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Abstract

Landscape genomics promises to provide novel insights into how neutral and
adaptive processes shape genome-wide variation within and among populations.
However, there has been little emphasis on examining whether individual-based
phenotype-genotype relationships derived from approaches such as genome-wide as-
sociation (GWAS) manifest themselves as a population-level signature of selection in
a landscape context. The two may prove irreconcilable as individual-level patterns
may become diluted by high levels of gene flow and complex phenotypic or envi-
ronmental heterogeneity. We illustrate this issue with a case study that examines
the role of the highly prevalent gastrointestinal nematode Trichostrongylus tenuis
in shaping genomic signatures of selection in red grouse (Lagopus lagopus scotica).
Individual-level GWAS involving 384 SNPs has previously identified five SNPs that
explain variation in 7. tenuis burden. Here, we examine whether these same SNPs
display population-level relationships between T. tenuis burden and genetic struc-

ture across a small-scale landscape of 21 sites with heterogeneous parasite pressure.
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Moreover, we identify adaptive SNPs showing signatures of directional selection
using Fgr outlier analysis and relate population- and individual-level patterns of
multi-locus neutral and adaptive genetic structure to 7. tenuis burden. The five
candidate SNPs for parasite-driven selection were neither associated with T. tenuis
burden on a population level, nor under directional selection. Similarly, there was no
evidence of parasite-driven selection in SNPs identified as F'g1 outliers. We discuss
these results in the context of red grouse ecology and highlight the broader conse-
quences for the utility of landscape genomics approaches for identifying signatures

of selection.

Introduction

A central focus in molecular ecology is to understand how different demographic and
environmental drivers impact upon the stochastic and deterministic micro-evolutionary
forces that define the levels of standing genetic variation and affect individual fitness
and population dynamics (Kirk & Freeland 2011; Andrew et al. 2013; Ellegren 2014).
The classic field of landscape genetics examines patterns of neutral genetic diversity in a
spatially explicit context and aims to identify barriers to gene flow that affect stochastic
micro-evolutionary processes (Manel et al. 2003; Storfer et al. 2007). The more nascent
field of landscape genomics extends such ideas towards linking the spatial distribution
of adaptive genetic diversity to microgeographic heterogeneity in environmental factors
that underpin natural selection and local adaptation (Joost et al. 2007; Manel et al.
2010). Identifying such links promises to elucidate the causes and consequences of adaptive
evolution in natural populations (Parisod & Holderegger 2012; Joost et al. 2013; Rellstab
et al. 2015).

The principal challenges in landscape genomics are, firstly, to detect the signatures of
selection operating against a neutral genome-wide background and, secondly, to identify
the environmental factors that underpin selection (Schoville et al. 2012; Rellstab et al.
2015). Two principal strategies for identifying target polymorphisms can be distinguished.
The traditional approach takes an exploratory route that moves “from population to
individual”, whereby candidate molecular markers showing population-level signatures of
selection are identified from disproportionate global genetic differentiation compared to
the genomic average (Fgr outliers) (Lewontin & Krakauer 1973; Beaumont & Nichols
1996; Storz 2005). Geographic patterns of spatial genetic structure among individuals or
populations are then compared between the candidate adaptive and neutral components
of genome-wide information and statistically related to environmental factors suspected to
exert selection pressure (Joost et al. 2007; Manel et al. 2010). Alternatively, however, the
application of phenotype-genotype mapping in natural population, using methods such
as QTL mapping or genome-wide association (GWAS) (Slate 2005; Schielzeth & Husby
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2014), has led to a growing emphasis on the opposite strategy of moving “from individual
to population”. This involves identifying candidate adaptive genetic markers underpinning
ecologically important phenotypes using individual-based gene-mapping methods, and
then examining associations between genetic variation in these markers and environmental
variables in a spatially explicit population genomics context (Johnston et al. 2014). The
rationale underlying this strategy is that selection defining the identified candidate genetic
variants among individuals should drive population genomic divergence across a landscape
with environmental heterogeneity.

The traditional “from population to individual” strategy has been used effectively in
terrestrial and aquatic systems to study selection associated with geological and climatic
variables (e.g., Manel et al. 2009; Pariset et al. 2009; Richter-Boix et al. 2011; Hess et al.
2013; Vincent et al. 2013), aquatic habitat factors such as temperature and salinity (e.g.,
Nielsen et al. 2009; Shikano et al. 2010; Matala et al. 2011; Limborg et al. 2012; Pespeni
& Palumbi 2013; Milano et al. 2014), and biotic factors such as predators, (e.g., Richter-
Boix et al. 2011; Orsini et al. 2012, 2013) parasites (e.g., Orsini et al. 2012, 2013; Zueva
et al. 2014) or behavioural life-history phenotypes (e.g., Hess et al. 2013). Generally,
such studies identify environmental drivers of selection by seeking congruence across the
candidate adaptive markers generated by Fgr outlier tests and individual-based linear
modelling or population-based association methods. The “from individual to population”
strategy has been used predominantly to study selection on complex migratory pheno-
types in trout and salmon species, where candidate markers were first identified through
individual-based modelling and then tested using population-based Fgr outlier and asso-
ciation tests (Narum et al. 2011; Hess & Narum 2011; Narum et al. 2013; Johnston et al.
2014; Matala et al. 2014).

Congruence across both these strategies provides the strongest evidence of selection
shaping the patterns of genetic diversity across populations (Johnston et al. 2014; Matala
et al. 2014). However, such congruence may be problematic to obtain in small-scale
landscape systems, especially when focal populations show weak population structure
through ongoing gene flow or large effective population sizes, or ore characterised by com-
plex phenotypic or environmental heterogeneity (Rellstab et al. 2015). In these cases,
population-level patterns may be affected by dispersal to a greater extent than selection
and, in consequence, may be a poor reflection of fine-scale adaptive processes among indi-
viduals. For example, Fst outlier tests often provide inconsistent and misleading results
in landscape systems, because the implemented population models may be inappropri-
ate for capturing fine-scale variation in gene flow across complex landscapes (Narum &
Hess 2011; Lotterhos & Whitlock 2014, 2015). Similarly, the expectation to find strong
signatures of population differentiation at individual loci may be unrealistic if selection
acts on complex, potentially polygenic phenotypes underpinned by a large number of loci
with individually small effects (Pritchard & Di Rienzo 2010; Bourret et al. 2014). These
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issues can cause failure to identify signatures of selection in a “from population to in-
dividual” analysis, and may thus hamper reconciling individual-level selective processes
with population-level patterns to arrive at a consistent picture of the effects of selection
on genetic diversity in natural populations.

Here we illustrate how individual-based genotype-phenotype relationships can be lost
in a small-scale landscape system of red grouse (Lagopus lagopus scotica), with particular
focus on parasite-driven selection. Red grouse are a subspecies of the willow ptarmi-
gan and are endemic to the upland heather moors of Scotland and northern England
(Martinez-Padilla et al. 2014c). Both males and females display relatively low levels of
dispersal, rarely travelling more than 5 km from their natal site (Jenkins et al. 1963).
Moreover, male grouse are highly territorial and establish territories close to their kin,
resulting in spatial family structures within populations (Watson et al. 1994; MacColl
et al. 2000; Piertney et al. 1999, 2008). Combined, these processes underpin high levels of
localised genetic structure. Both microsatellite and mitochondrial DNA polymorphisms
show significant genetic divergence over the scale of a few kilometres (Piertney et al. 1998,
2000), with an overall signature of isolation by distance that can be interrupted by barriers
to gene flow such as rivers (Piertney et al. 1998). In contrast, adaptive genetic diversity
based on an MHC locus is structured much more weakly than neutral genetic diversity
in the same landscape (Piertney 2003), illustrating the potential for natural selection to
influence the spatio-temporal distribution of adaptive genetic variation.

A particularly important environmental factor expected to drive potent selection in
red grouse is chronic infection by the highly prevalent gastrointestinal nematode 7Tri-
chostrongylus tenuis (Martinez-Padilla et al. 2014c). This parasite exhibits a direct life
cycle with larvae being ingested by grouse while feeding on heather shoots, adults estab-
lishing in the gut caeca and eggs being shed with faeces (Hudson et al. 1992b; Saunders
et al. 1999). Adult worms burrow into the caecal walls where they cause haemorrhaging
and necrosis with substantial downstream consequences for energy balance, fecundity and
survival (Hudson 1986; Watson et al. 1987; Hudson et al. 1992a; Delahay et al. 1995; De-
lahay & Moss 1996). Prevalence of T. tenuis infection among grouse is typically greater
than 90 % and individuals bear chronic parasite burdens due to an inability to purge the
infection (Wilson 1983; Shaw & Moss 1989; Webster et al. 2011a). Chronic exposure to 7.
tenuis insult has marked effects on grouse life history and population dynamics, mediated
through trade-offs with testosterone-mediated sexual selection processes (Martinez-Padilla
et al. 2007, 2010; Mougeot et al. 2007, 2009, 2010a,b; Vergara et al. 2012b; Wenzel et al.
2013), recruitment behaviour (Watson 1985; Watson et al. 1994; Fox & Hudson 2001;
Mougeot et al. 2005a,b) and immunocompetence (Lochmiller 1996; Hudson et al. 1998;
Mougeot et al. 2005a; Redpath et al. 2006; Webster et al. 2011b).

Given these important fitness effects, several studies have attempted to identify the

genetic basis of the physiological response to T. tenuis infection and variation in chronic
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T. tenuis burden. Analysis of differential gene expression identified key genes upregulated
in birds with elevated parasite burden (Webster et al. 2011a,b), and genotypic variation
at several candidate genes and CpG epiloci explains significant amounts of variance in
parasite burden among individuals (Wenzel & Piertney 2014, 2015). Most recently, GWAS
involving 384 SNP loci has identified five SNPs with predominantly additive allelic effects
on T. tenuis burden in a large sample of red grouse from five locations (Wenzel et al.
2015). However, what remains to be established is how genetic diversity at these SNPs
is apportioned across a landscape with heterogeneous parasite pressure, and whether
this spatial distribution is consistent with expectations from parasite-driven directional
selection. The key predictions are that allele frequencies would vary as a consequence of
prevailing parasite burden and that populations with contrasting parasite burdens would
be disproportionately differentiated at these loci.

In the present study, we examine spatial genome-wide neutral and adaptive genetic
structure across a landscape of red grouse and test whether any observed genetic struc-
ture is associated with parasite burden, using the same set of 384 unlinked genome-wide
SNPs that includes five candidate SNPs for parasite-driven directional selection based on
individual-level GWAS (Wenzel et al. 2015). We use a “from individual to population”
strategy and test whether allele frequencies of these five candidate SNPs are associated
with parasite burden and show signatures of directional natural selection on a popula-
tion level. In parallel, we take a “from population to individual” route that identifies
candidate neutral and adaptive marker sets from Fgr outlier tests and examines whether
the adaptive component of genetic structure among populations and individuals is as-
sociated with parasite burden. Our study system is the same landscape system where
neutral markers have identified considerable genetic structure (Piertney et al. 1998), and
variation in candidate genes and epiloci is known to explain variation in 7. tenuis burden
(Wenzel & Piertney 2014, 2015). We hypothesise that allele frequencies of the five can-
didate SNPs known to be associated with nematode burden in individual-based analysis
(Wenzel et al. 2015) are associated with parasite burden on a population level and exhibit
disproportionate genetic structure in line with candidate adaptive markers identified in
Fgr outlier tests. We further hypothesise that markers identified as effectively neutral by
a “from population to individual” analysis will follow a geographical isolation-by-distance

relationship, consistent with previous work on microsatellites (Piertney et al. 1998).

Materials & Methods

Sampling and genotyping

A total of 231 shot grouse were sampled following driven or walked-up sporting shoots

across 21 sites near Deeside in autumn 2012 (Fig. 1; Table 1). These sites represent the
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core distribution of red grouse in north-east Scotland (Piertney et al. 1998, 2000; Wenzel
& Piertney 2014, 2015). The geographic distances among these sites ranged from c. 1.8
to 58.9 km (median = 26.2 km), and typical dispersal distances among these populations
of less than 5 km ensure that this sampling scale provides an appropriate resolution for
landscape genetics studies (Jenkins et al. 1963; Piertney et al. 1998, 2000; Piertney 2003).
Estate management practice at fifteen of these 21 sites had involved nematode control
by scattering quartz grit covered in anthelmintic medication across the moors for at least
two years immediately prior to sampling. Grouse ingest this grit during feeding to aid
digestion, which effectively reduces T. tenuis burdens in medicated populations without
evidence of drug resistance (Newborn & Foster 2002; Webster et al. 2008; Cox et al. 2010).
Six of the 21 sites had been medication-free for at least ten years, causing heterogeneity
in parasite pressure across this landscape (Fig. 1; Table 1).

Individuals were aged (“young”: hatched in 2012; “old”: > 1 year) based on body
size and plumage, and old birds were preferentially sampled to minimise sampling bias
through over-representation of kin groups (Piertney et al. 2008). T. tenuis burdens were
estimated from gut caeca via faecal egg counts, using the standard McMaster chamber
counting slide method and prediction functions (Seivwright et al. 2004). Physiological
condition was ascertained by measuring body mass to the nearest 10 g and calculating

2. Comb area in both male and female red

supra-orbital comb area to the nearest mm
grouse is a sexual signal and a good proxy for physiological condition (Mougeot et al.
2004, 2005¢, 2009; Martinez-Padilla et al. 2010; Martinez-Padilla et al. 2011; Vergara
et al. 2012a,b; Wenzel & Piertney 2014, 2015).

DNA was extracted from 2-3 c. 2 mm? shreds of liver tissue following Hogan et al.
(2008). Each bird was sexed genetically based on CHD polymorphism (Griffiths et al.
1998) as described in Wenzel et al. (2012). All individuals were genotyped at 384 red-
grouse specific SNPs covering almost the entire chicken genome (Wenzel et al. 2015).

Genotype data were quality filtered as described in Wenzel et al. (2015).

Statistical methods

The overall analysis comprised three components: First, in order to test whether the five
candidate SNPs previously identified from individual-level GWAS (Wenzel et al. 2015)
are associated with 7. tenuis burden in a spatially explicit population genomics context,
SNP-by-SNP landscape genomics analyses were carried out. Second, genome scans for
Fgr outliers were used to identify population-level signatures of natural selection in indi-
vidual SNPs, and to divide the 384 SNPs into putatively adaptive and neutral multi-locus
datasets (e.g., Limborg et al. 2012; Matala et al. 2014; Moore et al. 2014; Milano et al.
2014). Third, geographic patterns of adaptive spatial genetic structure among populations

and individuals were examined and related to 7T. tenuis burden.
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For the purpose of population-based statistical approaches, each sampling site was
assumed to be a separate “population” to ensure consistency with previous landscape
genetics studies in this system (Piertney et al. 1998, 2000; Piertney 2003). Differences
in anthelmintic medication regimen across the populations were included into analyses to

account for the confounding effect on 7. tenuis burden (Newborn & Foster 2002).

Individual-to-population landscape genomics

Hierarchical AMOVA analyses were carried out in ARLEQUIN 3.5 (Excoffier & Lischer
2010) to test whether groups of populations with similar median parasite burdens or iden-
tical medication regimen are significantly genetically differentiated at individual SNPs
(Excoffier et al. 1992). The populations were divided into five groups according to 7.
tenuis burden or two groups according to the presence or absence of anthelmintic med-
ication (Fig. 1). T. tenuis burdens were binned using logarithmic k-means clustering
with manual modification to moderate sample size differences. Total genetic variance was
decomposed into variance among groups of populations (F¢r), among populations within
groups (Fsc) and within populations (Fgr), and statistical significance was estimated
from 10,000 permutations.

To directly examine the role of geography, medication regime and parasite burden in
shaping genetic differentiation among populations, isolation-by-distance and isolation-by-
stressor tests were carried out. Linearized pairwise genetic differentiation (Ggr) estimates
were obtained from the package diveRsity (Keenan et al. 2013) in R 3.0.3 (R Core Team
2014). Associations of genetic distance with differences in longitude, latitude or logarith-
mic geographic distances were examined using Mantel tests with 9,999 permutations as
implemented in the R package ecodist (Goslee & Urban 2007). Associations of genetic
distance with differences in logarithmic median 7. tenuis burden were examined using
partial Mantel tests (Smouse et al. 1986), conditioning for differences in anthelmintic
medication regimen and logarithmic geographic distance.

These same associations were also tested using distance-based canonical redundancy
analysis (dbRDA) of pairwise genetic differentiation, implemented in the R package vegan
(Oksanen et al. 2013). This method is a form of multivariate linear regression that allows
for estimating the proportion of variance in a distance matrix that can be reconstructed
by constrained ordination of multiple explanatory variables (Legendre & Fortin 2010).
The distance matrix contained linearized pairwise Ggr estimates, and the fitted model
contained either longitude and latitude, or logarithmic median 7. tenuis burden condi-
tioned by anthelmintic medication regimen, longitude and latitude. Adjusted R? of the
model was obtained and statistical significance of the canonical axes was estimated using
the marginal test method and 9,999 permutations (Legendre et al. 2011).

In all three analyses, single-test significance estimates were corrected for multiple

testing using the Benjamini-Hochberg approach to controlling the false discovery rate
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(Benjamini & Hochberg 1995). The effect sizes and significance estimates for the five
candidate SNPs (Wenzel et al. 2015) were singled out and compared to those of the

remaining SNPs.

Population-level signatures of natural selection

Three types of Fgr outlier tests were carried out to identify candidate SNPs for directional
selection from disproportionately large global differentiation among the 21 populations.
First, the FDIST method was used to identify SNPs with Fgr outside the liberal up-
per tail of the empirical neutral distribution (P > 0.95) based on an island population
model, using LOSITAN (Antao et al. 2008) with 3 - 10° simulations, “neutral Fgp” and
“force mean Fgr” options and default sampling parameters. Second, a hierarchical island
model method was used to tease apart SNP-specific contributions from genome-wide con-
tributions to population differentiation, using BAYESCAN2 (Foll & Gaggiotti 2008) with a
significance threshold of ¢ < 0.05 after 2- 10 iterations (run length 10%; thinning interval
20) following 20 pilot runs (10* iterations each) and a burn-in of 5-10°. Third, SNPs were
empirically ranked by their degree of contribution to population differentiation, correct-
ing for among-population correlation of allele frequencies, using BAYENV2 (Coop et al.
2010; Gunther & Coop 2013). A pilot analysis estimated the among-population correla-
tion matrix from all 384 SNPs together in a single run with 107 iterations, followed by
independent runs (all 107 iterations) for each SNPs to estimate the X7 X differentiation
statistic from standardised allele frequencies accounting for the population correlation
matrix. An empirical neutral correlation matrix was then estimated after removing the
five GWAS SNPs and all SNPs with X7 X larger than the 95th percentile of the empirical
distribution. The final X7 X estimates for each of all 384 SNPs were obtained in a second
run accounting for the neutral correlation matrix, and SNPs with X7 X > 95th percentile
were considered outliers.

These three tests implement different population models and, as such, vary in power
and specificity, particularly for small-scale landscape systems (De Mita et al. 2013; Lot-
terhos & Whitlock 2014, 2015). Therefore, the five GWAS SNPs were considered outliers
if they exceeded the liberal thresholds for directional selection or analogous thresholds
(P < 0.05 or XTX < 5thpercentile) for balancing selection in any of the three tests. To
further identify robust candidates for directional selection for defining an adaptive multi-
locus dataset, we only considered SNPs that were identified by at least two outlier tests.
A conservative neutral multi-locus dataset was generated by removing all SNPs that were

identified as outliers in any of the three tests.
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Population-level landscape genomics

The genetic distinctiveness of each of the 21 populations was quantified by estimating
population-specific local Fgr (Gaggiotti & Foll 2010) from the defined neutral and adap-
tive multi-locus datasets independently, using a Bayesian approach implemented in GESTE
(Foll & Gaggiotti 2006) with 2 - 10° iterations (run length 10°; thinning interval 20) fol-
lowing 20 pilot runs (10* iterations each) and a burn-in of 5 - 105. These estimates were
simultaneously regressed on standardized longitude, latitude, median 7. tenuis burden
and medication regimen variables individually and in all possible combinations. The pos-
terior likelihoods of all fitted linear models were then used to identify those predictor
combinations that best explain the observed genetic structure (Foll & Gaggiotti 2006).
For comparison, hierarchical AMOVA, Mantel tests and dbRDA were carried out based
on pairwise genetic differentiation (Ggr) among populations in the same fashion as de-
scribed earlier for the individual-to-population analysis. Hierarchical AMOVA was also
used to test whether populations north and south of the river Dee (Fig. 1) are significantly

differentiated, as expected from microsatellite data (Piertney et al. 1998).

Population-to-individual landscape genomics

This final analysis component aimed to examine associations of individual-level genetic
structure with T. tenuis burden, based on the defined multi-locus neutral and adap-
tive datasets. Individual-based neutral and adaptive genetic structure was inferred using
the Bayesian population model implemented in STRUCTURE 2.3.4 (Pritchard et al. 2000;
Falush et al. 2003) and model-free discriminant analysis of principal components (DAPC;
Jombart et al. 2010) implemented in the R package adegenet (Jombart 2008; Jombart
& Ahmed 2011). STRUCTURE assigns each individual a membership probability for each
of a specified number of ancestral genetic clusters, such that each cluster conforms to
Hardy-Weinberg and linkage equilibrium (Pritchard et al. 2000; Falush et al. 2003). DAPC
identifies linear discriminant functions on multidimensional genotype space (represented
by principal components) that maximise genetic variation between specified or inferred
clusters and minimise variation within these clusters (Jombart et al. 2010). These genetic
structure metrics were then fitted as a predictor of 7. tenuis burden in generalized linear
models that account for environmental and phenotypic covariates (Bashalkhanov et al.
2013).

STRUCTURE analysis was carried out to infer K =1 to K = 21 genetic clusters using
the standard admixture model with correlated allele frequencies, 10° iterations burn-in,
10 MCMC iterations and ten replicates for each K. To improve the power to detect genetic
structure, the analysis was repeated using sampling location of each individual as a prior
parameter (locprior option; Hubisz et al. 2009). Results were compiled and analysed
using STRUCTURE HARVESTER (Earl & vonHoldt 2012) and the most likely number of
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genetic clusters was ascertained by posterior likelihood and AK statistics (Evanno et al.
2005). Replicate runs for each K were averaged in CLUMPP (Jakobsson & Rosenberg
2007) using the Greedy algorithm and 100 random input sequences. DAPC analysis was
carried out using successive k-means clustering and BIC model selection to infer the most
likely number of clusters to describe the total genetic variation. All principal components
were retained for cluster inference. For comparison, the analysis was repeated assigning
individuals to their 21 actual sampling populations instead of inferring genetic clusters.
Discriminant functions were obtained from all seven principal components (outlier SNPs
dataset), or the first 75 principal components (neutral SNPs dataset) to avoid overfitting
when the number of principal components exceeds a third of the number of observations
(n = 231) (Jombart et al. 2010).

Individual 7. tenuis burden was modelled as a consequence of genetic, environmental
and phenotypic factors (Wenzel & Piertney 2015), using generalised estimating equations
(GEEs) with Poisson error structure as implemented in the geepack package (Halekoh
et al. 2006). Cluster membership probability (STRUCTURE) or each of the first two dis-
criminant functions (DAPC) was fitted as the main predictor, alongside medication regimen
and supra-orbital comb area as environmental and phenotypic covariates expected to im-
pact nematode burden (Wenzel & Piertney 2015). Comb area was chosen as a phenotypic
proxy variable for sex, age and body mass to avoid complex models that are liable to over-
fitting and to reflect the established biological and statistical relationships between these
phenotypic variables and nematode burden (Wenzel & Piertney 2014, 2015). To account
for correlation of nematode burdens at the same sampling site due to epidemiological
neighbourhood effects, the GEEs were fitted with an exchangeable correlation structure
within populations (Hubbard et al. 2010; Wenzel & Piertney 2014, 2015). Additionally,
for comparison with classic covariate-free genotype-environment association (Joost et al.
2008), cluster membership probability or discriminant function was regressed on nema-
tode burden by simple linear (DAPC) or beta (STRUCTURE) regression using the betareg
package (Cribari-Neto & Zeileis 2010).

Results

Estimated T. tenuis burden among the 231 red grouse individuals ranged from 4 to 9,283
(median: 397) worms and population medians ranged from 4 to 2,222 worms (Table 1;
Wenzel & Piertney 2014). Individuals from sites with medicated grit carried considerably
lower burdens than those from medication-free sites (medians: 126 and 1,058 worms;
Wilcoxon’s W = 8327, P < 0.001). Of the 384 SNPs, 274 passed quality control using
the same criteria as in Wenzel et al. (2015) and the distributions of SNP heterozygosities

and sample inbreeding coefficients were consistent with Wenzel et al. (2015).
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“From individual to population” strategy

No evidence was found of associations between 7. tenuis burden and allele frequen-
cies of the five candidate SNPs previously identified from GWAS (Wenzel et al. 2015).
These SNPs were not differentiated among populations grouped by median nematode
burden (Fer = —0.013 — —0.001, P = 0.45 — 0.76) or by medication regimen (Fig.
2). Grouping populations by broader nematode burden categories (e.g., as in Wenzel
& Piertney 2014) had no effect on these conclusions. Similarly, although pairwise ge-
netic differentiation among populations did not follow an isolation-by-distance pattern in
these SNPs (Mantel r = —0.02 — 0.05, P = 0.57 — 0.97; RDA R? = —0.05 — 0.12, P =
0.07 — 0.75), genetic structure was not explained by differences in median nematode
burden, even when accounting for differences in medication regimen and geographic dis-
tance (r = —0.04 — 0.02, P = 0.71 — 0.90; B> = —0.03 — —0.06, P = 0.57 — 0.96).
The one exception was a significant association in SNP X2277 using distance-based RDA
(R? = 0.20, P = 0.01) (Fig. 3), but this SNP had the weakest support out of the five
SNPs using GWAS (Wenzel et al. 2015). In spite of some collinearity between median ne-
matode burdens and latitude (£} 19 = 23.99; P < 0.001), the conclusions from all analyses
remained unaffected when longitude or latitude were substituted for geographic distance

(not shown).

“From population to individual” strategy
Signatures of natural selection

Genome scans for Fgr outliers highlighted 23 SNPs with disproportionately large global
genetic differentiation among the 21 sampling sites when applying liberal significance
thresholds (Fig. 4). LOSITAN and BAYENV2 indicated 16 SNPs (P > 0.95) and 14 SNPs
(XTX > 19) respectively, and seven of these were congruent across these two methods.
One of these seven SNPs was also strongly supported in BAYESCAN2. These seven SNPs
are located on six different chicken chromosomes and thus probably represent multiple
independent genomic regions. If analogous liberal thresholds were applied to identify
balancing selection (P < 0.05 or X7X < 12), 20 SNPs would be highlighted, twelve of
which would satisfy both thresholds (Fig. 4). None of these hypothetical candidates for
balancing selection were significantly associated with nematode burden in any SNP-by-
SNP landscape genomic analysis (not shown).

None of the five candidate SNPs previously identified from GWAS (Wenzel et al. 2015)
exceeded liberal or stricter thresholds for directional or balancing selection in any of these
methods (LOSITAN: P = 0.14 — 0.94; BAYENV2: X7TX = 13.41 — 18.64; BAYESCAN2:
g = 0.88 — 0.90). For subsequent landscape genomics analyses, the “adaptive” dataset

comprised the seven robust outlier SNPs, and the “neutral” dataset consisted of 251 SNPs
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after removing all 23 suggestive outliers.

Population-level landscape genomics

Mean population-specific local Fgr ranged from 0.001 to 0.013 for the neutral dataset and
0.024 to 0.154 for the adaptive dataset. Spatial arrangement of population structure using
heat colour profiles illustrated that neutral structure was strongest in the south and the
east of the landscape with very weak structure in the north, whereas adaptive structure
was most prominent in the north (Fig. 5). Similarly, pairwise Ggr ranged from —0.006
to 0.011 for the neutral dataset and —0.020 to 0.146 for the adaptive dataset, and genetic
structure was congruent with patterns in local Fgr (Fig. S1). Common between neutral
and adaptive structure, populations 13, 20 and 21 in the east were the most strongly
differentiated populations with respect to all others. These three populations caused a
correlation between neutral and adaptive local Fgr estimates (r = 0.669, t19 = 3.925, P <
0.001) as well as pairwise Ggr estimates (r = 0.273, to0s = 4.097, P < 0.001). When
these populations were removed, the correlations were not significant (r = —0.170, ¢4 =
—0.689, P < 0.500 and r = 0.073, t15; = 0.895, P = 0.372).

Landscape genomics analyses confirmed a consistent contrast between the geographic
distribution of neutral and adaptive genetic variation. Neutral genetic structure as quan-
tified by population-specific local Fgr and pairwise Ggr was associated with geographic
distance, primarily longitude, but neither was the case for adaptive genetic structure (Ta-
ble 2, 3). Distance-based redundancy analysis additionally highlighted a weak latitudinal
effect in neutral, but not adaptive, genetic structure (Table 3). This was consistent with
hierarchical AMOVA indicating small but significant genetic differentiation among pop-
ulations north and south of the river Dee in neutral SNPs (For = 0.001; P = 0.009) but
not in outlier SNPs (Fer = —0.003; P = 0.590).

Despite this contrast in the geographic structure of neutral and adaptive genetic varia-
tion, there was no evidence that adaptive genetic patterns were associated with T. tenuis
burden. Populations grouped by median nematode burden were not significantly differen-
tiated (For = 0.001; P = 0.374), and neither were populations grouped by anthelmintic
medication regimen (Fer = 0.006; P = 0.178). Moreover, nematode burden was not a
likely predictor of local Fgr either individually or in combination with other predictors
(Table 2). Finally, neither Mantel tests nor dbRDA highlighted significant associations

of genetic structure with nematode burden (Table 3).

Individual-level landscape genomics

STRUCTURE failed to infer meaningful neutral genetic structure. Evanno’s AK suggested
K = 2 as the most likely number of clusters, though multiple secondary peaks at K

values as high as 12 and 19 were apparent, with high variance of posterior likelihood
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among replicate runs for K > 2 (Fig. 52). The membership coefficients for K = 2 did
not assign individuals or populations to distinct groups, and higher K values showed no
improvement (Fig. S2). When sampling location was included as prior information, the
most likely number of clusters was K = 8, but there were still no genetic groups (Fig.
S2). Similarly, DAPC suggested K = 1 as the most likely outcome, though forcing K = 2
or K = 21 onto the algorithm generated distinct clusters with almost no admixture (Fig.
S3).

In contrast, both STRUCTURE and DAPC inferred strong adaptive genetic structure.
Evanno’s AK peaked at K = 2, irrespective of whether sampling location information was
included or not. The locprior model additionally suggested K = 3, K = 8 and K = 16
as secondary peaks, but these additional clusters did not meaningfully alter the structure
apparent at K = 2 (Fig. S2). The two distinct clusters did not coincide with a priori
population designations (Fig. S2). Similarly, although DAPC gave no clear indication of
the most likely K, forcing K = 2 or K = 21 produced strong clustering unrelated to a
priori populations (Fig. S3).

Notwithstanding, adaptive genetic structure was not associated with T. tenuis burden,
irrespective of whether simple regression or more complex models accounting for environ-
mental and phenotypic covariates were used (Table 4). Instead, some simple regression
models suggested that neutral genetic structure inferred by DAPC assuming 21 actual or
inferred clusters may be linked to nematode burden. However, this was not the case when
two genetic clusters were assumed or when accounting for environmental and phenotypic
covariance in GEE models (Table 4).

Discussion

The principal finding of this study is a consistent absence of signatures of selection by
chronic T. tenuis infection in landscape genomic structure of red grouse individuals and
populations. Crucially, five candidate SNPs for directional parasite-driven selection, which
were previously identified through individual-level GWAS (Wenzel et al. 2015), were nei-
ther identified as Fst outliers nor associated with T. tenuis burden across the landscape.
Similarly, although there were robust signatures of directional natural selection at multiple
genomic regions and marked differences in geographic patterns of neutral and adaptive ge-
netic structure, there was no evidence that these signatures were associated with 7. tenuis
burden. Together, these results highlight irreconcilable patterns between individual-level
and population-level methods and suggest that there is no detectable signal of parasite-
driven selection on genetic structure across this landscape. Such a lack of parasite-driven
effects is difficult to explain given the considerable impact that T. tenuis has on grouse fit-
ness, behaviour and demography (Fox & Hudson 2001; Martinez-Padilla et al. 2007, 2010;
Mougeot et al. 2005a,b, 2007, 2009, 2010a,b; Vergara et al. 2012b), and the substantial
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evidence for transcriptomic (Webster et al. 2011a,b; Wenzel et al. 2013), genomic (Wenzel
& Piertney 2015; Wenzel et al. 2015) and epigenomic (Wenzel & Piertney 2014) relation-
ships with acute and chronic T. tenuis infection. This discrepancy between individual-
and population-level patterns tells a cautionary tale of inherent conceptual and biological
problems with population-level landscape genomics approaches for detecting signatures
of natural selection.

There are several reasons why population-level landscape genomics patterns may be
problematic. First, genotypic signatures of selection among individuals may become
swamped at the population level by gene flow (Slatkin 1987; Lenormand 2002). Selection
of genetic variants initially drives local adaptive divergence among individuals that is de-
tectable by individual-based modelling such as GWAS. However, if the rate and scale of
gene flow is such that genetic variants are mixed rapidly across a landscape, selection may
not be a detectable driver of population allele frequencies. In red grouse, female-mediated
gene flow is known to counteract the genetic structuring promoted by male philopatry
and territoriality (Jenkins et al. 1963; Piertney et al. 1998, 2000), and may thus cause
sufficient mixing over short time spans to dilute signatures of parasite-driven selection
at the population level. This effect is echoed for salinity-driven selection in three-spined
sticklebacks, where population-level analysis detected substantially fewer loci under selec-
tion in a small-scale landscape of interconnected streams with high gene flow compared
to large-scale systems with weak connectivity (Konijnendijk et al. 2015).

Second, the relationship between population genetic structure and environmental vari-
ability can be decoupled by delayed genetic responses to temporally fluctuating selection.
Spatial coincidence of genetic and environmental information at the time of sampling
is assumed to reflect selection (Manel et al. 2010; Joost et al. 2007, 2013), but such
relationships may not be detectable if contemporary genetic variation reflects historic se-
lection in a different environment rather than current selection at the sampling site. This
mismatch can be exacerbated by highly dynamic environmental factors such as parasite
abundance compared to potentially less dynamic abiotic factors such as temperature or
humidity (Poulin 2007). This issue was recently highlighted in a study on genomic sig-
natures of predation, parasite and land-use stressors in the waterflea Daphnia magna, by
comparing contemporary patterns of stressor-driven selection with historic data obtained
from sediment cores (Orsini et al. 2012). In red grouse, absolute T. tenuis abundance
fluctuates seasonally and annually, but relative differences in T. tenuis burden among
individuals remain similar across years, ensuring consistent adaptive differences among
individuals (Moss et al. 1993). Together with evidence of individual-level genomic sig-
natures of contemporary T. tenuis burden in candidate genes (Wenzel & Piertney 2015)
and genome-wide SNPs (Wenzel et al. 2015), this suggest that time lags may be a minor
problem.

Third, a further factor that can decouple the relationship between population genetic
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structure and environmental variation is a buffer effect of phenotypic plasticity mediated
through epigenetic regulation of gene expression and physiology following dispersal across
an environmentally heterogeneous landscape (Bossdorf et al. 2008; Duncan et al. 2014).
This effect is particularly apparent in biological invasions or species undergoing range
expansions, where epigenetic variation confers rapid adaptability during initial dispersal
across novel environments (Richards et al. 2012; Liebl et al. 2013). In male red grouse,
environmental context affects T. tenuis burden by dictating how trade-offs between in-
vestment into parasite defence mechanisms and vital homeostatic mechanisms are resolved
given testosterone-induced stress and social context (Sheldon & Verhulst 1996; Bortolotti
et al. 2009; Mougeot et al. 2010b; Vergara & Martinez-Padilla 2012; Vergara et al. 2012a,b;
Martinez-Padilla et al. 2014b). An epigenetic role in affecting T. tenuis burden has been
suggested from associations of epigenetic variation with individual 7. tenuis burden and
population-level signatures of parasite-driven selection across this same landscape (Wenzel
& Piertney 2014), whereas such population-level signatures are inconsistent in candidate
genes (Wenzel & Piertney 2015). As such, plastic epigenetic responses could buffer selec-
tion pressure on genotypic information following dispersal across this landscape system,
at least in the short term.

Fourth, irrespective of the degree of dispersal and gene flow, population-level patterns
could further be obscured if parasite-driven selection is too weak to out-compete random
genetic drift in driving population allele-frequency shifts. The provision of medicated grit
reduces nematode burdens to low levels that are unlikely to impose the same severe fitness
penalties as burdens above several thousand worms (Watson et al. 1987; Newborn & Foster
2002; Martinez-Padilla et al. 2014a). As such, the fitness impact imposed by nematode
infection may well be ameliorated such that selection is not strong enough to promote a
population genetic signature. However, the median nematode burdens even in medicated
areas were high enough to expect adaptive gene expression responses (Webster et al.
2011b), suggesting that selection should still maintain beneficial alleles among individuals
(Wenzel & Piertney 2015).

Finally, population-level patterns may be undetectable if selection is polygenic, acting
on a phenotype with a complex genomic architecture that may not necessarily undergo
adaptation through strong frequency shifts of small numbers of alleles, but instead through
small allele frequency changes across many loci (Pritchard & Di Rienzo 2010; Yeaman &
Whitlock 2011; Berg & Coop 2014). Such architectures may still allow for detecting
individual-based allelic effects, but Fgr outlier tests are unable to detect selection in
polygenic architectures. For this reason, several case studies on complex phenotypes such
as migratory behaviour in trout and salmon species have focused primarily on individual-
based models rather than Fgr outlier tests (Narum et al. 2011; Hess & Narum 2011,
Narum et al. 2013; Johnston et al. 2014; Matala et al. 2014), or employed novel methods

for detecting polygenic selection (Bourret et al. 2014). T. tenuis burden in red grouse may
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be based to a substantial degree on many loci of individually small effect (Wenzel et al.
2015), but there is also evidence for individual SNPs and candidate genes of large effect
that would be expected to show classic signatures of selection (Wenzel & Piertney 2015;
Wenzel et al. 2015). Instead, the presence of Fgr outlier SNPs that were not associated
with parasite burden suggests that some other form of selection must have been potent
enough to drive the identified signatures of selection. This re-emphasises the key issue
that relying on a “population-to-individual” strategy centred on Fgr outlier tests would
not have detected any candidates for parasite-driven selection, contrary to evidence from
individual-based GWAS.

Notwithstanding the absence of parasite-driven selection, the population-level and
individual-level analyses following F'st outlier tests have highlighted interesting contrast-
ing geographic patterns of neutral and adaptive genetic structure. Such contrasting pat-
terns are frequently reported and provide insight into adaptive evolution (e.g., Limborg
et al. 2012; Matala et al. 2014; Milano et al. 2014, but see Moore et al. 2014). Con-
sistent with microsatellite data, neutral genetic structure exhibited a weak latitudinal
discontinuity driven by unsuitable habitat along a major river bisecting the landscape
(Piertney et al. 1998). However, this signal was overshadowed by a stronger longitudi-
nal signal, which was predominantly driven by the three easternmost sites at Tillypronie
and Glen Dye. These sites also exhibited strong adaptive genetic structure. The original
microsatellite study did not include Glen Dye sites, but still detected a similar longitudi-
nal gradient, particularly among southern sites (Piertney et al. 1998). While Tillypronie
is predominantly bounded by woodland and farmland relatively isolated from the main
moors further west, Glen Dye represents the eastern edge of a semi-continuous upland
moor landscape that includes the proximate sites in Invermark, Glen Muick and Airlie.
This suggests that habitat edge effects in addition to previously identified dispersal bar-
riers may play an important role in affecting evolutionary processes in red grouse. The
presence of Fgr outlier SNPs unrelated to T. tenuis and the identified strong adaptive
genetic structure among individuals within populations reinforces the potential for ex-
ploring other potential drivers of landscape genomic structure in red grouse. Identifying
individual environmental drivers will require rigorous fine-scale quantification of biotic
and abiotic environmental factors such as population density, predatory pressure, alti-
tude, landscape resistance, habitat discontinuities and microclimate (Row et al. 2015).

In summary, this study contributes to our understanding of the genomic basis of
host-parasite interactions in red grouse, and offers a warning about the conceptual and
biological difficulties associated with examining signatures of natural selection associated
with a complex phenotype in a landscape genomics context. Our previous molecular work
on this study system has provided the robust and consistent picture that variation in 7.
tenuis burden among individual grouse can be explained by transcriptomic, genomic and

epigenomic effects across multiple loci (Webster et al. 2011a; Wenzel et al. 2013; Wenzel
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& Piertney 2014, 2015; Wenzel et al. 2015). These signatures, however, become diluted
or lost at a population level as any differences in genotype frequencies that would be
generated by variation in prevailing parasite burden are swamped by the effects of gene
flow and multiple other environmental factors that influence the spatio-temporal patterns
of standing genetic variation . This disparity between population-level and individual-level
adaptive variation presents a real challenge to the power and utility of landscape genomics
for detecting signatures of selection against the stochastic genomic background introduced
by dispersal. The promise of landscape genomics is that it will deliver comprehensive
insight into how environmental factors drive selection to shape genetic diversity, and offer
a new mechanism for delineating populations for management and conservation based
upon adaptive genetic differences (Joost et al. 2007, 2013; Manel et al. 2010; Parisod &
Holderegger 2012; Schoville et al. 2012; Matala et al. 2014). This can only be achieved
when adaptive differences among individuals can be translated into differences among
populations to arrive at a consistent picture of genomic signatures of natural selection.
The red grouse case study demonstrates that this may not necessarily be the case and
suggest that individual-based approaches such as linear genotype-environment modelling
and genome-wide association may provide more robust insights than population-based
methods. Such approaches may ultimately be the key to disentangling how multiple
environmental factors conspire to promote conflicting types of genomic adaptive signatures
by natural selection acting on complex, potentially polygenic phenotypes (Pritchard &
Di Rienzo 2010; Berg & Coop 2014; Bourret et al. 2014).
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Table 1: Sampling locations, sample sizes (M=male, F=female, Y=young) and nematode
burdens (median worms per bird with 25 % and 75 % quantiles).

Sampling locations Sample sizes Worms per bird
Site  Estate Lat.  Long. Anthelmintic Total M F Y 25% Median 75 %
grit

1 Glenlivet 57.29 —3.18 Yes 10 4 6 0 4 4 632
2 Glenlivet 57.25 —3.28 Yes 10 7 3 0 4 4 4

3 Edinglassie 57.24 —-3.20 Yes 10 6 4 0 4 4 4

4 Edinglassie 57.21 —=3.19 Yes 10 7 3 0 4 4 4

5 Allargue 57.19 —3.29 Yes 9 4 5 0 4 4 4

6 Allargue 57.19 —3.23 Yes 10 6 4 10 4 4 4

7 Delnadamph  57.16 —3.26 No 10 5 5 0 380 582 1394
8 Delnadamph  57.14 —-3.30 No 10 8 2 0 978 1237 1837
9 Invercauld 57.10 —3.29 Yes 10 3 7 5 4 513 1586
10 Invercauld 57.08 —3.35 Yes 10 5 5 5 150 500 2264
11 Dinnet 57.12  —=3.11 Yes 10 8 2 0 4 40 112
12 Dinnet 57.11 —3.06 Yes 10 6 4 0 4 180 556
13 Tillypronie 57.18 —2.94  Yes 9 3 6 8 4 78 200
14 Mar Lodge 56.95 —3.66 No 10 6 4 4 263 644 1400
15 Invercauld 56.87 —3.40 Yes 15 12 3 0 222 626 1159
16 Airlie 56.81 —3.08 No 18 13 5 0 812 2222 4069
17 Glen Muick 56.99 —3.01 Yes 20 11 9 0 674 1586 2609
18 Invermark 56.94 —2.89 Yes 10 6 4 0 600 1084 1380
19 Invermark 56.89 —2.89 Yes 10 4 6 0 232 603 694
20 Glen Dye 56.95 —2.72 No 10 6 4 5 372 813 1141
21 Glen Dye 56.96 —2.69 No 10 6 4 5 358 1006 1566

231 136 95 42

Table 2: Results of Bayesian regression of multi-locus population-specific local Fgr on
combinations of longitude, latitude, anthelmintic medication regimen and 7. tenuis bur-
den predictors. The predictor combination of the model with the greatest posterior like-
lihood is indicated for neutral and outlier SNPs separately. Posterior likelihoods of all
individual predictors are presented below and emboldened if part of the most likely model.

Neutral structure Adaptive structure
Best model
Predictors constant + longitude constant
P(model) 0.235 0.377
Likelihoods of predictors
Longitude 0.541 0.307
Latitude 0.204 0.403
Medication regimen 0.186 0.122
T. tenuis burden 0.144 0.140
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Table 3: Isolation-by-distance and isolation-by-stressor analysis results based on Mantel
tests or distance based redundancy analysis ({(bRDA) on multi-locus neutral and adap-
tive genetic structure among populations. Mantel correlation coefficients (), adjusted
R? of RDA models and statistical significance (P) are presented for models explaining
genetic differentiation among population pairs (Ggr) by either geographic distance (A)
or differences in longitude (B), latitude (C), T. tenuis burden (D), medication regimen
(E), medication regimen conditioned by geographic distance (F) and T. tenuis burden
conditioned by medication regimen and geographic distance (G). Statistically significant
correlation coefficients are emboldened.

Neutral structure Adaptive structure
Mantel tests dbRDA Mantel tests dbRDA
r P R? P r P R? P
Isolation by distance
log1o geographic distance 0.331 0.003 0.096 0.057 -0.054 0.609 0.026 0.277
longitude 0.351 0.009 0.056 0.075 0.003 0.982 0.023 0.213
latitude 0.130 0.225 0.071 0.047 -0.138 0.132 -0.019 0.628
Isolation by stressor
logig T. tenuis burden -0.070  0.439 -0.006 0.436 -0.073 0.370 -0.013 0.539
medication regimen 0.135 0.250 0.020 0.204 0.030 0.761 -0.010 0.504

medication regimen conditioned  0.083 0.466 -0.018 0.634 0.040 0.672 0.012 0.293
by logi1p geographic distance

logig T. tenuis burden -0.186  0.101 0.027  0.180 -0.062 0.528 -0.027 0.704
conditioned by medication

regimen and logyo geographic

distance

logio T. tenuis burden -0.061  0.578 -0.029 0.832 -0.077 0.356 0.038  0.145
conditioned by medication

regimen and longitude

logip T. tenuis burden -0.173  0.120 0.012  0.248 -0.002 0.986 -0.035 0.811
conditioned by medication

regimen and latitude
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Figure 1: Sampling sites in north-east Scotland (Aberdeenshire, Angus and Moray). Me-
dian T. tenuis burden of sampled red grouse (Lagopus lagopus scotica) at each site is
indicated by five colour categories, and the presence or absence of anthelmintic grit is
indicated by symbol shape. The dashed line represents a previously identified barrier to
dispersal associated with unsuitable habitat along the river Dee (Piertney et al. 1998).
Detailed locations, sample sizes and nematode burdens are given in Table 1. Maps were
retrieved from GoogleMaps using ggmap (Kahle & Wickham 2013).
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Figure 2: Graphical summary of SNP-by-SNP hierarchical AMOVA analysis testing for
genetic differentiation among populations grouped by median nematode burden or an-
thelmintic medication regimen. Each data point represents the degree of genetic differ-
entiation among population groups (Fcr) at a single SNP. Statistically significant Fcr
estimates (single-test P < 0.05) are colour-coded (dark gray: medication regimen; orange:
nematode burden; red: both; all SNPs not significant with FDR-corrected ¢ > 0.1). Five
candidate SNPs for nematode-driven selection previously highlighted by genome-wide as-
sociation (GWAS SNPs) are displayed as black triangles.
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Figure 3: Graphical summaries of SNP-by-SNP Mantel tests and distance-based redun-
dancy analysis (dbRDA), testing for association of genetic differentiation among popu-
lation pairs (Ggr) with geographic distance (isolation by distance) or nematode burden
(isolation by stressor). Each data point represents the Mantel matrix correlation co-
efficient r and the adjusted R? of dbRDA for a single SNP. Isolation by distance was
based on logarithmic geographic distance (Mantel tests) or longitude/latitude variables
(dbRDA). Isolation by nematode burden was based on logarithmic nematode burden,
conditioned by medication regimen and geographic variables. Statistically significant cor-
relations (single-test P < 0.05) are colour-coded (dark gray: Mantel r; orange: dbRDA
RZ%; red: both; all SNPs not significant with FDR-corrected ¢ > 0.1) and the five GWAS

SNPs are highlighted as black triangles.
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Figure 4: Graphical summary of genome scan results using three types of Fgr outlier
tests. Each data point represents the relative degree of genetic differentiation among
21 sampling sites of a single SNP, using LOSITAN and BAYENV2. SNPs that were also
significant outliers in BAYESCAN2 are displayed as squares. Dashed lines represent the
liberal P = 0.95 threshold for directional selection in LOSITAN and the analogous 95th
percentile threshold (X7X > 19) for BAYENV2. SNPs beyond either of these thresholds
are suggestive outliers (orange: BAYENV2; dark gray: LOSITAN), and SNPs beyond both
thresholds are robust outliers (red). For comparison, hypothetical candidate SNPs for
balancing selection below P = 0.05 or X7 X < 12 (5th percentile) thresholds are indicated
in light blue (either threshold) and dark blue (both thresholds). The five GWAS SNPs
are highlighted as black triangles.

Neutral genetic structure Adaptive genetic structure

: * Local Fsr b 4958 ) 7'_,;‘ Local Fgr

SHTE 4 0.013 213 SR P . o g 0.154

(T, Boon GV St T I0.132

’ r 0.009 > Y ‘/ W L R v 0111

,ni A 0.007 ; A B Y 7 ht) ) 5 0.089

[ s A i

= ‘/;‘,,/ “ 0.005 > : 0.067

< 0.003 0.045

A7 0.024

-3.75 -3.50 —3.25 -3.00 —2.75

Figure 5: Geographic patterns of neutral and adaptive genetic structure (population-
specific local Fgr based on 251 neutral SNPs or 7 Fgr outlier SNPs) across a landscape
of 21 populations. Mean posterior local Fgr is indicated using a heat colour scale with
break points following F'st quartiles to provide higher colour resolution at the low end.
Maps were retrieved from GoogleMaps using ggmap (Kahle & Wickham 2013).
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