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Natural selection acts on existing genetic variation to drive genetic adaptation of organisms to
various ecological niches. Interaction between closely related populations, through processes
such as competition and hybridization, may either lead to their divergence or population fusion,
which has consequences for adaptation and the formation of species. This thesis aims to use
two natural populations, Darwin’s finches and Atlantic herring, as models to explore the genetic
mechanisms underlying ecological adaptation and speciation.

The ecological adaptation of Darwin’s finches across the Galapagos Islands is primarily
reflected by variation in beak morphology. Using whole-genome re-sequencing of all Darwin’s
finch species, we discover that a locus, HMGA2, is highly associated with variation in beak size.
Data collected before and after a severe drought show that this locus plays a critical role for
ecological character displacement in large ground finches Geospiza magnirostris and medium
ground finches G. fortis.

Genomic islands of divergence refer to genomic regions of elevated divergence when
comparing the genomes of closely related taxa. Establishment of these genomic islands can
reflect a role in reproductive isolation or be related to ecological adaptation or background
selection. Investigating their properties can shed light on how new species evolve. We study the
landscape of genomic islands in Darwin’s finches, and find that the most pronounced genomic
islands are likely ancient balanced polymorphisms, which govern adaptive variation in beak
morphology.

Hybridization is increasingly recognized as an important evolutionary process which may
lead to speciation. We study two cases of hybridization in Darwin’s finches. In the first case, a
new lineage of Darwin’s finches was founded through hybridization between a resident medium
ground finch G. fortis and an immigrant Espafiola cactus finch G. conirostris. In the second case,
female-biased introgression occurred predominantly from medium ground finches G. fortis to
common cactus finches G. scandens. Our genetic analysis on the mosaic genomes of hybrid
finches show that non-random mating and natural selection primarily determine the outcome
of hybridization.

We generate a chromosome-level assembly of the Atlantic herring with a total size of 726
Mb, which coincides with a high-resolution linkage map and an LD-based recombination map.
This facilitates the identification of an ~8Mb inversion, which is likely to be associated with
ecological adaptation in herring to differences in water temperature. The contiguity of the
assembly sorts placement of loci under selection that were identified based on a previous, highly
fragmented draft assembly of the herring genome.
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Introduction

Forms and consequences of genetic variation

“The power of Selection, whether exercised by man, or brought into play un-
der nature, ... absolutely depends on the variability of organic beings.”
Charles Darwin in his book “The variation of animals and plants under do-
mestication” emphasized the fundamental role of variability in natural selec-
tion (1). Today we know that the variability refers to genetic variation. Genetic
variation exists in the form of mutations, which are essentially nucleotide se-
quences that vary between the genomes of individuals. The majority of muta-
tions, if they happen under natural circumstances, are selectively neutral or
weakly deleterious. This means that most mutations are not harmful or only
slightly harmful to the fitness of organism, and will therefore not be acted
upon by selection. Other mutations introduce positive or negative effects to
fitness and natural selection will favor or purge such mutations, respectively,
by changing their frequencies in the population. Defining whether a particular
mutation is harmful or beneficial to fitness, however, is meaningless without
the context of space and time. A trait that is favored by contemporary condi-
tions might be an impediment to adaptation under other spatial or temporal
conditions, and vice versa. A well-documented example is the “industrial mel-
anism” of peppered moths Biston betularia in England (2). In order to hide
from predators, the majority of these moths have light-colored wings, which
camouflage them against the color of the trees they rest on. A minority of them
are dark-colored. During the industrial revolution, many of the trees were
darkened by carbon-heavy air pollution, which caused most light-colored
moths to die off from predation as now contrasted to the trees. This made a
black coloration become a predominant trait in peppered moths and thus the
number of dark-colored moths substantially increased during that period.
When air pollution declined, the frequency of dark-colored phenotype in the
population dropped and light-colored phenotype rose again. Therefore, a pop-
ulation that possesses more genetic variation is more versatile to environmen-
tal variability and changes.

Genetic variation in a population arises from three sources, spontaneous
mutations, gene flow, and genetic recombination. Among these three, sponta-
neous mutation is the fundamental novel source of all variation. It is the ran-
dom and permanent change caused by errors during DNA replication, DNA
damage or the insertion of transposable elements. Modeling of species



divergence often assumes a constant (clock-like) mutation rate for computa-
tional convenience, but it is in fact variable across genome, and even in dif-
ferent types of cells and across different organisms. In the human genome, the
average genomic mutation rate is about one error for every 10® nucleotides per
generation (3) with the male germline having a higher rate than the female (4).
To date, the lowest mutation rate among vertebrates was found in Atlantic
herring, which is 2.0 x 10™ per base per generation (5). Mutations that occur
in somatic cells can only affect the individual that carries the mutations. They
are not inheritable, meaning natural selection has no effect on them and the
coming generations. Only mutations that occur in the germline can be passed
onto progeny through the reproductive process, and such mutations are the
genetic variation that can contribute to the evolution of a population.

Another way of bringing in new genetic variation into a population is
through hybridization, which is also referred to as gene flow. When individu-
als from two separate populations hybridize, their progeny will carry alleles
from both populations. In order for this process to occur, several prerequisites
need to be met. First, the habitats of the two populations should be in the same
or overlapping geographic areas. Second, they cannot have established repro-
ductive isolation, which would render hybrids infertile. Third, the environ-
mental conditions must allow the hybrids to survive and reproduce.

Compared to spontaneous mutation and hybridization, genetic recombina-
tion is the fastest way to generate genetic variation. A crossover event during
meiosis reshuffles the existing allelic variants on homologous chromosomes
to form new haplotype combinations, and transfers the recombinants to the
next generation.

Genetic variation is not restricted to a single form in the genome. There are
several types of genetic variants on the sequence level according to their sizes
and structures, and they sometimes hybrid to shape a chimeric complex. The
most common type is the single-nucleotide polymorphism (SNP), where a sin-
gle base substitution differs between alleles at a specific locus. The density of
SNPs is often used to quantify the degree of genetic diversity locally (along a
genome) or globally (within a population) (6). It enables comparisons of the
heterogeneity across a genome and the magnitude of diversity between popu-
lations.

Genetic variation can occur in the form of small insertions and deletions
(INDELs), which usually range from several to hundreds of base pairs in
length (7-9). They are the second most common form of genetic variations in
the human genome (9), but they have received less attention in genetic studies
(10). One of the biggest challenges when analyzing INDELSs is that the nature
of INDELSs is highly variable, and most of the current algorithms and statisti-
cal models are designed for studies of biallelic mutations. Accurately geno-
typing INDELSs is difficult due to technical limitations (11).

A structural variant (SV) is the type of variation that changes a large section
of the genome. The term is usually applied to the genomic changes above 1
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kb in size, and some could reach several megabases. The typical structural
variant includes copy number variation (CNV), deletion, insertion, inversion,
translocation, and complex variant that involves multiple structural alterations
(Figure 1). Although this type of variation can change a relatively long stretch
of DNA, it is not necessarily related to diseases and can be neutral or near
neutral. For example, in a study of 26 human populations, about 13% of the
human genome exhibited structural variation (12). The recent advent of long-
read sequencing technique, which can read up to several kilobases of nucleo-
tide sequences, has enhanced the study on structural variants. Although recent
studies have been able to associate structural variation with selection in live-
stock and natural populations (13—17), it is still challenging to accurately char-
acterize such variants. SVs, like inversions and translocations, are often sur-
rounded by long stretches of repetitive sequences that even long read sequenc-
ing has difficulties to bypass, and they can have variable breakpoints among
individuals. Detection of CNVs requires high sequencing depth and a uni-
formity of coverage across the genome. Besides, the algorithms for SV detec-
tion are often inadequate to generate consistent calls; every software intro-
duces individual bias and false positives (18).

Copy number variation Deletion Insertion
\ | \ \ | \ —
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[ — [ |
Inversion Translocation
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A”—’:{\\‘A RS
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Figure I. lllustration of example structural variants on genome.

Not all genetic variation has an impact on phenotype. It depends on where in
the genome it happens and whether it, by any means, leads to the changes on
the expression or translation level. Missense mutations causing phenotypic
changes in morphology, physiology, behavior and even psychology, form the
focus of genetic studies. Silent mutations are thought to be mainly functionally
inactive and selectively neutral, but they may also have an influential function
on processes like transcriptional regulation, RNA degradation or non-coding
RNA regulation (19-22). In addition to their impact on phenotype, some sci-
entists also argue that these mutations exist to pave the path for later evolu-
tionary innovation by influencing functional mutations via neutral networks
(23,24).
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Natural selection, adaptation and speciation

Natural selection does not create genetic variation. It only sieves out the indi-
viduals that carry beneficial mutations and eliminates variants that are delete-
rious to fitness. It is unlikely that an individual bears only beneficial alleles;
after all, mutations occur by chance and the force of selection is not constant.
Natural selection maximizes the mean fitness of a population through changes
in allele frequencies (25). Another process, genetic drift, also changes allele
frequency of a population. Unlike selection, it arises from stochastic sampling
that leads to random shifts in allele frequencies over generations (26). Fitness
change from genetic drift is thus directionless. The influence of genetic drift
and the efficacy of selection are different in populations of varied sizes. Com-
pared to a small population, the allele frequency of a large population is less
likely to fluctuate due to genetic drift, increasing the relative effect of selection.
On the other hand, it takes longer time for the selective favored alleles to be-
come common in the population due to the relatively low starting frequency
of a new mutation.

As Niles Eldredge said, adaptation is the heart and soul of evolution (27).
It represents the process in which natural selection adjusts the genetic compo-
sition of an organism in the gene pool, so that the organism can better survive
and reproduce in current ecological niche. In most cases, adaptation relates to
selection in response to the surrounding ecological environment, such as food
sources, predators and climate. Interspecies competition can also lead to shift
of traits when multiple species share the similar niches (28-30).

Adaptation is often mentioned together with speciation, because both pro-
cesses contribute to biodiversity. The essential difference between these two
processes is that speciation involves the establishment of reproductive isola-
tion while adaptation does not have to, although adaptation sometimes also
directly happens at the loci that are associated with reproductive isolation (31).
Adaptation is therefore often a path to speciation. How long genetic adaptation
or speciation takes is dependent on the biological characteristics of the organ-
ism, the strength of selection, and genetic drift. It could progress over millions
of years, but there are also examples where rapid adaptation and/or speciation
have occurred in a few generations (32,33).

Speciation is fundamentally a process where genetic exchange is stopped
or restricted between populations until complete reproductive isolation is es-
tablished (34). Roughly, it comprises three phases, although the borderlines
between these phases are blurry. Speciation could initialize from the re-
striction of dispersal, such as geographic movement, human intervention and
different mating seasons, which divides individuals into subpopulations and
the breeding is restricted to within each subpopulation (Allopatric/Peripatric
speciation; Speciation without gene flow; Figure 2) (35). This spatial or tem-
poral separation was previously thought as a prerequisite to speciation. How-
ever, recent studies have shown that, speciation can take place spontaneously
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in a shared or overlapped niche (Sympatric/Parapatric speciation; Speciation
with gene flow; Figure 2) (36,37). Introgressive hybridization, competition for
resources, exploitation of unoccupied niches, and sexual selection can all lead
to speciation without separating the populations (38,39). A reduction of gene
flow arises at the beginning of speciation. Prezygotic isolation may or may not
establish at this phase. The second phase of speciation is the accumulation of
new genetic variation independently in two subpopulations. At this stage,
prezygotic isolation has been established. Interbreeding might still happen oc-
casionally if contact is allowed, but the individuals prefer to mate with the
members from their own subpopulations. When the two subpopulations are
divergent enough, speciation enters the last phase. That is the formation of the
postzygotic isolation. The genomes of the two subpopulations become so re-
productively incompatible that their hybrids are unable to develop into a fertile
adult. At this stage, speciation is complete.

Speciation without gene flow Speciation with gene flow
Figure 2. lllustration of two modes of speciation with respect of gene flow.

In nature, the entire process of speciation is not always a smooth transition,
particularly during the initial and second phases. In some scenarios, popula-
tions could fuse into one again by secondary contact, and thus speciation col-
lapses. This is especially likely when the divergence time between the popu-
lations is short or gene flow has been ongoing throughout the period. In other
scenarios, incomplete reproductive isolation could be reinforced because the
hybrids are less fit than parental individuals (40). Moreover, in some extreme
cases, like the changes of ploidy in plants, where the number of chromosomes
in progeny is different from their parental genomes, can rapidly result in spe-
ciation (41). Whether speciation will proceed to completion heavily depends
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on the strength of selection, the magnitude of gene flow, and the intrinsic char-
acteristics of the organisms.

Gene flow: Obstacle or aid to speciation?

Gene flow introduces genetic variation from one population to another before
the establishment of reproductive isolation. It first generates F1 where each
parent contributes 50% of its genome through hybridization. The F1 hybrids
backcross with individuals from one, or both of the parental populations. The
progeny of the onward generations then repeats this pattern. This process cre-
ates generations of mosaic hybrid genomes which comprises genetic materials
from both parental populations. Meanwhile, it counteracts the loss of genetic
diversity, increases effective population size (N.), and reduces the genetic dif-
ferentiation between the parental populations (Figure 3, left).

Under this mode, speciation and gene flow sound like the opposite ends of
the rope in a tug of war; one promotes heterogeneity and the other promotes
homogeneity. However, natural selection and genetic drift make this complex.
Hypothetically, the hybrids possess phenotypes intermediate between parental
phenotypes, or more similar to one of them, depending on how they breed and
which loci are introgressed or retained. Most of the time, these phenotypes are
not favored by selection because the parental populations may be better
adapted when competing with the hybrids for food, mates and other resources
(42). In addition, diverging populations accumulate genetic incompatibilities,
called Bateson-Dobzhansky-Muller incompatibilities (BDMIs), by which hy-
brids suffer from a decline in fitness (43—45). Hybrids have lower survival and
reproduction rate compared to their parental populations and sometimes even
display phenotypic abnormalities. The parental populations may have di-
verged for a certain period and the genetic variations they have accumulated
separately are fixed by selection in each population. When these diverged
fixed alleles are combined into the hybrid genome, the epistatic interaction
between multiple loci can introduce negative effects on fitness and the new
combination of alleles can be incompatible. Therefore, hybrids are not always
favored by selection, and gene flow in such conditions can reinforce the spe-
ciation of the incipient populations (Figure 3, middle).
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Figure 3. Consequences of gene flow concerning speciation.

Under particular circumstances, hybrids can outcompete their parental popu-
lations. In order for this to happen, there must be environmental resources that
favor the hybrid lineage. For instance, unexpected ecological changes can pro-
vide opportunities that either separate hybrids from the incipient populations
or create new habitat for hybrids. Some extreme phenotypes of hybrids may
facilitate their exploitation of unoccupied niches or increase their competitive-
ness, which is referred to as hybrid vigor (46—48). These conditions are typi-
cally unlikely, but not impossible, and they lead to inbreeding becoming more
common than backcrossing with parental populations in hybrids. Once the re-
productive isolation is built up, hybrid speciation has completed. Hybrid spe-
ciation is more commonly observed in plants than in animals due to their dif-
ferences in sex determination mechanisms and nature of genomes (49). Two
forms of hybrid speciation exist: homoploid hybrid speciation, where no in-
crease in ploidy happens via hybridization, and polyploid hybrid speciation,
where hybrids carry more sets of chromosomes than parents. Both homoploid
and polyploid speciation have been well documented in plants while only few
cases of homoploid speciation have been recorded in animals (50,51). In hy-
brid speciation, gene flow facilitates the birth of a new lineage and thus it
provides possibilities for speciation (Figure 3, right).

The stage of speciation at which gene flow continues to occur is also critical
to the outcome. Accumulation of mutations and adaptation to independent
niches takes time. Before the pre-divergence period (Figure 4, left), gene flow
can easily break down isolation, especially when populations share the same
niche. This is the most fragile phase of speciation. Prezygotic barriers can pre-
vent the gene flow, but not necessarily. Gene flow could also occur after the
populations have diverged for a certain time (Figure 4, middle), which can
occur in secondary contact, if postzygotic barriers have not formed. In this
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scenario, how reproductively isolated the populations are determines their fu-
ture. Sometimes, gene flow can recur throughout the process of speciation
(Figure 4, right), but genetic differentiation between the populations still exist.
This is particularly common in species like aquatic organisms, because they
are not restricted by geographical isolation. Such condition gives the popula-
tions more flexibility to either diverge or fuse into one, which is, nevertheless,
still dependent on the force of selection.

Ancient Recent Constant
past gene flow gene flow gene flow
— accumulated
— divergence

present
Figure 4. Modes of gene flow during speciation.

To sum it up, gene flow can lead to three consequences in respect to speciation
(Figure 3). (1) If the hybrids merge with either or both incipient populations,
the speciation will be prevented and the divergent populations may be fused
into one, depending on frequency of the gene flow. (2) If selection is against
the hybrids, then divergence of the incipient populations may be reinforced.
(3) If selection strongly favors the hybrids, it can promote the speciation of
the hybrid population. Any of these chains of events could transit to another
or be terminated halfway through, and gene flow can be either obstacle or aid
in the process.

Darwin’s finches: A classic model of adaptive radiation

About two million years ago, a small number of birds arrived at the Galapagos
archipelago. When Charles Darwin landed on the Galapagos Islands during
his voyage of the Beagle in 1831, these birds had diversified into more than
10 different species. However, the significance of the finches was not realized
until the taxonomist John Gould examined the specimens collected by Darwin.
Later in Darwin’s book, he explicitly described the details about their nearly
perfect gradation of morphological diversification, primarily in the form of
beak, which helped to further develop his theory of natural selection (52). To
credit their inspiration for Darwin’s idea, David Lack named them Darwin’s
finches (53), and they are well known as a textbook example for the study of
evolutionary biology.
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Although there is a lack of fossils, geographic proximity combined with
molecular analysis indicates that the ancestor of Darwin’s finches was most
likely a member of the grassquit genus Tiaris, either from South America or
the Caribbean (54,55). The polymorphism of MHC class Il genes in modern
finches indicates that the number of birds that first colonized Galapagos was
at least 30 (56). The Galapagos islands were born from fire; they are the prod-
ucts of volcanic eruptions that initially happened about 5 million years ago
(57). Since their formation, forces such as plate movements, fluctuating sea
level and climate changes have periodically altered the number, height-profile
and shape of the islands, giving the islands possibilities to develop into differ-
ent ecoregions. Therefore, Galapagos islands are highly diversified in ecology,
ranging from arid ground to humid forest. Adaptation to the different ecolog-
ical conditions has led to a diversity in the finches’ biological features, includ-
ing body size, wing length, beak type and song. One of the classic morpho-
logical characteristics is their beak. The beak morphology reflects the food
resource they feed on, which is a result of long-term selection. For instance,
species that catch insects have sharp and slender beaks, those that eat seeds on
the lowland have large and blunt beaks, and those that probe into cactuses
have long and pointed beaks (Figure 5).

Figure 5. Examples of beak variation in Darwin’s finches. @ darwin-online.org.uk

What genetic changes facilitated this rapid evolution is important question to
understand how this monophyletic group radiated into so many species.
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During the last decades, field observation and molecular studies on microsat-
ellite DNA, mtDNA and whole-genome DNA have revealed the taxonomy of
extant species of Darwin’s finches (15,58-60). Till today, 18 species in total
have been recognized, 17 of which are distributed on different islands of the
Galapagos and one on Cocos Island. The molecular dating indicated that these
species evolved from a common ancestor about 1.5 million year ago (15). De-
ciphering the genetic code for beak variation is of course the first step to un-
derstand their adaptive radiation. A critical locus, ALXI, has been identified
to be significantly associated with variation in beak shape (15). Expression
analyses identified several candidate genes, such as BMP4, CALMI, and
DKK3, that affect beak growth during embryonic development (61-63). Ad-
ditionally, hybridization was rarely observed (64), but genomic data revealed
that interspecies hybridization is extensive in the adaptive radiation of the
finches (15).

Atlantic herring: A new model for genetic studies of
ecological adaptation

The Atlantic herring (Clupea harengus) is a pelagic species, which inhabits
both sides of the Atlantic Ocean, including the Baltic Sea. They often move
in large schools near to the coast, and one single school can consist of billions
of individuals with a density of 1.5-16 fish/m* (65). As one of the most abun-
dant vertebrates on the planet, herring has historically been a crucial food re-
source in North Europe. In 2015, it was ranked as the world fourth largest
commercial fishery (66), and the top species caught in the North East Atlantic
(Figure 6).
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Atlantic
herring 19%

Other 29%

Atlantic
mackerel 13%

Chub mackerel 2%
European plaice 2%
European hake 3%

Atlantic horse mackerel 3%
Atlantic cod 4%

Sandeels 6% Blue
whiting 6%

European
sprat 13%

Figure 6. Top species caught in the North East Atlantic in 2015. (Data source: Euro-
stat)

Herring often migrate thousands of kilometers across the open ocean for feed-
ing and spawning. They primarily feed on plankton, krill, and small fish, and
meanwhile they are the prey of large fish, marine mammals and seabirds. The
population structure of the Atlantic herring is complex. The population dy-
namics is primarily maintained by natal homing behavior, where adult fish
migrate back to their birthplace to spawn (67,68). Populations from the same
location may spawn in different seasons. Thus, they can be further classified
into discrete spawning types. Herring, having a maximum age of 25 years, can
thus spawn up to 20 times. At spawn, each female can release from 30,000 to
70,000 eggs depending on the populations and seasons (69,70). Unlike most
marine fish, which only occupy marine water with above 30 ppt salinity, her-
ring can survive and reproduce throughout the brackish Baltic Sea, where the
salinity is in the range of 3-12 ppt. Compared to the Atlantic herring, Baltic
herring are smaller in size and contain less fat.

Herring shows a considerable plasticity and adaptability to the environment
and a large number of populations have been classified based on their differ-
ences in morphology, life history, spawning location and spawning season
(67). It has been challenging to accurately distinguish herring populations.
Traditional methods measured scales and otoliths to differentiate stocks (71—
73). But these methods are affected by the way of measuring, fish age, fishing
season and locality. Previous studies using limited molecular markers have
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revealed only small genetic differentiation between the populations (74-76).
The prevalence of modern sequencing technology now enables high through-
put screening of genetic markers, allowing herring to display its advantage as
amodel in genetic studies. Whole-genome screens showed the level of genetic
differentiation in the herring is extremely low at selectively neutral loci (77),
due to inter-population gene flow and/or minute genetic drift. This gives
prominence to the genetic signatures that have been under natural selection.
Hundreds of genomic loci have been identified associated with variations be-
tween populations adapted to the Baltic Sea and the Atlantic Ocean as well as
the loci associated with the adaptation to different spawning seasons (77). A
pedigree study revealed that a low mutation rate may contribute to the moder-
ate nucleotide diversity considering the huge population size (5). All these
features make herring an excellent model species for genetic studies of eco-
logical adaptation.
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Summary of the papers

Paper I: A major locus associated with beak size in
Darwin’s finches

The evolutionary history of Darwin’s finches on the Galapagos Islands has
been widely observed and well documented in the last decades. Their most
pronounced phenotypic variation is their highly diverged beak morphology.
After the rapid radiation about 1 million year ago, the beaks of the descendent
species developed into different shapes and sizes, depending on the local en-
vironment and food sources of the islands. Some species that live on distant
islands but where the niches are similar carry similar beak morphology. An
example is sharp-beaked ground finches Geospiza acutirostris (formerly G.
difficilis on Genovesa), which is very similar to small ground finches G. fulig-
inosa on Espaiiola in beak and body size (78). However, this similarity can be
minimized or lost when these species meet in the same geographical area. This
phenomenon is called ecological character displacement (79,80), which is
caused by competition between species. When resources are limited, the spe-
cies with overlapping traits adjust their respective niches so that they can co-
exist in the same geographic area. The theory was proposed as an important
model of speciation, but evidence for this mechanism has rarely been demon-
strated in natural populations (81). Peter and Rosemary Grant observed a char-
acter displacement event in Darwin’s finches (82). In late 1982, a novel breed-
ing population was established on Daphne Island by a few immigrant large
ground finches G. magnirostris. Their diet of large shelled seeds overlapped
with the local medium ground finches G. fortis. A severe drought in 2004
made food scarce on the island, during which time the large ground finches
outcompeted the relatively large-beaked medium ground finches for large
seeds and thus caused lower survival among the medium ground finches. In-
stead, other medium ground finches with small beaks that could feed on small
seeds had higher survival. As a consequence, a dramatic shift of beak size was
observed in the medium ground finches during 2004-2005. In this study, we
carried out a whole-genome study of 60 Darwin’s finches and investigated the
genetic basis underlying the event.
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Figure 7. A character displacement occurred between large ground finches (G. mag-
nirostris) and medium ground finches (G. fortis) during a drought. The large ground
finches were three times more efficient than the medium ground finches with large
beaks when cracking the hard shell of the seeds.

Like other studies of selection on size-related traits, beak size showed a strong
correlation with body size in Darwin’s finches. A combination of multiple re-
gression and selection differential analysis on the birds in the 2004-2005
drought event indicated that the association between survival and beak size
was much stronger than between survival and body size (82). Taking these
into account, we sequenced 10 birds from each of the six species of Darwin’s
finches that primarily differ in size-related traits: the small (G. fuliginosa),
medium (G. fortis) and large (G. magnirostris) ground finches, and the small
(Camarhynchus parvulus), medium (C. pauper) and large (C. psittacula) tree
finches (Paper I: Table 1). The sequence of each individual reached ~10 X
genome coverage. All 2 x 125 bp paired-end reads were aligned to the refer-
ence genome GeoFor 1.0 (83), and variant calling was performed based on
stringent criteria (Paper I: supplementary materials).

To minimize the influence of population structure, we grouped different
species of similar size and performed pairwise genome-wide screens by com-
paring the groups in different sizes. After intersecting the outliers from each
contrast, we identified seven independent genomic regions related to beak size
(Paper I: Fig. 2A). Among them, one ~525 kb locus exhibited the most signif-
icant differentiation in all three contrasts. This region contains four genes, one
of which is the high mobility AT-hook 2 gene (HMGA2). HMGA? is an im-
portant protein for growth and development. According to previous studies,
loss-of-function mutations in HMGA?2 lead to dwarfism in mice and rabbits
(84,85). In human, HMGA?2 has been associated with variation in height and
craniofacial distances (86). Therefore, we believe this locus is very likely to
be a candidate gene associated with variation in beak size among Darwin’s
finches, and we refer to this entire 525 kb region as the HMGA?2 locus.
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To validate whether and how much HMGA?2 locus affects beak morphol-
ogy, we combined the data with sequences from 120 birds of Darwin’s
finches, and investigated the haplotypes in total 180 individuals. A maximum-
likelihood tree was constructed based on all the SNPs from the 525 kb
HMGA?2 locus, and it clearly showed that all the species except the outgroup
species can be divided into two major haplogroups (paper I: Fig. 1D): One
group included 98% of the small individuals with body weight less than 16 g,
and the other group included 82% of the large individuals with body weight
greater than 17 g. We dated the split between the two haplogroups and sug-
gested that it occurred about 1 million years ago, which was before the radia-
tion of Darwin’s finches. The genotypes of the 17 conserved SNPs that were
highly divergent in our contrasts showed that small birds were fixed for one
haplotype (S) and large birds were fixed for the other haplotype (L). The birds
with intermediate size showed varied degrees of segregation at this locus.

Because body and beak size are strongly correlated, the HMGA2 locus
could potentially affect either body size or beak size, or both. To investigate
this, we genotyped a diagnostic SNP from HMGA?2 locus in another 133 me-
dium ground finches, and examined the correlations between genotype and
phenotypic measurements. The results suggested that this locus is highly as-
sociated with beak size rather than body size or beak shape (Paper I: Fig. 2E).

We next asked how much the HMGA2 locus contributed to the shift of beak
type in medium ground finches in the character displacement event in the
drought during 2004-2005. We genotyped 71 medium ground finches that ex-
perienced the event, and summarized the survival rate of different genotypes.
Individuals homozygous for the S haplotype have a significantly higher sur-
vival rate (73.7%) than the ones homozygous for the L haplotype (30.0%),
which confirmed that HMGA2 locus contributed to the dramatic change of the
beak morphology in the short period.

This study identified a major locus contributing to the beak size in Darwin’s
finches and explained a considerable part of the genetic changes underlying
the rapid shift of beak morphology in medium ground finches during the
drought in 2004-2005.

Paper II: Genomic landscape of divergence among
Darwin’s finches

Comparing the genomes of two closely related species often reveals a hetero-
geneous landscape of genomic divergence; most of the genomes display a con-
sistent degree of divergence, while some regions exhibit exceptionally high
divergence, resembling volcanic islands in the ocean. At first, these regions of
elevated divergence were thought to be related to reproductive isolation that
contribute to the initial stages of speciation. Thus they were called “genomic
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islands of speciation” (87). With further studies having carried out in various
species, scientists revealed that the locally elevated divergence was not nec-
essarily related to speciation. Other evolutionary processes, such as back-
ground selection or selective sweeps coupled with variation in recombination
rate, could cause a very similar pattern. The statistical methods used for meas-
uring the divergence also produce uncertainties in determining whether these
islands emerge due to speciation. The name “genomic islands of divergence”
is therefore used more often when describing these regions. In this study, we
aimed to differentiate the models that can result in different patterns of ge-
nomic islands of divergence.

Traditionally, relative measures of divergence, such as Fsr, were widely
used to identify genomic islands of divergence. These measures, however, can
be inflated if either of the compared populations has low intra-population di-
versity (88). Thus, Fst peaks may not truly reflect differentiation between pop-
ulations. An absolute measure of divergence, dxy, was recommended because
it is less affected by within-population variation.

Based on the measures described above, we discussed how the landscape
of divergence is affected in four different evolutionary circumstances. In
model 1 where gene exchange is allowed for incipient species, the genomic
islands are predicted to be resistant to gene flow because they contain genes
favoring local adaptation and/or speciation (Figure 8A). We therefore expect
to observe both Fst and dxy elevated at genomic islands. In model 2, a similar
pattern could also be expected without gene flow, which is the result of ances-
tral polymorphism (Figure 8B). If highly diverged haplotypes have existed
before speciation at a locus, the process of incomplete lineage sorting can
maintain the high divergence in the descendant species. In model 3 where spe-
ciation occurs in allopatry, no gene exchange is possible due to geographic
barriers (Figure 8C). Each of the populations independently adapts to the local
environment, and genomic islands arise at the loci that are involved in ecolog-
ical adaptation. In this scenario, only Fsr is expected to increase because re-
cent selection does not influence absolute divergence. In model 4, the genomic
islands are caused by recurrent selective sweeps and/or background selection
regardless of gene flow (Figure 8D). We expect to observe elevated Fsr but
reduced dxy at such genomic islands because both processes can reduce the
level of local genetic variation. This pattern is often expected at regions of low
recombination rate.
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Figure 8. Evolutionary causes of genomic islands of divergence and the expected
patterns along the genome.

genetic divergence

For this study, we used sequencing data of 11 populations of Darwin’s finches
from six islands of the Galapagos archipelago and one population from Cocos
Island (Paper 1I: Figure 1A; Table 1). According to the geographic distribu-
tions and beak morphology, we made independent contrast in 12 different spe-
cies pairs and scanned the genome of each pair using 50 kb windows. In each
window, we estimated genetic parameters including nucleotide diversity, Ta-
jima’s D, number of fixed differences, Fsr and dxy. In all the species pairs,
we identified genomic islands that showed elevated Fsr (ZFst >= 4) (Paper II:
Figure 2A). We discovered that in all sympatric and allopatric species pairs,
absolute divergence dxy was elevated (Paper II: Figure 3A) and the numbers
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of genomic islands were similar (Paper II: Figure 2B). This indicated that re-
cent gene flow was not a major factor in the formation of the genomic islands.

Among the most pronounced genomic islands, two contained the ALX7 and
HMGAZ2 loci, which are associated with beak shape and size, respectively. The
absolute divergence dxy were elevated at these loci in species pairs with dif-
ferent beak morphology (Paper II: Figure 3B). From previous studies, we
know that the haplotypes at both loci formed before the radiation of Darwin’s
finches. This suggests that some of the genomic islands were involved in eco-
logical adaptation in the early stage of speciation, and they were formed from
ancient haplotypes.

Furthermore, we investigated how recombination rate behaved in the ge-
nomic islands. We utilized the population-scaled recombination map in zebra
finch (89), and sorted the medium ground finch reference genome based on
pairwise alignment between the two assemblies. Interestingly, the average re-
combination rates in the genomic islands of divergence were significantly
lower than the genomic background in all species pairs, including the regions
containing the ALX1 and HMGA?2 loci (Paper II: Figure 4), indicating that the
genomic islands involved in ecological adaptation or speciation tend to be re-
lated to low recombination rates.

In this study, we identified genomic islands through 12 pairwise compari-
sons of Darwin’s finches, and discovered that two of the most pronounced
genomic islands contained ALX1 and HMGA?2 loci, which are associated with
variation in beak shape and beak size, respectively. We summarized four mod-
els of genomic islands caused by different evolutionary processes, and com-
pared them with the observation in Darwin’s finches. We concluded that ge-
nomic islands of divergence in Darwin’s finches were shaped by gene flow,
ancient polymorphism, and ecological adaptation.

Paper I1I: Witnessing hybrid speciation in Darwin’s
finches

In 1981, when Peter and Rosemary Grant were performing field studies on
Daphne Island, an immigrant bird caught their attention (90). It resembled the
local medium ground finch (G. fortis), except that it was 70% heavier and sang
a unique song. They named it 5110 and recorded the trajectory of this male
ground finch on Daphne Island (Figure 9). It first mated with a local resident
medium ground finch and one of their offspring bred with another female me-
dium ground finch. From generation 2 onwards, all the descendants only
mated within this lineage. Backcrossing with parental populations was not ob-
served any more. Individuals of generation 4 — 6 were all derived from a sister-
brother mating in generation 3. The fitness within the lineage was not severely
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compromised by the close inbreeding, and the lineage behaved like a new spe-
cies compared to the local residents. Because members of the new lineage are
relatively large in size, they were referred to as the Big Bird lineage. In this
work, we sequenced the parental generation as well as the members of the Big
Bird lineage, with a main aim of identifying the source species of the founder
male 5110 and searching for genetic clues to the success of the lineage.
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Figure 9. Generations of the Big Bird lineage. The top map depicts the resident is-

land Daphne Island of medium ground finches G. fortis and migrant route of the for-
eign Espafiola cactus finch G. conirostris. From the second and onward generations,
the hybrids stopped outbreeding or backcrossing.

Morphological measurement showed that 5110 was not a purebred member of
any of the species residing on Daphne Island. This determined 5110 was an
immigrant or a hybrid. It was believed to be a medium ground finch G. fortis
x common cactus finch G. scandens hybrid from the neighboring island

27



according to microsatellite assignment tests (91). However, our whole-ge-
nome phylogeny clearly placed 5110 in the cluster of G. conirostris (Paper I11:
Fig. 2A), which is surprising as G. conirostris only resides on Espaiiola and
its satellite Gardner, which are more than 100 km away from Daphne Island
(Paper III: Fig. 2B). To explore if 5110 was a hybrid, we performed ADMIX-
TURE analysis, which classified 5110 as a pure G. conirostris (Paper I1I: Fig.
2C). Thus, we concluded that the immigrant 5110 was a G. conirostris from
Espafiola/Gardner.

We next studied morphological and genetic characteristics of the Big Bird
lineage and their beaks. The average body and beak size of the Big Bird line-
age are intermediate between the parental species (Paper III: Fig. 3A). A de-
tailed look found that their body weight is closer to G. fortis but their beak
size is closer to G. conirostris. This suggested natural selection may have oc-
curred. A more indicative evidence of selection is that the beak depth showed
a continuously increasing trend across six generations (Paper III: Fig. 3B). We
investigated the ALX1 and HMGA?2 loci, which contribute to beak shape and
size respectively, in members of the Big Bird. The members from generation
3 onwards were homozygous for ALX] blunt alleles, with two sub-haplotypes
that segregated among them (Paper III: fig. S5; Table S5). At the HMGA?2
locus, the allele frequency of the large allele was 60.8% in generation 4-6 (Pa-
per III: fig. S4; Table S5). The haplotypes at these two loci matched the phe-
notypic measurement.

By witnessing and studying this unique hybridization event, we found that
beak type and song are two key factors that determine reproductive isolation
in Darwin’s finches. Moreover, we learned that the initial steps that may result
in speciation in nature could happen much faster than previously thought.

Paper IV: Female-biased hybridization in Darwin’s
finches

Introgressive hybridization could, on one hand, lead to the birth of a new spe-
cies, as the case in Paper III. On the other hand, it could fuse two distinct
populations into one, or blur the boundary of genetic isolation. How the mo-
saic genome of hybridization develops under selection, to a great degree, de-
termines the consequence of the hybridization. In this paper, we performed a
genetic analysis on the mosaic genomes resulting from the interbreeding of
medium ground finches G. fortis and common cactus finches G. scandens on
Daphne Island. Combining genomic data with the long-term field observation
and phenotypic changes, we aimed to understand the formation of the hybrid
genomes and how this process is affected by patterns of breeding, natural se-
lection, and recombination.
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Previous research documented that medium ground finch G. fortis and
common cactus finch G. scandens rarely but recurrently hybridize at least
since 1976 on Daphne Island. In order to compare the effect of introgression,
we split birds into those born before (1975 — 1983; defined as early group) and
after (1998 — 2011; defined as late group) hybridization occurred. We selected
samples from each period and further separated them into groups that can best
represent the beak variation based on Principal Component Analysis (PCA)
of beak measurements (Paper I'V: Table 1). Each group comprised 30 individ-
uals, and was sequenced as a pool. We identified 10.3 million SNPs from au-
tosomes and 0.5 million from Z-linked scaffolds among the pools.

Phylogenetic trees based on autosomal and Z-linked markers showed con-
sistency for the placement of all groups except the G. scandens late blunt
group. The Z chromosome tree placed G. scandens late blunt group close to
the other two G. scandens groups, but the autosomal tree placed it near the
midpoint of the internal branch between G. scandens and G. fortis. This indi-
cated extensive gene flow from G. fortis to G. scandens on autosomes but not
on the Z chromosome. No clear sign of introgression was observed from G.
scandens to G. fortis. The phylogeny based on mtDNA confirmed the asym-
metric gene exchange between G. scandens and G. fortis, and indicated that
the introgression mainly involved G. fortis females mating with G. scandens
males, which is corroborated by field observations.

A window-based tree screening was performed across the genome in order
to identify genomic regions under introgression. As much as 33.8% of the au-
tosomal regions showed topologies that indicated introgression from G. fortis
to G. scandens while only 1.7% of the Z-linked regions supported such topol-
ogy. This implies that selection may suppress gene flow on Z chromosome,
but the field observations suggest a different explanation: The hybrid females
preferentially mated with G. scandens males, because the hybrid males were
at a disadvantage in competition with the parental G. scandens population in
respect of body size (Figure 10).
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Figure 10. Illustration of female-biased introgression from G. fortis to G. scandens.
The hybrid males were purged because they were disadvantageous in body size for
mating preference when competing with the parental G. scandens (Graph credit:
Erik Enbody)

If genetic incompatibilities have formed between two hybridizing populations,
one expects to observe a higher recombination rate at the regions showing
more introgression. High recombination can more rapidly break down the
linkage between incompatible and compatible genes, and thus expose smaller
blocks of deleterious genes to selective elimination. We examined this hypoth-
esis in our model and found that recombination rate was not or only weakly
correlated with the magnitude of introgression. The lack of the expected asso-
ciation could be due to the short divergence time and intermittent hybridiza-
tion of G. fortis and G. scandens. As a consequence, no or only a few genomic
regions showing genetic incompatibilities may exist between G. fortis and G.
scandens. Furthermore, our study period only involved six to seven genera-
tions, which may not be sufficient to observe the effect of purifying selection.

By inspecting the pairwise genetic differentiation among the six groups, we
identified two loci that are resistant to gene flow, one of which being the
HMGA?2 locus with its well-characterized association with beak size. The
other locus is a ~4 Mb region on chromosome 5, which is very likely to be
under selection during introgression.

In this study, we showed another consequence of introgressive hybridiza-
tion. Non-random mating and natural selection together contributed to the het-
erogeneous landscape of gene flow in the mosaic genome of the hybrids. Only
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time will show whether it will lead to fusion of G. fortis and G. scandens into
a single population or not.

Paper V: A chromosome-level assembly of Atlantic
herring

Population studies based on the draft assembly of the Atlantic herring (v1.2)
revealed extremely low differentiation at genetically neutral sites. This sub-
stantially enhances the ability to characterize genomic loci under selection.
Several hundreds of loci have been identified that are associated with adapta-
tion to different salinities and spawning seasons among herring populations
(77). The number of independent selective loci, however, was difficult to es-
timate, because the draft assembly comprises more than 140,000 scaffolds.
The fragmented assembly also hindered study of the interplay between adja-
cent genes under selection as well as the detection of potential structural var-
iations. In this paper, we generated a chromosome-level genome assembly of
the Atlantic herring by combining long-read sequencing and Hi-C techniques,
and revisited the genetic signals associated with ecological adaptation.

High molecular weight genomic DNA was extracted from an Atlantic her-
ring for generating long subreads using PacBio as well as a Hi-C contact map
(Figure 11). These two datasets were combined to a primary assembly, fol-
lowed by a series of scaffolding, polished and error-correction, which eventu-
ally delivered a refined version 2 herring assembly of 726 Mb. Comparing to
the draft assembly, this assembly shows an integrated structure of herring ge-
nome, which comprises 26 chromosomes. This linear order of the genomic
segments is confirmed by the presence of 26 linkage groups in the compre-
hensive linkage map we constructed from two-full sib families.
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Figure 11. An overview of assembly pipeline.

The chromosome-level assembly enabled us to investigate recombination var-
iation across the genome using population data. We used SNP data from 14
Baltic herring that were individually sequenced and inferred a fine-scale re-
combination map with LDhat program (92). The result shows a mean recom-
bination rate of 2.1 cM/Mb, which is comparable to the rate in zebrafish (1.6
cM/MDb). The majority of the chromosomes display an exceptionally high re-
combination rate at one end over the other, which form an L-shape profile.
This is in agreement with meiotic recombination data observed in pedigree-
based linkage analysis.

We reordered the previously identified genetic signals that are associated
with ecological adaptation along the v2 assembly, and estimated the minimum
number of independent loci contributing to adaptation. We identified 125 loci
associated with adaptation to salinity and 22 loci associated with adaptation
to spawning seasons. By taking advantage of the new assembly and linkage
map, we additionally identified a 7.8 Mb inversion on chromosome 12. By
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examining the mismatch pattern of short reads aligned close to the ends of the
inversion block, we identified a putative breakpoint, and found that the in-
verted repeats at the ends most likely facilitated the occurrence of the inver-
sion. The genotype data show two major haplotypes (S and N) at the inversion,
and the haplotype frequencies of the individuals are in accordance with their
geographic distribution. That is, populations from the West Atlantic, the East
Atlantic and the Baltic Sea, that spawn most northerly, have a very high fre-
quency of the N haplotype, while populations spawning more southerly carry
more S haplotypes. This trend indicates that this inversion may be maintained
by selection related to temperature at spawning.
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Concluding remarks and discussion

In this thesis, I uncovered genetic variations associated with ecological adap-
tation and examined several scenarios of hybridization. Bioinformatic analysis
based on whole-genome sequencing was the primary strategy and two organ-
isms, Darwin’s finches and Atlantic herring, were used as models in the pop-
ulation studies. In Paper I, we discovered a major locus associated with vari-
ation in beak size, and showed how it facilitated an ecological character dis-
placement event in large and medium ground finches. In Paper 11, we explored
genomic islands of divergence in multiple species pairs of Darwin’s finches
and related their formation to gene flow, ancient polymorphism, and ecologi-
cal adaptation. Paper III described the hybrid speciation of a new finch lineage
and investigated the underlying genetic causes of its formation. Paper IV stud-
ied female-biased introgressive hybridization between two closely related
finch species. In Paper V, we delivered a chromosome-level assembly of the
Atlantic herring accompanied by a high-resolution linkage map and an LD-
based recombination map. We demonstrated the importance of a fine-struc-
tured reference genome to the interpretation of selective signatures. In the fol-
lowing section, I attempt to generalize these findings towards the fundamental
questions of contemporary interest in evolutionary biology.

Speciation in Darwin’s finches

Universality

Since the oceanic islands are remote from human activities and lack of the
relatively complexity compared to continental environment, all evolutionary
processes in the Darwin’s finches happened largely in an undisturbed envi-
ronment. This serves as an ideal laboratory for observing natural selection.
Like many other organisms, speciation in Darwin’s finches started with re-
stricted space and limited food source. Rewinding the clock to the time when
the first group of birds arrived at Galapagos, the islands were covered by var-
ious flora but sparse fauna. The ancestors of Darwin’s finches exploited the
unoccupied territories as the first colonists. According to their divergence
time, 18 extant species can be separated into early and late sets. The warbler
finch was the earliest diverging group and the sharp-beaked finch and
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vegetarian finch diverged after a long time (about 900 MY). Together with the
Cocos finch, they constitute the early set of species of the radiation. The late
set is the relatively recent diverged tree finches and ground finches. The spe-
cies of the early set differ from the late set in three ways: only one species in
each genus, they are morphologically different from the late set and from each
other, and speciation appears to have progressed at a low rate. The first two
differences could be explained by the limitation of the habitats and food source
on Galapagos during the early phase, because there were fewer plants and ar-
thropods in the arid environment. For the low speciation rate in the early set,
there are two possible explanations: on the one hand, the fluctuating climate
changes allow the formation or adaptation of plants, which sped up the speci-
ation of Darwin’s finches in the late set; on the other hand, if we assume a
steady speciation rate, the time gap between the species in the early set could
be caused by the extinction of early-formed species. This acceleration of spe-
ciation-extinction rate is, nevertheless, pervasive in modern avian species, es-
pecially within young and temperate radiations (93).

The time it takes for two populations to generate genetic incompatibility
primarily relies on the intrinsic characteristics of the populations and the
strength of selection. Price and Bouvier (94) proposed the post-zygotic incom-
patibility begins to build up after populations have separated for 2-3 MY. A
study in sunfish indicated it would take 10 - 15 MY before fitness of hybrids
is below parental species (95). Prager and Wilson (96) inferred that the poten-
tial of producing hybrids decays 10 times slower in birds than in mammals.
Considering the estimated divergence time and observations in Darwin’s
finches, these species are still at a very early stage of the establishment of
genetic incompatibilities. Ground finch species are observed interbreeding on
both Genovesa and Daphne Island, rarely but persistently. Interbreeding was
also documented between tree finches (90).

In addition to genomic incompatibility, mate choice can also play a role in
whether two populations interbreed or not. In principle, hybridization occurs
if choosing-sex is indiscriminate or when two populations have similar court-
ship signals and response. If the members of a species prefer mating with the
individuals sharing morphological traits that are genetically inherited, like
plumage, body size, and beak size, the divergence of these traits caused by
adaptive selection could reduce the frequency of interbreeding. Interbreeding
could occasionally happen when the traits of two populations are overlapping.
For example, the largest individual of small ground finches (G. fuliginosa)
could breed with the smallest individual of medium ground finches (G. fortis)
since their body sizes are closer than to the smallest ones in their own popula-
tions (90). However, if mate choice is dependent on culturally inherited traits,
like song type, interbreeding could happen by learning, or mis-imprinting.
Song learning happens in a short sensitive period in young finches, which can
be vulnerable to interruption. This means a bird could copy the song from
another population. As illustrated in Paper II and Paper IV, song determines
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the fate of hybridizations in Darwin’s finches. Hybridization due to mating
preference could break down the speciation process, especially when genetic
incompatibility is weak and unstable.

Uniqueness

What is special about Darwin’s finches? First, the ancestral finches must have
possessed a high potential of diversification. This is indicated by the radiation
of Darwin’s finch relative species in the Caribbean, whose evolution of beak
diversity is also rapid and extensive (59). Second, their feeding habits are flex-
ible and learnable. During their juvenile development, they have a period of
trial-and-error learning for new feeding behaviors, sometimes even with tools.
This might not be a heritable ability, but it provides possibility for the after-
ward adaptive selection to enhance these behaviors. Third, the occurrence of
sympatry facilitates two species to hybridize, which effectively generates new
variations at numerous loci.

Another Galapagos species, the mockingbird may have arrived at Galapa-
gos about at the same time as Darwin’s finches (97). They have dispersed over
the archipelago, but only evolved into four allopatric species. One reason for
the difference between mockingbirds and Darwin’s finches could be that
mockingbirds have a generalized food resource, and species of Darwin’s
finches are more constrained to specific food types. Additionally, mocking-
birds learn songs throughout life without song differentiation among popula-
tions. Both food choice and song learning reduce the potential of diversifica-
tion in this species. The similar arrival time indicated that a long time since
colonization cannot solely guarantee an adaptive radiation.

David Lack said, “the peculiarities of Darwin’s finches are primarily due
to an unusual combination of geographical and ecological factors.” (78). The
many islands in the archipelago likely helped Darwin’s finches to establish
the radiation, but it is not a strict necessity. Madagascan vangas, for instance,
are a group of endemic species that radiated on only a single island but also
possess highly diversified body size and beak morphology. This bird family
originated from a common ancestor about 25 million years ago and after two
peaks of rapid radiation it now contains 22 species (98,99). In addition to the
many individual and ecologically variable islands, fluctuation of oceanic ecol-
ogy plays a more important role in the radiation of Darwin’s finches. Among
the first colonists on the Galdpagos, they had the priority to exploit their
niches, and they had sufficient time to adapt to different habitats without com-
petitors and predators. The number and size of islands in Galapagos have var-
ied, due to changes in sea levels and volcanic activity, and the ecological hab-
itats have changed as a function of climate. This allows the directions and
magnitudes of selection change with time, and accordingly shapes the diver-
sified species.
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Hybridization and speciation

Paper III and 1V displayed two opposite outcomes of hybridization in Dar-
win’s finches. In Paper III, we observed an immigrant Espafiola cactus finch
G. conirostris hybridized with a resident medium ground finch G. fortis. Apart
from one male in the first generation that backcrossed with another medium
ground finch, all the descendants of the hybrids kept breeding within the line-
age without an apparent reduction in fitness. If the environment continues fa-
voring this new lineage, it has the potential to eventually become a new spe-
cies. In Paper IV, we recorded another case. Two closely related species, me-
dium ground finches G. fortis and common cactus finches G. scandens, hy-
bridize rarely, but continuingly. A strong El Niflo event triggered the breeding
of F1 hybrids and the frequent backcrossing in the next 21 years. The back-
crossing was bidirectional but more predominantly into G. scandens. If this
merging process keeps going, these two species may fuse into one, which will
bear a unique combination of the genetic materials from the contemporary G.
fortis and G. scandens.

Both these examples of hybridization take place on Daphne Island, and the
divergence time of the focal species are comparable. The hybridization case
from Paper III may represent the initial stage of a rapid homoploid hybrid
speciation, which is rarely documented in animals (100-102). The success of
the Big Bird lineage is most likely due to their large beak and body size, as
well as unique song. Their beak morphology is advantageous for feeding in
competition with other species on the island while their song promotes in-
breeding within this lineage. In principle, the Big Bird should carry more ge-
netical contributions from G. fortis than G. conirostris, as two founder G. for-
tis females contributed to the pedigree but only one G. conirostris male. Their
beak size along with beak bluntness should be highly correlated with body
size like other species of Darwin’s finches. Unexpectedly, the morphology of
the Big Bird resembles G. fortis more in body size but resemble G. conirostris
more in beak size. The beak shape of the Big Bird increasingly changes to-
wards bluntness across generations but body size remains unchanged. This is
most likely to be promoted by natural selection. The male Big Birds mimic
the unusual song of the immigrant G. conirostris which cannot be recognized
by the resident females. The combination of these phenotypes gives the Big
Birds a morphology and a song beyond the scope of their parental populations.
Thus, it provides the Big Bird an unprecedented opportunity to exploit unoc-
cupied niches on this small island and populate by mating within the lineage.

In contrast, the gene flow between G. fortis and G. scandens on Daphne
Island is the result of introgressive hybridization. Hybridization between two
non-sister species, after which the hybrids predominantly backcrossed with
one parental population, has yielded unequal exchange of autosomal, Z chro-
mosomal and mitochondrial DNA. This asymmetric hybridization arises from
the disadvantage of the hybrid males in body size when competing with the
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parental population, as well as the song that hybrid females preferentially go
after.

What factors lead to completely different outcomes in two hybridizations?
Natural selection undoubtedly comes first. The Big Bird lineage has novel
large blunt beak, which under the circumstances is favored by selection. In
contrast, the G. scandens-G. fortis hybrid males are small in body size which
is selected against. Song plays a critical role in both cases. The song type in
Darwin’s finches is culturally, not genetically inherited. Young males imprint
their father’s song and females preferentially mate with the males that sing
like their fathers. Mis-imprinting of song can alter the mating preference, es-
pecially in small populations or in a new niche. If the founder G. conirostris
of the Big Birds had been a female and hybridized with a resident G. fortis
male, the offspring would have bred with G. fortis and subsequently become
part of the G. fortis.

Another key to the events is chance and timing. Migration between the oce-
anic islands is fairly common in Darwin’s finches during their adaptive radia-
tion. However, in the Big Birds event, it was rare that a bird flew from a distant
island more than 100 km away. More coincidentally, it is a male with a dis-
tinctive song. The trigger in the G. scandens-G. fortis case was the extreme
weather from an El Nifio event. The unexpected rains changed the vegetation
that the finches fed on, creating conditions for the breeding of the F1 hybrids.
If the environment was too harsh for the hybrids, introgression would not be
promoted.

Conclusively, these cases clearly exemplify how natural selection, song
learning and hybridization at the right time largely determine the consequence
of hybridization in Darwin’s finches. Meanwhile, these novel results bring up
new questions for researchers. How often does hybrid speciation happen dur-
ing the rapid radiation of Darwin’s finches? How many of the contemporary
species arose from hybrid speciation?

Atlantic herring and a highly contiguous assembly

Large populations are more genetically stable than small populations, because
they possess more genetic variability and are less affected by genetic drift. For
species with small body size, maintaining a large number is another essential
strategy to defend predation risk (103). Atlantic herring is one of the most
abundant pelagic species in the North Atlantic marine ecosystem. The census
population size of the herring is more than 10" while the effective population
size has been estimated to be 4.0 x 10° (5). For an organism with such a huge
population size, genetic drift remains minute. Multiple stocks have been rec-
ognized by fishery biologists in terms of spawning location, spawning time
and morphological features. Herring disperse widely following plankton
movements during the feeding period and the stocks mix together most of the
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time in a year. During spawning seasons, they isolate from each other and
migrate back to specific locations to reproduce. Their exact migration route is
still unclear and it can be altered due to changes in climate and habitat, but the
seasonal merge-disperse dynamics between stocks may give rise to gene ex-
change. The between-population gene flow and minute genetic drift together
result in extremely low genetic differentiation at selectively neutral loci be-
tween the populations (Fst = 0.026) (104). This is beneficial for the identifi-
cation of selective signatures.

A high-quality assembly can improve the contiguity of existing reference
and greatly facilitate genomic studies on various levels. First, it sorts the place-
ment of selective signatures along the genome. Whole-genome screens based
on the previous draft assembly of Atlantic herring suggested over 400 inde-
pendent loci associated with adaptation to salinity as well as at least 125 inde-
pendent loci associated with adaptation to timing of reproduction (77). Using
the same population contrasts and the same cutoff, the numbers based on the
chromosome-level assembly are reduced to 125 and 22, respectively. This is
of great help for interpreting the loci under selection. It provides a basis to
determine whether adjacent loci are linked or whether gene interaction is in-
volved in selection at particular loci. Second, it increases the accuracy of gene
annotation. Modern pipelines of gene annotation involve prediction of gene
structure from empirical sequence patterns. Improvement in the completeness
of genome enables comprehensive annotation. Third, a highly contiguous as-
sembly increases the chances to characterize structural variation. Compared
to genetic variants in other species, the presence of structural variants occurs
quite frequently in the herring genome. The Chr 12 supergene was in fact
among the identified genetic signals in the draft assembly, but split apart
across different scaffolds. It may get noticed by careful inspection, but con-
firming its complete structure and breakpoints would be difficult. The new
assembly saves the effort to build up the structure from pieces. Fourth, a chro-
mosome-level assembly provides new insights into the profile of genomic pa-
rameters. Both the pedigree-based linkage map and the LD-based recombina-
tion map of the herring show that the recombination rate is very high towards
one end of the chromosome and low in the remaining part. It displays an “L”
shape across the majority of the chromosomes. This is in concordance with
the positions of the centromeres observed from the karyotype of the sister spe-
cies, the Pacific herring, which is not detectable in the draft assembly. It is
also worthwhile to confirm if other genomic parameters, such as GC content
and density of tandem repeats, are in line with this pattern.

The advent of long-read sequencing and Hi-C technology enhances the up-
take of genome assembly. Unlike assembling from mate paired short reads,
the new techniques enable assembling a genome in a time-efficient and cost-
efficient manner. The herring assembly is one step to the ensembled genomic
resources of various organisms. A global project call Earth BioGenome
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Project (EBP) is recently launched, which aims to sequence the genomes of
all living eukaryotes on earth in ten years (105).

Comparison of Darwin’s finches and Atlantic herring as
models for evolutionary studies

No model is perfect, but many are useful. An organism is chosen as a model
because it often possesses some representative properties that can be general-
ized to interpret some universal biological characteristics. Meanwhile, the or-
ganism cannot be too complex to explain or be used for experimental work.
Therefore, an ideal model should be representative as well as simple and trac-
table. In studies of population genetics, several additional merits are appreci-
ated in an ideal model. An infinite or enormous population size eliminates the
influence of genetic drift and thus accentuates the effect of selection. Short
divergence time of closely related populations elevates the chance of tracing
back the origin of adaptation or speciation and facilitates the detection of gene
flow.

However, every organism has its particular biological traits and unique de-
mographic dynamics, which is inescapable in the generalization of genetic
analysis. As models in the studies of evolutionary genetics, Darwin’s finches
and Atlantic herring have their respective benefits and drawbacks. The major-
ity of Darwin’s finches have been restricted to an isolated environment for the
past million year, and none of the species has become extinct due to human
influence, although some studies find that human activities on Galapagos is-
lands caused urbanization in several species of Darwin’s finches (106). The
ecosystem of the oceanic islands is completely maintained by local flora and
fauna that coevolve and depend on each other. This creates an optimal system
to observe how species arise and multiply in natural conditions. The volcanic
islands of Galapagos initially formed about five million years ago, and the
divergence time of Darwin’s finches is no earlier than one million years. The
ecological environment and the species are both relatively young, which
makes it possible to trace selection backward and look for reasonable causes.
Despite these advantages, it is still challenging to identify the loci associated
with ecological adaptation and speciation. All the species originated from a
common ancestor which consisted of only a small number of birds. They rap-
idly occupied different islands and the population size dramatically expanded.
In this process, the origin of new species often initialized with a small subset
of incipient population occupying new niches. In some conditions, a popula-
tion could be founded by merely a pair of individuals (107). As a consequence,
the populations suffer from founder effects and genetic drift, which decrease
their nucleotide diversity. When performing whole-genome screens between
even the closely related populations, genetic drift inevitably introduces noise

40



that obscures the true selective signals. Another inconvenience of using those
finches as a model is about sampling and functional experiment. As a con-
served natural site, the ecosystem of the Galapagos is fairly fragile and de-
serves to be well protected. Thus, further functional experiment can only be
conducted on other model organisms as a replacement.

In contrast to the small population size of Darwin’s finches, Atlantic her-
ring has an enormous population size. The advantage of the huge population
size of Atlantic herring in evolutionary studies has been emphasized many
times in the preceding pages. It provides the advantage to discover the genetic
variation associated with ecological adaptation. Apart from that, it is conven-
ient to sample and dissect herring for differential expression analysis and mo-
lecular experiment. Breeding herring in laboratory conditions can be challeng-
ing but manageable. However, herring also has some downsides as a biologi-
cal model. Although it is easy to sample from a spawning school, herring are
too difficult to keep in the laboratory to construct transgenic fish for down-
stream functional validation. The minimum generation time of herring is about
six years, which is too long to breed a pedigree. The marine environment is a
large aquatic habitat, which comprises selections from multiple layers. Tem-
perature, light absorbance, predator, food resource, microbiota, potential path-
ogens and other ecological factors together shape the genetic signatures we
observe in the herring genome. These factors are also dependent and con-
founding variables. To make things more complicated, the influence of selec-
tion varies in different life stages of herring. The most critical stages are be-
lieved to be egg and larvae. Disentangling the driving variables associated
with a given locus seems difficult without proper measurement of ecological
metrics. Additionally, human pollution and overfishing certainly bring sub-
stantial changes into the natural ecosystem, which forces herring to adapt.
These factors should be taken into account when explaining the genetic vari-
ation.

Nevertheless, all the models serve for unveiling new knowledge. Darwin’s
finches as model provide insights into rapid radiation and speciation. Atlantic
herring as model are valuable for the characterization of specific loci associ-
ated with ecological adaptation. These two models complement each other for
answering key evolutionary questions in different aspects.
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