& Hillesheim, 1985; Moritz & Klepsch, 1985). More importantly, the
general framework of quantitative genetics is best developed for dip-
loid organisms, reproducing randomly. If noncompliance with the last
assumption has rather minor consequences on heritability estimates,
the asymmetrical inheritance of parental genomes, due to haplodip-
loid sex determination, greatly complicates analyses.

For the last 40 years, adaptations of existing sibling analyses
methods and protocols available for diploid species have been pro-
posed. In 1977, Rinderer proposed to use artificial insemination of
queens to control relatedness of the workers (Rinderer, 1977). In
the case of single-drone inseminations, a colony consists of a full-
sib family of workers with known relatedness r = % whereas in the
case of multiple-drone inseminations (with more than 20 drones),
the colony approximates a diploid-diploid half-sib system (with = %
) (e.g., Collins et al., ,1984, 1987; Harbo, 1992; Rinderer et al., 1983).

Heritability is then estimated from the intracolony correlation t (also
t
-

Rinderer's method was soon improved to avoid time-consuming

called the sibling correlation) such that h? =

and expensive artificial insemination. In 1983, Oldroyd and Moran
published a general formulae to calculate the average colony re-
latedness when a queen is mated with m drones, r = % + % (also
published by Laidlaw & Page, 1984 or Milne & Friars, 1984). This
approach has been widely used (until 2012, Goudie et al., 2012) even
if it was early recognized that it produced upward bias in h? esti-
mates (Diniz-Filho et al., 1993; Goudie et al., 2012; Melo et al., 1997;
Oldroyd & Moran, 1983; Oldroyd et al., 1991; Poklukar & Kezié,
1994). Indeed, sib workers within a colony are raised in a common
environment which further increases phenotypic resemblance be-
yond genetic effects (Oldroyd et al., 1991). Actually, this common
environment is similar to a maternal (phenotypic) effect in which sib-
ling's phenotypes are influenced by the maternal phenotype and by

the environment provided by the mother.

When paternal lineages within colonies can be artificially ma-
nipulated (thanks to controlled fertilization) or identified based on
genotyping, a typical half-sib/full-sib design can be applied. Liu and
Smith derived heritability calculation of this sib design (and three
other experimental designs) in the case of one male mated with sev-
eral females (Liu & Smith, 2000). The reverse situation (one female-
queen mated with several male-drones) is the natural situation in
the honeybee and this leads to different formulae, as pointed out
by Fjerdingstad (Fjerdingstad, 2005; Harpur et al., 2014; Laloi &
Pham-Delegue, 2010).

With molecular genotyping, the additive genetic relationship
matrix among individuals can be derived from the pedigree and
included as random factor into the so-called animal model, a linear
mixed model (Wilson et al., 2010). This approach is more flexible
than the half-sib/full-sib method since it considers all known degrees
of relatedness between measured individuals and it does not require
a balanced breeding design. However, the main issue when using the
animal model is the inversion of the additive genetic matrix (which
is not diagonal) in haplodiploid species. Bienefield et al. (Bienefeld
et al., 2007 applied in Costa-Maia et al., 2011; Faquinello et al., 2011;
Pernal et al., 2012) proposed a first solution using an approximation
which was further improved by Brascamp and Bijma (Brascamp &
Bijma, 2014; Brascamp et al., 2016). Even more recently, Bernstein
et al. (Bernstein et al., 2018) published a new algorithm to facili-
tate the previous method on large datasets. Another approach to
invert the additive genetic matrix is based on methods specifically
developed for sex chromosome inheritance, which is functionally
equivalent to haplodiploidy (Bohidar, 1964; Crow & Roberts, 1950;
Crozier, 1970; Fernando & Grossman, 1990). In haplodiploid species,
a mother contributes to the genome of both sons and daughters,
whereas a father contributes only to the genome of daughters.
Similarly, in sex chromosome, genes linked to the X-chromosome
are transmitted to daughters and sons, whereas genes linked to the
Y-chromosomes are only transmitted to sons. This method of ma-
trix inversion is implemented in the R package nadiv (Wolak, 2012),
which has been applied to wasps but never to honeybees (Sheehan
etal., 2017).

However, many traits under selection are genetically correlated
and will not evolve independently from each other, due to linkage
or pleiotropy (one loci influencing several traits). In such case, es-
timating genetic correlation between traits allows a better under-
standing of trait evolution. They are calculated following the same
approaches as heritability estimates but require larger sample size to
obtain reliable estimates (around 1,000 individuals when consider-
ing only two traits, Brown, 1969).

These three sibling analysis methods, average colony relatedness,
half-sib/full-sib, and animal model, have allowed estimating heritabil-
ity and genetic correlations of a vast number of traits in honeybee
(e.g., morphology, behavior, life-history traits). Koffler et al. (2017)
reviewed published estimates in honeybee (and other bee, ant, and
wasp species), and they showed that heritability estimates varied
between trait types. This is expected from Fisher's fundamental

theorem saying that traits more closely related to fitness should
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be more submitted to selection which decreases genetic variation
(Fisher, 1958). However, their meta-analysis did not detect any effect
of the analytical methods used (among which sibling analyses and
parent-offspring regression) on heritability estimates. This result,
contrasting with previously published studies (e.g., Postma, 2014),
could either be due to restricted statistical power or to biases in-
herent to meta-analysis: datasets diverge on several factors (analyt-
ical method, sample size, and traits) resulting in confounded effects.
In addition, a few studies compared different methods in the same
honeybee dataset and found that those methods yielded heritability
estimates in the same range (Brandes, 1988; Moritz, 1985; Moritz &
Klepsch, 1985). Genetic correlation estimates are scarce (14 stud-
ies only in honeybee), and half of the estimates are not significantly
different from O or were not provided with any significance tests
or standard errors (Koffler et al., 2017). Overall, previous works do
not allow to draw any firm conclusion on the performance of dif-
ferent methods, sample size, or experimental design to estimate ge-
netic correlation and heritabilities. One option is to use simulation
studies to compare available methods (as well as sample size and
design) based on their accuracy of estimates and on their statistical
power to detect heritability and genetic correlation (De Villemereuil
et al,, 2013; Holand & Steinsland, 2016; Morrissey et al., 2007).

In this paper, we used both empirical and simulated datasets to
compare the performance of three sibling analysis methods, average
colony relatedness, half-sib/full-sib, and animal model, in the estima-
tion of heritability and genetic correlations. Our empirical dataset is
composed of three morphological traits measured on 853 workers
from ten colonies of Apis mellifera unicolor sampled in two islands
of the South-West Indian Ocean. The three traits (associated with
mouthpart and forewing morphometry) are used to discriminate be-
tween species or populations, indicating relatively fast evolutionary
rates (Cornuet et al., 1975; Ruttner, 1988; Ruttner et al., 1978). We
also generated simulated phenotypic datasets with varying levels of

heritability, genetic correlation, and common environment effect.

2 | MATERIAL AND METHODS
2.1 | Empirical dataset

Honeybee workers were sampled in Mauritius and La Reunion,
two islands of the Mascareignes archipelago situated in the South-
West Indian Ocean. In this area, the local honeybee subspecies is
A. m. unicolor belonging to the African lineage with recent import of
the A. m. carnica, ligustica, and mellifera subspecies belonging to the
European lineage (Techer, Clémencet, Simiand, Turpin, et al., 2017).
La Reunion and Mauritius honeybee populations are genetically dis-
tinct (Techer, Clémencet, Simiand, Turpin, et al., 2017).

We sampled 95 worker honey bees per colony, from the frames
of the hives, in a total of ten colonies. Those workers are a mixture of
full-sisters and half-sisters (sharing the same queen mother but dif-
ferent fathers). Five colonies were sampled on Mauritius in October

2014, whereas five colonies were sampled on La Reunion from 2011
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to 2018 (Appendix S1). Individuals were kept in 95% ethanol at
-80°C until they were processed.

Patrilines were determined by genotyping autosomal microsat-
ellite markers on DNA extracted from the femur (as described in
Techer, Clémencet, Simiand, Preeaduth, et al., 2017). Eight micro-
satellite markers (A24, AC306, AP55, A289, A8, AP33, and AP66)
were selected from a larger list (17 loci) to be as variable and infor-
mative as possible (Solignac et al., 2003; Techer, Clémencet, Simiand,
Turpin, et al., 2017). PCR reactions were multiplexed and performed
in 10-ul volumes containing 5 pl of Master Mix Type-it 2x Qiagen,
0.2 pl of each fluorescent-labeled primer at 20 pmol/pl and 1 pl of
DNA at 5 ng/pl. All programs started with a denaturing cycle at 94°C
for 15 min, followed by 35 cycles of 30 s at 94°C, 30 s at 52°C,45 s
at 72°C, and a final elongation at 72°C for 20 min. The samples were
run through a DNA sequencer ABI Prism 3130XL, and alleles were
scored using GeneMapper 4.0 (Applied Biosystems). Only fully gen-
otyped workers have been considered in the reconstruction analy-
ses. In addition, workers presenting incoherent genotype (potential
drifting workers from other hives) have been excluded from the
dataset. Thus, 424 individuals were kept from Mauritius (exclusion
of 49 individuals) and 429 individuals from La Reunion (exclusion of
46 individuals) (Appendix S2). Patriline reconstruction was carried
out on the basis of allelic frequencies previously estimated for those
insular populations (Techer, Clémencet, Simiand, Turpin, et al., 2017)
using MATESOFT software (Moilanen et al., 2004). Patriline re-
construction is facilitated by the haplodiploid determination of sex
(Estoup et al., 1994). We found a mean number of 38 patrilines per

colony and confirmed that there was only one queen per colony.

2.2 | Morphometric measurements

For each worker, the mouthparts and the right forewing were dis-
sected and digitally photographed. The right forewing of each bee
was cut at its base and mounted in water between micrometer blade
and cover. The mouthparts were dissected and then mounted on a
micrometer slide with a strip of adhesive tape.

Pictures were acquired using a video camera, and measurements
were made on the AxioVision SE4 software 4.7. To study the varia-
tion in size of the mouthparts, we measured the length of the long
segment of the right palpus (Appendix S3) which is not influenced by
the extension of the proboscis and hence more repeatable than the
proboscis (Morimoto, 1968). For the wings, we measured the length
of the cubital veins A and B and computed the cubital index (Cul) as
the ratio g, an index informing on the shape of the wing. This index
allows to discriminate between species, subspecies, and even pop-
ulations (Cornuet et al., 1975; Ruttner, 1988; Ruttner et al., 1978).
The palpus length and cubital cell of 36 individuals were measured 4
times with two montages and two measurements for each of these
montages. Measurement errors were mainly due to slide mounting,
and it was almost null for the cubital cell (A, B, and Cul) and less than
2% for the palpus length. Therefore, experimental noise would not

artificially increase the residual variance and bias heritability.
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All measured traits (except for Cul) significantly differed be-
tween colonies and between islands (Appendix S4). Morphological
measurements were globally larger on La Reunion than on Mauritius.
In addition, a negative phenotypic correlation between the A and
B veins (r = -0.14, CI: [-0.21, -0.08]) and a positive correlation be-
tween A vein and palpus length (r = 0.32, Cl: [0.26, 0.38]) were ob-
served (Appendix S5).

2.3 | Quantitative genetics analysis methods

Three commonly used methods based on sibling analysis were com-
pared for their performances in estimating heritabilities and genetic
correlations: (a) a simple linear model considering a colony effect
and an average colony relatedness between individuals (Oldroyd
& Moran, 1983); (b) a nested model of patrilines in the colonies
equivalent to a half-sib/full-sib approach (Fjerdingstad, 2005); and
(c) an animal model based on the pedigree of individuals (Sheehan
etal., 2017).

In the three methods, dominance variance (V) cannot be sepa-
additive variance (V,) due to haplodiploidy
(Fjerdingstad, 2005; Liu & Smith, 2000). Thus, only the broad sense

rated from

heritability is estimated: H? = % In addition, those methods do not
P

model the epistatic variance which will contribute to the genetic
variance. This epistatic variance is very difficult to estimate and as-
sumed to be negligible, at least for diploid organisms (Lynch &
Walsh, 1998).

The first method does not require the identification of patrilines
of the measured workers but an estimate of the number of efficient
matings (m) is needed. Heritability is then calculated as follows:

H? = : wherer is the average colony relatednessr = % + % (Oldroyd

& Moran, 1983)

and t the intracolony correlation t = the variance

vC:TvR with V,
among colonies and Vj the (residual) variance within colonies (Lynch
& Walsh, 1998). Note that the estimate of r changes little when m is
greater than 8, which appears to be usually the case for freely mating
queens (Oldroyd & Moran, 1983).

The genetic correlation (r) is given by:

cov,

vV,

colty * Vool

t, among cofonies.

col tty

re with cov 411p the covariance between traits t, and

The second method is based on the identification of the patri-
line of each worker and applies a mixed-effects model with patri-
lines nested within colonies as random effect (Fjerdingstad, 2005).

Heritability is calculated according to the following formula:

H2 — 2x Vpat

VotVa iy (with V., the variance among patrilines, V¢ the

variance associated with the common environment of the colony
and Vy the residual variance) owing that V., = %VA + %VD. Note that
the coefficient for the dominance variance is % because all paternal
half-sibs get the same alleles from their father.

cov,

Voat ty

pat tyty

# Vpat ty

The genetic correlation is estimated by: r; =

with cov the covariance between traits t, and t, among

pat ey
patrilines.

The third method is based on a mixed-effect linear model where
the pedigree is used to derive the additive genetic relationship matrix
among individuals, fitted as random effect. To create the inverse of
the additive genetic matrix required by asreml-R, we used the makeS
function of the nadiv package implemented in R (Wolak, 2012). This
function returns the inverse of the additive genetic relationship ma-
trix for the sex chromosomes since haplodiploidy is equivalent to
total sex-linkage of all genes. Here diploid females are coded as the
heterogametic sex whereas haploid males are the homogametic sex.
A "colony" (common environment) random effect is added to distin-
guish the effect of common environment from the genetic effect of

the queen. Thus, heritability can be calculated as follows:

2 A

= ——A——where V, is the variance associated with the ad-
Va+ Ve + Vg

ditive genetic matrix (remember that in our case, V, is confounded
with V), V¢ the variance associated with the common environment
of the colony and Vj is the residual variance.

The genetic correlation between two traits (t, and t,) is calcu-
lated based on bivariate animal models according to the formula:

with covg the genetic covariance between traits t;

In the second and the third methods, the amount of variance at-
tributable to the common environment effect (CE?) can be calcu-
lated as follows: CE2 = %

P

To test whether heritability and genetic correlation estimates
are significantly different from O, log-likelihood ratio tests between
nested models (with and without colony/patriline/additive matrix/

genetic covariance) were performed.
2.4 | Quantitative genetics analyses of the
empirical dataset

We applied the three methods described above to calculate herit-

abilities and genetic correlations between our measured traits (A,
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B, Cul, and palpus). The ASReml-R package (Gilmour et al., 2009)
was used to perform variance decompositions for all three methods
even if ASReml-R was only required for the animal model whereas
the other two methods could be performed with Ime4 or nime R
packages. Estimates were calculated using the whole dataset (853
individuals). Year and island were added as fixed effects in the statis-
tical models. We assessed the significance of the fixed effects with
a conditional Wald F test.

Using the animal model, we also tested if the additive, common
environment, and residual variances differed between islands using
a bivariate model. Log-likelihood ratio tests allowed testing if vari-
ances were significantly different between islands. The approximate
standard errors of heritabilities and genetic correlations were esti-
mated with the nadiv R package, applying the delta method (Lynch &
Walsh, 1998; Wolak, 2012).

2.5 | Quantitative genetics analyses of
simulated datasets

We performed simulations to test the performances of the three
methods in estimating heritability and genetic correlations. Our hy-
potheses were that (a) the average colony relatedness method would
provide biased estimates in presence of common environment ef-
fect since this colony effect would be confounded with the genetic
effect (Kruuk & Hadfield, 2007); (b) the animal model would allow to
deal with unbalanced design and with various degree of relatedness
between pairs of individuals. To test the first hypothesis, we simu-
lated phenotypic datasets including a common environment effect
resulting from the fact that workers from one colony share the same
maternal environment. To test the second hypothesis, we used three
different pedigrees: (a) our experimental pedigree which is an unbal-
anced pedigree, (b) a balanced pedigree with similar sample size as
our experimental pedigree (840 workers in 10 colonies), and (c) a
pedigree with added relatedness between queens (a modified ver-

sion of our experimental pedigree).

2.5.1 | Heritability

Following the approach of Morrissey et al. (Morrissey et al., 2007),
we first simulated a dataset of individual phenotypic values such that
Y; = u+A; + CE, + ¢ with 4, the average phenotype in the popula-
tion (arbitrarily set to 0); A;, the genetic value of the individual i (nor-
mally distributed assuming an additive genetic variance VA); CE,, the
common environment effect (normally distributed with V. variance);
and ¢, the residual variation (normally distributed with V, variance).
The genetic values A, were generated according to the pedigree (see
details below) and V, using the grfx function of the nadiv package
(Wolak, 2012). We did not simulate any epistatic variance.

In each scenario studied, the heritability (h?) and common en-

vironment (CEZ) values varied according to four fixed values: O
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(absence), 0.1, 0.3, and 0.5 thus making it possible to compare 16
different phenotypic scenarios.

For each scenario, 1,000 phenotypic datasets were simulated
using one of the three tested pedigrees. The first one is our unbal-
anced experimental pedigree (with 853 workers in 10 colonies). The
second one is a simulated balanced pedigree. This simulated pedi-
gree was built to be of similar size and design to our experimental
pedigree: It is composed of 840 phenotyped individuals from 10
queens each crossed with 42 males (against an average of 38 males
in our real pedigree), with a full-sib family size of two workers. The
third pedigree was a modified pedigree from our experimental data-
set (i.e., with 853 individuals), where three queens of three different
colonies (out of the 10 colonies in the dataset) were considered to be
full-sisters, therefore adding relatedness relationship between those
three colonies.

Therefore we generated 48,000 datasets (16 phenotypic sce-
narios x 3 pedigrees x 1,000 datasets). We estimated the herita-
bility, confidence intervals, and significance of the "genetic" effect
(corresponding to the additive genetic matrix) of each simulated
phenotypic dataset with the three previously described methods
(average colony relatedness, half-sib/full-sib, and animal model), ex-
cept for datasets generated with the third pedigree (with related
queens) for which we compared only the half-sib/full-sib and animal
model.

For each dataset, we computed the mean and 2.5%, 25%,
75%, and 97.5% quantiles to quantify the bias and the disper-
sion of heritability estimates. We also calculated the power
to detect heritability as the percentage of simulated datasets
with a significant genetic effect. However, when estimates are
biased, power is not a suitable parameter to assess the perfor-
mance of a method and should be replaced by the coverage of
95% of confidence intervals (Bolker, 2008). Confidence inter-
vals were calculated assuming a normal distribution of estimates
(h? + 1.96 x SE). Coverages were computed as the proportion of
datasets in which simulated value of heritability was within the

95% confidence interval.

2.5.2 | Genetic correlation

Using the grfx function of the nadiv R package, we simulated two
correlated traits with heritabilities being a combination of 0.1, 0.3,
and 0.5 (hence nine combinations). We skipped the null value since
there could not be genetic correlation between traits that are not
heritable. We did not include any common environmental effect.
We simulated only positive genetic correlations between traits,
considering that the results would be symmetrical with negative
genetic correlations. The simulated genetic correlation values were
0, 0.1, 0.3, and 0.5 (according to the genetic correlation estimates
published in honeybee (Koffler et al., 2017)). The statistical perfor-
mances of the three methods were evaluated as above (precision,

power, and coverage).
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TABLE 1 Estimated genetic parameters of the measured traits estimated (the cubital veins A and B, the cubital index (Cul) and the length
of the long segment of the right palpus) using three methods: an average colony relatedness, a half-sib/full-sib model (HS/FS), and an animal

model

Method Trait Vel

Colony relatedness A 0.0002
B 0.0001
Cl 0.0230
palpus 0.0054

HS/FS Vier Vee

0.0003 0.0003

B 0.0002 0.0001
Cl 0.0305 0.0212
palpus 0.0009 0.0055

Animal model Vs Vee
A 0.0006 0.0001
B 0.0003 0.0000
Cl 0.0611 0.0059
palpus 0.0017 0.0051

A h? SE (H?) 95% Cl

0.0011 0.6628 0.3101 0.0550 1.2707
0.0005 0.8598 0.3717 0.1313 1.5883
0.1082 0.6664 0.3118 0.0554 1.2775
0.0020 2.7669 0.4056 1.9719 3.5618
A h? SE (H?) 95% Cl

0.0008 0.4315 0.0894 0.2562 0.6068
0.0003 0.5821 0.0982 0.3897 0.7746
0.0763 0.4772 0.0883 0.3042 0.6502
0.0011 0.2281 0.0949 0.0422 0.4141
A h? SE (H?) 95% Cl

0.0007 0.4315 0.0894 0.2562 0.6068
0.0002 0.5821 0.0982 0.3897 0.7746
0.0610 0.4772 0.0887 0.3034 0.6510
0.0007 0.2282 0.0949 0.0422 0.4142

Note: Depending on the model, values for variance associated with colony (VCol), variance associated with patriline (Vpat, for the half-sib/full-sib
model), genetic variance (V,;), common environment variance (V), residual variance (V), heritability (H?), and its standard error (SE) are presented.
Year and Island were included as fixed effects. All genetic effects were significantly different from zero as tested by likelihood ratio tests.

TABLE 2 Genetic correlation, standard error (SE), and 95% confidence interval (Cl) between pairs of measured traits (the cubital veins
A and B, the cubital index (Cul) and the length of the long segment of the right palpus) estimated using three methods: an average colony
relatedness, a half-sib/full-sib model and an animal model (without island as random effect)

Average colony relatedness

Half-sib/full-sib

Animal model

Genetic correlation Estimate  SE 95% Cl Estimate
A-B 0.17 0.34 -0.49 0.84 -0.57
A-palpus 0.72 0.17 0.39 1.05 -0.46
B-palpus 0.05 0.34 -0.62 0.72 -0.49
IC-palpus 0.42 0.29 -0.14 098 -0.07

3 | RESULTS

3.1 | Empirical dataset

All the studied traits showed significant heritability but estimates
varied according to the method used (Table 1). The average colony
relatedness method provided the highest heritability estimates
whereas the half-sib/full-sib and the animal model gave strictly simi-
lar estimates from 0.25 for palpus length to 0.61 for the B length.
Using the animal model, we estimated the effect of common environ-
ment CE?: low for the B vein and the cubital index (0.01 and 0.02, re-
spectively), intermediate for A vein (0.15), and high for palpus length
(0.65).

The three methods gave very different genetic correlation es-
timates (Table 2). According to the animal model, the genetic cor-
relations were significantly different from O between A and B veins
(re = -0.49, 95% Cl: [-0.61, -0.38], p = 1.35 * 1072) and also be-
tween A vein and the palpus length (r; = 0.21, 95% CI [0.07, 0.36],
p =.0051).

SE 95% Cl Estimate  SE 95% Cl

0.07 -0.72 -0.42 -0.49 0.06 -0.61 -0.38
0.07 -0.61 -0.32 0.21 0.07 0.07 0.36
0.07 -0.63 -0.36 0.02 0.07 -0.11 0.16
0.10 -0.27 0.13 0.06 0.07 -0.09 0.21

Using the animal model, variance estimates were not signifi-
cantly different between years (p = 1). Variance estimates differed
between islands for palpus length but not for wing-related traits
(Table 3). Indeed, palpus length heritability was lower on Mauritius
(H? = 0.18) than on La Reunion (H? = 0.46). This difference was
mostly due to an almost 10 times higher common environment vari-

ance on Mauritius.

3.2 | Simulations

Analyses carried out with the three methods with simulated data-
sets based on our experimental pedigree provided estimates close to
the expected values in the absence of common environment effect
(Figure 1, upper part). In the presence of a common environment
effect (CE?), the average colony relatedness largely overestimated
heritabilities, resulting in h? values greater than 1, when the half-sib/
full-sib and the animal model methods provided similarly reliable es-
timates (though with slight upward bias of around 8% for CE? = 0.5,



JOURDAN-PINEAU T AL.

Ecology and Evolution 7
=4 e W1 LEY-7

TABLE 3 Estimated genetic parameters of the measured traits (the cubital veins A and B, the cubital index (Cul) and the length of the
long segment of the right palpus) estimated using a bivariate animal model, with distinct parameters for each island

Mauritius Reunion
Trait V. Vee Vv, h? SE (H?) Ve Vee v, h? SE (H?) p-value
A 0.0005  0.0005 0.0007  0.3104 0.1227 0.0007  0.0000  0.0007 0.4952 0.1335 0.1851
B 0.0003 0.0000  0.0002  0.5603 0.1299 0.0003  0.0000  0.0002 0.6196 0.0835 0.3539
cl 0.0619  0.0047 0.0654 0.4689 0.1151 0.0588  0.0037 0.0576 0.4899 0.1293 0.2748
palpus  0.0019  0.0080 0.0005 0.1859 0.1034  0.0015 0.0012 0.0009 04092  0.1733 0.0075

Note: We presented values for genetic variance (V,), variance associated with common environment (V) and residual variance (Vp), heritability (H?),
and its standard error (SE) for each island. p-values indicated if variances significantly differed between islands, as tested by likelihood ratio tests.
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FIGURE 1 Performance of heritability estimates for the different models used (average colony relatedness, half-sib/full-sib, and animal
model, white, gray, and black bars, respectively) depending on the levels of simulated heritabilities and of common environment effects (CE?,
vertical panels). (a) Distribution of heritability estimates. Boxes represent 25 and 75% quantiles, and the middle line represents the mean.
Whiskers show 2.5% (bottom) and 97.5% (top) quantiles. Note that the scales of the Y-axis vary for the different levels of CE? to facilitate
comparison between the three models. (b) Power to determine genetic effect and (c) coverage of 95% confidence interval of heritability

estimates. Simulated datasets were based on our experimental pedigree

Figure 1). Similar results were found using a balanced pedigree
(Appendix Sé).

For the three methods (and the three tested pedigrees), the rate
of false positive (probability to obtain a significant genetic effect
whereas h? = 0) was low (<3%), except for the average colony relat-
edness method in presence of a common environment effect due
to large bias in heritability estimates (as mentioned above, Figure 1.
right side). Accordingly, coverage was very low for the average colony
relatedness when the common environment effect was moderate to
high (CE? > 0.3). The two other methods led to greater coverage but
still below 95%, whatever the value of the true heritability. Finally,
the statistical power was low (between 35% and 90%) for heritabil-
ities of 0.1 but very high (>98%) for moderate to high heritabilities
(h?>0.3).

Using the simulated pedigree with related queens, we found that
the half-sib/full-sib and the animal model methods yielded similar
results as mentioned above for our empirical pedigree. We noticed
only a very slight decrease in the precision of estimates for the half-
sib/full-sib method (Appendix S7).

Concerning genetic correlations, the average colony relatedness
method gave estimates with upward bias, low precision, and low power
(Figure 2a). On the contrary, the half-sib/full-sib and the animal model
methods gave fairly good estimates, in particular when the two consid-
ered traits had high heritabilities. However, the half-sib/full-sib method
has a slight upward bias hence lower coverage of 95% Cl (Figure 2a,c).
The statistical powers of half-sib/full-sib and the animal model methods
were low when genetic correlation was lower than 0.5 except when
the two traits were highly heritable (Figure 2b). Note that the half-sib/
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FIGURE 2 Performance of genetic correlation estimates for the different models used (average colony relatedness, half-sib/full-sib, and
animal model, white, gray, and black bars, respectively) depending on the levels of simulated genetic correlations and simulated heritabilities
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genetic correlation and (c) coverage of 95% confidence interval of genetic correlation estimates

full-sib method was subject to convergence failure (when using default
convergence parameters Appendix S8). This was largely determined by
the estimated heritabilies of the two correlated traits: failure to con-

verge was high when heritabilies were low.

4 | DISCUSSION

We compared the performances of three sibling analysis meth-
ods, average colony relatedness, half-sib/full-sib, and animal model,
in the estimation of heritability and genetic correlations. Of the
three methods tested, the average colony relatedness relies the
least on patriline reconstruction, since it is based on a mean
number of patrilines per colony and the calculation of average
relatedness is little impacted by the effective number of matings
(Oldroyd & Moran, 1983). Hence, it is not necessary to genotype
all individuals which constitutes a real practical and financial ad-
vantage. The two other methods were influenced by the quality
of pedigree reconstruction which depends of genotyping errors,
the presence of null alleles, or informativeness of genetic markers
(Csilléry et al., 2006; Pemberton, 2008; Wang, 2006). Here, the
number of patrilines estimated for each colony in our experimental
dataset fluctuates according to the number microsatellite markers
used: expectedly, with seven markers instead of eight, the num-
ber of patrilines estimates per colony was lower. Similarly, herit-

ability estimates were lower with seven microsatellite markers

(Appendix S9). Indeed, when the number of patrilines estimated
is less than the actual number of fathers, half-sisters will be con-
sidered as full-sisters while their resemblance will be weaker than
expected, thus leading to a lower heritability (Firth et al., 2015).
However, the magnitude of underestimation associated with a
lower number of microsatellite markers was small (typically be-
tween 3% and 15% depending on the considered trait). Those
values are in line with already published biases associated with
pedigree errors (Bérénos et al., 2014; Charmantier & Réale, 2005;
Firth et al., 2015) and have little impact on general interpretations.

Despite its practical simplicity, the average colony relatedness
method suffers from a major flaw: an upward bias in heritability es-
timates (even yielding estimates higher than 1) caused by common
environmental rearing condition of the workers (Poklukar & Kezi¢,
1994). This major limitation had already been acknowledged before,
and this bias was drastically reduced by cross-fostering of offspring
workers into different rearing environment (Oldroyd et al., 1991).
Another solution is to reduce the differences in rearing/developing
conditions between colonies, using a "common garden" experiment
(see, e.g. Moritz & Hillesheim, 1985; Oldroyd & Moran, 1983). Under
those restricted conditions (no or controlled environmental effect),
the average colony relatedness could constitute a convenient solution
(although with less precise estimates).

Both the half-sib/full-sib and the animal model provided pre-
cise and unbiased heritability estimates with sufficient power (in

particular with intermediate to high heritabilities), either on our
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experimental pedigree or on the simulated pedigree. The similar
performance of the two methods with unbalanced pedigree was
contrary to our expectations. First, this may be due to the fact that
our experimental design is not heavily unbalanced. Second, we used
restricted maximum likelihood procedures that are relatively insensi-
tive to unbalanced designs (contrary to ANOVA approaches). In such
situation, using either of both methods are equally pertinent and
people who are not familiar with the animal model (and the inversion
of the additive matrix with appropriate tools) may prefer to use the
half-sib/full-sib method.

In our experimental pedigree, we reconstructed a fairly simple
pedigree (similar to a half-sib/full-sib design) and considered that fa-
thers and queens were unrelated to each other. This assumption was
reasonable since mating occurs during nuptial flight in congregation
area where thousands of drones gather, from a large number of col-
onies in the surroundings, resulting in an almost perfect panmixis
(Baudry et al., 1998). In such a situation, the copulation of the queen
with one drone related to herself or with two drones related to each
other is very unlikely. In addition, when colonies are sampled in dis-
tant areas, queens are less susceptible to be related.

However, colonies sampled in the same apiary (as is the case
for two colonies of our dataset sampled in Le Baril) may be related,
if they originated from the division of one hive into daughter colo-
nies. To explore this situation, we simulated a pedigree with related
queens. We expected the half-sib/full-sib method, which ignores
such additional relationship, to be more biased than the animal
model, which takes into account all types of relationships between
individuals. Surprisingly, this was not the case and both methods
provided reliable estimates. This may be due to the fact that the
added relatedness links were negligible, and it echoes the demon-
stration of Liu and Smith (2000) showing that moderate inbreeding
may not notably bias the genetic parameters estimated by sib analy-
sis. Therefore, in most cases, half-sib/full-sib and animal model meth-
ods may be used but the animal model will yield slightly more precise
estimates (i.e., with the smallest RMSE). In addition, the animal model
method can handle complex models which may be required to study
colony traits (Bienefeld et al., 2007; Bienefeld & Pirchner, 1990) but
also to deal with dominance (Wolak & Keller, 2014).

In the case of a haplodiploid species, the genetic variance esti-
mated by the animal model is composed of an additive and a dom-
inance component. According to Fisher's assumption, in population
with large effective size, the variance of dominance is supposed
to be negligible (Wolak & Keller, 2014). Indeed, the dominance ef-
fect is linked with the genetic background in which it is expressed
(Fisher, 1958). Thus, in a population of infinite size, every possible
genetic backgrounds are represented and the dominance effects
average out to zero. In the case of La Reunion and Mauritius, the
effective honeybee population size seems to be large (Techer,
Clémencet, Simiand, Turpin, et al., 2017). Hence, the dominance
variation, which are likely to contribute to our heritability estimates,
will have a limited effect on the genetic variance of the population.
One meta-analysis showed that the dominance variance is only im-

portant for domesticated species and is generally low (0.15, Wolak
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& Keller, 2014). More recently, Class and Brommer (2020) confirmed
that the dominance variance represents a modest amount of genetic
variance in a wild population of blue tits.

As mentioned above, it is theoretically possible to determine the
dominance variance in an animal model using the dominance matrix
which can be obtained using the makeSd function of the nadiv R
package (designed for sex chromosome inheritance and thus appro-
priate for haplodiploid organisms) (Wolak, 2012). In a design like ours
(half-sib/full-sib), the additive matrix is identical to the dominance
matrix, which prevents to separate the two variances V, and V. A
more complex pedigree (with more complex kinship relationships)
would resolve this constraint (Wolak & Keller, 2014).

Considering genetic correlation, our simulation approach clearly
demonstrates that the average colony relatedness method is not suit-
able for such task even in the absence of common environment effect:
estimates were biased and dispersed (except when the two traits were
highly heritable), and the statistical power was very low. The half-sib/
full-sib and the animal model were more appropriate with the latter
less prone to false positive and providing more accurate estimates.
We did not test the impact of sample size on the performances of the
three methods (either on genetic correlation or heritability) but it has
been regularly demonstrated that quantitative genetics require large
sample size (at minimum 250 individuals and preferably over 500), in
particular when estimating genetic correlation (which requires rather
almost 1,000 individuals (Brown, 1969; Lynch & Walsh, 1998; De
Villemereuil et al., 2013). In honeybee, most colonies are easily ac-
cessible and colony sizes are very large. This allows sampling a large
number of individuals, families, and colonies, and hence, the only lim-
itation to obtain robust estimates is the technical and financial ability
to phenotype and genotype all sampled individuals.

According to the simulation results, we decided to discuss only
the estimates provided by the animal model in our experimen-
tal dataset. This model yielded high heritability estimates for the
four measured traits, which is consistent with the honeybee liter-
ature (Moritz & Klepsch, 1985; Mostajeran et al., 2006; Oldroyd
et al., 1991; Poklukar & Kezi¢, 1994; reviewed in Koffler et al. 2017).
In general, morphological traits are known to display higher her-
itabilities than fitness-related traits (Mousseau & Roff, 1987). The
lower heritability of the palpus length could be in part due to errors
of measurement contributing to residual variance. We also found
that variance estimates are not significantly different for wing traits
between the two islands indicating little influence of environmental
factors. In contrast, palpus length is less heritable on Mauritius than
on La Reunion due an almost 10 times larger common environment
variance. Accordingly, the proboscis is the morphological character
showing the largest geographic variability (Ruttner, 1988; Ruttner
et al., 1978) supporting a great phenotypic plasticity. In addition, col-
onies came from more diverse environments on Mauritius compared
to La Reunion where two areas were sampled twice (Le Barril and
Ligne Paradis/Bassin Plat).

Our results indicated that the A vein was genetically correlated
with the B vein and with the palpus. However, genetic correlation es-

timates between A and palpus obtained with the half-sib/full-sib and
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the animal model were not congruent and this may be due to the fact
that the heritability of palpus is relatively low, resulting in less pre-
cise genetic estimates correlations as shown by our simulation study.
Phenotypic and genetic correlations between the A and B wing veins
are in the same direction. This is probably a result of developmen-
tal constraints on the shape of wing cells to ensure efficient flight.
Our results are in line with previous studies showing genetic correla-
tion between morphometric traits in honeybee (Collins et al., 1984;
Poklukar & Kezié, 1994).

To summarize, wing traits are highly heritable and seem robust
to environmental variation. These traits also show divergent pattern
between populations and subspecies and are therefore useful for
morphological determination. On the contrary, palpus length is less
heritable (particularly in Mauritius) and displays higher phenotypic
plasticity: it cannot be used to classify specimens in the South-West

Indian Ocean.
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