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Abstract An association study between SNP markers and

feather condition score on the back, rump and belly of

laying hens was performed. Feather condition score is a

measure of feather damage, which has been shown to be

closely related to feather pecking behaviour in hens housed

in groups. A population of 662 hens was genotyped for

1536 SNPs of which 1022 could be used for the association

study. The analysis was conducted across 9 different lines

of White Leghorn and Rhode Island Red origin. Across

lines linkage disequilibrium is conserved at shorter dis-

tances than within lines; therefore, SNPs significantly

associated with feather condition score across lines are

expected to be closer to the functional mutations. The

SNPs that had a significant across-line effect but did not

show significant SNP-by-line interaction were identified, to

test that the association was consistent across lines. Both

the direct effect of the individual’s genotype on its plumage

condition, and the associative effect of the genotype of the

cage mates on the individual’s plumage condition were

analysed. The direct genetic effect can be considered as the

susceptibility to be pecked at, whereas the associative

genetic effect can be interpreted as the propensity to per-

form feather pecking. Finally, 11 significant associations

between SNPs and behavioural traits were detected in the

direct model, and 81 in the associative model. A role of the

gene for the serotonin receptor 2C (HTR2C) on chromo-

some 4 was found. This supports existing evidence of a

prominent involvement of the serotonergic system in the

modulation of this behavioural disorder in laying hens. The

genes for IL9, IL4, CCL4 and NFKB were found to be

associated to plumage condition, revealing relationships

between the immune system and behaviour.
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Introduction

Feather pecking (FP) is one of the most serious behavioural

disorders of laying hens. Severe FP, the type of pecking that

causes most feather damage, consists of the forceful pecking

and pulling of feathers of other birds (Savory 1995). FP is a

multifactorial problem caused by both genetic and envi-

ronmental factors. There is evidence of line differences in FP

(Kjaer et al. 2001; Uitdehaag et al. 2008), and it has been

demonstrated that FP is influenced by group size, light

intensity, diet and type of litter (Hughes and Duncan 1972;

Blokhuis and Arkes 1984; Savory 1995). As for its aetiol-

ogy, FP has been considered to be redirected ground pecking

(Blokhuis 1986), abnormal dustbathing behaviour (Vest-

ergaard and Lisborg 1993), or the consequence of a more

general hyperactivity disorder (Kjaer 2009). Most of the

evidence point at the redirected ground pecking theory

(Huber-Eicher and Wechsler 1997), with active or even

hyperactive birds having the highest risk of developing FP

(Newberry et al. 2007; Kjaer 2009). The serotonergic system

has been shown to play an important role in the modulation

of FP (van Hierden et al. 2002, 2004a, b; Buitenhuis et al.
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2006). Especially gentle FP is viewed as a stereotyped

behaviour, which shows similarities with obsessive com-

pulsive disorders in other species, in which the serotonergic

system plays a comparable role (Pigott 1996). Feather

pecking, which can lead to feather damage and cannibalism,

thereby causing mortality and economic losses for the laying

industry, has been traditionally controlled through the hus-

bandry practice of beak-trimming. However, the EU laying

hens directive 1999/74/EC is causing member states to move

from conventional cages to larger groups (furnished cages,

non-cage systems) which will make the problem more dif-

ficult to control; and in some countries beak trimming, as

preventive measure, is or will be prohibited (Jendral and

Robinson 2004). Selection of more sociable animals with a

less pronounced tendency to peck each other might therefore

be highly beneficial to the farming of layers. Feather pecking

has already been shown to be heritable (Kjaer and Sørensen

1997; Rodenburg et al. 2003), and it has been demonstrated

that individual selection against FP is feasible (Kjaer et al.

2001). Social interactions have been revealed to play a role

in survival related to FP and cannibalism in laying hens

(Ellen et al. 2008). This associative effect due to the geno-

types of group mates can contribute substantially to the total

heritable variation (Bijma et al. 2007a, b). However, mea-

suring feather pecking requires direct observations which

are time consuming and expensive. A convenient indirect

way of measuring FP is looking at plumage condition: Bilčik

and Keeling (1999) showed that feather condition scores

used to assess plumage condition are related to feather

pecking activity. Few genetic studies on plumage condi-

tion have been carried out until now (Jensen et al. 2005).

Previous studies detected microsatellite markers located

in chromosomal regions involved in feather pecking

(Buitenhuis et al. 2003a, b).

The aim of this study was to detect associations between

mutations in the genome and feather damage across lines of

laying hens, focusing both on the feather peckers and on

the victims of feather pecking. We performed an associa-

tion study between SNP markers and feather condition

score across 9 lines of layers of White Leghorn (white

feathered) and Rhode Island Red (brown feathered) origin,

looking at the interaction between the SNP and line effects

(Saccone et al. 2008; Biscarini et al. 2010). SNPs showing

a significant across line association and no SNP-by-line

interaction were considered to be consistently associated

with the phenotype. Both the direct genetic effect of the

individual and the associative genetic effect of cage mates

on feather condition scores were analysed. The direct effect

can be considered the susceptibility to receive feather

pecking, while the associative effect reflects the propensity

to express a pecking behaviour. To our knowledge this is

the first time that the associative genetic effect is analysed

in an association study.

Material and methods

Experimental population

The animal population used in this study consisted of 662

laying hens randomly chosen from 9 genetic lines, 4 of

Rhode Island Red type (RIR, brown feathered) and 5 of

White Leghorn type (WL, white feathered). The number of

hens per line is reported in Table 1. The birds originated

from mating 175 roosters with 401 dams. Every rooster

was mated on average with 2.3 females while each hen was

mated with only one male. Four generations of ancestors

were extracted from the pedigree file for the calculation of

the additive genetic relationships among the birds.

All hens were housed in battery cages (44 cm

height 9 46 cm depth 9 39 cm width) within the same

stable; cages comprised 4 hens from the same line, either

full-sibs or randomly mixed. Hens arrived at the laying

facility at 17 wk of age and remained in the stable for the

entire laying period of 52 wk.

The hens had intact beaks and received routine vacci-

nations against Marek’s disease (d 1), New Castle disease

(wk 2, 6, 12, 15), infectious bronchitis (d1, wk 2, 10, 12,

15), infectious bursal disease (wk 3, 15), fowl pox (wk 15)

and avian encephalomyelitis (wk 15).

During the experiment, feed and water were available

ad libitum. From the beginning of the experiment (at 19 wk

of age) until 42 wk of age hens were fed a standard com-

mercial phase 1 diet (159 g/kg crude protein, 43 g/kg crude

Table 1 Number of hens per line, average feather scores for the

single lines, and mean and standard deviations of the traits in the

overall population

Breed Line n
Individual feather scores

BR51 Belly51 BR69 Belly69

Rhode Island

Red

B1 81 2.28 0.34 4.42 2.09

B2 76 1.09 0.04 3.88 1.68

B3 75 2.79 0.45 4.83 2.23

BB 66 2.02 0.88 4.70 2.53

White Leghorn W1 68 5.53 2.09 6.63 3.24

WA 77 4.93 1.56 5.60 3.16

WB 77 4.18 1.41 4.61 2.96

WC 63 5.86 2.67 6.65 3.51

WF 79 2.23 1.87 3.92 2.03

Total 662 n 662 662 655 655

Mean 3.37 1.22 4.96 2.57

sd 2.49 1.35 1.93 1.13

BR51, BR69 = sum of the individual feather scores for the back and

rump regions at 51 and 69 wk of age (scale 0–10); Belly51,

Belly69 = individual feather scores for the belly region at 51 and

69 wk of age (scale 0–5)
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fibre, and 11.17 MJ ME/kg); from 42 wk onwards, until

the end of the experiment, a standard commercial phase 2

diet (152 g/kg crude protein, 47.0 g/kg crude fibre, and

11.01 MJ ME/kg) was given. Wing bands allowed indi-

vidual identification of the hens. After arrival in the stable,

hens were kept on a 9L:15D light scheme (light from 7.00

until 16.00), where L stands for light and D for darkness.

After 1 wk, the light period was increased by 30 min,

starting at 6.30. Thereafter, the light period was increased

approximately 10 min per day. From 30 wk onwards hens

received light from 00.00 until 16.00 (16L:8D). This is a

standard light regime.

Phenotypes

Feather damage was assessed at two ages (51 and 69 wk)

by assigning a score to plumage condition on the back,

rump and belly of the hens. Damage to these regions is

unlikely due to abrasion and these regions are a frequent

target of feather pecking (Bilčik and Keeling 1999). The

classification of Bilčik and Keeling (1999) was followed,

with a range going from 0 to 5 (higher scores indicate more

severe damage). Damage to the rump and back area was

combined into a single score: back and rump feather scores

were summed to give a backrump (BR) score ranging from

0 to 10, as previously described in Uitdehaag et al. (2008).

Feather condition scores measured at 51 and 69 wk of age

were used in the analysis (Belly51, BR51, Belly69 and

BR69). The number of available observations ranged from

655 at 69 wk to 662 at 51 wk (see Table 1). Part of the

phenotypes used in this study were previously analysed by

Uitdehaag et al. (2008).

Genotypes

Genotyping was done in a 1536-plex format using the

GoldenGate assay (Illumina, San Diego) by a commercial

genotyping facility (ServiceXS, Leiden, NL). As part of a

bigger experiment, SNPs were selected to cover QTL

regions for behavioural and immune traits identified in

previous mapping studies catalogued in the QTL database

(http://www.genome.iastate.edu/cgi-bin/QTLdb/GG/index,

accessed May 2006). In addition, specific candidate genes,

which from literature (mouse/human) have a known or

expected effect on immune or behavioural traits (e.g. genes

for interleukins or serotonin receptors), were considered for

the choice of the SNPs. Per selected gene 2–4 SNPs were

chosen; for a QTL region SNPs equally spread over the

QTL region were chosen. Twenty-four of the 39 chromo-

somes of the chicken genome were partly covered

(Table 2). The SNPs that did not show three distinct

clusters in the allelic discrimination plot as provided by the

Illumina Beadstudio software (194 SNPs) and the SNPs

with a minor allele frequency B0.05 (320 SNPs) were

excluded from the analysis. Thus, 1022 SNPs were used in

the association study. Details on the SNP editing procedure

are described by Biscarini et al. (2010).

Data analysis

The direct genetic effect of the individual’s SNP genotype

and the associative genetic effect of the SNP genotypes of

cage mates on feather condition scores were analysed. A

two-step procedure was used for data analysis. First, an

association study was performed without accounting for

relationships between animals. Potentially interesting SNPs

from the first step were then analyzed in more detail using a

mixed model thus taking additive genetic relationships

among animals into account.

The association between genotypes and phenotypes was

tested across lines using a single SNP approach. The

across-line analysis picks up only markers that are in LD

with the QTL across lines.

The direct genetic effect refers to the association of the

SNP genotype of a hen and its plumage condition score. In

the first step analyses were performed across lines using the

following statistical model:

yijk ¼ lþ SNPi þ linej þ ðline� SNPÞij þ eijk ð1Þ

where yijk represents the feather damage score of animal k,

with SNP genotype i, in line j; l is the overall mean; SNPi

is the effect of the SNP genotype; linej is the line effect

(nine classes); (line 9 SNP)ij is the interaction between

SNP genotype and line; and eijk are the residuals.

Model [1] was run twice, once without the line-by-SNP

interaction term to obtain p-values for the SNP effect and

once with the line-by-SNP term to determine the signifi-

cance of the interaction. Adapting the approach of Saccone

et al. (2008), we looked for SNPs that had an across-line

significant effect in model [1] (p B 0.05) and did not show

a significant line-by-SNP interaction (p [ 0.05), to test that

the association was consistent in all lines.

The false discovery rate (FDR, Benjamini and Hochberg

1995) was calculated for all the SNPs tested in the asso-

ciation study. SNP-phenotype associations from model [1]

with a FDR B 0.15 were selected for the second step of the

association study in which a polygenic effect was added to

the model to account for family relationships among ani-

mals. The following mixed model was used:

yijk ¼ lþ SNPi þ linej þ ak þ eijk ð2Þ

where all the terms are as specified in Eq. 1 except ak,

which is the random genetic effect of the kth animal.

Var að Þ ¼ Ar2
a ; with A being the additive relationship

matrix and Var eð Þ ¼ Ir2
e : The ratio between residual and

genetic variances was fixed using heritabilities for feather

Behav Genet (2010) 40:715–727 717
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condition score in laying hens estimated by van der Winkel

on 17009 White Leghorn hens (unpublished results),

averaged over the three lines (6324, 7018 and 3667 hens,

respectively) used in that study: 0.03 for BR51, 0.08 for

Belly51, 0.17 for BR69 and 0.20 for Belly69. The SNPs

that still showed a significant effect (p B 0.05) on the traits

from model [2] were reported.

The associative genetic effect refers to the effect of the

SNP genotypes of cage mates on plumage condition of

individual hens. In the analysis, individual feather condi-

tion scores were regressed on the allele frequency of cage

mates. Note that the SNP genotype of the animal itself is

not included in the analysis. Cages with 3 or 4 hens (hence

2 or 3 cage mates) were considered in the analysis. The

following model was used:

yijk ¼ lþ b1pk þ linej þ bkjðline� pÞkj þ eijk ð3Þ

where yijk represents the feather condition score of animal i

of line j in cage k; l is the overall mean; pk is SNP allele

frequency of the cage mates of animal i; linej is the line effect

(nine classes); (line 9 p)kj is the interaction between SNP

allele frequency of cage mates and line; and eijk are the

residuals, weighted for the number of group mates present in

each cage (either 2 or 3). b1 and bkj are the regression

coefficients. Equation 3 was also run twice, with and without

the interaction term. SNPs with an across-line significant

associative genetic effect (p B 0.05) and no significant line-

by-allele frequency interaction (p [ 0.05) were considered

to be consistently associated with the phenotypes in all lines.

Also in the case of the associative genetic effect, SNP-

phenotype associations from model [3] with a FDR B 0.15

were selected for the second step of the association study in

which family relationships among animals were accounted

for. The following mixed model was used:

yijk ¼ lþ b1pk þ linej þ ai þ eijk ð4Þ

where all the terms are as specified in Eq. 3 except ai,

which is the random genetic effect of the ith animal. The

variance structure is as specified for model [2].

Data editing, analyses with models [1] and [3], and all

other statistical analyses were performed using the open

source statistical package R. The polygenic effects, and

SNP effects as described in models [2] and [4] were esti-

mated with a REML procedure using the Asreml software

package (Gilmour et al. 2006).

Results

Descriptive statistics

Descriptive statistics of individual feather condition scores

are summarized in Table 1. The damage to the plumage

due to feather pecking cumulates over time; therefore

feather condition scores at older ages (BR69, Belly69) are

about 1.5–2 times higher than feather condition scores at

younger ages (BR51, Belly51). There was more feather

damage on the back-rump region than on the belly area

(feather damage score of 1.84 vs. 1.22 at 51 wk, and of

2.71 vs. 2.57 at 69 wk, after correcting for the different

scale). The overall across-line coefficient of variation

ranged from 39% for BR69 to 111% for Belly51, indicating

considerable variability in the feather condition scores of

hens. Also within lines there was substantial variability: the

coefficient of variation ranged from 25% for BR69 in line

B3 to 532% for Belly51 in line B2, with an average of

75%. There were ample differences in feather condition

scores between lines: e.g., from 1.09 (line B2) to 5.86

(WC) for BR51, and from 1.68 (line B2) to 5.66 (line W1)

for Belly69. Brown layers showed less feather damage than

white layers, for both regions and ages (on average more

than 2 times lower), as described by Uitdehaag et al.

(2008). Phenotypic correlations (results not shown) among

the traits were weak, ranging from 0.14 between BR69 and

Belly51, to 0.53 between both BR51 and Belly51, and

BR69 and Belly69.

SNPs

The SNPs used in this study were located on 24 of the 39

chromosomes of the chicken genome. Positions of the

SNPs were derived from the NCBI database (Galgal2.1

build 128). The average interval between SNPs varied from

25.29 kbps (*0.06 cM) on chromosome 16–5740.74 kbps

(*14.35 cM) on chromosome 2. On average, the propor-

tion of SNPs that deviated significantly (at the Bonferroni-

corrected 0.05 level) from HW equilibrium within lines

was 7.1% (Table 2), with the lowest percentages in lines

W1 (2.7%) and B3 (5.7%) and the highest percentages in

lines WA (13.1%) and BB (9.7%). Table 2 also reports the

number of monomorphic (fixed) loci for the various chro-

mosomes in the different lines. There were more fixed loci

in the white layers (28.2%) than in the brown layers

(22.6%). This is compatible with White Leghorn hens’

longer history of artificial selection, which is expected to

result in higher homozygosity and lower genetic poly-

morphism (Hillel et al. 2003).

Association study

In the direct analysis where individual SNP genotypes were

associated with individual feather condition scores, 321

significant across-line SNP-trait associations were detected

at the 5% significance level: of these 275 showed no sig-

nificant genotype-by-line interaction. Among these 275,

there were 11 SNPs with a FDR lower than 0.15. After
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accounting for relationships among animals in the model,

all the 11 SNPs still showed significant associations. The

results of the analysis are shown in Table 3. The reported

p-values come from model [2].

In the associative analysis where the allele frequency of

the cage mates is related to the individual feather condition

score, 478 significant across-line SNP-trait associations

were detected (p B 0.05) in the first step of the association

study: of these 357 showed no significant genotype-by-line

interaction. Eighty-one (81) of these had a FDR B 0.15.

After accounting for relationships between animals, 57 of

these SNP showed significant associations (p B 0.05) and

are given in Table 4. The reported p-values come from

model [4].

In the analysis of direct genetic effects, the detected

associations comprised 4 SNPs for BR51, 2 for Belly51

and 5 for BR69. All SNPs reported in Table 3 had effect on

one trait, with the exception of SNP rs15385785 on chro-

mosome 1, which had an effect on the plumage condition

of the back-rump region both at 51 and 69 wk. In many

cases, neighbouring SNPs also showed effects, but had a

FDR [ 0.15 and are therefore not reported in Table 3.

In the associative analysis there were 27 SNPs associ-

ated to BR51, 19 to Belly51, 15 to BR69 and 7 to Belly69.

Forty-seven of the SNPs reported in Table 4 were associ-

ated with only one trait, 9 with two traits and 1 SNP was

associated with three different traits.

Two SNPs proved to be significantly associated with

feather condition score both in the direct and associative

model: SNPs rs13640917 on chromosome 4 and

rs14999300 on chromosome 13. They were both associated

with plumage condition on the back and rump regions at

51 wk. The same allele of SNP rs13640917, in the

sequence of the serotonin receptor 2C (HTR2C), was

associated with more feather damage on the back and rump

at 51 wk in the direct as well as in the associative analysis,

with an effect of approximately 0.5rp in both analyses.

SNP rs16340917 is a SNP at position 2798627 on chro-

mosome 4 of the chicken genome: it is an intronic SNP

within the HTR2C gene. As for SNP rs14999300, alter-

native alleles were associated with greater damage on the

back and rump at 51 wk in the direct and associative

analysis, with an effect of about 0.75rp in the direct

analysis and 0.6rp in the associative analysis.

The strongest associations from the direct analysis were

found for Belly51 �log10 p valueð Þ ¼ 4:12ð Þ and BR51

�log10 p valueð Þ ¼ 3:56ð Þ on chromosome 4. With the

associative model the strongest associations were with

BR51 on chromosome 3 �log10 p valueð Þ ¼ 6:70ð Þ and on

chromosome 5 �log10 p valueð Þ ¼ 4:27ð Þ; and with BR69

on chromosome 5 �log10 p valueð Þ ¼ 4:67ð Þ:
Based on this association study, some genomic regions

of interest for feather pecking behaviour in laying hens

have been identified. From the associative model, the SNPs

rs13717237, rs13717379, rs13717382, rs13717441 and

rs13717447 on chromosome 3, all lying in less than 1 cM,

were associated with the traits BR51 and Belly51. The

average across lines LD between these SNPs, measured by

r2, was 0.45. Again on chromosome 3, the SNPs

rs13717686, rs13717773 and rs13717778, all in a range of

0.5 cM and with an r2 of 0.15 and 0.34,respectively, were

found to have an effect on feather condition of the back and

rump region at 51 and 69 wk. These two regions on

chromosome 3 were not in LD: the average r2 between

Table 3 SNPs significantly associated with feather scores (FS) in the analysis of direct genetic effects

chr SNP kbps cMa Individual FS

BR51 Belly51 BR69 Belly69

chr 1 rs15385785 (MAOA)b 114912046 287.3 3.15 (0.10) 2.76 (0.12)

chr 3 rs13773912 5595342 14.0 3.20 (0.07)

chr 4 rs13640917 (HTR2C)b 2798627 7.0 3.25 (0.12)

rs13788969 20659524 51.6 3.56 (0.10)

rs13517693 43865427 109.7 3.07 (0.17)

rs13522023 54013816 135.0 4.12 (0.08)

chr 5 rs15692150 30998335 77.5 2.10 (0.10)

rs15707740 42231488 105.6 3.23 (0.10)

chr 6 rs16558389 Unmapped 3.25 (0.10)

chr 13 rs14999300 (IL9)b 15574216 38.9 3.43 (0.10)

-log10 of the p-values are reported in the columns, with corresponding FDR in brackets. BR51, BR69 = sum of the individual feather scores for

the back and rump regions at 51 and 69 wk of age (scale 0–10); Belly51, Belly69 = individual feather scores for the belly region at 51 and 69 wk

of age (scale 0–5)
a Assuming 1 cM = 4 9 105 bps
b MAOA = gene for the mono-amino oxidase A; HTR2C = gene for the serotonin receptor 2C; IL9 = gene for the interleukin 9
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Table 4 Significance of SNP allele frequency of cage mates on the feather score of individual hens

chr SNP Map cMa Social effects

BR51s Belly51s BR69s Belly69s

chr Z rs16101283 20655488 51.6 3.15 (0.06)

rs16101484 20904552 52.3 2.93 (0.07)

rs16105159 23468761 58.7 2.20 (0.10) 2.91 (0.06) 1.90 (0.07)

rs16104871 (GFM2)b 23690970 59.2 2.35 (0.10)

rs16106976 33770169 84.4 1.67 (0.10)

rs13762897 (TRPM3)b 34827204 87.1 2.57 (0.11)

chr 1 rs14810117 36931526 92.3 2.63 (0.06)

chr 3 rs13503459 9757137 24.4 1.85 (0.12)

rs13503401 9873492 24.7 2.94 (0.09)

rs13503220 10297909 25.7 2.28 (0.12) 1.95 (0.11)

rs13717237 18943533 47.4 2.89 (0.06)

rs13717379 19142921 47.9 2.92 (0.10)

rs13717382 19146715 47.9 2.74 (0.14)

rs13717441 19232318 48.1 2.51 (0.14)

rs13717447 19243861 48.1 3.13 (0.06)

rs13717645 (PFN3)b 19755775 49.4 3.05 (0.07) 2.05 (0.14)

rs13717686 19841213 49.6 2.40 (0.07)

rs13717773 20014822 50.0 1.79 (0.13)

rs13717778 20015177 50.0 6.70 (0.00) 3.25 (0.06)

rs13717881 20357976 50.9 1.61 (0.13)

chr 4 rs13640917 (HTR2C)b 2798627 7.0 3.39 (0.03) 2.30 (0.01)

rs13512983 30896422 77.2 2.74 (0.11)

rs13514279 33836739 84.6 2.34 (0.08)

rs13515243 (PPP2CB)b 35781204 89.5 2.70 (0.10)

rs13517937 (GALNT7)b 44712609 111.8 2.69 (0.13)

rs13521963 53833480 134.6 2.51 (0.06)

rs13522188 54500061 136.3 2.90 (0.06)

rs13522598 (TRPC3)b 55438724 138.6 2.40 (0.08) 1.96 (0.07)

rs13522688 (TRPC3)b 55714579 139.3 2.21 (0.08)

rs13523367 57888982 144.7 2.28 (0.10) 1.48 (0.14)

rs16422070 62651897 156.6 2.03 (0.12)

chr 5 rs15661619 11950758 29.9 2.09 (0.08)

rs13758305 16664011 41.7 1.43 (0.03)

rs13794185 23057797 57.6 2.44 (0.12) 3.16 (0.06)

rs15681243 (CKAP5)b 25554863 63.9 2.48 (0.09)

rs13756469 (RGS6)b 28876011 72.2 4.27 (0.01)

rs13585105 32180230 80.5 3.39 (0.06)

rs13585316 33526797 83.8 2.62 (0.10)

rs13585357 33758339 84.4 3.82 (0.03) 2.08 (0.10)

rs13585704 (NPAS3)b 37788082 94.5 2.72 (0.11)

rs13585761 (EGLN3)b 38086335 95.2 2.66 (0.14)

rs13586409 39786663 99.5 2.37 (0.12)

rs13587250 42038263 105.1 1.90 (0.14)

rs15707740 42231488 105.6 4.67 (0.01)

chr 6 rs13562501 5575686 13.9 2.18 (0.10)

rs16548180 (NFKB2)b 18021166 45.1 2.95 (0.06) 2.14 (0.03)
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them was lower than 0.01. This suggests that these are two

distinct regions with different genes influencing feather

pecking behaviour. On chromosome 7 a region with effect

on BR51 and Belly69 was identified at SNPs rs13598049,

rs13598125 and rs13598160, spanning for 0.5 cM (see

Table 4). The LD between these two pairs of SNPs was

0.11 and 0.18, as measured by r2.

In the direct model, the percentage of the phenotypic

variance explained by the SNPs reported in Table 3 ranged

between 1 and 4%, with an average of 1.65%. The SNPs

explaining the highest proportion of the phenotypic vari-

ance were rs13773912 on chromosome 3 (2.93% of rp
2) and

rs13640917 on chromosome 4 (4% of rp
2).

For the SNP effects of Table 4 (associative model), the

regression coefficients of allele frequency on feather con-

dition score were estimated (results not shown): these had

on average a magnitude of 0.6rp, with a maximum of

1.22rp and a minimum of 0.22rp. For example, the SNP

rs13640917 in the gene for the serotonin receptor 2C

(HTR2C) had an effect of 0.54rp on BR51, and the SNP

rs13717447 on chromosome 3 had an effect of 1.22rp on

Belly51. Allelic frequencies for cage mates vary from 0 to

1, therefore the estimated regression coefficients reflect the

maximum values when all cage mates are homozygous for

the same allele.

Discussion

In the present study we looked at genetic marker effects on

plumage condition from two different perspectives: the

direct effect of the genotype of the individual on its feather

condition, and the associative effect of the allele frequency

of its cage mates on the individual’s feather condition.

They reflect the genetic influence of, respectively, the

individual hen and the cage mates on individual feather

condition. Since feather damage on the back, rump and

belly regions can be attributed almost exclusively to feather

pecking (Bilčik and Keeling 1999), the genetic direct and

associative effects as described in this paper can be inter-

preted as the propensity to either receive or perform feather

pecking. However, interactions among cage mates may

result in a feather condition score different than expected,

as for instance in cages where all hens are peckers.

With the associative model more significant results than

with the direct model were found and significance levels

from the associative model were generally higher than

those from the direct model. This can be explained in part

by the fact that performing feather pecking is more heri-

table than receiving it: heritability estimates for performing

and receiving FP ranged from 0.12 to 0.56, and from 0.00

to 0.15, respectively (Kjaer and Sørensen 1997; Rodenburg

Table 4 continued

chr SNP Map cMa Social effects

BR51s Belly51s BR69s Belly69s

chr 7 rs13781704 23592646 59.0 1.67 (0.06)

rs13596168 25491840 63.7 1.92 (0.13)

rs13598049 (SNX4)b 29698020 74.2 1.76 (0.08)

rs13598125 (PARP14)b 29835983 74.6 1.56 (0.11)

rs13598160 29915809 74.8 2.52 (0.06)

rs13601268 37224680 93.1 2.00 (0.14)

chr 13 rs14999300 (IL9)b 15574216 38.9 2.27 (0.07)

rs15709659 (IL4)b 17534793 43.8 3.16 (0.06)

chr 19 rs13573020 (CCL4)b 376195 0.9 1.30 (0.08)

rs14119838 (HSPB1)b 4216458 10.5 3.16 (0.10)

chr 24 rs15209193 (TIRAP)b 430067 1.1 1.82 (0.14)

–log10 of the p-values are reported in the columns, with corresponding FDR in brackets. BR51, BR69 = sum of the individual feather scores for

the back and rump regions at 51 and 69 wk of age (scale 0–10); Belly51, Belly69 = individual feather scores for the belly region at 51 and 69 wk

of age (scale 0–5)
a 1 cM = 4 9 105 bps
b GFM2 = gene encoding elongation factor G2; TRPM3 = gene encoding transient receptor potential cation channel, subfamily M, member 3;

PFN3 = gene encoding profilin; HTR2C = gene encoding serotonin receptor 2C; PPP2CB = gene encoding protein phosphatase 2; GAL-
NT7 = gene encoding GalNAc transferase 7; TRPC3 = gene encoding ransient receptor potential cation channel, subfamily C, member 3;

CKAP5 = gene encoding cytoskeleton associated protein 5; RGS6 = gene encoding regulator of G-protein signaling 6; NPAS3 = gene

encoding Neuronal PAS domain protein 3; EGLN3 = gene encoding Egl nine homolog 3; NFKB2 = gene encoding Nuclear factor NF-kappa-B

p100 subunit; SNX4 = gene encoding sorting nexin-4; PARP14 = gene encoding poly(ADP-ribose) polymerase family, member 14; IL9 = gene

encoding interleukin 9; IL4 = gene encoding interleukin 4; CCL4 = gene encoding chemokine CCL4; HSPB1 = gene encoding heat shock

27 kDa protein 1; TIRAP = gene encoding toll-interleukin 1 receptor

722 Behav Genet (2010) 40:715–727

123



et al. 2003). This suggests a larger basis for associative

rather than direct genetic effects. Furthermore, associative

effects can contribute substantially to the total heritable

variation, and have been shown to be often bigger in

magnitude than direct genetic effects (Bijma et al. 2007a,

b; Ellen et al. 2008).

In our experiment mortality was not high: blood samples

for genotyping were collected at 40 wk of age, and only 13

of the genotyped hens died before having a feather con-

dition score or between recording it at 51 and 69 wk. We

looked at their SNP allelic frequencies and noticed that

they generally had higher frequencies of the unfavourable

alleles for feather damage, compared to the hens with both

genotype and phenotypic observation (survivors). For SNP

rs13640917 (HTR2C) on chromosome 4, for instance, the

unfavourable allele frequency was 0.92 in the 13 dead hens

and 0.62 in all females. This might imply that in those

cases feather pecking led to cannibalism and death.

Methodology

In this study we simultaneously analysed multiple lines

using a two-step procedure. In the across-line analysis, the

SNPs detected were expected to be closer to the genes for

behavioural traits due to the reduced extent of LD con-

served across lines. Building on the work by Saccone et al.

(2008), we tested for the SNP-by-line interaction to ensure

consistency of the association across lines. The method is

visually illustrated in Fig. 1, where a region of chromo-

some 1 is reported. Histogram 1A reports the results of the

analysis when all the lines are included. Histograms 1B and

1C report the results for the white and brown layers. These

constitute two subpopulations of different origin (White

Leghorn and Rhode Island Red, respectively), both com-

prising different lines. White and brown layers form two

distinct phylogenetic clusters (Biscarini et al. 2010),

implying that LD patterns are better conserved within than

across them (Andreescu et al. 2007). When analysing the

two subpopulations separately many SNPs result to be

significantly associated with the phenotype (BR51): 3 in

the white layers and 8 in the brown layers. This reflects the

larger extent of LD conserved within homogenous popu-

lations in which fewer recombinations have occurred and

more surrounding SNPs are linked to the QTL. When

combining the two subpopulations in the across-lines

analysis, most of those SNP association signals are lost,

due to either lower significance of association or significant

SNP-by-line interaction. Finally, only 1 SNP (rs15385785)

is consistently associated with the phenotype in all lines,

and due to the lower extent of LD conserved across all

lines, this is likely to be closer to the QTL for the trait. The

same procedure was applied by Biscarini et al. (2010) in an

association study of immune response in laying hens.

A possible source of false positive associations due to

population stratification was avoided by including a line

effect in the model. Consequently, SNPs explaining part of

the between-line variation could not be detected in this

approach. Family relationships within lines could be

another source of false positive associations which was

dealt with by including a polygenic effect in the model that

accounted for the effects of all other genes on the trait.

After taking into account family relationships, the signifi-

cance levels as measured by the opposite of the logarithm

of p values, decreased on average by about 10% in the

direct model and by about 20% in the associative model.

The analysis proved to be robust to variations in herita-

bility: heritabilities were varied with limited impact on the

significance of the results. This agrees with the results of

Hassen et al. (2009).

Fig. 1 significance of SNP (-log(p value), above 0) and of the SNP-

by-line interaction (log(p value), below 0) for the genomic region

surrounding SNP rs15385785 on chromosome 1. The combined

analysis for all lines and the separate analyses for five white and four

brown layers lines are presented. The dashed lines are the threshold of

significance (-log(0.01) * 1.3 and log(0.01) * -1.3)
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Detected associations

Some of the results of the present work confirmed findings

from previous QTL mapping studies. Buitenhuis et al.

(2003a, b) detected a QTL for receiving FP on chromo-

some 5, and QTLs for performing FP on chromosomes 1, 4,

13 and 24. QTLs for fear related behaviours were found on

chromosome 1 by Schütz et al. (2004) and Buitenhuis et al.

(2004), and on chromosomes 3 and 4 by Buitenhuis et al.

(2004). A relation between fearfulness and FP and its

consequences has been revealed by several studies (Jones

et al. 1995; Rodenburg et al. 2004; Uitdehaag et al. 2008).

Several of the associations detected in the present study

were in the sequences of candidate genes that could play a

role in behaviour. These include the genes for the mono-

amine oxidase of type A (MAO-A) and the serotonin

receptor (HTR2C) from the direct model, and the genes for

the cation channels (TRPM3, TRPC3), the neuronal tran-

scription factor NPAS3 and again the serotonin receptor

(HTR2C) from the associative model. In the case of SNP

rs13640917, in the sequence of the serotonin receptor 2C

(HTR2C), the same allele was associated with more feather

damage on the back and rump at 51 wk in the direct as well

as in the associative analysis. Theoretically it is expected

that the opposite SNP alleles will be associated with greater

feather damage in the direct analysis (receiving FP) and in

the associative analysis (performing FP). That the same

allele of SNP rs13640917 is associated with feather dam-

age both in the associative and direct analysis is therefore

against expectations. If one allele is associated with more

feather damage in the direct analysis (feather pecking

received) it should be associated with lower feather dam-

age in the associative analysis (FP performed). Unless, in

the case of a gene that leads to higher FP behaviour, all

animals in a cage have the ‘‘positive’’ allele (more FP).

Then there will be more feather pecking in the cage, and

also peckers (and not only receivers) will show higher

feather damage. It is not uncommon that feather peckers

get pecked themselves. If there are 4 peckers in a cage this

may even be likely.

Associations with feather condition score have been

found also for the genes of the interleukins 4 and 9 (IL4,

IL9), of the nuclear factor KB (NFKB) and of the CCL4

chemokine: these are cytokines involved in the mediation

of the immune response. Relations between behaviour and

immunity have been suggested also in other works. Bi-

scarini et al. (2010) detected associations between the

serotonin receptors HTR2C and HTR2A and, respectively,

complement activity and antibody titres. Combining their

results with the ones of the present study, we see that in the

case of HTR2C higher feather damage corresponds to

lower complement activity. Buitenhuis et al. (2006) found

higher IgG titres and lower leukocyte concentration, CD4?

lymphocytes percentage and MHC I expression in high FP

compared to low FP lines. Parmentier et al. (2009) also

found a relationship between immunity and feather peck-

ing: birds challenged with the antigen human serum albu-

min (HuSA) at young age were more likely to develop

feather damage at a later age, compared to unchallenged

birds. This points to complex and interesting links between

behaviour and immune system.

From the analysis of associative effects, some SNPs on

the sex chromosome Z have been associated to feather

condition score on the back-rump and belly regions. These

findings on the sex chromosome may relate to previous

observations that feather pecking is affected by gonadal

hormones and is more common in females than in males

(Hughes 1973; Jensen et al. 2005).

When looking at gene effects, we consistently observed

a higher frequency of the alleles linked to more feather

damage in hens of White Leghorn origin as compared to

Rhode Island Red origin (results not shown). For SNP

rs15385785 on chromosome 1 (MAOA), for instance, the

frequency of the allele associated with greater feather

damage was 0.79 in brown layers and 0.94 in white layers.

For SNP rs13640917 on chromosome 4 (HTR2C), it was

0.35 in brown layers and 0.84 in white layers. This is

consistent with reports of more feather damage on the back

and rump of white layers in comparison with brown layers

(Uitdehaag et al. 2008), which indicates higher incidence

of feather pecking behaviour in White Leghorns. Differ-

ences in fearfulness and in the metabolism of the neuro-

transmitters serotonin and dopamine between white and

brown layers have also been observed (Uitdehaag, personal

communication).

Social interactions

Feather pecking is a trait in which social interactions

between group mates play an important role (Ellen et al.

2008). In our study we looked separately at the direct

genetic effects (receiving FP) and at the associative effects

(performing FP). The existence of social interaction raises

the question of group composition. Groups of closely

related animals (e.g. full sibs) on one hand tend to have less

negative social interactions, but on the other hand pose

statistical challenges. In laying hens, for instance, feather

pecking and cannibalism are reduced in cages of full-sibs

(Bijma et al. 2007a, b), but from such data associative

effects can not be estimated (Bijma et al. 2007a, b) and

variance components might be more difficult to estimate

(Biscarini et al. 2008). Depending on the case, groups of

animals with similar or different personality traits might

perform better (Rodenburg et al. 2010). We took the SNPs

for the MAOA and HTR2C and looked at the unadjusted

feather condition scores. We saw that from a mere
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phenotypic point of view having more heterozygous hens

in a cage leads to increased feather damage. In both cases

one allele is associated to increased feather damage and the

other to lower feather damage. However, the effect of the

number of heterozygous hens per cage was not significant

when added to the statistical model. Probably the relation

between feather damage and cage composition is too weak

to be revealed by this dataset size and experimental design.

Higher feather damage can reflect either propensity to peck

or docility. Hens that tend to peck can in fact be involved in

numerous fights damaging their own plumage. Other hens

might be so docile that they do not respond to the pecking

insult and might be preferred target for peckers. So genes

linked to high or low feather damage may reflect both types

of situation. Homozygous hens for the mentioned SNPs

might therefore be either active peckers or docile animals.

Heterozygotes will be somewhere in the middle. When

only docile hens are in a cage, not much is likely to happen.

When only active peckers are in a cage, they might be

afraid of each other and refrain to fight. Intermediate hens

might on the contrary give rise to fights resulting in higher

feather damage in those cages.

The inclusion of the associative effects in the model, for

traits influenced by social interactions such as FP in laying

hens, can lead to a considerable increase in the genetic

response to selection, thanks to the additional heritable

genetic variation of the associative effects (Ellen et al.

2007).

Bijma et al. (2007b) showed that non-genetic covariance

among group mates can bias the estimates of genetic

associative effects. Although we modelled social interac-

tions differently, we fitted a random group effect to asses

the magnitude of such non-genetic covariance in our

analysis (see Bergsma et al. 2008). The significance of the

estimates of the SNPs effects from models [3] and [4]

decreased only fractionally and did not affect the presented

results at all.

Serotonin

Substantial scientific evidence of the role of the seroto-

nergic system in the development and modulation of

feather pecking behaviour in laying hens has accrued over

the last years (van Hierden et al. 2002, 2004a, b; Bolhuis

et al. 2009). These studies related the occurrence of feather

pecking with serotonin concentration and activity either in

the brain or peripherally (circulatory system or peripheral

nervous system), predominantly suggesting that lower

levels of serotonin are associated with predisposition to

perform feather pecking (van Hierden et al. 2004a, b;

Bolhuis et al. 2009). We detected an association between

the gene for the serotonin receptor HTR2C and feather

condition score in the back-rump region both in the direct

(receiving FP) and associative (performing FP) analyses.

Flisikowski et al. (2008) associated the gene for a regula-

tory factor of the serotonergic system (DEAF1) on chro-

mosome 5 with feather pecking behaviour. The same

authors postulated that finding the same association in

populations of Rhode Island Red and White Leghorn origin

indicates that the origin of the allele predisposing to feather

pecking predates the breeding activity of at least the last 50

years. They suggest that detecting the same genetic

markers in different populations implies that they are close

to the functional mutation, which agrees with the theory of

across-line association studies (Biscarini et al. 2010).

Therefore feather pecking in laying hens can seemingly be

controlled by modulating their serotonergic system, by

means of genetic selection or husbandry practices, either

pharmacologically or dietary (van Hierden et al. 2004a).

Interestingly, the recent study by Bolhuis et al. (2009)

shows that genetic selection for low mortality, using the

social models, leads to changes in the serotonergic system,

already in the second generation of selection.

The results of this work contribute to a better under-

standing of the genetic background of feather pecking

behaviour in laying hens. The analysis of both direct and

associative genetic effects confirmed that social interac-

tions play an important role in the emergence of feather

pecking, and is therefore a valuable tool for the investi-

gation of this behavioural characteristic of birds. To our

knowledge this was the first time that the associative effect

was addressed in an association study in laying hens. The

gene for the serotonin receptor (HTR2C) was found to be

associated with feather damage, which adds to existing

evidence of the role of the serotonergic system in the

modulation of feather pecking. The involvement of the

genes for interleukins (IL4, IL9) and chemokines (CCL4)

points at fascinating relationships between behaviour and

immunity.
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