ARTICLE

doi:10.1038/natu re141§

Evolution of Darwin’s finches and their
beaks revealed by genome sequencing

Sangeet Lamichhaney'*, Jonas Berglund'#, Markus Sillman Almén!, Khurram Magbool?, Manfred Grabherr,
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Darwin’s finches, inhabiting the Galapagos archipelago and Cocos Island, constitute an iconic model for studies of speci-
ation and adaptive evolution. Here we report the results of whole-genome re-sequencing of 120 individuals representing
all of the Darwin’s finch species and two close relatives. Phylogenetic analysis reveals important discrepancies with the
phenotype-based taxonomy. We find extensive evidence for interspecific gene flow throughout the radiation. Hybrid-
ization has given rise to species of mixed ancestry. A 240 kilobase haplotype encompassing the ALXI gene that encodes a
transcription factor affecting craniofacial development is strongly associated with beak shape diversity across Darwin’s
finch species as well as within the medium ground finch (Geospiza fortis), aspecies that has undergone rapid evolution of
beak shape in response to environmental changes. The ALXI haplotype has contributed to diversification of beak shapes
among the Darwin’s finches and, thereby, to an expanded utilization of food resources.

Adaptive radiations are particularly informative for understanding the
ecological and genetic basis of biodiversity' 2. Those causes are best iden-
tified in young radiations, as they represent the early stages of diver-
sification when phenotypic transitions between species are small and
interpretable and extinctions are likely to be minimal®. Darwin’s finches
are a classic example of such a young adaptive radiation®*. They have
diversified in beak sizes and shapes, feeding habits and diets in adapt-
ing to different food resources*” (Extended Data Table 1). The radiation
isentirely intact, unlike most other radiations, none of the species hav-
ing become extinct as a result of human activities®.

Fourteen of the currently recognized species evolved from a common
ancestor in the Galapagos archipelago (Fig. 1a) in the past 1.5 million
years according to mitochondrial DNA (mtDNA) dating®; a fifteenth
species inhabits Cocos Island. The radiation proceeded rapidly as a
result of strong isolation from the South American continent, genera-
tion of new islands by volcanic activity, climatic oscillations caused by
the EINino phenomenon, and sea level changes associated with glacial
and interglacial cycles over the past million years that led to repeated
alternations of island formation and coalescence”®.

Traditional taxonomy of Darwin’s finches is based on morphology?,
and has been largely supported by observations of breeding birds** and
genetic analysis®”. However, the branching order of several recently
diverged taxa is unresolved® and genetic analysis of phylogeny has been
limited to mtDNA and a few microsatellite loci. Some candidate genes
for beak development are differentially expressed in species with dif-
ferent beak morphologies'®'?, but the loci controlling genetic variation
in beak diversity among Darwin’s finches remain to be discovered.

Here we report results from whole genome re-sequencing of 120
individuals representing all Darwin’s finch species and two closely
related tanagers, Tiaris bicolor and Loxigilla noctis™. For some species
we collected samples from multiple islands (Fig. 1a). We comprehen-
sively analyse patterns of intra- and interspecific genome diversity and
phylogenetic relationships among species. We find widespread evid-
ence of interspecific gene flow that may have enhanced evolutionary

diversification throughout phylogeny, and report the discovery of alocus
with a major effect on beak shape.

Considerable nucleotide diversity

We generated approximately 10X sequence coverage per individual bird
using 2 X 100 base-pair (bp) paired-end reads (Extended Data Fig. 1).
Reads werealigned to the genome assembly of a female medium ground
finch (G. fortis)'*. We identified Z- and W-linked scaffolds on the basis
of significant differences in read depth between males (ZZ) and females
(ZW) (Supplementary Table 1) and generated a G. fortis mtDNA se-
quence through a combined bioinformatics and experimental approach.
Stringent variant calling revealed approximately 45 million variable
sites within or between populations. We found a considerable amount
of genetic diversity within each population, in the range 0.3 X 10> to
2.2 X 1077 (Extended Data Table 2), similar to that reported in other
bird populations® including island populations of the zebra finch'®.
We used these estimates of diversity to estimate effective population sizes
of Darwin’s finch species within a range of 6,000-60,000 (Supplemen-
tary Text). Extensive sharing of genetic variation among populations
was evident, particularly among ground and tree finches, with almost no
fixed differences between species in each group (Extended Data Fig. 2).

Genome-based phylogeny

According to the classical taxonomy of Darwin’s finches, supported by
morphological and mitochondrial (cytochrome b) data, warbler finches
were the first to branch off, and ground and tree finches constitute the
most recent major split**”. Our maximum-likelihood phylogenetic tree
based on autosomal genome sequences is generally consistent with cur-
rent taxonomy, but shows several interesting deviations (Fig. 1b). First,
Geospiza difficilis occurring on six different islands forms a polyphyl-
etic group separated into three distinct groups: (1) populations occu-
pying the highlands of Pinta, Santiago and Fernandina, (2) populations
occupying the low islands of Wolf and Darwin in the northwest*®® and
(3) the population on Genovesa in the northeast. This is consistent with
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Figure 1| Sample locations and phylogeny of Darwin’s finches.

a, Geographical origin of samples; the letter after the species name is the
abbreviation used for geographical origin. The map is modified from ref. 30.
b, Maximum-likelihood trees based on all autosomal sites; all nodes having full

an earlier version of the taxonomy, in which these three groups were clas-
sified as distinct species on the basis of morphological differences'”'*.

Second, Geospiza conirostris on Espanola showed the highest gen-
etic similarity to another species, Geospiza magnirostris, whereas G.
conirostris on Genovesa clustered with Geospiza scandens (Fig. 1b). Here,
phenotypic similarity parallels genetic similarity; G. conirostris on
Genovesa have a pointed beak similar to G. scandens, whereas those
on Espafiola have a blunt beak more similar to the beaks of G. magnir-
ostris (Extended Data Fig. 3).

A network constructed from autosomal genome sequences indicates
conflicting signals in the internal branches of ground and tree finches
that may reflect incomplete lineage sorting and/or gene flow (Extended
Data Fig. 3). The exact branching order of the most recently evolved
ground and tree finches should be interpreted with caution as it may
change with additional sampling. Since our data revealed some import-
ant discrepancies with the phenotype-based taxonomy, we propose a
revised taxonomy for the sharp-beaked ground finch (G. difficilis) and
the large cactus finch (G. conirostris) (Supplementary Textand Extended
Data Fig. 4), but will use the current names in the text.

We dated phylogenetic splits on the basis of genome divergence
(Fig. 2a), and compared these estimates with those obtained using
mtDNA (Extended Data Fig. 5a and Supplementary Text). We infer that
the most basal split, between warbler finches (Certhidea sp.) and other
finches, occurred about 900,000 years ago. The rapid radiations of ground
and tree finches began around 100,000-300,000 years ago. Although
these estimates are based on whole-genome data, they should be con-
sidered minimum times, as they do not take into account gene flow.

Extensive interspecies gene flow

The discrepancies between phylogenies based on morphology and ge-
nome sequences may be due to convergent evolution and/or interspe-
cies gene flow. We found evidence of introgression from three sources:
ABBA-BABA tests, discrepancies between phylogenetic trees based on
autosomal and sex-linked loci, and mtDNA (Supplementary Text and
Extended Data Fig. 5a).

372 | NATURE | VOL 518 | 19 FEBRUARY 2015

B Warbler finches

Bl Vegetarian finch

= Cocos finch

B Sharp-beaked ground finches
B Tree finches

W All other ground finches

M Outgroups

C. fusea_|

P. crassirostris_Z

T. bicolor_B

,_—‘—{ E L noctis B

local support on the basis of the Shimodaira-Hasegawa test are marked by
asterisks. The colour code for groups of species applies to both panels. Taxa that
showed deviations from classical taxonomy are underscored.

b
1 G. magnirostis_G ’
2 G. difficilis_ W '
G. difficilis_P '
T. bicolor_B .

296,072

900 800 700 600 500 400 300 200 100 O

Figure 2 | Population history. a, Dating the nodes (in thousands of years)
with confidence intervals (when applicable) in the phylogeny on the basis of
divergence corrected for coalescence in ancestral populations; the topology is
the representation of the inferred species tree from Fig. 1b. b, ABBA-BABA
analysis of G. magnirostris, G. difficilis from Wolf and Pinta, and L. noctis.
Number of sites supporting different trees is indicated both as a percentage and
as actual numbers. The D statistic and corresponding Holm-Bonferroni-
corrected P value are given for testing the null hypothesis of symmetry in
genetic relationships. Finch heads are reproduced from ref. 5. How and Why
Species Multiply: The Radiation of Darwin’s Finches by Peter R. Grant &

B. Rosemary Grant. Copyright © 2008 Princeton University Press. Reprinted
by permission.



First, the D statistic'® associated with the ABBA-BABA test was used
to compare two populations of G. difficilis from Pinta and Wolf, and
G. magnirostris from Genovesa, using L. noctis as outgroup; G. magnirostris
also occurs on Wolf but we lacked samples from that population. The
analysis confirmed that G. difficilis on Wolf has a closer genetic rela-
tionship with G. magnirostris than with G. difficilis on Pinta (Fig. 2b).
But there is evidence of gene flow between G. difficilis on Wolf and
Pinta (P =5 X 10 '"), because the substantial asymmetry in genetic
relationships cannot be explained by incomplete lineage sorting. How-
ever, the D statistic does not distinguish admixture from ancestral sub-
division'®. We conclude that the closely related populations of G. difficilis
on Wolf and Darwin are a species of mixed ancestry where most of the
genome originates from G. magnirostris or a close relative (Supplemen-
tary Table 2), whereas a considerable proportion of the genome, pos-
sibly including genetic variants affecting phenotypic characters, is derived
from G. difficilis. Similarly, G. difficilis on Genovesa shows a closer
genetic relationship to the other ground and tree finches than to G.
difficilis on Pinta, but we also found evidence for gene flow between the
two groups previously classified as G. difficilis (P =3 X 10~%; Sup-
plementary Table 2).

We next investigated gene flow involving the populations of G.
conirostris on Genovesa and Espanola, which appear as separate spe-
cies in our phylogenetic analysis. The ABBA-BABA analysis confirmed
that G. conirostris on Espanola shows a closer genetic relationship to G.
magnirostris than to G. conirostris on Genovesa (Extended Data Fig. 6a),
but also provided evidence for gene flow between G. conirostris on
Espanola and G. conirostris on Genovesa, which may explain some of
their phenotypic similarities and their previous classification as a sin-
gle species.

Given the evidence of relatively recent hybridization, we explored
the possibility of more ancient hybridization between warbler finches
(Certhidea fusca and Certhidea olivacea) and other finches. ABBA-
BABA analysis provided evidence for gene flow between C. fusca and
the other finches (P = 7 X 10~ '*’; Extended Data Fig. 6b). This pat-
tern of gene flow was apparent for all non-warbler finches, implying
that it occurred before the radiation of the non-warbler finches (Sup-
plementary Table 2).

The trees based on autosomal (Fig. 1b) and Z-linked sites (Extended
Data Fig. 5b) are not completely congruent. The tree based on Z-linked
polymorphisms indicated that G. difficilis present on the highlands of
Pinta, Fernandina and Santiago is more closely related to Platyspiza
crassirostris and emerged before the Cocos finch split off from the
ground and tree finches, whereas the autosomal tree indicates a reversed
order for the emergence of the two species. This discrepancy can poten-
tially be explained by gene flow between G. difficilis and tree and ground
finches after the Cocos finch became reproductively isolated from the
finches on the Galdpagos, which affected Z-linked and autosomal loci
to different degrees. It is a common observation in closely related spe-
cies that there is more interspecies sharing of sequence polymorphisms
at autosomal loci than at sex-linked loci®. This interpretation of the
phylogenetic status of G. difficilis (highland group) is supported by the
trees based on both mtDNA and W (Extended Data Fig. 5), which sug-
gest that G. difficilis diverged from the ancestor of other ground and
tree finches before the emergence of the Cocos finch.

Finally, our analysis of demographic history using the pairwise se-
quentially Markovian coalescent (PSMC) model*' was consistent with
extensive interspecies gene flow among the ground finches, as they
have maintained larger effective population sizes than the other spe-
cies (Supplementary Text and Extended Data Fig. 6¢, d).

A major locus controlling beak shape

The most striking morphological difference among Darwin’s finches
concerns beak shape (Extended Data Fig. 3). We performed a genome-
wide scan on the basis of populations that are closely related but show dif-
ferent beak morphology: G. magnirostrisand G. conirostris on Espafola
have blunt beaks, whereas G. conirostris on Genovesa and G. difficilis
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on Wolf have pointed beaks. We used non-overlapping 15-kilobase (kb)
windows to identify regions with the highest fixation indices (Fsr)
between groups. The Fgr distribution was Z-transformed (ZFsy) and
regions with striking ZFsy values were identified (Fig. 3a). Among the
15 most significant regions, six harboured genes previously associated
with craniofacial and/or beak development in mammals or birds includ-
ing calmodulin (CALM)"", goosecoid homeobox (GSC)*, retinol dehy-
drogenase 14 (RDH14)*, ALX homeobox 1 (ALX1)***, fibroblast growth
factor 10 (FGF10)** and forkhead box C1 (FOXCI)¥. A previous study
demonstrated differential expression of CALM between finches with
different beak types''. Two other studies reported differential expres-
sion of bone morphogenetic protein 4 (BMP4)'*", but we did not observe
any elevated ZFs; values in the vicinity of this locus, suggesting that
differential expression is controlled by other loci.

The most striking finding was a 240-kb region with high ZFg; values,
including the window with the highest ZFsr score (9.46) overall
(Fig. 3a, b). The region overlaps part of LRRIQI (leucine-rich repeats
and IQ motif containing 1), the entire ALXI gene and about 130 kb
downstream of ALX 1. No previous report indicates that LRRIQI has a
role during development in vertebrates. By contrast, ALX1 is an excel-
lent candidate for variation in beak morphology. It encodes a paired-
type homeodomain protein that plays a crucial role in development of
structures derived from craniofacial mesenchyme, the first branchial
arch and the limb bud**, and on migration of cranial neural crest cells,
highly relevant to beak development™. Loss of ALXT in humans causes
disruption of early craniofacial development™.

All individuals in the blunt beak category were homozygous for a
blunt beak-associated haplotype (denoted B), except one heterozyg-
ous G. conirostris individual from Espanola. Furthermore, except for
one heterozygous bird from Genovesa, all 19 G. difficilis individuals
not included in the Fsr scan were homozygous for a pointed beak hap-
lotype (P), consistent with their phenotypic appearance (sharp-beaked
ground finches). This is notable because genome-wide, G. difficilis on
Wolf, Darwin and Genovesa are all more closely related to the blunt-
beaked G. magnirostris than to the pointed-beaked G. difficilis from
Pinta (Fig. 2b).

A phylogenetic tree based on this region revealed a deep divergence
between the Band P haplotypes that must have occurred soon after the
split between warbler finches and other Darwin’s finches (Fig. 3¢). Apart
from the blunt-beaked G. magnirostris and G. conirostris on Espaiiola, all
individuals except three were homozygous for Phaplotypes, the remain-
ing three being heterozygous. The two G. fortis from Daphne Major
Island were both homozygous, but for different haplotypes (BBand PP;
Fig. 3c). The short branch lengths among B haplotypes are consistent
with a selective sweep. There were 335 fixed differences between the B
and P haplotypes (Fig. 3d, upper panel), which we assigned as derived
or ancestral on the basis of comparison with the outgroup sequence
(L. noctis). Derived alleles on the B haplotype were aggregated in the vi-
cinity of ALX1, including the downstream region (Fig. 3d, middle panel).
Furthermore, 8 of these 335 fixed differences occurred at conserved sites,
and the B haplotype carried the derived allele at seven of them (Fig. 3d,
lower panel). Four derived alleles occurred at sites corresponding to
transcription factor binding sites in the human genome®. Two other
changes constitute missense mutations (L112P and 1208V) at ALX1
amino-acid residues that are highly conserved among birds and mam-
mals (Extended Data Fig. 7), and ‘Sorting Intolerant From Tolerant’
(SIFT)* analysis classified both as damaging (score 0.03 for both). The
ratio of non-synonymous to synonymous substitutions between the
P and B alleles is high (2/1 = 2.00) compared with the ratio observed
between the ancestral P allele and orthologous zebra finch (2/14 =
0.14) and human (21/122 = 0.17) sequences, suggesting that one or both
of these missense mutations are non-neutral.

That ALXI is polymorphic in G. fortis (Fig. 3¢, d, upper panel) is
particularly interesting, because field observations have shown there
is considerable diversity in beak shape in this species™. We genotyped
an additional 62 G. fortis birds from Daphne Major Island for a diagnostic
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single nucleotide polymorphism (SNP), and observed a significant
association with beak shape (P = 8.8 X 10", Fig. 3e). PP homozygotes
tended to have proportionately long, pointed beaks, BB homozygotes
had proportionately deep, blunt beaks, whereas heterozygotes (BP)
had intermediate beak shapes. We also compared haplotype frequen-
ciesamong G. fortis individuals on Daphne Major Island with those on
Santa Cruz, which have a larger and blunter beak on average®', possibly
as a result of introgressive hybridization with G. magnirostris*>. We
found the B haplotype to be more frequent on Santa Cruz than on Daph-
ne Major (0.74, n = 21 versus 0.49, n = 62; P = 0.007, Fisher’s exact test).

Natural selection on beak size and shape of G. fortis on Daphne
Major Island has led to evolutionary change in the past few decades™.
Moreover, genetic variation in beak shape has been increased through
introgressive hybridization®” with two species of Geospiza, scandens
and fuliginosa, that have relatively pointed beaks. Therefore we expect
hybrids and backcrosses in the G. fortis population to have a relatively
high frequency of the P haplotype. We genotyped an additional 25
G. fortis at ALX1, added them to the sample of 62 (Methods) and com-
pared the haplotype frequencies in eight hybrids (including backcrosses)
and 79 non-hybrids. ALX1-P had a frequency of 0.75 among hybrids,
and 0.44 among the others, which is statistically significant in the ex-
pected direction (P = 0.03, Fisher’s exact test). Thus, ALXI-P alleles
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introduced by introgressive hybridization most probably contributed
to evolution of more pointed beaks in 1987 following natural selection
as a result of a change in food supply in the 1985-86 drought™.

Discussion
Our revised and dated phylogeny of Darwin’s finches shows that the
adaptive radiation took place in the past million years, with a rapid
accumulation of species recently (Supplementary Text). We have ge-
nomically characterized the entire radiation, which has revealed a
striking connection between past and present evolution. Evidence of
introgressive hybridization, which has been documented as a contem-
porary process, is found throughout the radiation. Hybridization has
given rise to species of mixed ancestry, in the past (this study) and the
present™. It has influenced the evolution of a key phenotypic trait: beak
shape. Similar introgressive hybridization affecting an adaptive trait
(mimicry) has been described in Heliconius butterflies™. The degree of
continuity between historical and contemporary evolution is unexpec-
ted because introgressive hybridization plays no part in traditional
accounts of adaptive radiations of animals'~. For young radiations it
complements the better-known role of natural selection.

Charles Darwin first noted the diversity in beak shapes among the
finches on Galdpagos. Our genomic study has now revealed some of



the underlying genetic variation explaining this diversity. A polygenic
basis for beak diversity is indicated by our discovery of about 15
regions with strong genetic differentiation between groups of finches
with blunt or pointed beaks. We present evidence that the ALX1 locus
contributes to beak diversity, within and among species. The derived
ALX1-B haplotype associated with blunt beaks has a long evolutionary
history (hundreds of thousands of years), because its origin predates
the radiation of vegetarian, tree and ground finches (Fig. 3c). This hap-
lotype is fixed or nearly fixed in two ground finches with blunt beaks,
G. magnirostris and G. conirostris on Espafiola, and it co-segregates with
variation in beak shape in G. fortis. As previously documented in do-
mestic animals® and natural populations™, the haplotype might have
evolved by accumulating both coding and regulatory changes affecting
ALXI function. Natural selection and introgression affecting this locus
have contributed to the diversification of beak shapes among Darwin’s
finches and hence to their expanded utilization of food resources on
Galapagos.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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