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INTRODUCTION: Adaptive radiations are groups
of organisms that have diverged ecologically
from a common ancestor relatively rapidly.
They have yielded important insights into
the ecology, behavior, and genetics of speci-
ation through inferences of the evolutionary
processes that most likely gave rise to observed
patterns of divergence. In a few cases, experi-
ments have substantiated these inferences by
testing hypotheses of causal mechanisms. Our
understanding of evolutionary radiations has
been transformed in the past decade by dis-
coveries of the genomic variation underlying
phenotypic divergence. The dynamic genomic
variation responsible for rapid evolutionary
change in contemporary populations in nature,
and its connection with evolution in the past,
is not well known.

Community-wide genome sequencing

@ Geospiza fortis

RATIONALE: We set out to establish the link
between contemporary and past evolution in
a well-studied system, Darwin’s finches in the
Galapagos archipelago. Eighteen species have
evolved from a common ancestor in the last
million years. They diverged in beak morphol-
ogy and body size, and to a small extent, in
plumage. Two evolutionary processes, natural
selection and introgressive hybridization, in-
fluenced the outcomes of phenotypic evolu-
tion in this adaptive radiation. We followed
the fates of individually marked and measured
birds of four Geospiza species on Daphne Major
Island for 40 years to investigate contempo-
rary evolution. We combined observations on
fitness with whole-genome sequencing to re-
veal and interpret the genetic architecture of
evolutionary change.

G. magnirostris @ G. scandens

Variation in
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Introgression of
beak-linked alleles

Natural selection

Evolutionary change
across 30 years

Allele frequency

Evolutionary change revealed by community sequencing. Population monitoring over 30 years followed
by genome-wide sequencing of ~4000 individuals of four Darwin’s finch species (the fourth, G. fuliginosa, is
not visible in the tree) on Daphne Major, Galapagos Islands. Genome-wide association analysis identified
major-effect loci on fitness-related traits, revealing alleles transferred among species by introgression and
subject to natural selection. S, small beak-size allele L, large beak-size allele.
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ing data to track evolutionary change in &ooc
finches of four Geospiza species. We identi-
fied six loci that together explain as much
as 45% of variation in beak size of G. fortis
(medium ground finch), a highly heritable
and key ecological trait. One locus alone is
responsible for 25% of variation in beak size
and 13% of variation in body size, and is most
likely a supergene comprising four genes that
contain multiple adaptive mutations with
phenotypic consequences for both traits. The
haplotypes associated with large and small
beak size were established before the divergence
of Geospiza ground finches and Camarynchus
tree finches. Abrupt changes in allele fre-
quencies at these loci in G. fortis resulted
from strong natural selection during an ex-
treme drought and explained a large part of
the shift in beak size. Introgression of small-
beak alleles from the smaller G. fuliginosa
influenced the outcome of natural selection
by increasing the frequency of small alleles
in G. fortis. In the cactus-feeding G. scandens
population, we observed more gradual changes
in allele frequencies over the study period re-
sulting from introgression.

CONCLUSION: We show that a few loci of large
effect have had a major impact on the trajec-
tory of Darwin’s finch populations on the
small island of Daphne Major. They affect
fitness through their association with survival
in relation to competition for food, particu-
larly during extreme climatic events, and have
been passed between species through hy-
bridization. A reasonable explanation for the
presence of large-effect alleles in Darwin’s
finches is that these have evolved over time
by the accumulation of multiple causal muta-
tions as a response to diversifying selection.
They contribute both to phenotypic differ-
ences between species and to phenotypic
diversity within G. fortis. This genetic ar-
chitecture differs from the one documented
for many polygenic traits in other species
lacking large-effect loci, such as beak mor-
phology in some other birds and human
stature, which is likely due to differences
among species in selection regimes and the
impact of gene exchange. These genetic
changes at the population level reveal the
dynamics of evolutionary change in this
iconic adaptive radiation.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: erik.enbody@gmail.com
(E.D.E.); leif.andersson@imbim.uu.se (L.A.)

Cite this article as E. D. Enbody et al., Science 381, eadf6218
(2023). DOI: 10.1126/science.adf6218

S READ THE FULL ARTICLE AT
https://doi.org/10.1126/science.adf6218

1of1l

20z ‘¥T Atenuer uo Ainuep| uonniisu| vSvO 1e B10°a0us 105 Mmmmy/:sdny WwoJ) pepeoiumod


mailto:erik.enbody@gmail.com
mailto:leif.andersson@imbim.uu.se
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adf6218&domain=pdf&date_stamp=2023-09-29

RESEARCH

RESEARCH ARTICLE

ADAPTATION

Community-wide genome sequencing reveals

30 years of Darwin’s finch

Erik D. Enbody**t, Ashley T. Sendell-Price', C. Grace
B. Rosemary Grant?, Peter R. Grant?, Leif Andersson

evolution

Sprehn't, Carl-Johan Rubin', Peter M. Visscher?,
1,4

A fundamental goal in evolutionary biology is to understand the genetic architecture of adaptive traits.
Using whole-genome data of 3955 of Darwin’s finches on the Galapagos Island of Daphne Major, we
identified six loci of large effect that explain 45% of the variation in the highly heritable beak size of Geospiza
fortis, a key ecological trait. The major locus is a supergene comprising four genes. Abrupt changes in
allele frequencies at the loci accompanied a strong change in beak size caused by natural selection during

a drought. A gradual change in Geospiza scandens o
hybridization with G. fortis. This study shows how a

ccurred across 30 years as a result of introgressive
few loci with large effect on a fitness-related trait

contribute to the genetic potential for rapid adaptive radiation.

he fossil record shows that most long-

term evolution is a slow and gradual pro-

cess (7, 2). By contrast, some extant groups

of organisms have diversified from a com-

mon ancestor relatively recently into many
ecologically differentiated species. These adap-
tive radiations are the product of especially fa-
vorable intrinsic (genetic) potential and extrinsic
(environmental) opportunity (3-5). An example
of the latter is entry into a new environment
relatively free from competitors and predators,
such as in the colonization of lakes (6) and
islands (3, 7). Less is known about genetic po-
tential, but recent studies have highlighted the
relative contribution of genetic architecture,
gene flow, and ancestral variation to adaptive
radiation (5, 8-10). Theoretical work (1I) pre-
dicts that diversification can be rapid when
few genetic loci of large effect influence adap-
tive phenotypes and when adaptive introgression
is possible. For differences among individuals
in a population to propagate to differences
among species, these large-effect loci must con-
tribute to individual variation in fitness during
incipient speciation. Yet surprisingly little is
known of the effect sizes of loci that influence
the fitness of individuals in wild populations
(12), and how much allele frequencies vary
over time beause of natural selection (Z3). Thus,
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large-effect loci may play a prominent role in
evolutionary change, but the circumstances
under which this happens are not clear (74).

Darwin’s finches in the Galapagos archipelago
are especially suitable for clarifying these is-
sues. The 18 species of this classical adaptive
radiation (75, 16) differ principally in beak size,
beak shape, and body size, and also to a lesser
extent in plumage color and pattern. Beak
and body traits of three species in the genus
Geospiza are highly heritable (16-19). Differ-
ences between species reflect dietary spe-
cializations (15, 20). Variation in beak- and
body-size traits is associated with fitness (sur-
vival) in dry seasons of food scarcity, especially
during droughts (21), whereas reproductive fit-
ness varies independently of morphological traits
(22). Only a small fraction of the genome is
strongly differentiated among species of the
Geospiza ground finches (16, 18, 19, 23), which
suggests the possibility that large-effect loci
affect fitness (17). These speciation genomics
approaches, referred to as reverse genetics (24),
need to be combined with forward genetics,
that is the direct study of the genetic variation
underlying fitness-related traits (25). In this
study, we combine these prior insights on var-
iation in beak morphology and body size with
a forward genetics approach, motivated by the
need to integrate these two levels of analysis
(24, 26). To accomplish this, we documented
the underlying genetic architecture of mor-
phological traits, the magnitude of the effects
of individual loci, and the contribution of
natural selection and introgressive hybridiza-
tion to the fluctuations in allele frequencies at
these loci.

We collected data from 3955 individuals from
a community of four species of Geospiza ground
finches (G. fortis, G. fuliginosa, G. magnirostris,
and G. scandens) in their shared environment
of Daphne Major Island each year for more
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than 30 years and measured their phenotypic
evolution, genomic composition, and fitness
variation. Finches were marked with distinct
combinations of colored leg bands to allow
direct determination of individual fitness (sur-
vival). We identified, quantified, and docu-
mented the importance of six large-effect loci
and showed how allelic variation has changed
under contrasting influences of natural selec-
tion and introgressive hybridization. One of
the loci comprising four genes in strong
linkage disequilibrium (LD) acts as a super-
gene. Extrapolating from these findings, we
suggest that a few loci of large effect contrib-
uted disproportionately to the rapid diversifi-
cation of species in this classical example of
adaptive radiation. These findings demon-
strate the potential to leverage long-term
genomic monitoring to understand short-
and long-term processes that shape natural
populations.

Results
Whole-genome community analysis over
multiple generations

Blood samples were collected annually from
the four species of finches on Daphne in the
years 1988 to 2012 (from individuals hatched
as early as 1983). We performed low-pass,
whole-genome sequencing for all individuals
captured. In total, we sequenced 3955 individ-
uals to a mean depth of 2.2x, comprising 1909
G. fortis, 852 G. scandens, 582 G. magnirostris,
55 G. fuliginosa, and 555 individuals of hybrid
origin (table S1). For 2543 individuals sampled
as adults, we measured three beak dimensions
(length, depth, and width), body weight, and
recorded sex when known. To identify single-
nucleotide polymorphisms (SNPs), we used an
iterative imputation pipeline with a reference
panel of 433 Darwin’s finches sequenced to
higher coverage (15 + 8x), a de novo pedigree-
based recombination map (fig. S1), and the
software GLIMPSE (27), which imputes geno-
types based on genotype likelihoods (ngyps =
5,163,840). We found high concordance for
imputed variants that have reference panel
allele frequencies >0.5% (fig. S2) and, at the
genome-wide level, high correlation between
the first two components of a principal com-
ponent analysis (PCA) using imputed geno-
types versus genotype likelihoods (fig. S3).

Admixture and immigration are important
components of population history

Genome-wide divergence is low among the
four Geospiza species on Daphne (Fgr = 0.03
to 0.17). To track the ancestry of every indi-
vidual on the island, we estimated genomic
ancestry (i.e., the contribution of historical
population structure to an individual’s ge-
netic constitution) using a set of ancestry-
informative, putatively neutral, and unlinked
markers (28). Daphne finches show extensive
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Fig. 1. Admixture history of four species of finches on Daphne Major.

(A) Clustering derived from the relatedness matrix produced by using genome-
wide SNPs in the software GEMMA. (B) Ancestry estimates (K = 5) for each

of 3955 individuals on Daphne based on ancestry-informative SNPs. Filled column
colors designate the proportion of ancestry from each of the five ancestral
populations, representing the four species, plus a second G. magnirostris population

signatures of admixture (Fig. 1), which is con-
sistent with previous genomic and pedigree-
based observations (29-32). Reflecting the
accumulated effect of introgression, set in
motion by ecological changes in the 1980s by
two unusually intense El Nifio events (33),
finch species were more genetically differ-
entiated at the beginning than at the end of
the study period; self-ancestry (e.g., G. fortis
in G. fortis) declined 20% in G. fortis, 17% in
G. scandens, and 0.2% in G. magnirostris (Fig.
1C). These are likely the lower bounds of an-
cestry owing to high allele sharing across the
radiation (I6). The largest introgression of ge-
nomic material in G. scandens is from G. fortis,
which increased by 12%. By contrast, the
largest contribution to the G. fortis population
originates from G. fuliginosa, whose contribu-
tion to G. fortis increased by 14%. These di-
rections of introgression are consistent with

Enbody et al., Science 381, eadf6218 (2023)
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P.R.G. and Darwin (83).

pedigree information (32). By contrast, inter-
specific ancestry in the noninterbreeding spe-
cies G. magnirostris remained close to zero
throughout (Fig. 1C).

Changes in ancestry are strongly correlated
with phenotypic shifts. Variation in beak mor-
phology among the four Daphne finch species
can be decomposed into two principal compo-
nents that explain 99.7% of morphological var-
iation, with principal component 1 (PC1) loading
on beak size (referred to as beak size hereafter)
and PC2 on beak shape (referred to as beak
shape hereafter) (Fig. 2A). In G. fortis, change
in beak shape is significantly correlated with
the introgression of genomic material from
G. scandens (ancestry-phenotype correlation,
R? = 0.23; fig. S4A) and change in beak size,
with introgression from G. fuliginosa (R> =
0.12; fig. S4B). In G. scandens, introgression
from G. fortis is correlated with beak shape (R* =

29 September 2023
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in dark orange. Below, filled horizontal bars designate the field identification,
including a hybrid classification (purple). (C) Annual trends in ancestry per
species grouping from K =
above. Ancestry estimates are the mean value per cohort each year starting
in 1983 and ending in 2012. lllustrations of the four species are adapted from

4. Each panel refers to the field identification labeled

0.3; fig. S4C), and G. fortis and G. fuliginosa
both contribute to a change in beak size, but
to a small extent (R* = 0.04 and R? = 0.01; fig.
S4D). Changes in shared ancestry between
G. fuliginosa and G. scandens are noteworthy
because these species have not been recorded
hybridizing on Daphne in 40 years of intense
study of the breeding populations (32). We
tracked a haplotype that is associated with
G. fuliginosa ancestry and found that this
haplotype has increased in G. scandens over
time (supplementary note 1 and fig. S5), which
supports field observations and microsatel-
lite analysis that G. fortis is a conduit spe-
cies for introgression from G. fuliginosa to
G. scandens (32).

The estimated number of ancestral popula-
tions on Daphne is a good fitto K =4 or K = 5,
i.e., one more than the expected number of spe-
cies (fig. S6). At K = 5, the fifth population reflects
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Fig. 2. Genome-wide association analysis of morphological variation in
beak and body size in G. fortis. (A) Morphological PCA for beak width, length, and
depth, colored by species with hybrids in gray. PC1 explains 89% of variation and
PC2 explains 10%. (B) Multivariate GWAS for beak PC1 and PC2, including
body weight and sex as covariates. The cutoff for genome-wide significance

at —loglO(P value) = 7.7 is indicated. Locus names match and extend those
previously reported (23). (C) GWAS for body weight with sex as a covariate.

heterogeneity in the Daphne G. magnirostris
breeding population. A single pair of indi-
viduals initiated the Daphne G. magnirostris
population, which was later augmented by
immigrants (34). Our ancestry analysis identi-
fied two sources of immigrants to Daphne: one
from a nearby island (Santa Cruz, Marchena,
or Isabela), and a second that was ~5% larger
in size from an as-yet-unknown island of ori-
gin (fig. S7 and supplementary note 2). These
results highlight the dual contributions of hy-
bridization and immigration to genetic and
phenotypic diversity on Daphne.

High SNP heritability of beak morphology
and body size

Heritability of beak traits in Geospiza ground
finches is high (35). To determine the power
for studying the genetic architecture of mor-
phological traits, we independently calculated
SNP heritability (A%sxp) of beak morphology
and body size. h%s\p is an estimate of the pro-

Enbody et al., Science 381, eadf6218 (2023)

portion of variance in phenotypic traits explained
by our imputed SNP dataset. This can be biased
by local variation in LD, so to account for this
bias when estimating A’sxp, we used an analy-
sis of LD and minor allele frequency (MAF)-
stratified residual maximum likelihood (GREML-
LDMS) as implemented in the software package
GCTA (36). Here, we analyzed three phenotypic
traits, beak size, beak shape, and body size, by
using individuals with complete phenotypic
data (n = 2545). We ran all association analyses
separately on three genetic clusters (Fig. 1A)
that were representative of G. fortis (n =1508),
G. scandens (n = 552), and G. magnirostris
(n = 430). We did not include G. fuliginosa
samples in this analysis because of low power
for genotype-phenotype analysis (n = 55).

We estimated a total beak size A2gp in G. fortis
of 0.95 (SE = 0.02). A large proportion of this
estimate is captured by common (MAF > 0.05)
and high-LD variants (h%sxp = 0.77, SE = 0.04)
(fig. S8). Heritability of beak shape (A’sxp =

29 September 2023

G30 and G3I are highlighted despite falling short of the significance
threshold. (D and E) Relationships between GOI and GO3 genotypes and
beak size. Genotypes are coded according to carrying the phenotypically small
(S) or large (L) allele. (F) Heatmap that demonstrates phenotypic effects of

all genotype combinations at GOI and GO3, with sample sizes written within
quadrants; positive or negative values mean that a beak size is larger or smaller
than the average, respectively.

0.78, SE = 0.03) (fig. $8) and body size (h*sxp =
0.67, SE = 0.04) (fig. S8) are also high (33, 35).
The high SNP-based estimates match pedigree
h? (33, 35) and confirm that beak traits and
body size are highly heritable in Darwin’s finches.
High estimates provide an opportunity for
genotype-phenotype analysis.

GWAS identifies large-effect loci underlying
ecological traits

To identify loci underlying phenotypic varia-
tion, we performed a genome-wide association
study (GWAS) using the software GEMMA
(87). Because beak and body size (weight) are
strongly correlated (G. fortis, r = 0.74, P < 0.001),
we included body weight as a covariate in a
multivariate GWAS of beak size (PC1) and shape
(PC2) as the response variables. For beak size
and shape in G. fortis, we identified six inde-
pendent loci surpassing a significance thresh-
old of -log;o(P) > 7.7 set by permutation (Fig. 2B;
Fig. 3, A to D; fig. S9, and supplementary note 3).
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A large region of significant association span-
ning 4.3 Mb on chromosome 1A contains the
previously identified GO3 locus that encom-
passes HMGA2 and three other genes (Fig. 3B)
(I7). An exploratory analysis indicated that the

majority of this large region is behaving as a
single locus in the G. fortis population on Daphne
(fig. S10). We identified the same six loci using
a leave-one-out chromosome approach (fig. S11
and supplementary Note 4).

We analyzed body weight using the related-
ness matrix and sex as covariates. In G. fortis,
we identified a large-effect locus GO3 on chro-
mosome 1A and two additional loci, G30 and
G31, that approached genome-wide significance
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Fig. 3. Details of association peaks and estimated additive effects. (A to D) Zoom-ins of regions of associations for loci GOI, GO3, G29, and G30 in G. fortis.
Below each, a heatmap of a sliding window of LD of all SNPs in 200-kb windows (blue, low; red, high). Chr, chromosome. (E) Additive effect-size predictions for
each of the six loci shown in Fig. 2B. Colors indicate the three species, error bars denote 95% confidence levels, and an asterisk designates statistical significance
[P < 0.05; (28)]. (Right) The MAF within species for each locus. G. magnirostris is fixed for the large allele at GO3, GO7, and G27.
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(Fig. 2C). Thus, GO3 has a large effect on body
weight, and separately on beak size, inde-
pendent of body weight. Four of the six loci
that control beak size in G. fortis also reach
statistical significance in G. scandens, but
only one (GOI) does so in G. magnirostris (figs
S12 and S13). Weaker associations in these
species may reflect the smaller sample sizes
(by a factor of 3 or more) and less within-
group variation at these loci. For example,
G. magnirostris is nearly fixed for one allele
at both GO3 and G30 (and therefore, these loci
are not detected in these species) (fig. S13). A
notable feature of G. scandens is an association
of a single large region (34 Mb) on chromosome
5 with beak phenotype (fig. S13). This region
harbors large divergent haplotypes (fig. S14,)
and overlaps a region known to be resistant to
introgression from G. fortis to G. scandens (29).

Two loci (G29 and G30) have not been pre-
viously associated with individual variation in
Darwin’s finches, and each contains insulin-like
growth factor-related genes (/GFI and IGF2BP3,
Fig. 3, C and D, respectively). These genes are
part of a well-characterized network involved
in growth, metabolism, and aging (38-4I). IGFs
are also associated with beak size in Pyrenestes
ostrinus (42) and the evolution of life-history
variation across amniotes (43). A third IGF-
related gene, IGF2, falls just short of genome-
wide significance in the body-size GWAS in
G. fortis (G3I). Together with the previously
reported G26 (IGFBP2) locus (23), the identi-
fication of four IGFloci associated with Darwin’s
finch beak morphology supports the hypothesis
that gene networks involved in this pathway
coevolve (43).

Effect sizes

To estimate effect sizes, we identified haplo-
types associated with each GWAS signal (re-
gion size, 0.2 to 4.3 Mb). When combined, the
six loci account for 45% of the variation in
beak size and 22% of the variation in beak
shape in G. fortis (Fig. 3E). These values de-
cline to 29 and 22%, respectively, after control-
ling for the correlated effects of body size by
using residuals of a model that includes body
weight and sex as covariates. Similarly, in
G. scandens, these six loci account for 26% of
beak size (residuals = 28%) and 21% of beak
shape (residuals = 18%). Only three loci (GO1,
G29, G30) segregate in G. magnirostris, but
cumulatively they explain 30% (residuals =
23%) of variation in beak size (Fig. 3E). All loci
contribute additively to beak size variation in
G. fortis (Fig. 2, D to F, and fig. S16). When we
fitted these six loci as covariates in a GREML
analysis of G. fortis, we found that they explain
59% of total h’qyp in beak size, 17% of the
variation in weight, but only 3% of beak shape
(fig. S17). Thus, a small number of loci explain
a large portion of the heritable beak size var-
iation in G. fortis. Effect-size estimations were
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largely robust to filtering based on genomic
ancestry estimates, which suggests that their
magnitude is not inflated by background an-
cestry (fig. S18).

The single largest contributor to beak size is
GO03, which alone accounts for 25% of beak
size variation in G. fortis (Fig. 3E and table S2),
half of the total explained variation (45%).
This was reduced to 12% after we controlled
for the correlated effect of body size (fig. S15
and table S2). The remaining five loci explain
between 2% (G29) and 6% (GOI) of beak size
variation in G. fortis. Approximately 14% of
beak shape variation in this species is explained
by another locus (G07) after the effects of body
size are controlled. Across species, we detected
heterogeneity at four loci associated with beak
morphology in G. scandens (28) (supplemen-
tary Note 5). These loci imply that species-
specific polymorphisms occur even on shared
haplotypes.

Previously, we identified 28 loci with large
allele-frequency differences among Geospiza
species (23). We reduced them to 14 distinct
loci after LD pruning (fig. S19) to eliminate
those in strong LD within the G. fortis popu-
lation on Daphne. Four reached genome-wide
significance in the present study (G01, GO3,
GO07, and G27). Six out of the 10 remaining loci
either had small effects on beak size (four loci
explained <1% of variation) (fig. S20) or ex-
plained 1 to 2% of variation in beak shape
(two loci) (fig. S20). In all six cases, the allele
associated with a large beak in the G. fortis
population on Daphne is the most common
in the largest species, G. magnirostris, rare
in the smallest species, G. fuliginosa, and at
intermediate frequency in G. fortis (fig. S20).
Together, these results indicate that species
differences in allele frequencies associated
with beak and body size are largely recapitu-
lated in individual variation in G. fortis.

Candidate mutations

Identifying candidate causal genes and muta-
tions can link quantitative trait loci (QTL) to
the underlying molecular mechanisms. There-
fore, we compiled a list of all SNPs and small
insertions and deletions (indels) at the six loci
affecting beak size in Geospiza with change in
allele frequencies (AAF) > 0.9 between large
and small haplotypes. Of these 3556 SNPs, 12
were missense, 11 were synonymous, and 102
sequence variants occurred at noncoding sites
with high sequence conservation scores (77-way
Vertebrate PhyloP > 2) (table S3). This re-
vealed two general observations. First, only
three of the six beak loci harbor missense mu-
tations with AAF > 0.9, which, together with
the abundance of conserved noncoding changes,
suggests that regulatory mutations are impor-
tant for the observed QTL effects. Second, 7
out of 12 (58%) missense mutations were lo-
cated in locus GO7. Two are in the transcription
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factor gene ALX1, which has a well-established
role in craniofacial development in vertebrates
(44) and is expressed during beak develop-
ment in Darwin’s finches and in the zebra
finch (23). Four out of the five additional mis-
sense mutations in GO7 occur in LRRIQI, a gene
previously implicated in Parus major beak
variation (45). The function of the LRRIQ1
protein is poorly characterized, but it includes
a calmodulin-binding domain (46) that may
interact with the calmodulin pathway, a gene
network previously implicated during devel-
opment in Darwin’s finches (47). The presence
of seven missense mutations close to fixation
among the haplotypes at the GO7 locus sup-
ports the prediction that this locus harbors
multiple causal mutations and may act as a
supergene (48).

The GO3 locus is a supergene

The large region overlapping GO3 is the most
important locus affecting body and beak size
in the G. fortis population on Daphne Major
(Fig. 2, B and C). GO3 was previously defined
as a 525-kb region based on a comparison
among species (17, 23). Within this smaller
region, the Small (S) beak haplotype is close to
fixation in G. fuliginosa, the Large (L) hap-
lotype is close to fixation in G. magnirostris
and G. scandens, whereas the two alleles seg-
regate at intermediate frequencies in G. fortis.
By combining haplotype data from these four
species on Daphne, we recovered a 525-kb re-
gion with AAF approaching 1.0 between the S
and L haplotypes (Fig. 4, top). These haplo-
types also segregate in Camarhynchus tree
finches (23), with AAFs approaching 1.0 in
each of two distinct regions (Fig. 4, bottom).
GO3 haplotypes for the 525-kb region are con-
served in the four Geospiza and the three
Camarhynchus species, which suggests that
they predate the split between ground and
tree finches (Fig. 4). Notably, LD is not homo-
geneous across the region, as would be expected
for an inversion-associated supergene. The shared
LD pattern in Geospiza and Camarhynchus
shows (i) near-complete LD within each of the
two regions with the highest AAFs, one con-
taining WIFI/LEMD3/MSRB3 and one contain-
ing HMGAZ2; (ii) near-complete LD between
these two regions; and (iii) an area between
these two regions with lower AAFs among
haplotypes and incomplete LD to the two re-
gions (Fig. 4). By contrast, the gray warbler
finch (Certhidea fusca, sister to all other finch
species) shows no strong LD in the corre-
sponding region (fig. S21). These findings are
inconsistent with a single mutation with pleio-
tropic effects on body and beak size in Geospiza
and Camarhynchus. Instead, we propose that
GO3 is a supergene involving four genes and
causal mutations with epistatic interactions.
The identification of two core regions of as-
sociation provides a potential explanation for

50f9

20z ‘¥T Atenuer uo Ainuep| uonniisu| vSvO 1e B10°a0us 105 Mmmmy/:sdny WwoJ) pepeoiumod



RESEARCH | RESEARCH ARTICLE

.
I — 1

1
AAF Camarhynchus :

chr1A:32.98 Mb

- - —
WIF1

I—
LEMD3

GNS TBC1D30

MSRB3

AAF Geospiza
MMMM%MM

1.0
08
06
- 0.4
0.2
0.0

33.66 Mb
. -

LLPH HEL;
TMBIM4 GRIP1

Fig. 4. LD patterns from combined Geospiza and Camarhynchus individuals and AAF. (Top) LD for a 2.1-Mb
region of locus GO3, with gene models indicated as black bars beneath. (Middle) AAF between S and L alleles
in Geospiza or Camarhynchus. (Bottom) An enlarged region of high LD; black bars represent gene regions.

the pleiotropic effect of GO3 on both beak
and body size. One region contains HMGA2, a
transcription-facilitating factor gene. HMGA2
is one of the top four loci associated with var-
iation in human stature and explains about
0.3% of genetic variance (49). It has major
effects on body size in other vertebrates (50-53),
and null alleles cause dwarf phenotypes in
mice (54), rabbits (55), and pigs (56). We hy-
pothesize that noncoding polymorphisms
that affect HMGA2 expression cause a change
in both body and beak size, whereas the ad-
ditional, independent effect on beak size (Fig.
2B) may be controlled by mutation(s) in one or
more of the other genes at the GO3 locus.
Among these three genes, LEMD3 is an interest-
ing candidate (Fig. 4), because loss-of-function
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mutations cause bone density disorders in
humans. Further, the LEMD3 protein interacts
with bone morphogenic protein (BMP) signal-
ing (57). Differential expression of BMP4 is
associated with variation in beak morphology
in Darwin’s finches (58), although the gene is
not associated with a significant QTL effect on
beak phenotypes.

Natural selection and introgressive hybridization
change allele frequencies at major effect loci

The average size of G. fortis and G. scandens
beak dimensions oscillated in response to
changing ecological conditions over the 30 years
of monitoring (Fig. 5A) (33, 59). Changes in allele
frequency at the six large-effect loci identified
in our GWAS changed concordantly with mor-
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phology, generally exceeding annual shifts in
allele frequency at random loci (Fig. 5, B and
C, and fig. S22). The strongest shift occurred in
G. fortis during 2.5 years of drought from late
2003 to early 2005 (60). The beaks of G. fortis
became smaller on average because of differ-
ential mortality resulting from competition
with the much larger G. magnirostris. The fre-
quency of the GO3 S allele (Fig. 5A) increased
sharply from 0.50 in 2004 to 0.63 in 2005 (17).
In a generalized linear-mixed model, GO3 alone
predicts survival with a selection coefficient of
0.49 (Fisher’s exact test, P < 0.05). Three other
loci show a very similar change with an in-
crease of the allele associated with small beak
size (and two others trend in this direction).
Indeed, three loci (GOI, GO3, and G29) in com-
bination predict survival from 2004 to 2005
better than GO3 alone in a repeated leave-one-
out analysis [Akaike information criterion (AIC);
AIC,ompinea = 894 versus AlCg3 = 97.6] (g = 3.1,
P < 0.01) (Fig. 5D). Shifts in allele frequen-
cies at these three loci can account for 51% of
the phenotypic shift in beak size due to natural
selection.

Changes in ancestry (Fig. 1C) affected allele
frequencies at these six loci. Allele frequency
changes at the six loci (2 to 30%) are greater in
G. fortis than in G. scandens (1 to 10%) (Fig.
5A). The phenotypic change toward a blunter
beak in G. scandens is the outcome of in-
cremental gene flow from G. fortis beginning
in the 1990s (Fig. 1C) (29, 59). A spike in allele-
frequency change at the turn of the century
(Fig. 5C) is likely due to this introgression in
the El Nifio year of 1998: The frequency of
hybridization increased in the next two dry
years with no breeding when many finches died
from starvation, and then decreased in the fol-
lowing year (Fig. 1) (33). At the locus with the
largest phenotypic effect on beak shape (G07/
ALXI), G. scandens carrying a Blunt allele
were more likely to have G. fortis ancestry
than those carrying a Pointed allele (General-
ized linear model, GLM: F = 1.1, P < 0.0001; fig.
S23A and supplementary note 1). Similarly,
G. fortis carrying the S allele at GO3, the locus
of greatest phenotypic effect on beak size, were
more likely to have G. fuliginosa ancestry
(GLM: F = -1.1, P < 0.0001; fig. S23B) and
G. fuliginosa-associated SNPs (fig. S23, C and
D). G. fortis and G. scandens converged in
allele frequency at GO7 but diverged at GO3
(Fig. 5F). Divergence is a consequence of hy-
bridization between G. fortis and G. fuliginosa
and strong selection in the 2004-2005 period,
resulting in a higher frequency of the S allele
at GO3 in G. fortis (Fig. 5, E and F).

Conclusions

We describe the genetic architecture underly-
ing morphological traits and temporal varia-
tion in fitness in a natural community of Darwin’s
finches on the undisturbed island of Daphne
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Fig. 5. Evolutionary change over 30 years on Daphne Major. (A) Annual
allele frequency trajectories at each of the six loci in G. fortis and G. scandens.
(B) Annual phenotypic means for G. fortis and G. scandens between 1983 and
2012. (C) The absolute average change in allele frequency [AAF = abs(AFearm -
AFyearn-1)] across all six loci shown in Fig. 2. The colored line indicates the
average of all six loci and the gray line indicates 100 randomly selected loci
across the genomes with starting allele frequencies that match the six loci. The
yellow bar highlights in (A) and (B) denote the 2004 to 2005 drought event.

Major, Galapagos. The study encompassed
lowpass, whole-genome sequencing of nearly
4000 birds from more than 30 years and 5 to
10 generations. We report that six loci are col-
lectively responsible for as much as 45% of the
genetic variance in beak size in G. fortis. One
locus (GO3) explains 25% of the variance, partly
through correlated effects of body size and
partly (12%) through direct effects independent
of body size. Allele frequencies at the six loci
in G. fortis and G. scandens changed as a re-
sult of episodic natural selection and recurring
introgressive hybridization. Because allele fre-
quencies differ among species (23), these multi-
decade observations of allele dynamics provide
the basis for a genetic understanding of spe-
ciation over a much longer period.

The field-standard geometric model is dom-
inated by many loci of small effect (61, 62).
Darwin's finches are clearly toward one ex-
treme of variation in effect-size distributions.
Empirical studies with a comparable experi-
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mental design (i.e., sample size and method-
ology) and that use quantitative traits with
high heritability are not yet available for other
birds. Therefore, for comparison, we turn to
humans because stature has a heritability as
high as that of beak traits in Darwin’s finches
(h? ~ 0.80), and effect sizes are estimated from
millions of individuals (49). However, the se-
lection pressures affecting human stature differ
from those affecting beak size, which influ-
ences the distribution of effect sizes (63).
Nevertheless, human stature is the most studied
quantitative trait in any animal (49) and is use-
ful to place our results in context. For exam-
ple, a GWAS on humans from the UK Biobank
that used a sample size identical to the one
used here for G. fortis (n = 1508) has only 20%
power to detect a single QTL that reaches
genome-wide significance (fig. S24) because
the variance explained by individual loci is
small. The top six loci from a recent GWAS
study (49), based on 5.4 million individuals,
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(D) The total number of small alleles at GOI, GO3, and G29 differs between
individuals that survived or died in the 2004/2005 drought event. (E) AAF
between G. scandens and G. fortis early compared with late in the study period.
GO7 and GO3 are highlighted with solid lines, with GO7 becoming more similar
among the two species and GO3, more different. (F) Same as (E), but comparing
G. fuliginosa and G. fortis early and late in the study period, where both GO7
and GO3 have converged in frequency. Additional discussion of GO7 can be found
in supplementary note 1.

only explain about 1% of the variance in con-
trast to the 45 and 22% of the explained var-
iance for beak size and beak shape, respectively,
in Darwin’s finches. HMGA2 provides a stark
contrast. The GO3 locus that includes HMGA2
explains 25 and 13% of variation in beak size
and body size, respectively, whereas HMGA2,
one of the top six loci in humans, explains only
0.3% of variation in stature (49). Human stat-
ure is likely under stabilizing selection, mean-
ing that large-effect alleles are detrimental
(64, 65), occur at low frequencies, and contrib-
ute little to trait variance. Conditions that vary
over time may instead lead to balancing se-
lection and the maintenance of variation, rather
than the fixation of beneficial alleles, because
of fluctuations in the fitness of alleles at indi-
vidual loci. This is the case in the Galapagos,
where oscillating environmental conditions
that lack predictability have unpredictable
evolutionary outcomes (59). We found sub-
stantial shifts in allele frequencies at these
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loci under periods of environmental stress and
intense interspecies competition in G. fortis,
which has an intermediate phenotype and geno-
type (Fig. 5). The loci may have particularly
large effects because they have been subject
to divergent selection during the evolution of
Darwin’s finches. Strong selection on beak size
has driven alternative GO3 alleles close to fix-
ation in the large (G. magnirostris) and small
(G. fuliginosa) species, but their large pheno-
typic effects are observed in G. fortis, where
they are subject to oscillating directional se-
lection. These findings offer a snapshot into
the population-level processes that underlie
the long-term processes of speciation and adap-
tive radiation.

A second feature of interest in the genetic
architecture of phenotypes, in addition to effect
sizes of individual loci, is the physical arrange-
ment and interactions of genes on chromo-
somes. We identified large genomic regions
acting as supergenes, which are clusters of
closely linked genes in which haplotypes that
control one or more phenotypic traits are in-
herited as alleles at a single locus owing to
suppressed recombination, often due to the
presence of inversions (66, 67). The LD pattern
for the ~525-kb GO3 haplotypes associated with
large and small beak size predates the split
between Geospiza and Camarhynchus, dated
400,000 years ago (16). This implies that GO3
is a supergene composed of multiple sequence
variants that show epistatic interaction. It is
improbable that such large haplotype blocks
can be maintained over ~400,000 years with-
out strong selection and suppressed recombi-
nation. There is no indication that the GO3
region involves an inversion, but it occurs in a
low recombination region (23), and rare re-
combinant haplotypes with low fitness may be
eliminated by selection. Approximately 7 Mb
from the GO3 region is another locus, GO7
(ALX1), which was suggested to be a supergene
in a previous study (48). The two regions are
separated by a recombination hotspot (23). This
observation supports the prediction that clus-
ters of adapted loci are formed during local
adaptation (67, 68) and have an important role
during adaptive radiation (5).

A third important factor is gene flow be-
tween closely related populations. Gene exchange
modulates the segregation of large-effect alleles
in Darwin’s finches and in other species (12, 69).
Our results support theoretical predictions
from simulations that adaptive radiation is
likely to involve loci of large effect (11), and
that the evolution of the effect size of fitness-
related traits is predicted to move toward
fewer loci of large effect (and multiple linked
sites) when selection for local adaptation takes
place with ongoing gene flow (68, 70). This
factor likely contributes to differences between
our results and a reported polygenic basis for
beak variation that lacks large-effect loci in
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Passer domesticus (71) and Parus major (45).
Both species are widespread with large effec-
tive population sizes that are unaffected by
introgressive hybridization.

Adaptive radiations are the product of a
favorable genetic potential and environmental
opportunity for evolutionary change (3-5). The
value of Darwin’s finches lies in what they re-
veal about these features in the early stages of
speciation in a young adaptive radiation, when
ecological divergence has occurred repeatedly
and strongly but without the kind of genetic
divergence that impairs fertility and viability
(72). Focusing on genetic potential, we have
shown that a few identified loci have large
effects, individually and in combination, on
quantitative, fitness-related, phenotypic traits.
Allele frequencies at the loci fluctuate through
directional natural selection and introgressive
hybridization, thereby revealing the evolution-
ary dynamics of a classical case of adaptive
radiation.

Materials and methods

Detailed materials and methods can be found
in the supplementary materials (28).

Sample preparation and genotype imputation

Blood samples were collected from Darwin’s
finches on Daphne Major and other Galapagos
islands by P.R.G. using methods described else-
where (16, 17, 33), and all phenotypic measure-
ments were collected by P.R.G. This included
3955 finches on Daphne Major, and we gen-
erated Tn5 transposon-based whole-genome
libraries for low-coverage short-read sequenc-
ing (73-75). Among these samples are 607
samples of both G. fortis and G. scandens used
in a recent publication (73). We created a ref-
erence panel of individuals with high-confidence
variant sites for all 18 species of Galapagos
finches and two outgroup species. This panel
consisted of previously published (16, 17, 23)
and new sequencing data generated in this
study (supplementary materials). To create
our reference panel, we statistically inferred
haplotypes using a combination of WhatsHap
(76) (v0.18) and SHAPEIT4 (77) (v4.1.3). For all
low-coverage individuals, we imputed variable
sites using GLIMPSE (27) (V1.1), aided by a re-
combination map generated with 818 Geospiza
families and Lep-MAP3 (78).

Genomic analysis

For the four species on Daphne Major (G. fortis,
G. scandens, G. fuliginosa, and G. magnirostris),
we generated a set of ancestry-informative
markers using samples collected from other
islands in the archipelago. Using these ancestry-
informative markers, we ran ADMIXTURE
v1.3.0 (79) on all Daphne samples to estimate
ancestry coefficients for every individual. We
conducted a GWAS using linear mixed models
with the software GEMMA (37) and GCTA (80)
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to identify QTLs associated with beak mor-
phology and body size. After identifying loci
with strong associations, we identified hap-
lotypes that are associated with each QTL.
Analysis of effect sizes and the association
between allele frequencies at these loci and
ecological and other biotic factors were all
conducted by using these haplotype iden-
tifications. We searched for variants with
putative functional consequences using a
combination of variant effect analysis in
snpEff (81) and phylogenetic conservation
score analysis based on PhyloP.
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Community-wide genome sequencing reveals 30 years of Darwin’s finch evolution

Erik D. Enbody, Ashley T. Sendell-Price, C. Grace Sprehn, Carl-Johan Rubin, Peter M. Visscher, B. Rosemary Grant,
Peter R. Grant, and Leif Andersson

Science 381 (6665), eadf6218. DOI: 10.1126/science.adf6218

Editor’'s summary

The ability of an organism to respond to shifting selective pressures depends on the genetic architectures of the
traits underlying adaptations. Examining four species of Darwin’s finches from the Galapagos Islands, Enbody et

al. identified six loci with large effects on beak size that explain 59% of the total heritability in one of these species.
The authors also connect the incidence of droughts, which result in changes in food availability, to shifts in the allele
frequency of these loci, some of which are caused by hybridization between species. This study takes advantage of
30 years of study of a classic system to elucidate the role of genetic architecture and introgression in adaptation. —
Corinne Simonti
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