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Abstract

Adaptive radiation unfolds as selection acts on the genetic variation underlying func-
tional traits. The nature of this variation can be revealed by studying the tips of an
ongoing adaptive radiation. We studied genomic variation at the tips of the Darwin’s
finch radiation; specifically focusing on polymorphism within, and variation among,
three sympatric species of the genus Geospiza. Using restriction site-associated DNA
(RAD-seq), we characterized 32 569 single-nucleotide polymorphisms (SNPs), from
which 11 outlier SNPs for beak and body size were uncovered by a genomewide asso-
ciation study (GWAS). Principal component analysis revealed that these 11 SNPs
formed four statistically linked groups. Stepwise regression then revealed that the first
PC score, which included 6 of the 11 top SNPs, explained over 80% of the variation in
beak size, suggesting that selection on these traits influences multiple correlated loci.
The two SNPs most strongly associated with beak size were near genes associated with
beak morphology across deeper branches of the radiation: delta-like 1 homologue
(DLK1) and high-mobility group AT-hook 2 (HMGA2). Our results suggest that (i) key
adaptive traits are associated with a small fraction of the genome (11 of 32 569 SNPs),
(ii) SNPs linked to the candidate genes are dispersed throughout the genome (on sev-
eral chromosomes), and (iii) micro- and macro-evolutionary variation (roots and tips of
the radiation) involve some shared and some unique genomic regions.
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ntroduction genetic variation underlying adaptive traits (Huxley

Adaptive radiation — the diversification of a single ances-
tral species into multiple descendent species adapted to
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1942; Futuyma 1986; Schluter 2000). It is becoming
increasingly clear that the efficacy and outcome of this
process depend heavily on a lineage’s genetic and geno-
mic properties. For instance, the genomic architecture
(i.e. numbers, effect sizes and distributions of genes)
underlying the expression of adaptive traits can con-
strain or facilitate their response to selection (Schluter
2000; Nosil 2012) and, reciprocally, the action of selection
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can shape this architecture (Sucena et al. 2003; Manceau
et al. 2010; Arnegard et al. 2014; Soria-Carrasco et al.
2014). These interactions remain poorly understood
(Nosil 2012), yet important insights are emerging
through advances in next-generation sequencing for non-
model organisms (Kronforst et al. 2006; Nosil et al. 2007,
2009; Via & West 2008; Feder et al. 2011; Nosil & Feder
2012; Parchman ef al. 2013; Lamichhaney et al. 2015).
With these advances, we can begin to combine data on
the genetic variation that underlies adaptive phenotypes
with information on the intensity and nature of selection
acting on those traits (Hoekstra & Nachman 2003; Hoek-
stra et al. 2006; Heliconius Genome Consortium, 2012;
Nadeau ef al. 2013; Supple et al. 2013).

If we are to understand the process of adaptive radia-
tion, we must study its continuing action, as opposed to
only examining well-established lineages that speciated
in the distant past (Coyne & Orr 2004; Via 2009; Nosil &
Feder 2012). To do so, we can focus on young species
found at the most recent tips of the phylogeny; espe-
cially those occurring in sympatry, where polymor-
phisms can be most effectively studied within and
among species. With this focus, we can identify genomic
regions, and potential candidate genes, targeted by natu-
ral selection during adaptive divergence — without the
complication of long periods of postspeciation diver-
gence (Coyne & Orr 2004; Via 2009; Nosil & Feder 2012).
The genomic architecture revealed by analyses at these
recent tips then can be compared to genomic architec-
ture across deeper branches of the radiation. Comparing
these two scales facilitates inferences about how the
genomic architecture underlying micro-evolutionary dif-
ferences (within and among populations or very young
species) relates to genetic differences that characterize
larger macro-evolutionary differences (across major
branches of a clade). In particular, we can assess
whether the same genomic regions are associated with
divergence at the two scales, providing insights into
whether or not the same variation remains available to
shape evolution through the course of a radiation.

The adaptive radiation of Darwin’s finches is ongoing
(Grant 1981; Grant & Grant 2008a). The group is com-
posed of 14 recognized species that diverged from a
common ancestor following colonization of the Gala-
pagos approximately 1.6-2 million years ago (Petren
et al. 2005). The different species are currently special-
ized for different food resources and have correspond-
ingly appropriate beak size and shapes (Grant 1999;
Grant & Grant 2008a). In a large-scale comparative
study of the entire radiation, several genomic regions
were implicated in beak shape variation across deep
branches (i.e. across species and islands), including
regions near genes that mediate craniofacial or beak
development (e.g. DLK1, ALX1: Lamichhaney S, et al.
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(2015)). More recently, variation in HMGA2 was impli-
cated in shaping beak and body size variation across
shallower branches of the radiation (i.e. between closely
related species in sympatry) and in experiencing natural
selection in a population of medium ground finches
Geospiza fortis (Lamichhaney et al. 2016). We here com-
plement this work through analyses of genomic varia-
tion associated with beak and body size in sympatric
species at the most recent tips of this ongoing adaptive
radiation. In particular, distinct and alternative morphs
within the medium ground finch on Santa Cruz Island
are maintained by ongoing diversifying selection and
assortative mating (Hendry et al. 2009) in the face of
periodic bouts of hybridization and introgression (Grant
1993; Grant et al. 2004, 2005; Grant & Grant 2008a,b; De
Léon et al. 2010).

Our three focal sympatric Geospiza ground finch spe-
cies differ in beak and body size reflecting adaptation to
feeding on different seed sizes. The species thus form a
morphological continuum in which the small G. fuligi-
nosa transitions into the medium G. fortis, which then
transitions into the large G. magnirostris. Adjacent spe-
cies along this continuum hybridize (Grant 1999; De
Léon et al. 2010; Farrington ef al. 2014), but to a limited
extent owing to assortative mating based on beak size
(Podos 2001; Grant & Grant 2009). At an even finer scale
along this continuum, Santa Cruz G. fortis are further
divided into small and large beak-size morphs that
appear to represent incipient divergence in sympatry.
The two morphs feed on seeds of different size (De Léon
et al. 2010), mate assortatively (Huber et al. 2007) and
show differences in feeding performance (Herrel et al.
2005a,b, 2009) that generate disruptive selection on beak
size (Hendry et al. 2009; De Ledn et al. 2014). Because
selection on beak traits is the key mechanism driving
evolution of the entire group, analysing this sympatric
continuum should inform the genetic architecture asso-
ciated with the process of (ongoing) adaptive radiation.

We analysed this within/among species continuum
through a genomewide association study (GWAS)
(Hirschhorn & Daly 2005; Parchman et al. 2012;
Comeault ef al. 2014) that controls for population struc-
ture. Identifying SNPs associated with variation in beak
and body size, we address long-standing questions
regarding the genomic architecture of adaptive diver-
gence: How much of the variation in phenotype can be
explained? How many SNPs are associated with diver-
gence and where in the genome are they found? Do the
SNPs appear to be associated with candidate genes of
importance in the radiation of Darwin’s finches? These
results generate insights into the genomic architecture
associated with trait variation at the tips of an adaptive
radiation — and the association between micro- and
macro-evolutionary divergence.
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Methods

Genetic material and sequencing of the RAD Tag
Library

We used samples collected from live birds captured in
mist nets in 2011 at El Garrapatero, Santa Cruz, as part
of an ongoing long-term research project (Herrel et al.
2005a,b, 2009; Huber et al. 2007; Hendry et al. 2009; De
Léon et al. 2010; Podos 2010; J. A. M. Raeymaekers, L.
F. De Le6n, J. A. Chaves, D. M.T. Sharpe, S. K. Huber,
A. Herrel, B. Vanhooydonck, J. A. H. Koop, S. A. Knu-
tie, D.H. Clayton, R. B. Grant, P. R. Grant, J. Podos &
A. P. Hendry in preparation). Each bird was classified
to species based on beak and body size, the standard
and effective method for Darwin’s finches (Lack 1947;
Grant 1999; Foster et al. 2008). For sequencing, we
selected individuals of the small (G. fuliginosa; n = 20),
medium (G. fortis; n =55) and large (G. magnirostris;
n = 12) ground finches so as to span the entire range of
beak size. The larger sample size within G. fortis
allowed us to select individuals representing the entire
morphological range, including large, medium and
small beak-size morphs of this highly variable species
(Fig. 1).

Blood samples collected in the field were preserved
in Longmire’s buffer (Longmire et al. 1997), and geno-
mic DNA was later extracted using commercially avail-
able extraction kits (Qiagen, Valencia, CA). Four
multiplexed RAD tag libraries were constructed follow-
ing a modified version of the protocol described by

Parchman ef al. (2013) (see Appendix S1, Supporting
information). Sequencing was conducted at the Huss-
man Institute of Human Genetics, University of Miami,
on an Illumina HiSeq 2000, which produced 100 bp
paired-end reads. Raw Illumina reads were sorted by
barcode and filtered for quality (any read with a phred
quality < 20 was removed) using process_radtags from
the stacks package (Catchen et al. 2011). Filtered RAD
tags were aligned to the Geospiza fortis reference gen-
ome (Zhang et al. 2012) using Burrows—Wheeler align-
ment tool (BWA) (Li & Durbin 2009), with up to 5
mismatches allowed.

SNPs were called used the wvcfutils program in the
samtooLs package (Foster et al. 2008), with a command
line option to call variants using Bayesian inference and
to report likelihoods. This was followed by a filtering
option to remove genotypes with a quality score less
than 20. Potentially false heterozygous calls were fur-
ther filtered using an in-house script to remove sites
with less than 5x coverage and to replace any heterozy-
gous calls with fewer than 20% alternate alleles with
the reference allele. The slightly low coverage cut-off of
5x was selected by examining the empirical distribution
of coverage in our aligned data (Fig. S6, Supporting
information), where it was observed that the majority of
our sites had relatively low coverage. Based on this dis-
tribution, we also selected 50x as the maximum read
depth. We removed any sites with more than two alle-
les, less than 5% minor allele frequency, or fewer than
10 individuals per population (83% of individuals in
the smallest population). These procedures were similar
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Fig. 1 Plots for principal component analysis (PCA) and discriminant analysis of principal components (DAPC) of the total panel of
SNPs for 87 individuals. (A) PC1 of all 32 560 SNPs for beak size (PClari, snps = 83.29% of variance explained) on PC1 of morphol-
ogy (PClggak size = 88.23% variance explained) (r = 0.716; P = 0.000. (B) DAPC and group centroids for the three species of

Darwin’s finches.
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to the methods and cut-offs used by Rheindt, Cuervo
and Brumfield (Rheindt et al. 2013), but we were more
conservative because we had lower overall coverage in
our data. More details about our pipeline and the
scripts can be found online at: https://github.com/
eacooper400/RAD_Pipeline_Info.

Morphological data and analysis

Measures of body size included tarsus length (nearest
0.1 mm with calipers), wing length (nearest 0.5 mm with
calipers) and body mass (nearest 0.1 g with digital scale).
Measures of beak morphology included length (nostrils
to tip of beak), depth (perpendicular from nostril to lower
mandible) and width (base of lower mandible). Each
beak measurement was taken three times to the nearest
0.1 mm using calipers, and the median measurement
was used for analyses. From these measurements, we cal-
culated a single index of body size using a PCA on the
body measurements and a single index of beak size using
PCA on the beak measurements. These two principal
components each explained over 90% of the variance and
the two PCls (body and beak) were highly correlated
(Pearson’s correlation coefficient: 0.975; P < 0.001). Given
the equivalency of these two metrics, we henceforth used
the beak size PC1 for the all analyses (Also we did not
analyse beak shape PC2 as it varies little in the study spe-
cies (Foster et al. 2008). These analyses were performed
using spss v.21 (IBM Corp).

Population structure and genetic assignment

Estimates of Fsr between species pairs (G. fortis, G. mag-
nirostris, G. fuliginosa) were calculated on a site-by-site
basis as Fst = (Hr — Hs)/Ht; where Hr and Hs were
based on transformations of the MAF (minor allele fre-
quencies). Because Fsr can be influenced by differing
levels of variation both within and between species that
occur by chance across the genome, we also estimated
Dxy as the average number of pairwise differences
between sequences in the different species (Cruickshank
& Hahn 2014). Pairwise nucleotide divergence (Dxy)
between G. fuliginosa and G. magnirostris was calculated
using a custom R script, which used the following equa-
tion to estimate Dxy based on polarized minor allele
frequencies (i.e. the frequency is always in reference to
the same allele in both species):

@+(1—-q)+ (g1 -p))

n

Dxy =

where p is the minor allele frequency in G. fuliginosa,
and g is the minor allele frequency in G. magnirostris.
The numerator of the equation was summed over all
SNP sites within a given window and then divided by
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n, which is the length of the sequence (which we defined
as the number of base pairs in a window with at least
30x mapped sequence coverage). This calculation was
performed in nonoverlapping windows of 50 kb.

We used a PCA as performed in the PLINK software
(Purcell et al. 2007) to characterize genetic variation
based on the full 32 569 SNPs data set. This analysis
produced 2 PC scores, where PClarr snps explained
83.29% of the allelic variance across species. We then
tested the ability of the corresponding PCs scores to
effectively classify individuals into their own species
using a discriminant analysis of principal components
(DAPC).

Genomewide associations analysis and beak-size
prediction

We scanned for SNPs associated with PC1 of beak size
using the Bayesian sparse linear mixed model (BSLMM)
(Zhou & Stephens 2012, 2014) implemented in the soft-
ware package GEMMA (Zhou et al. 2013). This genome-
wide association approach detects SNPs that are
associated with a given trait, while explicitly controlling
for population structure by incorporating a relatedness
matrix as a covariate in the mixed model. For each trait
(PClBOD\LSIZE and PC]BEAKﬁSIZE)r we performed 10
independent runs of the model, each with 5 million
burn-in runs followed by 20 million iterations. The
hyperparameters were averaged across runs, and the
mean posterior inclusion probability (PIP) values were
plotted for every SNP (~30 k) across the different scaf-
folds. As a conservative approach to identify SNPs that
were significantly associated with beak and body size,
we filtered for candidate SNPs using a very strict
PIP > 0.1 [X. Zhou, personal communication (Comeault
et al. 2014)]. This cut-off is an order of magnitude
higher than the widely used PIP > 0.01 (see Comeault
et al. 2014; Gompert et al. 2013) and reduces the likeli-
hood of uncovering spurious associations between SNPs
and phenotype (i.e. type II error).

Because SNPs that are fixed or nearly fixed in the
extreme species may be likely to be heterozygous in the
intermediate species simply under Hardy—Weinberg
equilibrium, and not because they actually have an
associated and additive effect with beak size, we per-
formed randomization tests to see how often our top
two SNPs (DLKI and HMGA2) were significantly asso-
ciated with beak size within the intermediate G. fortis
species. The methods and results of these tests are
detailed in the Supporting information. Briefly, we
found that our observed associations were marginally
significant for both genes, even within G. fortis alone.

As the SNPs uncovered by the GWAS could repre-

sent statistically linked groups, we identified
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independent indices that could represent statistically
correlated groups of SNPs using a PCA on the top 11
SNPs for beak size (Zhen & Altman 2004; Parchman
et al. 2013). We then used forward stepwise regression
analysis to explore the contribution of the PCrop snps
scores explaining beak-size variation. These analyses
were performed using spss v.21 (IBM Corp).

SNPs associated with beak size and linkage
disequilibrium

Candidate genes linked to the 11 candidate SNPs were
identified by scanning the most currently available
annotation of the Geospiza genome (Zhang et al. 2012) as
chromosomal locations on each scaffold. In order to
determine the appropriate window size to identify
genes near our top SNPs, we examined linkage disequi-
librium (LD) decay profiles. LD between markers was
calculated as the correlation coefficient () between
pairs of genotypes using the ‘genetics’ package in R
(Warnes et al. 2013), which uses maximum-likelihood
estimation for uncertain haplotypes. For each scaffold
containing a SNP in the top 0.1% of the BSLMM itera-
tions (see genomewide association analysis and beak-
size prediction), LD was estimated between every possi-
ble pair of bi-allelic sites. Distances between pairs of
sites were binned in increments of 100 bp, and a mean
* value was calculated for each bin in order to plot
and evaluate the decay of LD with distance. While the
pattern differed slightly between scaffolds, it appeared
that LD typically began to decay (+* became less than
0.1) after approximately 2040 kb, yet remained slightly
elevated (* >0.05) even after several hundred kb
(Fig. S4, Supporting information). Since genes under
selection also could have elevated LD, we considered
200-kb windows when searching for potential candidate
genes adjacent to our top SNPs. To estimate linkage
between the top SNPs uncovered by the GWAS, haplo-
types were first inferred using the software package
PHASE (Stephens et al. 2001; Stephens & Donnelly 2003),
with 20 independent starts of the EM algorithm. The
LD estimators D’ and r* were then calculated directly
from the inferred haplotypes using a custom R script.
Significance was assessed using Fisher's exact test as
implemented in Rr.

Morphology and allelic variants across the root of the
radiation

To compare the specific allelic variants across the entire
radiation, we first sequenced individuals of the cactus
finch (Geospiza scandens: n = 8), the sister species from
Santa Cruz, following the same RAD Tag Library proce-
dure presented above. To complete the taxonomic

sampling, we aligned data files (BAM format) for addi-
tional island populations of each G. fortis, G. fuliginosa,
G. magnirostris and G. scandens, as well as 2 outgroup
populations of L. noctis and T. bicolor from the main-
land. These data were obtained from Lamichhaney et al.
(2015). The downloaded BAM files were merged with
samtools, and SNPs were called with the program FrEE-
BAYES (Garrison & Marth 2012) with parameters similar
to those used in our original SNP calling pipeline.
Briefly, these parameters included a minimum alternate
allele fraction of 20% (-F 0.2), a minimum mapping
quality of 50 (-m 50), a minimum base quality of 30 (-q
30) and a minimum coverage of 20. These new SNP
calls were merged with our original RAD-seq SNPs
using the vcf-merge function in the vcrrooLs package
(Danecek et al. 2011).

Results and discussion

Our core analyses focused on 87 individuals spanning
the range of beak size across the three Gesopiza ground
finch species found in sympatry at a single location (EI
Garrapatero on Santa Cruz Island). Using RAD-seq
(Baird et al. 2008; Hohenlohe et al. 2010, 2011), we char-
acterized 32 569 SNPs distributed across the genome.
On average, these SNPs showed little differentiation
among the species, with the vast majority of markers
showing Fgr < 0.05 and Dxy < 0.0016 (Figs S1 and S2,
Supporting information). Differentiation was especially
low for pairwise species comparisons that involved
G. fortis, which is intermediate in beak and body size to
the other two species. In short, these species are defi-
nitely found at the tips of the adaptive radiation, and
so the genomic architecture of their adaptive traits
should reflect the variation actively shaping — and being
shaped by — natural selection.

Despite this very low average divergence, some geno-
mic differences were present among the species. In a
principal component analysis (PCA), most of the allelic
variation among species was explained by PClarr snps
(83.29%), which was closely correlated with beak size
(PClggak sizes = 0.716; P = 0.000; Fig. 1). This associa-
tion suggests a certain degree of population structure
resulting from nonrandom mating between birds that
differ in beak morphology. Discriminant analysis of
principal components (DAPC) confirmed the continu-
ous nature of this beak size-associated population struc-
ture, with high assignment success for species at the
two ends of the beak-size continuum (G. magnirostris
100%, G. fuliginosa 85%) but low success for the inter-
mediate species (G. fortis = 32.7%). These results follow
logically from the fact that G. fortis is highly variable
and intermediate in beak size and should therefore be
more likely to hybridize with the two more extreme

© 2016 John Wiley & Sons Ltd



species than those two species are to hybridize with
each other (De Léon et al. 2010; Farrington et al. 2014;
Lamichhaney et al. 2015). As a result, G. fortis is
expected to carry a mixture of the alleles found in the
smaller and larger species. Importantly, however, no
fixed differences were observed between any of the spe-
cies (max Fgr <0.9; Fig. 2, bottom panel), confirming
that divergence is ongoing (or, in any case, incomplete).

Our primary goal was to identify genomic regions
associated with beak size while controlling for the
above-mentioned population structure. To this end, we
used Bayesian sparse linear mixed model (BSLMM), a
hybrid between a linear mixed model that incorporates
a relatedness matrix to control for population structure
and a sparse regression designed to better detect poly-
genic effects (rather than just single site associations)
(Price et al. 2010; Zhang et al. 2010; Zhou et al. 2013).
This analysis revealed that even our relatively sparse
set of SNPs explained more than 90% of the variation in
beak size (PClgwas/peak: 94.7% [89.9-97.9] variance
explained) and body size (PClgwas/sopy: 93% [88.4—
97.6] variance explained) (Table S1, Supporting informa-
tion). Thus, ‘missing heritability’ and variants with
undetectably small effects (see Rockman 2012) were not
a concern in our study. The very high PVE values
observed in our analyses probably reflect not only the
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very high heritability of these morphological traits (e.g.
beak size h* =0.97 (in Boag & Grant PR (1978)), but
also the likely action of several genes of very large
effect (Peichel et al. 2001; Griswold 2006). Indeed, a
small handful of SNPs showed very strong associations
with trait variation. Using a posterior inclusion proba-
bility (PIP) greater then 0.1, 15 SNPs were associated
with beak and body size, of which eight were associ-
ated only with beak size and four only with body size
(Fig. 2 top panel, Fig. S4 and Tables S4 and S5, Support-
ing information). Thus, three SNPs were associated with
both traits, which is expected given the very high phe-
notypic correlation between beak and body size (n = 87
birds, r = 0.975, P < 0.001; Fig. S3, Supporting informa-
tion). We focus the remainder of our analyses and dis-
cussion on beak-associated SNPs only: that is, eight that
predicted beak size alone and three that predicted both
beak and body size.

We first determined the extent to which these 11
SNPs were independent (e.g. not in linkage disequilib-
rium, LD) by calculating pairwise LD (Table S2, Sup-
porting information) and performing a PCA
(PCATOP snps) to derive independent axes of genetic
variation (as in 16, 56). This PCA extracted four axes
that together explained 66.1% of the variation in geno-
type, suggesting that the top 11 SNPs associated with

‘(_)e+00 2e+07 4e+07 6e+07 8e+07
Position (bp)

Fig. 2 Genomewide association scan for SNPs predicting beak and body size of 87 individuals of ground finches. Posterior inclusion
probability (PIP) values from a Bayesian sparse linear mixed model analysis (BSLMM) for 32 569 SNPs mapped to the Geospiza fortis
reference genome are shown on top. The horizontal dashed line represents the cut-off value of PIP = 0.1 (positive values y-axis —
higher panel). Genomewide Fgr values of SNP from species comparisons between G. fuliginosa, G. fortis and G. magnirostris (positive
values y—axis — lower panel). Genomic positions are indicated on the x-axis, with different scaffolds indicated by different colours and
vertical grey shading. Note that the current assembly of G. fortis has scaffolds sorted by size, and not necessarily their putative map-
ping locations. Therefore, for points shown in the same colour there is genomic data suggesting that they are physically linked. In
contrast, there is no evidence that points shown in different colours are physically near each other, even if they are displayed adja-
cent to each other in this figure. Only scaffolds containing at least one SNP with a PIP > 0.1 are shown. Second scaffold contains
more than one group of linked SNPs (groups 2 and 3) and the positions of the 15 significant SNPs — above dashed line — correspond
to annotated SNPs as in Table S4 and S5, Supporting information (only physically closer SNP to actual candidate gene name given).
Coloured dots above the line correspond to beak-size SNPs only, whereas black dots correspond to body size only (names with aster-
isks), and stars correspond to overlapping beak and body size SNPs. (NGA = no gene associated identified).
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beak size represented at least four independent groups
of statistically linked SNPs (Table S3, Supporting infor-
mation). Within each of the four groups, the SNPs were
highly correlated (** and D’ significantly deviate from
zero, P <0.001; Table S2, Supporting information)
despite not being found physically close to one another,
which suggests a role for correlated selection (Lande &
Arnold 1983). Using forward stepwise regression, the
variance in beak size explained by these four SNP
groups was in cumulative order 56.8% (PCltop snps),
79.9% (PC1 and PC2top snps), 82.3% (PC1, PC2 &
PC3rop snps) and 83.6% (All 4 PCrop snps; Table 1).
Removing the three overlapping SNPs (beak and body
SNPs) strongly diminished the amount of variation
explained (10% of the variation in genotype), highlight-
ing the importance of those three SNPs in driving both
traits.

Given that PClyop snps alone explained 56.8% of the
variance in beak size, we next focused on the six SNPs
that loaded significantly on this axis (see Table 1;
Fig. 3). These SNPs mapped to separate scaffolds of the
G. fortis genome (Zhang et al. 2012) but were in LD
(Table S2, Supporting information): that is, they are
found on different chromosomes but are statistically
associated. Notably, the top SNP (PIP > 0.1) aligned to
a region inside of the high-mobility group AT-hook 2
(HMGA2) on chromosome 1 (Table S4, Supporting
information). Suggestively, the HMGA2 protein is
linked to adipogenesis and acts as an architectural tran-
scriptional factor (Markowski ef al. 2011) influencing
body size, including skeletal development in humans
(Weedon et al. 2007, 2008; Soranzo et al. 2009), mice
(Zhou et al. 1995) and chickens (Song et al. 2011). Also,
HMGA?2 was recently linked to variation in beak size
across the entire Darwin’s finch clade (Lamichhaney
et al. 2015). Not surprisingly, then, our candidate SNP
inside the intron of this gene also ranked first in a
GWAS for body size (Table S5, Supporting informa-
tion). Additionally, BMP4, previously identified as a

‘beak gene’ in Darwin’s finch cranial development
(Abzhanov et al. 2004), influences the activation and
proliferation of HMGA2 (Markowski et al. 2011). Thus,
our top SNP supports assertions of the importance of
HMGA? in beak development across the entire Dar-
win’s finch radiation (Lamichhaney et al. 2016).

The second most significant SNP was 170-kb
upstream of the delta-like 1 homologue (DLK1) on chro-
mosome 5, which is a member of the epidermal growth
factor (EGF)-like protein family and is expressed in a
variety of tissues during vertebrate embryonic develop-
ment (Shin et al. 2008; Falix et al. 2013). Suggestively,
the majority of the transcription regulatory element of
DLK1 is localized ca. 40-kb upstream of the gene
(Rogers et al. 2012). This SNP also showed the highest
Fsr between G. fuliginosa and G. magnirostris in our
entire data set (Fsy = 0.86) (Fig. S1, Supporting informa-
tion). Although the SNP was also associated with body
size (0.01 < PIP < 0.1), it appears to be more specifically
associated with beak size (PIP = 0.29; Table 5S4, Support-
ing information). Suggestively, DLKI has recently been
linked to variation in beak shape across the entire Dar-
win’s finch clade, and it is strongly associated with
other cranial regulatory factors (Lamichhaney et al.
2015).

Although none of our SNPs are probably causal, they
are strongly associated with beak size presumably due
to physical proximity to candidate genes. We therefore
explored in greater detail the association between mor-
phology and specific allelic variants for the above two
SNPs. For both SNPs, most G. fuliginosa were homozy-
gous and had the same alleles (T at the SNP associated
with HMGA2 and G at the SNP associated with DLK1),
with only one bird in each group homozygous for the
alternative DLKI allele and one bird homozygous for
the alternate HMGA? allele (Table 2). In sharp contrast,
nearly all sequenced G. magnirostris were homozygous
for a different allele at both SNPs in the alternative state
(C at the SNP associated with HMGA2 SNP linked to

Table 1 Stepwise forward regression analysis and performance of PCrop.gnps axes predicting beak size

Change statistics

Adjusted Std. error of
Model R R square R square the estimate R square change F change Df1 Df2 Sig. F change
1 0.757* 0.573 0.568 0.6609 0.573 114.152 1 85 0.000*
2 0.896" 0.803 0.799 0.4514 0.230 98.207 1 84 0.0007
3 0.911* 0.830 0.823 0.4226 0.026 12.854 1 83 0.001*
4 0.919% 0.844 0.836 0.4071 0.014 7.460 1 82 0.008¢

*Predictors: (constant), PC1.
"Predictors: (constant), PC1 and PC2.
Predictors: (constant), PC1, PC2 and PC3.

SPredictors: (constant), PC1, PC2, PC3 and PC4.

© 2016 John Wiley & Sons Ltd
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HMGA?2 and A at the SNP associated with DLK1 SNP
linked to DLKI), with only one bird heterozygous for
HMGA?2. Between these two extremes, G. fortis birds
had a variety of genotypes — and these were associated
with beak size. That is, G. fortis individuals homozy-
gous for the same alleles as most G. fuliginosa were sig-
nificantly smaller than G. fortis individuals homozygous
for the same alleles as most G. magnirostris alternate
alleles; moreover, heterozygous G. fortis were intermedi-
ate in beak size (Table 2, Fig. 4A and B). Notably, some
genotype combinations were never observed in our data
or in previously published data: for example, no indi-
viduals homozygous for the ‘small’ HMGA2-associated
allele ever possessed a ‘large’ alternative DLKI-asso-
ciated allele. This strong LD despite physical indepen-
dence of the two SNPs (which are not themselves
causal) suggests they might be reliable markers for
inferring correlational selection on particular allelic
combinations at the nearby candidate loci.

We first plotted median trait values as a function of
each pairwise genotype (Fig. S5 Supporting informa-
tion) and found that each locus appears to be mostly,
although not entirely, associated with additive effects —
most obviously for body size. For the exceptions, slight
recessiveness was suggested for the ‘large’ allele at the
DLK1-associated SNP and the ‘small’ allele at the
HMGA2-associated SNP. The trends with beak size
were a bit more complicated and may be indicative of
some epistatic interactions, but could also be con-
founded by our small sample size. A type III aNova (to
account for unequal group sizes) returned no significant
interaction between the two loci (P = 0.89), but this test
may not be entirely reliable given that some groups, or
genotype pairs, are actually completely missing in our
data set.

© 2016 John Wiley & Sons Ltd

We therefore further explored potential interactions
between alleles at the two SNPs. All individuals that
were homozygous for the ‘small” allele at the HMGA2-
associated SNP were also homozygous for the ‘small’
allele at the DLKI-associated SNP and, when heterozy-
gous, a given allele (‘small’ vs. ‘large’) at the one SNP
was never found with the alternative allele (‘large’” vs.
‘small’) at the other SNP. This cross-locus allelic associ-
ation also held true in publicly available data collected
by other groups (see below), further supporting the
above suggestions of correlational selection maintaining
LD across genomic regions. However, it is also possible
that alleles at the two SNPs are maintained in LD by
independent (as opposed to correlational) selection at
each of the associated candidate genes. That is, diver-
gent selection shaping ‘small-small’ and ‘large-large’
allelic combinations across the two SNPs (owing to
selection at the nearby candidate genes) might simply
be the sum of selection at the two independent loci.
Simulations — and studies of natural selection on poly-
morphic populations in nature — could help to distin-
guish these possibilities.

To explore in more detail allelic variation — and its
potential origins — at the SNPs near HMGA2 and DLK1,
we genotyped cactus finches (Geospiza scandens) at El
which is sister to the three sympatric ground finch spe-
cies of Santa Cruz Island (Petren et al. 1999). We also
examined published data on the genotypes of SNPs
associated with HMGA2 and DLKI from Darwin’s
finches from other islands and from outgroups (Tiaris
noctis and Tiaris bicolor, both of which have small beaks)
to Geospiza found on the mainland (Lamichhaney et al.
2015). These data (Table 2) support our findings. First,
G. magnirostris birds from Genovesa Island were
homozygous for the same ‘large’ variant at both SNPs.
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Table 2 Allele variants for candidate genes associated with
out two top SNPs (HMGA2 and DLKI) across the radiation.
Species sampled correspond both to the tips of the radiation
(G. fuliginosa, G. fortis (included 3 morphs) and G. magnirostris)
from Santa Cruz (this study) and to the root of the radiation
from sister taxa across other islands, included the outgroups
(*: from Lamichhaney ef al. 2015). Letters correspond to either
homozygous (same) or heterozygous (different) individuals,
and number of counts, for individuals sampled (1)

HMGA2 DLK1
G. fuliginosa (Santa Cruz) TT (=14 GG 1 =17)
G. fuliginosa (Santa Cruz) CT(n=5 GAMm=1)
G. fuliginosa (Santa Cruz) CCn=1) AA (n=1)
G. fortis (small morph) (Santa Cruz) TT (n =2) GG (n=19)
G. fortis (intermediate morph) CTmn=17) GAm=9

(Santa Cruz)

G. fortis (large morph) (Santa Cruz) ~ CC (n =36) AA (n =24)

G. magnirostris (Santa Cruz) CCn=11) AA n=12)
G. magnirostris (Santa Cruz) CTm=1) GA (n=0)
G. magnirostris (Santa Cruz) TT (n = 0) GG (n=0)
G. scandens (Santa Cruz) TT (n = 3) GG (n=7)
G. scandens (Santa Cruz) CT(n=5 GAMm=1)
G. scandens (Santa Cruz) CC(n=0) AA (n=0)
G.magnirostris (Genovesa)* CCmn=1) AAmn=1
G. fortis (Daphne)* CTn=1 GAMm=1)
G. scandens (Daphne)* TT (n = 2) GG (n=2)
G. fuliginosa (Santiago)* TTn=2) GGn=2)
G. fuliginosa (Santa Cruz)* TT (n = 2) GG (n=2)
Tiaris noctis (mainland)* TT (n = 5) GG (n =5)
T. bicolor (mainland)* TT (n = 3) GG (n =3)

Second, G. scandens at El Garrapatero and all G. fuligi-
nosa, G. fortis (with one exception on Daphne Major)
and G. scandens from other islands, as well as the out-
groups, were homozygous for the same variants as
G. fuliginosa and small G. fortis from Santa Cruz. Thus,
alleles T at the HMGA2-associated SNP and G at the
DLK1-associated SNP could be the ancestral for the
entire radiation. Under this scenario, C at the HMGA2-
associated SNP and A at the DLKI-associated SNP
found could have evolved in G. magnirostris on Gala-
pagos and facilitated (through hybridization) the evolu-
tion of large G. fortis birds on Santa Cruz (Table 2,
Fig. 4). This suggestion fits with observations that
hybridization is not uncommon between G. fortis and
G. magnirostris (Grant 1999; Grant & Grant 2008a). Fur-
thermore, our discriminant analysis suggests unidirec-
tional gene flow from G. magnirostris to G. fortis as the
former (but not the latter) possesses 100% assignment
to its own species group (probably due to private alle-
les).

Moving beyond the above two ‘top” SNPs, several
other SNPs from the first PCrop snps axis, as well as
some SNPs from the other three PCrop snps axes, also
showed intriguing associations. For instance, one of the

SNPs that loaded onto PCltop snps also mapped near
HMGA? and is in close physical proximity (ca. 30 kb) to
the above-analysed SNP (Table S4, Supporting informa-
tion). Additionally, a number of SNPs loading on the
other axes map to regions of the genome near loci that
regulate foetal development, skeletal elements forma-
tion and body size (Tables S2, S4 and S5, Supporting
information). Finally, it is valuable to reiterate that three
of our top 11 SNPs predicted both beak and body size,
which is expected given the very high phenotypic corre-
lation between beak and body size (i.e. allometry), and
so, we speculate that some of the same genes probably
influence multiple correlated aspects of morphology.

Comparison to independent studies

Our analysis of variation at the tips of an adaptive radi-
ation, including distinct beak polymorphism within a
single species, provides interesting comparisons to inde-
pendent findings across the entire Darwin’s finch clade
(Lamichhaney et al. 2015, 2016). For instance, a compar-
ative genomics study of G. conirostris, G. difficilis,
G. magnirostris and G. fortis implicated ALX1 in beak
shape divergence (Lamichhaney et al. 2015), as well as
other craniofacial regulator genes such as Goosecoid
homeobox (GSC) (Rivera-Perez et al. 1999), which is pre-
sumably very near or in high LD with DLK1 (Lamich-
haney et al. 2015). Further, different levels of BMP4 and
CaM expression have been shown to influence beak size
and shape in G. fuliginosa, G. fortis, G. magnirostris and
the cactus finch G. scandens (Abzhanov et al. 2004,
2006). By contrast, none of our top 11 candidate SNPs
were found near ALX1, GSC, BMP4 and CaM. Our
results therefore suggest that some genes are shared
between the roots and tips of a radiation (as described
above), whereas others differ between those two scales.
One possible explanation for apparent discrepancies
between the different studies could be the limited geno-
mic coverage of our RAD-seq approach, as well as other
methodological differences (although our parallel results
for HMGA2-associated SNPs (see Lamichhaney S, et al.
(2016)) indicate that our different approaches can yield
very similar outcomes). First, our marker density may
have been too low to provide reliable markers for the
above candidate genes. Arguing against this possibility,
we had SNPs located ca. 2-kb downstream of BMP4, ca.
800-bp upstream of ALX1 and ca. 33-kb upstream of GSC.
Moreover, our genomewide measurements of LD decay
across all scaffolds were ca. 2040 kb (Fig. S4, Supporting
information) confirming the lack of association between
our physically close SNPs to previously defined ‘beak
genes’ and beak-size differences observed on Santa Cruz.
Second, the focus of our study was on beak size, whereas
the other studies mostly focused on beak shape. In our

© 2016 John Wiley & Sons Ltd
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sample, 83.29% of the variation in beak dimensions was
size, leaving little residual variation in beak shape (see
also Campas et al. 2010; Foster et al. 2008). At the same
time, however, candidate genes mediating size and shape
might not always be distinct, with a possible case being
HMGA?2 and DLKI1.

In Lamichhaney et al. (2015, 2016), HMGA2, DLK1 and
GSC were well differentiated across the entire Darwin’s
finch clade, and, as noted above, two of these genes are
physically close to our two most important SNPs. Thus,
these genes might be associated with both current micro-
evolutionary variation (polymorphism at the tips of the
branches) and past macro-evolutionary variation (deeper
splits among species and genera) in the same adaptive
radiation. This finding highlights the importance of
standing variation in the process of intra- and interspeci-
fic diversification and also suggests that hybridization
between species, as previously shown between G. fortis

© 2016 John Wiley & Sons Ltd
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Fig. 4 Beak-size association with candi-
date SNPs in Geospiza finches. Plot of
PC1 of beak size and its corresponding
allelic variants for SNPs associated with
HMGA2 and DLKI.
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(AA) (AA)
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and G. magnirostris on Santa Cruz, may be important for
maintaining this variation and allowing continued adap-
tation. Overall, then, micro- and macrolevels of differen-
tiation probably involve a mixture of shared and unique
genes, depending on how populations diverge.

Conclusion

Based on a panel of over 30 000 SNPs, our results suggest
that only handful of SNPs predicted the majority of varia-
tion in key phenotypic traits (83.6%, PCrop snps), after
controlling for population structure. As such, one of the
key results of our study is that a surprisingly modest pro-
portion of SNPs (i.e. 0.03% of total SNPs) mediate beak
size across the beak-size gradient in sympatry, most
likely due some genes of large effect as previously
reported in this radiation (Abzhanov et al. 2004, 2006;
Lamichhaney et al. 2015, 2016). Further, we found that
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the predictive SNPs were found spread throughout the
genome (on several chromosomes) but were in LD, pre-
sumably due to selection. Finally, the few strongly differ-
entiated SNPs were located in or near a number of
candidate genes previously implicated in Darwin’s
finches adaptive radiation. We therefore suggest that
some, but not all, of the genomic regions involved in the
deep branches of a radiation (macroevolution) are
involved in ongoing divergence at the tips of the radia-
tion (microevolution). This could result in genes involved
in the early phases of adaptive radiation to remain avail-
able for later phases of adaptive radiation (i.e. they are
not constrained). The consequences for trait evolution in
this group imply that variation in these genes is main-
tained either as standing variation or through new muta-
tions or through  hybridization. Introgressive
hybridization could then be responsible for increasing
genetic variation providing opportunity for disruptive
selection to mediate the early stages of ecological specia-
tion at the tips of the radiation.
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Appendix S1 RAD tag library preparation, Dxy analysis, and
randomization tests for DLK1 and HMGA2 SNPs.

Fig. S1 Frequency distribution of Fsr scores for all pairwise
species comparisons based on 32,569 filtered SNPs. Means are
marked by vertical solid black lines.

Fig. S2 Dxy calculated in non-overlapping 50 kb sliding win-
dows across the 13 scaffolds which contained SNPs signifi-
cantly associated with beak or body size.

Fig. S3 Correlation between PC Beak on PC Body from 87 Dar-
win’s finches (G. fuliginosa, G. fortis and G. magnirostris) from
Santa Cruz Island (Pearson r = 0.975; P < 0.01).

Fig. S4 Decay of linkage disequilibrium with distance in base
pairs units for all species comparisons (top) and just for G. for-
tis (bottom).
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Fig. S5 Interaction of DLKI and HMGA2 and their individual
effects on beak and body size.

Fig. S6 Empirical distribution of mapped read coverage in the
full data set.

Table S1 Bayesian Sparse Linear Mixed Model output from
GEMMA for PC1 beak size and PC1 body size.

Table S2 Linkage disequilibrium (LD) indices for pairwise
comparisons of 11 top SNPs.

Table S3 Principal Component Analysis of 11 top SNPs (top)
and Factor loading (below) for each PC extracted.

Table S4 Information about top SNPs in Darwin’s finches
genomic associations with beak size sorted by PIP values
(Gamma; from highest to lowest in Bold).

Table S5 Information about top SNPs in Darwin’s finches
genomic associations with body size sorted by PIP values
(Gamma; from highest to lowest in Bold).



