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Abstract

Understanding the genetic architecture of quantitative traits can provide insights into the
mechanisms driving phenotypic evolution. Bill morphology is an ecologically important and
phenotypically variable trait, which is highly heritable and closely linked to individual fitness.
Thus, bill morphology traits are suitable candidates for gene mapping analyses. Previous
studies have revealed several genes that may influence bill morphology, but the similarity of
gene and allele effects between species and populations is unknown. Here, we develop a
custom 200K SNP array and use it to examine the genetic basis of bill morphology in 1857
house sparrow individuals from a large-scale, island metapopulation off the coast of Northern
Norway. We found high genomic heritabilities for bill depth and length, which were
comparable with previous pedigree estimates. Candidate gene and genome wide association
analyses yielded six significant loci, four of which have previously been associated with
craniofacial development. Three of these loci are involved in bone morphogenic protein
(BMP) signalling, suggesting a role for BMP genes in regulating bill morphology. However,
these loci individually explain a small amount of variance. In combination with results from
genome partitioning analyses this indicates that bill morphology is a polygenic trait. Any
studies of eco-evolutionary processes in bill morphology are therefore dependent on methods
that can accommodate polygenic inheritance of the phenotype and molecular-scale evolution

of genetic architecture.
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Introduction

Knowledge of the genetic architecture of ecologically important traits in natural populations
provides insights into their potential for phenotypic evolution (Lande 1979, Clutton-Brock
and Sheldon, 2010). Identification of causal loci improves understanding of the genetic
drivers and selective processes leading to adaptation, which for quantitative traits may not
always proceed according to conventional models of selection and evolution (Pritchard and Di
Rienzo, 2010). In birds, bill morphology is an example of an ecologically important trait,
which has substantial phenotypic variation, is typically highly heritable and closely linked to
individual fitness (James and Zach, 1979; Merild et al., 2001; Jensen et al., 2008; Bosse et al.,
2017). Bill form and function varies both between and within species in response to a range of
ecological factors, including availability of differing food sources and interspecific
competition (Abzhanov et al., 2006; Riyahi et al., 2013; Soons et al., 2015). Subtle
differences in bill morphology can have important consequences for variation in individual
fitness by affecting relative foraging efficiency (Temeles ef al., 2009), defining diet (Soons et
al., 2015), altering survival probability (Boag and Grant, 1981; Grant and Grant, 2002) or

affecting nestling provisioning rate (Forstmeier et al., 2001; Ringsby et al., 2009).

Additive genetic variance, the fuel for evolutionary responses to selection (Lande,
1979), is commonly standardised by the phenotypic variance to yield heritability (Falconer
and Mackay, 1996). Recent advances in genomics have made estimation of genomic
heritabilities feasible (Stapley et al., 2010; Gienapp et al., 2017). Genomic heritability has the
advantage that it can be used where the pedigree is unknown or incomplete and it accounts for
cryptic relatedness and variation in identity by descent (IBD) around the pedigree expectation
(Visscher et al., 2008). Currently, heritability is often estimated using genome-wide marker

data and animal models (Kruuk, 2004; Gienapp et al., 2017). In addition to the heritability of

Page 4 of 45



Page 5 of 45

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

Molecular Ecology

a trait, inheritance type (i.e. Mendelian, oligogenic, polygenic) can be determined using
genome partitioning and may have important consequences for trait evolutionary dynamics.
For instance, for polygenic inheritance, which is the expectation for quantitative traits like bill
morphology (Grant and Grant, 1994; Tiffin and Ross-Ibarra, 2014; Santure et al., 2015, Bosse
et al., 2017), adaptation likely occurs by modest allele frequency shifts across many loci and

these loci are more likely to differ between populations (Pritchard and Di Rienzo, 2010).

If a trait is heritable, gene mapping may be performed to identify putatively causal
loci. Recent technological advances have reduced costs and paved the way for use of genome-
wide association study (GWAS) approaches in ecological model species, in particular via
large scale genotyping on SNP panels (Stapley et al., 2010). With a few notable exceptions
(e.g. Johnston et al., 2011; Johnston ef al., 2014; Barson et al., 2015; Chaves et al., 2016),
success rate is low for detection of outlier loci using GWAS on quantitative traits in natural
populations and loci detected are often of small effect (e.g. Husby et al., 2015; Silva et al.,
2017; Bosse et al., 2017). Such studies are nonetheless important, despite challenges such as
environmental heterogeneity and population structure, as they allow us to examine the genetic
basis of ecologically important traits in their natural context (Slate et a/., 2010; Stapley et al.,
2010). Although quantitative traits are expected to often be under polygenic control, with
signals of selection distributed across many loci (Tiffin and Ross-Ibarra, 2014), several large
effect genes contributing to bill morphology have been identified in avian species (e.g.
Abzhanov et al., 2004; Abzhanov et al., 2006; Brugmann et al., 2010; Lamichhaney ef al.,
2015; Lamichhaney et al., 2016; Bosse et al., 2017). As polygenic inheritance increases the
likelihood that effect sizes of adaptive loci will differ between populations, examining the

effects of these genes using a regional candidate gene approach may increase statistical power
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to determine their importance for phenotypic variation across different groups (Wilkening et

al., 2009).

The house sparrow (Passer domesticus) is a ubiquitous and extensively studied
ecological model species ideally suited to gene mapping studies on bill morphology
(Anderson, 2006). A natural house sparrow metapopulation exists at the Helgeland coast in
Northern Norway and has been monitored since 1993, allowing establishment of a large
sample dataset that includes genetic and pedigree information, alongside morphological and
life history data including measurements of bill depth and length (e.g. Jensen et al., 2003;
Jensen et al., 2004; Parn et al., 2009; Ringsby et al., 2009). Bill depth and length measures
have high repeatability within the Helgeland system, both traits are highly heritable (e.g.
Jensen et al., 2003; Jensen et al., 2008) and bill length has been related to components of
individual fitness (Jensen et al., 2004; Jensen et al., 2008). Larger bills have also been found
to increase nestling feeding rate and, consequently, number of successful recruits (Ringsby et

al., 2009).

Here we examine the genetic architecture of bill morphology in the Helgeland
metapopulation of house sparrows using a new, custom 200K Affymetrix Axiom SNP array.
First, genomic heritability was estimated to determine whether the SNP markers captured the
additive genetic variance previously estimated for bill morphology in the house sparrow.
Subsequently, genome partitioning analysis was performed to examine inheritance type and
identify outlier chromosomes. The 200K array is enriched for markers in the region of a
number of genes, including nine candidate genes that have previously been related to bill
morphology in other bird species: ALX1, BMP4, Calml1, TGFbrll, Dkk2, FZD1, FGFS, Shh,
and FGF19 (Table 1). Candidate gene association tests were performed to examine whether

any of these genes explained variation in bill morphology in the house sparrow. This was
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followed by GWA analysis of the whole dataset to determine whether the genome-wide
approach would support the findings from candidate gene analyses and if additional regions
and candidate genes for future studies could be detected. Significant markers in the Helgeland
dataset were subsequently tested for enrichment in an independent dataset from a second set
of house sparrow populations situated 75-295 km South of the Helgeland system (hereafter
called the ‘Southern populations’) to determine whether significant associations in the

Helgeland dataset were replicated across populations.



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

Molecular Ecology

Materials and Methods
Study Population and Data Collection

This study utilises data from eight insular subpopulations from a long-term study of a house
sparrow metapopulation, in an archipelago off the Helgeland coast in Northern Norway
(66°30°N, 12°30’E; Fig. 1). The data includes adult birds recorded between 1998-2013
(Tables 2 and S1). Only adult measurements taken within breeding season (May — August)
were used to reduce seasonal intra-individual variation in bill morphology (Anderson, 2006).
Each individual’s hatch year was determined as either 1) the first year recorded for nestlings
or fledged juveniles captured in the summer and autumn, or 2) the year prior to first year
recorded for birds first ringed as adults (Jensen et al., 2008). Birds were captured using mist
nets, blood samples were collected from the brachial vein, and slide callipers were used to
measure bill depth (measured directly in front of the nares) and bill length (from the tip of the
bill to the base of the skull) to the nearest 0.0lmm (Jensen et al., 2004; Jensen et al., 2008).
All birds were ringed with a metal ring with a unique individual ID number and a unique
combination of three plastic colour rings. This was done to allow individual identification and
give information on e.g. age at subsequent captures. Phenotypic measurements taken by
different fieldworkers were adjusted to T.H.R measurements by adding mean differences
when found significant (P < 0.05) using paired T-tests (Kvalnes et al., 2017). To give a single
value for each individual, measurements of adult birds (second calendar year (2CY) and
older) were adjusted to May in 2CY using a linear mixed effects model with age, age* and
month as fixed factors, random intercepts for year, cohort and ID number, and a random slope
for the effect of age within ID number to account for any between-individual variation. If age
and month effects were significant (P < 0.05) in likelihood ratio tests, predicted values from

the model were used to adjust measurements to May in 2CY before calculation of mean
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phenotypic values (Kvalnes et al., 2017). Unless otherwise stated, all statistical analyses were

performed using R version 3.3.3 (R Core Team, 2017).

Re-sequencing and SNP array development

The newly developed custom house sparrow Affymetrix 200K SNP array was based on the
re-sequencing of 33 individual house sparrows from 13 different locations in Norway (29
individuals) and two locations in Finland (four individuals). See Supplementary Material
(Tables S2-S4; Figure S1) for more information on geographic locations for the re-sequenced
individuals, development of the 200K SNP array, and genotyping of individuals. The 200 000
SNPs on the array are distributed across 29 of the chromosomes in the house sparrow
genome, with mean and median distances between SNPs being shorter than 5000 bp (Table
S4). It is expected that this array will provide an important genomic tool for an avian species
with a nearly global distribution and European origin (Anderson, 2006). The array may be
used to examine population structure, dispersal, inbreeding, demography, and the genetic

basis for phenotypes relevant for physiological, ecological, and evolutionary processes.

Quality Control of the Bill Morphology Dataset

Of the 3219 individuals from the Helgeland metapopulation successfully genotyped on the
200K array, 1958 had phenotypic data for bill depth and bill length. For the purpose of this
study on bill morphology only the 185 587 markers ranked as PolyHigh (polymorphic
markers with well-defined clusters, at least two individuals possess the minor allele) or
MonoHigh (monomorphic markers with a single well-defined cluster) resolution by CIGENE

were used in further analysis. Mendelian error checking was performed in PLINK (version
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1.9, Purcell et al., 2007) using previously constructed microsatellite-based pedigrees (Jensen
et al., 2008; Billing et al., 2012). First, parental links including more than 5% Mendelian
errors were removed from the pedigree, then loci with more than 10% Mendelian errors were
excluded from the dataset. Quality control for individuals with bill data was performed in
GenABEL (Aulchenko et al., 2007). Individuals with incorrect sex coding (38) and too high
identity by state (IBS > 0.9; 27) were removed, as were markers with low call rate (<95%;
197) and low minor allele frequency (<0.01; 57). If IBS was over threshold for a pair, the
individual with lower overall call rate was excluded. In total 183 109 markers and 1857

individuals (986 female, 871 male) passed the quality check (Table 2).

PCA and Model Selection

Principal components analysis (PCA) was run on the 2CY May-adjusted bill depth and bill
length data. The first (“bill size”) and second (“bill shape”) principal components were highly
correlated with bill length and bill depth respectively (Table S5) so the main analyses were
carried out only on the measured values. Results for these principal components are presented

in the Supplementary Material.

Preliminary exploration of phenotypic data was carried out using AICc model
selection (Burnham, 2002), to identify factors and covariates that may influence bill
morphology. For the repeated measures data, a 7  age category was created to reduce
inaccuracy caused by low numbers of individuals in the oldest age classes. Best models for
bill depth and length, for both the repeated measures and 2CY May adjusted data, are
displayed in Table S6. In the current dataset, body mass showed significant correlation with

both bill depth (r=0.18, P <0.001) and bill length (r=0.17, P <0.001). Association analyses
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were therefore performed both with and without inclusion of body mass as a model covariate,
to determine whether significant markers influenced bill morphology independent of or

relative to body mass.

Heritability Estimation

Genomic heritability for bill depth and length was calculated from variance component
estimates given by the rGLS function in RepeatABEL (Ronnegérd ef al., 2016). The indep
function in PLINK 1.9 with recommended parameters 50 5 2 was used to produce a list of
markers in approximate linkage equilibrium (LE) for creation of the genetic relatedness
matrix (GRM) because linkage disequilibrium (LD) between markers can confound
relatedness estimates (Santure et al., 2010; Lopes et al., 2013; Eu-ahsunthornwattana et al.,
2014; Gienapp et al., 2017). The GRM was then calculated using identity by state (IBS) at all
autosomal markers in LE (Speed ef al., 2012). As RepeatABEL permits inclusion of repeated
individual measurements, temporal effects such as age and month can be included when
estimating variance components, which may improve accuracy of h® estimates by properly

accounting for within individual variation.

Genome Partitioning

Genome partitioning allows determination of the inheritance type of a trait by partitioning
proportion of additive genetic variance explained by chromosome (Yang ef al., 2011a, Yang
et al., 2011b). Polygenic traits are expected to be represented by positive relationship between
chromosome effect size and chromosome length, as larger chromosomes are likely to contain

more protein coding genes. This positive linear relationship may be disrupted or inverted
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where large effect QTL are present (Kemppainen and Husby, 2018). GCTA (Yang et al.,
2011a) was used to perform genome partitioning to determine mode of inheritance.
Chromosome specific GRMs were computed for all autosomes, then average information
Restricted Maximum Likelihood (Al REML) models with multiple GRMs fitted as random
effects (GCTA option -mgrm) were used to estimate the proportion of variance in each trait
explained by each chromosome. GCTA does not support repeated observations, so the May
2CY-adjusted phenotypic data was used. Problems with model non-convergence were
addressed by successively excluding the smallest chromosomes. Chromosome length (Mbp)
was taken from the house sparrow reference genome assembly, INSDC accession number
MBAE00000000.1 (Elgvin et al., 2017). Three chromosomes were excluded for bill depth

and eight for bill length.

Typically, the relationship between variance explained and chromosome length is
tested by a one-sided ordinary least squares (OLS) regression. However, due to
heteroscedasticity (variance increases with number of SNPs on each chromosome) and
censoring (negative values replaced by an arbitrary small positive value of 10°°) this leads to
P value inflation, resulting in ~30% false positives under the null hypothesis for typical
chromosome partitioning analyses in bird genomes (Kemppainen & Husby, 2018). To
account for this, a corrected P value was attained from ‘HC-resampling’ in which a null
distribution for the original (uncorrected) P value from OLS regression is formed by
resampling chromosomal heritability (4°.) estimates from a normal distribution with mean 0
and standard deviation equal to the SE}, (the standard error estimate for each 4’. attained from
GCTA), with 10° replicates. This leads to uniform distribution of P values under the null
hypothesis of no association between phenotype and genotype (i.e. when h*=0; Kemppainen

& Husby, 2018). Because SNP numbers on the smallest chromosomes were highly variable

11
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(Table S8), number of SNPs on each chromosome was used as a proxy for number of genes
on a chromosome (ng). When all chromosomes are included, number of SNPs on a

chromosome is highly correlated with chromosome length (r = 0.998, P < 0.001).

Association Analyses

Three different GWA approaches were used, as each offered unique advantages with respect
to our dataset: single marker association analyses were implemented in the R package
RepeatABEL (Ronnegard ef al., 2016), which permits inclusion of individual ID as a random
factor to account for within individual variation. Bayesian sparse linear mixed models
(BSLMM, Zhou et al., 2012) were implemented in GEMMA (Zhou and Stephens, 2012).
BSLMM jointly model all markers and are well suited to GWA analyses on quantitative traits,
as they provide estimates of the proportion of phenotypic variance explained by large effect
(PGE) vs polygenic markers (PVE) allowing inference of their relative contributions. Finally,
a multi-marker method, quantitative trait cluster association testing (QTCAT, Klasen et al.,
2016), was implemented. QTCAT may increase power in GWAS on polygenic traits by
searching for clusters of markers significantly associated with a given trait, mitigating the
need to correct for population structure and genetic background by accounting for correlation

between markers whilst simultaneously associating them with the phenotype.

A family-wise error rate (FWER) of 0.05 was used for all association analyses. The
GRM used in these analyses was calculated using IBS at genome-wide SNPs in approximate
LE. Proportion of phenotypic variance explained by significant markers was estimated by
dividing the additive genetic variance explained by the marker by the total phenotypic

2qu_(a2)j where p and ¢ are allele frequencies, and

variance (V),) for the associated trait: hyp =

12
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a is the marker effect size (Falconer and Mackay, 1996). For RepeatABEL analyses, multiple
testing correction was carried out using the FWER approximation method (Halle ez al., 2016).
Prior to calculation of significance thresholds, one of each pair of SNPs with correlation r >
0.999 was removed. Full order and order three versions of the method were then used to
determine the local significance level (aoc) for candidate gene and GWA models respectively

(see Supplementary Material).

Candidate gene association studies have increased statistical power due to lower
number of markers tested (Tabor et al., 2002), which increases the likelihood of detecting trait
associated loci with low minor allele frequency (MAF) or low effect size (Mackay et al.,
2009). Candidate gene analysis was carried out in RepeatABEL on genes outlined in Table 1,
which have previously been associated with bill morphology. The implemented models are
outlined in Table S6. SNPs within 55 Kbp upstream or downstream of candidate genes for bill
morphology were selected for analysis (Table 1), based on the distance at which LD decays to
background levels in the house sparrow in Norway (Elgvin et al., 2017). Candidate gene
studies do not allow identification of novel trait associated genes (Tabor et al., 2002),
therefore GWAS for each trait were also conducted in RepeatABEL using autosomal only
SNPs, as analysis of sex chromosomes requires special handling during quality control and
association analysis (Wise et al., 2013). For both the GWA and candidate gene analyses in
RepeatABEL, genome-wide markers in approximate LE (N = 57 202 SNPs) were used to
estimate A for each trait. This is particularly important in candidate gene analyses because low
numbers of markers are insufficient to estimate overdispersion of test statistics caused by
population structure (Devlin et al., 2001). For BSLMM analyses phenotypic data adjusted to
May in 2CY was used. Hatch year and island were not included as fixed factors in the models

as BSLMM only accepts continuous covariates. A conservative posterior inclusion probability

13
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(PIP) cut-off of 0.1 was used, as suggested in Chaves et al. (2016), Comeault et al. (2014) and
Riesch et al. (2017). Since BSLMM does not accept missing genotypes, these were imputed
using LinkImpute (Money et al., 2015). QTCAT analyses also utilised the imputed dataset
alongside phenotypic data adjusted to May in 2CY. The best AICc models used in the

analysis are outlined in Table S6.

For all GWA analyses, the annotated house sparrow genome (Elgvin et al., 2017) was
used to determine whether significant SNPs were exonic, intronic or flanked by a gene that
had previously been related to craniofacial development or to one of our candidate genes. The
annotated collared flycatcher (Ficedula albicolis) FicAlbl.5 (Kawakami ef al., 2014b), and
chicken (Gallus gallus) Gallus_gallus-5.0 genome assemblies were also used to determine
position of significant SNPs in relation to known genes in the flycatcher and chicken.
BLASTN searches with normal sensitivity settings were performed via Ensembl (Yates et al.,
2016) using a sequence derived by alignment against the house sparrow genome, which

spanned 1000 bp either side of the significant SNP.

Result Verification

Verification of significant results from RepeatABEL, BSLMM and QTCAT analyses was
carried out using RepeatABEL in an independent dataset from a second set of house sparrow
populations (N individuals = 710, N records = 1343) on three islands, Vega (65°40'N,
11°55'E), Leka (65°05'N, 11°40'E), and Lauveya, (63°55°N, 9°55’E) situated 75-295 km
South of the Helgeland system (Table S1). Analyses were carried out as in the Helgeland
dataset and the GRM was created using SNPs in approximate LE. For significantly associated

candidate genes, the same set of SNPs as tested in the Helgeland metapopulation was used.

14



Molecular Ecology Page 16 of 45

309 For genome-wide significant markers, SNPs 55 Kbp either side of the marker were tested.
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Results
Heritability Estimation and Genome Partitioning

Heritability estimates for the two bill morphology traits from analyses in RepeatABEL were
relatively high: 0.35 for bill depth, and 0.38 for bill length (Table 3). In genome partitioning
analysis, after HC-correction the regression between 4’ and ng was close to being significant
(at a = 0.05) for bill depth (P = 0.074) and was significant for bill length (P = 0.024),
supporting the hypothesis that bill morphology is polygenic. Since on average a positive
regression is expected between . and ng under the null hypothesis of h? = 0, statistics from
OLS regression testing for this relationship are not meaningful. However, in Figure 2, in
addition to the HC-corrected regression line (including confidence intervals) the 95 %
quantiles formed by the regression lines from OLS regression for each trait are shown. Some
chromosomes appeared to explain a higher (chromosome 7) or lower (chromosome 6)
proportion of the variation for all bill morphology traits than expected from the general
relationship between variance explained and size (Fig. 2). Chromosomes 5 and 18, explained
a larger proportion of the variation in bill depth, but a smaller proportion of the variation in
bill length than expected (Fig. 2, Table S8). Furthermore, chromosomes 3 and 11 explained a
disproportionately large proportion of the variation in bill length but not in bill depth (Fig. 2,

Table S8).

Candidate Gene Association Analyses

None of the SNPs in or near candidate genes were significantly associated with bill length or
bill depth in this study population at the local significance threshold for all candidate gene

SNPs tested (Table S9, aj. = 0.0001, based on the 924 SNPs in or within 55 Kbp of candidate

16
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genes for bill morphology and which passed quality control). Furthermore, no SNPs in or near
candidate genes were significantly associated with bill depth or bill length at respective

single-marker set significance levels.

GWAS

GWA analyses in RepeatABEL revealed a single significant SNP on chromosome 3,
SNPa77348 (f = 0.054 £ 0.010, P = 1.227'7, Olloc 3.140'7) which explained 1.6% of the
variance in bill depth (Table 4; Fig. 3). The significant locus is in a gene-free region of the
annotated house sparrow genome (Fig. S4), situated between cysteine-rich motor neuron 1
protein (CRIM1, 1.07 Mbp away) and a gene encoding an unknown protein (125 Kbp away).
CCAAT/enhancer binding protein zeta (CEBPZ) is the closest gene of known function to
SNPa77348 (150 Kbp away). The candidate SNP is located at position 6.33 Mbp on
chromosome 3 in the flycatcher genome (E-value = <0.000, alignment = 87.94%), and the
closest genes in the flycatcher are CEBPZ and a lincRNA (ENSFALG00000018842). Several
such lincRNAs lie between the candidate SNP and CRIM1 in both the flycatcher and chicken

genomes.

GWA analyses using BSLMM found a single region significantly associated with bill
depth, and three SNPs significantly associated with bill length when body mass was included
as a model covariate (Table 5, Fig. 4). These SNPs were estimated to explain between 0.5 and
0.8% of the variance in respective traits (Table 5). The proportion of variance explained by
polygenic contribution to the traits (PVE) was greater than the proportion of genetic variance
explained by large effect markers (PGE) (Table 5). Marker effect sizes () from RepeatABEL

and BSLMM were correlated (r = 0.590, P <0.001 for bill depth; r = 0.558, P < 0.001 for bill
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length). The majority of the flanking genes in the house sparrow genome for SNPs detected in
the BSLMM analyses have previously been linked to craniofacial development or
abnormalities, or to skeletal development (Table 6; Fig. 5). The marker with the highest PIP
for bill depth was SNPa77348 on chromosome 3 (y = 0.446, f = 0.038), this is the same
marker that showed significant association with bill depth in the RepeatABEL analysis (Table
4). A second significant marker in this region, SNPa77303, was also detected for bill depth (y
=0.140, £ = 0.036). SNPa262222 (y = 0.276,  =-0.061) was significantly associated with bill
length and was within the intron of Glis family zinc finger 1 (Glis1). SNPa263551 was also
associated with bill length (y = 0.154, f = 0.059), flanking genes were InaD-like protein
(INADL) and Nuclear factor 1A (NFIA) in the house sparrow, flycatcher and chicken
genomes. SNPa524686 associated with bill length (y = 0.214, f = 0.063) is flanked by
Nyctalopin (NYX) and Monoamine oxidase A (MAOA) in the house sparrow genome. In the
chicken and flycatcher genomes, Calcium/Calmodulin dependent serine protein kinase
(CASK) is situated between MAOA and NYX on chromosome 1, CASK has previously been
linked to craniofacial dysmorphogenesis (Laverty and Wilson, 1998). Two additional SNPs
were significantly associated with bill morphology when body mass was not included as a
model covariate. SNPa500795 was then significantly associated with bill depth (y =0.141, g =
-0.060), and the marker is within the intron of bone morphogenic protein kinase 2 (Bmpk2) in
the house sparrow genome. Furthermore, SNPa707, was significantly associated with bill
length when body mass was not included as a model covariate (y = 0.108, f = -0.060). This

marker is within the intron of Cbl Proto-Oncogene B (CBLB) in the house sparrow genome.

Analysis using the multi-marker GWA method, QTCAT, did not identify any

significant associations at a FWER of 0.05. Selection frequency did not exceed 0.18 for any
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quantitative trait cluster (QTC), and lowest P value observed for any SNP was 0.494.

Excluding island and hatch year as fixed factors did not alter the QTCAT results.

Result Verification

Of the six GWAS significant SNP regions (RepeatABEL or BSLMM) tested for association
with bill depth or length in the Southern populations, only one showed borderline significance
(Table S13; Fig. S6): SNPa670, 39.5 Kbp away from SNPa707, showed significant
association with bill length at the single marker set level (P = 0.0015, oy = 0.0023). This
association was, however, not significant at the combined candidate gene threshold (oo =
0.0003, based on the 275 SNPs in or within 55 Kbp of markers that were significantly

associated with bill morphology in GWA analyses in the Helgeland metapopulation).
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Discussion

Using genome-wide SNP data and RepeatABEL variance component estimates, bill
morphology was shown to be heritable in this study population (Table 3). Heritability
estimates for the depth and length of bills (0.35 and 0.38, respectively) were high and broadly
comparable with previous findings, both in the house sparrow and in other bird species. In
Silva et al. (2017), heritabilities for bill depth and length were 0.32 and 0.39, based on a
subset of individuals from the Helgeland metapopulation of sparrows typed on al0OK SNP
array (Hagen et al., 2013). In Jensen et al. (2003), pedigree based heritabilities for bill depth
and length in a sub-set of the same metapopulation of house sparrows were 0.32 and 0.48
respectively. The higher value for bill length is consistent with the tendency for pedigree-
based estimates to be higher than genomic heritabilities (Berenos et al., 2014). Estimates in
other avian species vary, but are generally also high (e.g. Keller et al., 2001; Merila et al.,

2001).

Genome partitioning in GCTA revealed close to significant positive relationship (after
HC-correction) between chromosome length and proportion of variance explained for bill
depth, and significant positive relationship for bill length (Fig. 2). This result provides support
for the general notion that bill morphology is polygenic in nature (Boag, 1983; Grant and
Grant, 1994). Accordingly, most complex traits in free-living populations may be influenced
by many genes of small effect (Pritchard and Di Rienzo, 2010; Santure et al., 2015). Disparity
was observed between chromosomes that contributed disproportionately to a trait and whether
significant SNPs for the trait were located on these chromosomes in GWA analyses (Table 5,
Table S8). For example, although chromosome 5 explained much of the variance in bill depth
(but not bill length; Fig. 2, Table S8) and this chromosome is where three of our nine

candidate genes for bill morphology are located (Calml, FGF19 and BMP4), no significant
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hits were detected on this chromosome. This is, however, not unexpected for polygenic traits,
where disproportionately high contribution to phenotypic variance by a chromosome may be
caused by clustering of many small effect QTL, rather than presence of a large effect QTL
(Yeaman, 2013; Schielzeth and Husby, 2014; Kemppainen and Husby, 2018). Significant
markers detected in GWA analyses in the present study explained only a small proportion (0.5
- 1.6%) of the variance in their respective traits (Tables 4 and 5). This is generally indicative
of polygenic genetic architecture. The high PVE:PGE ratio for all traits in our BSLMM
analyses (Table 5) also supports the hypothesis that bill morphology is polygenic.

Consequently, our GWAS results largely corroborate those from genome partitioning.

Of the nine candidate genes tested in association analyses in RepeatABEL, none were
significantly associated with bill morphology at the local significance level calculated using
all candidate SNPs. Furthermore, no large effect genes were discovered in our GWA analyses.
Previous studies on bill morphology in Darwin’s finches identified many genes of small effect
alongside two large effect genes: ALX1 (Lamichhaney et al., 2015; Lamichhaney et al.,
2016) and HMGA2 (Chaves et al., 2016; Lamichhaney et al., 2016). That none of the
candidate loci associated with bill morphology in previous studies were associated with bill
morphology here is somewhat surprising and illustrates the problems often associated with
replicating candidate gene-trait associations in subsequent studies. Detection can be difficult,
even with a high-density marker set as used in this study. Population structure may be
partially responsible: if different markers are in LD with a causative variant in different
populations then this will reduce power to detect the association across populations (Knief et
al., 2017). Low effective population size (N.) in subpopulations could pose a problem if
alleles are fixed in smaller populations due to drift and this covaries with environmental

effects on bill morphology (Conner and Hartl, 2004). Crucially, adaptation in quantitative
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traits likely occurs by small allele frequency shifts at many loci (Tiffin and Ross-Ibarra,
2014). If a trait is sufficiently polygenic, similar adaptive responses may be achieved by
modest frequency shifts at different combinations of loci (Pritchard and Di Rienzo, 2010), and

the loci in question may differ between populations.

Is it instead possible that our study simply missed signals from variants near
previously identified genes due to lack of statistical power (Cohen, 1998)? Our 200K SNP
array has higher marker density compared to nearly all similar association studies on
ecologically important traits in natural vertebrate populations (e.g. Johnston et al., 2011;
Johnston et al., 2013; Kawakami et al., 2014a; Santure et al., 2015; Chaves et al., 2016;
Huisman et al., 2016, but see Bosse et al., 2017), with average distance between markers of
approximately 5000 bp, affording high power to detect causal variants. Nearly 92% of the
SNPs on our custom 200K array passed quality control, and more than 180 000 SNPs could
be used to assess the genetic architecture of bill morphology. GWAS sample size in the
Helgeland metapopulation (N = 1857 individuals, N = 4239 records) is also larger than in the
majority of studies outlined in Schielzeth and Husby (2014), which should reduce
overestimation of effect sizes due to the Beavis effect (Slate, 2013). GWA studies in natural
populations (e.g. Santure et al., 2013; Husby et al., 2015; Silva et al., 2017; Kardos et al.,
2016) have often found little evidence for large effect QTL, especially where LD between
markers is low. For traits with polygenic genetic architecture, trait linked variants are more
likely to have lower effect size and be missed in GWAS even where marker density and
sample size are high (Wilkening et al., 2009). There is mounting evidence that adaptive
evolution may often occur according to a “molecular-based model” via simultaneous selection
on standing variation, coupled with cumulative effects of many mutations and intragenic

recombination (Remington, 2015). This as opposed to the established Fisher-Orr model
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(Fisher 1930; Orr 1998), where adaptive evolution is expected to occur by sequential fixation
of mutations toward the fitness optimum. This “molecular perspective” indicates that gene
alleles influencing quantitative traits are likely to vary at many causative sites, which occur in
different combinations between individuals. Single-marker GWA approaches likely lack
power to detect the variation associated with such complex alleles (Remington, 2015).
Accordingly, under this model for genetic architecture, joint-modelling of markers by the

BSLMM approach used in the present study may account for its greater success.

Where large effect genes have been identified in natural populations they often
influence near Mendelian traits under strong selection (Johnston et al., 2011; Johnston et al.,
2013), examine divergently selected populations (Johnston et al., 2014; Barson et al., 2015;
Bosse et al., 2017), or focus on closely related (sub)species (Lamichhaney et al., 2015;
Chaves et al., 2016; Lamichhaney et al., 2016). In populations that are panmictic or where
there is substantial gene flow, stabilising selection may lower the frequency of large effect
alleles (Remington, 2015). In Bosse et al. (2017) differentiation between great tit populations
was used in EigenGWAS (Chen et al., 2016) to identify outlier genomic regions under
divergent selection. These were then related to bill length using post-hoc analyses. The
exploitation of population divergence, alongside higher marker density (N =485 122 SNPs),
may explain why none of the genes described in Bosse et al. (2017) were associated with
house sparrow bill length in the present study. Similarly, in Lamichhaney et al. (2015; 2016)
Fst outlier approaches were used to identify large effect genes related to bill shape and bill
size respectively, these genes were then linked to diversification of bill morphologies using
phylogenetic analyses. Differences in bill morphology between Darwin’s finch species have
also been exploited in studies on gene expression (Abzhanov et al., 2004; Abzhanov et al.,

2006) and epimutations (Skinner et al., 2014) to reveal genes important for bill phenotype. In
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association studies on divergent populations or related (sub)species, approaches that take

advantage of marked differentiation may be more likely to reveal large-effect loci.

For all significant markers in our GWA analyses, at least one flanking gene (or the
containing gene where the SNP was intronic) had plausible association with craniofacial
morphology (Table 6). Perhaps most noteworthy is the collective contribution of BMP related
genes to variation in bill depth (Table 6; for a more extensive discussion of the functions of
flanking genes, see Supplementary Material). However, these significant loci explained only a
small proportion of the variance in their associated traits. Several genome-wide significant
variants detected in this study were more than 100 Kbp away from flanking genes that have,
nonetheless, previously been implicated in skeletal or craniofacial development. Neutral
intergenic markers can indicate causative genes in GWAS via LD with a causal variant
(Stephan et al., 2006) and LD range in a population indicates the average maximum distance
from a gene the neutral locus may be (Backstrom et al., 2006). Previous studies on LD in
natural bird populations show that the distance at which LD decreases to background level is
short (Backstrém et al., 2006; Kawakami et al., 2014a) and inversely related to N, (Li and
Merila, 2010). LD range in the Helgeland metapopulation of house sparrows is longest in
Aldra, an inbred subpopulation (Billing et al., 2012), and shortest in Hestmanney, the largest
subpopulation (Hagen et al., in prep; Baalsrud et al., 2014). LD also varies by chromosome,
but on average falls to background levels after approximately 55 Kbp (Elgvin ef al., 2017).
SNPs more distant than this from their flanking genes are less likely to be in LD with causal
variants in a gene or promoter. Consequently, significant markers that were situated more
than 55 Kbp from their flanking genes in the present study may represent spurious trait
associations, underscoring the challenges of gene mapping for polygenic traits. Although

several of these genes have previously been connected to craniofacial morphology (Table 6),
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over-interpretation should be avoided, as ability to construct meaningful narrative may not
always imply result validity (Pavlids et al., 2012). Alternatively, distal SNPs may be linked to
a causal variant in an enhancer, or other type of intergenic regulatory element (Fig. S12).
Although enhancers may skip several genes to regulate a more distal gene, up to 60% of
enhancers interact with the nearest promoter (Yao et al., 2015). Flanking genes to significant
markers were investigated here for simplicity and because regulatory elements have not yet
been well annotated in any avian genome. A study by Chan et al. (2010) revealed that
adaptive evolution of the pelvic region in sticklebacks was governed by deletion mutations in
the Pel enhancer region for Pitx1, underscoring how major morphological changes can occur
due to variation in intergenic DNA regions. It is worth noting that the genetic architecture in
association studies is complex, as the total historical variation in the sampled population is
included. LD between a given SNP and a causal variant is determined by the history of
mutation, recombination and coalescence of lineages, and SNP-trait associations may not

decrease monotonically with distance (Remington, 2015; Li et al., 2018).

Population structure and kinship are commonly included in GWA models to factor out
spurious SNP-trait associations that occur due to shared ancestry. However, this may also
factor out relevant variation if molecular differences between populations correlate with
phenotypic differences in the examined trait (Remington, 2015). In the present
metapopulation of house sparrows, differences in bill morphology between islands existed
(Fig. 6), so controlling for island may factor out genuine associations. This may offer a partial
explanation as to why more significant variants were detected by BSLMM analyses (Table 5)
than by the Repeat ABEL method (Table 4), as BSLMM only allows for continuous covariates
so island could not be included as a fixed factor. However, removing island as a fixed factor

in RepeatABEL GWAS did not yield any additional significant hits (results not shown).
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Finally, our study system presented the opportunity to perform tests of repeatability on results
from the main Helgeland system in a second set of genetically distinct island populations,
which is uncommon in GWA studies. Result verification in these Southern populations
yielded only one borderline significant result for SNPa707 (Table S13; Fig. S6). Low
replicability in the Southern populations may indicate spurious SNP-trait associations in the
main analysis. Conversely, low replicability may be explained by smaller sample size in the
Southern populations, or differing LD patterns from the Helgeland population. Replicability is
often low in association studies, where significant loci frequently differ between populations
or (sub)species. Lack of signals at candidate regions in the Southern populations, despite our
large-scale dataset, reinforces the message that loci responsible for differences in phenotype
may routinely differ between populations for quantitative traits with polygenic genetic
architecture (Pritchard and Di Rienzo, 2010). This may particularly be true if adaptive

evolution commonly occurs according to the “molecular-based model” (Remington, 2015).

Our results support previous findings in many bird species that bill morphology is
highly heritable. Six significant loci were identified for bill depth or length using genome-
wide association analysis, each explaining only a small proportion of the variation in bill
morphology. Two of these loci were flanked by genes involved in BMP signalling.
Additionally, an outlier chromosome in genome partitioning analysis contained BMP4 and the
co-expressed Calml. These results indicate that BMP related genes may collectively
contribute to bill morphology variation in house sparrows. This work illustrates the
difficulties involved in discovering loci for quantitative traits in natural populations: despite
the high marker density of our 200K SNP array and our large-scale dataset, previously
identified large effect genes for bill morphology were not associated with bill length or depth

here. This, alongside lack of strong signals for marker regions tested in the Southern
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populations, suggests bill morphology is polygenic in nature in the house sparrow and likely
in other bird species. Hence, methods that can accommodate polygenic inheritance of the
phenotype and molecular-scale evolution of genetic architecture are needed to study any eco-

evolutionary processes in bill morphology.
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Table 1: Candidate genes enriched on our custom Affymetrix 200K SNP array that have
previously been related to avian bill morphology, residing chromosome (Chr.), number of
SNPs within 55 Kbp of the gene after quality control, reference(s) and study species. Gene
roles were taken from associated references.

Gene Name Chr. SNPs Ref. Species Role
ALX1 ALX homeobox-1 1A 167 (Lamichhaney et al., 2015) Geospiza Associated with blunt bills
Bone morphogenic protein
BMP4 5 56 (Abzhanov et al., 2006, Goosnin , , ,
i Abzhanov et al., 2004) Sp lefereqtlall}'/ expressgd in the
Calml1 Calmodulin 3 146 developing bill of species with
. divergent bill morphologies
TGFbe | Lransforming growth 7 22 (Mallarino ef al., 2011) Geospiza
factor-beta receptor type-2
Anas .
. . . latyrhynchos Expression of these Wnt
DKk2 D 1ckk}(l>pf Wn;l?lljgnallzlng 4 160 p ’ signalling pathway members is
pathway mhibitor (Brugmann et al., 2010) upregulated in species with broad
bills and downregulated in those
Gallus gallus, with narrow bills
FZD1 Frizzled-1 2 173 Coturnix spp.
FGF8 interacts with other
X Anas proteins in the frontonasal
FGF8  Fibroblast growth factor8 = 6 67 (Abzhanov and Tabin, platyrhynchos, ectoderm, including Shh, to
2004, Wu et al., 2004) Gallus gallus, induce expression of BMP4 at the
Geospiza proper domain on the developing
bill
Shh Sonic hedgehog 2 123
FGF19  Fibroblast growth factor 19 5 10 (Haworth et al., 2007, Gallus gallus ~~ S"Og expression in pharyngeal

Kumar ez al., 2012)

endoderm

Table 2: Period for which all recorded adult individuals on each island were genotyped on the
200K SNP microarray, number of SNP genotyped individuals that passed quality control on
each island (N;) and number of records per island (N;).

Island Years N; N,
Aldra 1998 —2013 146 493
Gjerey 1998 —2013 402 907
Hestmanney 1998 — 2013 717 1709
Indre Kvarey 1998 — 2013 251 556

Myken 2004 -2013 38 54
Nesoy 1998 —2013 98 278
Selveer 2003 -2013 107 124
Traena 2003 -2013 98 118
TOTAL 16 1857 4239
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Table 3: Variance components of RepeatABEL GWAS for the measured bill morphology
traits depth and length. Trait heritabilities (h?) were calculated using these variance
components and the formula h’= Va/(Vat+Vpet Vi), where V, is additive genetic variance, V.
is permanent environmental variance, and V, is residual variance.

Trait Va [95% CI] Ve V, h’
Bill Depth 0.030 [0.027, 0.034] | 0.020 0.035 0.35
Bill Length 0.1120.100, 0.125] | 0.077 0.108 0.38

Table 4: Summary statistics for the top five SNPs associated with bill depth in the
RepeatABEL GWAS. Top SNP is significant at the genome-wide local significance level of
3.14”. For each SNP the table shows its name, chromosome, position (bp), the reference
allele Al, effect allele A2, minor allele frequency (MAF), estimated effect size of A2 with
standard error, adjusted P value, and Hardy-Weinberg (HWE) P value. Effect size and P
values for significant SNPs when body mass was not included as a covariate shown in grey.
Proportion of variance in bill depth accounted for by each marker (h%snp) is also given.

SNP Chr. Position Al A2 MAF  Effect+SE P value HV‘;‘;feP h2gnp
0.054 + 0.010 1.2277

SNPa77348 | 3 [21541818| C | T | 0.39 0.407 0.016
0.051 +0.011 1.495°¢

SNPa77303 | 3 [21474218| T | G | 036 0.013 0.014
0.067 +£0.014 | 3.073°

SNPal96812 | 7 |21744692| G | A | 0.15 0.073 0.013
-0.070 £0.015 | 3.169°

SNPa500795 | 4 | 1474181 | A | G | 0.12 0.541 0.012
0.063+0.014 | 6.449°

SNPa390338 | 29 |[32346307| G | T | 0.16 0.723 0.012
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Table 5: Significant markers and the traits they were associated with in BSLMM analysis on
bill depth and bill length. Proportion of variance explained by both sparse and random terms
(PVE), and proportion of genetic variance explained by the sparse terms (PGE) are given for
each trait. Summary statistics for significant SNPs are given: residing chromosome (Chr.)
position, minor allele frequency (MAF), and Hardy-Weinberg equilibrium (HWE) P value.
Shown outputs from BSLMM are Posterior Inclusion Probability (PIP) and effect size (f). PIP
and f when body mass was not included as a covariate in the model are shown in grey.
Proportion of variance in associated trait accounted for by each marker (hZSNp) is also given.

Trait PVE PGE SNP Chr. Position MAF I-?:;EeP PIP p h’gnp
0.446 0.038
SNPa77348 3 21541818 0.39 0.408 0.008
DB’l:h 0.481 | 0.333
€p SNPa77303 3 21474218 0.36 0.012 0.140 0.036 0.007
0.276 | -0.061
SNPa262222 8 4914956 0.45 0.083 0.005
0.214 0.063
. SNPa524686 1 106229088 | 0.35 0.025 0.005
Bill
0.546 | 0.283
Length
0.154 0.059
SNPa263551 8 2436193 0.42 1.000 0.005
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Table 6: Flanking genes for significant markers from RepeatABEL and BSLMM analyses.
Shown are the markers and the analysis they were significant in, the bill morphology traits
each significant marker was associated with, and the two flanking genes (if SNP is intergenic)
or containing gene (if SNP is intronic). Functions of the genes based on NCBI and literature
search are listed. One marker, SNPa77348, was significantly associated with bill depth in both
the RepeatABEL and BSLMM analysis. CASK is situated between MAOA and NYX in the
chicken genome, there is currently no position information for this gene in the house sparrow
genome.

Associated  Flanking Distance

P lvsi .
SNP (analysis) Trait Gene (Kbp) Function Reference(s)
o (Kolle et al., 2003;
CRIMI 1072 Inhibits BMP4 receptor Wilkinson ef al.,
activation and signalling 2003)
SNPa77348
(RepeatABEL, Bill depth .
BSLMM) invalving heatshotk fotors, | (Musialik L.
CEBPZ 150 Vo ving - ACT0T: | 2014; Shirakawa et
regulates osteogenesis via BMP
. . al., 20006)
signalling
SNPa500795 .
(BSLMM, no Bill depth Bmpk2 Intronic BMP2 ! nduceq osteoblast (Kearns et al., 2001)
differentiation
body mass)
SNPa262222 Developmental gene expression
Bill length Glisl Intronic control, high expression in (Kim et al., 2002)
(BSLMM) e .
craniofacial region
INADL 128 Organisation of multimeric (Vaccaro et al.,
complexes at plasma membrane 2001)
SNPa263551 .
(BSLMM) Bill length
DNA replication, craniofacial
NFIA 197 abnormality, anteverted nares (Rao et al., 2014)
. . . (Ameye and Young,
NYX 171 Collagen ﬁbé;igf:g%l& retinal 2002: Bech-Hansen
et al., 2000)
SNPa524686 .
(BSLMM) Bill length
Lymphogenic, oxidative
deamination of (Ogata et al.,2001;
MAOA 44l neurotransmitters. Agression,  Brunner ef al., 1993)
Turner syndrome
SNPa707 Linked to craniofacial defects in (Simovich et al
(BSLMM, no Bill length CBLB Intronic humans, anteverted nares and 2008) ?
body mass) flattened nasal bridge
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Figure 1: Islands included in the house sparrow metapopulation system, Helgeland, Northern
Norway (66°30°N, 12°30’E). Islands shaded in black have been continuously followed since
monitoring began. The eight islands used in main analysis in this study are indicated. The
locator map shows the latitude of the Helgeland metapopulation and the Southern
populations: Vega (65°40'N, 11°55'E), Leka (65°05'N, 11°40'E), and Lauveya, (63°55°N,
9°55’E).
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Figure 2: Relationship between explained variation in bill morphology (+ SE) and
chromosome size for A) bill depth, and B) bill length. Numbers indicate chromosome
number. The yellow shaded area shows 95% C.I. for OLS regression between number of
SNPs and the proportion of variance explained by each chromosome (4°.), with black bars
indicating 95% C.I. for each 4’°c estimate. Blue shaded area indicates 95% quantiles formed
by HC-resampling forming the null distribution for HC-corrected P value.
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Figure 3: Manhattan plot of RepeatABEL GWA scan for bill depth (N individuals = 1857; N
records = 4239) on 181 454 autosomal SNPs. No SNPs on chromosome 16 or Z are included
and neither are markers without a position (those with a zero value for chromosome).
‘Chromosome’ 30 is a linkage group with no chromosome name. Position of markers on the
X axis correspond to their bp position on their chromosome. Local significance level when a
FWER of 0.05 is controlled for is 3.14” (dotted line).
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Figure 4: Manhattan plot of BSLMM scans for A) bill depth and B) bill length. Position of
markers on the X axis corresponds to their bp position on their chromosome. SNPa77348 and
SNPa77303 in the same gene region exceeded the PIP (y) cut off of 0.1 for bill depth when
body mass was included as covariate in the model. For bill length, three markers had a PIP >
0.1 when body mass was included as a covariate in the model.
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Figure 5: Pathway diagram displaying links between candidate genes (circular nodes) for bill
morphology (craniofacial development) used in this study. For details about the functions of
these candidate genes in relation to bill morphology, see Table 1. Square nodes represent
flanking genes for significant SNPs associated with bill morphology in GWA analyses, and
that have previously been linked to craniofacial development or to one of the candidate genes
evaluated here. Full grey edges indicate link to craniofacial development, full black edges
indicate direct protein-protein interaction, bars and arrows indicate negative and positive
regulation, dashed edges indicate co-expression and dotted edges indicate involvement in the
same signalling pathway. Nodes are coloured according to main signalling pathway: FZDI,
Dkk2, ALX1 and KIAA0922 are all involved in the Wnt pathway, TGFbrll and CBLB are
part of the TGF pathway, BMP4, Bmp2k and CEBPZ belong to the BMP pathway, FGF8 and
FGF19 are part of the FGF pathway, and Shh, Glisl and MAOA all belong to the Shh
pathway. White nodes indicate candidate genes that do not share a main signalling pathway
with another candidate, or for which main signalling pathway is unknown. For literature
supporting these links, see Table S11.
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1025  Figure 6: Individual bill measurements by hatch island using the May 2CY adjusted
1026  phenotypic data for A) bill depth and B) bill length. Data median, 25" and 75" percentiles and

1027 1.5 interquartile range are shown.
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