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Summary

The great biological mystery of mysteries as coined by John Herschel and adopted by Charles
Darwin, is the origin of new species that fuels the stunning biodiversity witnessed around the
globe today. The last decades have seen a rapid development in the field of DNA sequenc-
ing that today provides an exciting new tool-set to probe this mystery. The investigation of
the genetic signatures underlying speciation processes has given rise to the biological field of
speciation genomics. Yet, while the approaches unlocked by our ability to sequence whole
genomes of large numbers of samples have vastly improved our understanding of the spe-
ciation process, most of these discoveries have come from studies on terrestrial or limnic
organisms. For historical reasons, contributions from marine systems are scarce regardless of

their long evolutionary history and importance.

The work within this doctoral thesis introduces the Caribbean reef fish genus Hypoplectrus
(hamlets) into the field of speciation genomics. This marine species flock of eighteen distinct
coral reef fish species presents an exciting model system to study the speciation process in
action. There is a rich scientific background for the hamlets, from which we know that the
different hamlet species mate assortatively with respect to their species specific bright color
patterns, yet they are only very shallowly differentiated genetically. Also, there is no known
ecological divergence within this evolutionary radiation, posing the question if speciation in
hamlets includes adaptive aspects. The overarching theme within this thesis is the investiga-
tion of the underlying evolutionary drivers that are acting at the origin of this marine radiation
and facilitate rapid speciation within the ocean. Distributed over four separate manuscripts,
this work addresses several aspects impacting the dynamics of the Hypoplectrus radiation.
Within the first manuscript, the temporal stability of the hamlet community in a patch of reefs
in Puerto Rico is investigated. The findings indicate that the hamlet community composition
is dynamic and potentially impacted by ecological factors such as turbidity or the presence
of specific coral species. This implicates that in fact hamlet species might differ ecologically,
which possibly provides an angle for natural selection to work within the radiation. Within the
second manuscript the hamlet reference genome is introduced and whole genome resequenc-
ing is applied to investigate the signals of speciation within three of the most common hamlet
species. The results show that, against a genome wide background of very low differentiation,
a small number of color pattern and vision genes are highly differentiated between species
and apparently co-selected for. The third manuscript explores the demographic history of a
rare endemic hamlet species. It uses a coalescent approach to show the decline in population
size of this particular species since the recent evolutionary split from the remaining genus. In
the last manuscript, nine different hamlet species are sequenced to provide a cross section
through the hamlet radiation. The results of population and phylogenomics indicate ongoing
inter-species gene flow throughout the majority of the genome with only a small set of puta-
tive barrier genes. Phylogenetic relationships through most of the genome are diffuse, yet the
signal within the few differentiated genomic intervals is discordant, pointing to introgession
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Summary

events or differential lineage sorting at those major effect loci.

In sum, the emerging picture is that of a very young radiation, which is driven by a modular
system of co-selected vision and color pattern genes that is maintained by a highly assor-
tative mating system. Yet, imperfection in assortativenes allows for occasional hybridization,
which facilitates gene flow and can promote diversity by shuffling the modules characterizing
the hamlet species. The rearrangement of the genetic basis underlying co-selected discrete
phenotypic traits through recombination can quickly generate a large variety in hamlet phe-
notypes. The hamlet radiation thus seems to employ evolutionary mechanisms that are also
known from other systems like the Heliconius butterflies, despite the fundamentally different

preconditions prevailing in marine versus terrestrial habitats.



Summary

Das grof3e biologische Geheimnis der Geheimnisse, wie es von John Herschel gepragt und von
Charles Darwin Gbernommen wurde, ist die Entstehung neuer Arten, welche die faszinierende
Artenvielfalt rund um den Globus antreibt. In den letzten Jahrzehnten hat sich auf dem Gebiet
der DNS-Sequenzierung eine rasante Entwicklung vollzogen, welche uns heute spannende
Werkzeuge an die Hand gibt, um dieses Geheimnis zu erkunden. Die Untersuchung der
genetischen Siganturen des Artbildungs-Prozesses hat die biologische Disziplin der Speziations-
Genomik hervorgebracht. Diese neuen Verfahren erlauben uns die gesamten Genome von
einer gof3en Anzahl an Proben zu sequenzieren, was zu beachtlichen Fortschritten in der Evo-
lutionsbiologie gefUhrt hat. Allerdings sind diese Entwicklungen gréBten Teils auf terrestrische
und limnische Systeme beschrankt. Aufgrund historischer Entwicklung des Feldes sind Beitrdge
zu marinen Systemen immernoch selten — trotz ihrer langen evolutiondren Geschichte und

Relevanz.

Die in dieser Doktorarbeit vorgestellte Arbeit beinhaltet die EinfGhrung der Karibischen Riff-
Fisch Gattung Hypoplectrus (der Hamlets) in das Feld der Speziations-Genomik. Diese aus
achtzehn Unterarten bestehende marine Sammelart von Korallen-Riff-Fischen stellt ein span-
nendes Model-System fir die Erforschung des Artbildungsprozesses in Aktion dar. Dank des
umfangreichen wissenschaftlichen Hintergrundes Uber Hamlets wissen wir, dass diese sich
bevorzugt innerhalb ihreres arttypischen Farbmusters verpaaren, wobei nur eine sehr geringe
genetische Differenzierung zwischen Arten vorliegt. Des Weiteren sind keine nennenswerten
dkologischen Unterschiede innerhalb dieser evolutiondren Radiation bekannt, was die Frage
aufwirft inwiefern die Artbildung innerhalb der Hamlets adaptive Zige aufweist. Die Uber-
geordnete Thematik der vorliegenden Arbeit umfasst die zugrunde liegenden evolutionédren
Mechanismen, welche dieser marinen Radiation zugrunde liegen und eine schnelle Artbildung
im Ozean ermdglichen. Verteilt Gber vier separate Manuskripte werden verschiedene Aspekte
der evolutionéren Dynamik der Hypoplectrus Radiation beleuchtet. Das erste Manuskript be-
handelt die zeitliche Stabilitét der Hamlet-Gemeinschaft innerhalb einer Gruppe von Korallen-
riffe Puerto Ricos. Die Ergebnisse deuten darauf hin, dass die Artzusammensetzung dynamisch
ist und potentiell auf Verénderungen von &kologischen Faktoren wie Wassertribung und die
Anwesenheit bestimmeter Korallenarten reagiert. Dies impliziert 6kologische Unterschiede
zwischen den einzelnen Hamlet Arten, was einen Angriffspunkt for nattrlich Selektion inner-
halb der Radiation bieten kénnte. Im zweiten Manuskript wird das neu assemblierte Hamelt
Referenz-Genom vorgestellt. Mit Hilfe von whole genome resequencing werden die Signale
der Artbildung innerhalb von drei weitverbreiteten Hamlet Arten untersucht. Die Ergebnisse
zeigen einen genom-weiten niedrigen genetischen Differenzierungs-Hintergrund gegen den
sich einige wenige stark ausgeprégte Differenzierungs-Spitzen abzeichnen. Diese scheienen
sich auf Farbgebungs- und Seh-Vermdgens-Gene zu knozentrieren, welche scheinbar co-
selektiert werden. Das dritte Manuskript befasst sich mit der demographischen Geschichte
einer seltenen endemischen Hamlet Art und nutzt coalecsent-basierte Verfahren, um den
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Rickgang der effektiven Populationsgréfie seit kirzlichen evolutionéren der Trennung vom
restlichen Genus zu beschreiben. Im letzten Manuskript wird anhand von neun unterschiedlichen
Hamlet Arten ein Querschnitt der Radiation sequenziert. Die populations- und phylo-genetischen
Ergebnisse deuten auf einen genomweit ausgeprégten Inter-Art-Genfluss hin, der nur an weni-
gen Barriere-Genen unterbrochen scheint. Die phylogenetischen Beziehungen sind Uber weite
Teile des Genoms diffus, an den wenigen genomischen Regionen mit erhéhter genetischer Dif-
ferenzierung wird das Signal zwar ausgepréagter, allerdings sind die Beziehungen innerhalb
dieser Regionen wiederspruchlich. Dies deutet auf Introgression oder incomplete lineage sort-
ing an diesen einflussreichen Loci hin.

Insgesamt entsteht das Bild einer sehr jungen evolutionéren Radiation, welche von einem
modularen System von co-selektierten Farbgebungs- und Seh-Vermégens-Genen angetrieben
wird. Dieses wird aufrecht erhalten von farb-speziefischer Partnerwahl, welche Hybridisierung
zwischen unterschiedlichen Arten aber nicht vollstéindig ausschliefit. Dies erlaubt Gefluss zwis-
chen den Arten, was durch Rekombination zum Vermischen der diskreten art-spezifischen
Musterungselemente fihren kann. Das Umorganisieren der genetischen Basis hinter diskreten
co-selektierten Eigenschaften kann auf diese Weise schnell zu einer Steigerung der phenotyp-
ischen Diveristat innerhalb der Hamlets fGhren. Innerhalb der Hamlet-Radiation scheinen
also vergleichbare evolutiondre Mechanismen zu greifen wie beispielsweise bei Heliconius-
Schmetterligen — ungeachtet der fundamental unterschiedlichen Vorraussetzungen durch die

verschiedenen Lebensrdume.



Introduction

“In considering the Origin of Species, it is quite conceivable that a naturalist, reflecting on
the mutual affinities of organic beings, on their [...] geographical distribution, geological suc-
cession, and other such facts, might come to the conclusion that each species had not been

independently created, but had descended, like varieties, from other species. Nevertheless,

such a conclusion, even if well founded, would be unsatisfactory, until it could be shown
how the innumerable species inhabiting this world have been modified, so as to acquire that
perfection of structure and coadaptation which most justly excites our admiration.”

The existence of the huge variety of lifeforms
has fascinated biologists for centuries. How
this diversity originates and which forces act
to maintain the plurality of life is central to
evolutionary biology and tightly linked to the
processes of extinction and speciation. While
the concept of evolution by natural selection
was established by Darwin (1859), the term
speciation describing the formation of sepa-
rate independent evolutionary units from an

(Darwin, 1859)

ancestral lineage was introduced only later by
Cook (1906). Yet, how exactly to define these
evolutionary units representing species proved
more complicated than one might have an-
ticipated. The biological species concept by
Mayr (1942) and Dobzhansky (1937) is a
long held model that defines species as in-
terbreeding populations which produce fer-
tile offspring and are reproductively isolated
from any organism outside this set of popula-
tions. Even though the dogmatic view of com-
plete reproductive isolation between species
has now been put into perspective (Mallet,



Chapter 1

2001), discontinuities in gene flow between
populations are still regarded as key to species
delineation. A timely definition of speciation
is given by Seehausen et al. (2014) who de-
scribe speciation as the “origin of reproductive
barriers among populations that permit the
maintenance of genetic and phenotypic dis-
tinctiveness of these populations in geograph-

ical proximity”.

Under this concept, gene flow and speciation
are antagonistic processes where a reduction
of gene flow for a prolonged period of time
allows for the accumulation of enough diver-
gence between two populations to form indi-
vidual species (Figure 1.1 a). At later stages,
the relationship between gene flow and spe-
ciation might flip though: Hybridization be-
tween two closely related species not only
jeopardizes the biological species concept, but
it also poses potential for the creation of a
new species of hybrid origin (Kronforst et al.,
2013). A prerequisite for hybrid speciation
are at least two populations that are diverged
enough to be recognized as separate multi-

a b

speciation hybrid speciation

divergence time

A B A

locus ‘genotypic clusters’, but that are not yet
reproductively isolated (Mallet, 2007). Hy-
bridization of these genotypic clusters shuffles
elements of the co-adapted genotypes, thus
boosting genetic variation. This enables the
instant creation of new genotypes which may
have access to novel ecological niches and
thus thrive as independent new species (Fig-
ure 1.1 b).

Another aspect of hybridization also contra-
dicting the biological species concept is that it
allows for introgression. Here, hybrids of two
diverged populations are not forming an in-
dependent population, but backcross into one
of their parental lineages. This allows for gene
flow between distinct populations, where alle-
les from one population move into the other
without eroding the defining differences be-
tween the two populations (Harrison and Lar-
son, 2014). In this case, the hybrids merely
present a vector of alleles from one parental
lineage into the other (Figure 1.1 ¢).

The changing role of hybridization over time
highlights the fact that speciation is not an in-

introgression

d
ILS
A /A
- - A
B A B C

A

Figure 1.1: Models of speciation and gene flow. a, the null model of speciation, the two lineages A and
B start to diverge soon after the interruption of gene flow. b, hybridization of two recently diverged lineages
A and B gives rise to a third independent lineage C. ¢, hybridization between the recently diverged lineages A
and B and subsequent backcrossing into lineage A introduces alleles originating from lineage B into lineage A.
d, in the case of incomplete lineage sorting (ILS), an ancient polymorphism is inherited in both sister lineages of
the first speciation process. The polymorphism is maintained within the common ancestor of the lineages B and
C and fixes differentially after the second speciation process.
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stant event, but rather a continuous process.
The extent of gene flow is reduced gradually
and during this time window of separation,
different processes might interact. The gradi-
ent of differentiation between sister lineages is
referred to as the speciation continuum (Shaw
and Mullen, 2014), indicating that it is hard
to pinpoint the exact point in time when two
lineages are separating.

The expected divergence during the process of
speciation describes the accumulation of dif-
ferent alleles between the splitting lineages.
This might be caused by chance, due to new
mutations that only effect one of the diverg-
ing populations given the restricted gene flow.
Alternatively, shared standing variation that
is inherited from the common ancestor might
evolve differently in the sister species — either
neutrally (through drift), or directed (through
differential selection). While this sorting of al-
leles can be swift in the case of differential se-
lection, the duration of neutral processes (mu-
tation and drift) require more time depend-
ing on the effective population sizes and mu-
tation rates of the young species. As long
as species share a polymorphism that pre-
dates their species split, this might resemble
an introgression scenario despite the actual
absence of gene flow (Guerrero and Hahn,
2017; Cruickshank and Hahn, 2014). If fur-
ther speciation events occur while the poly-
morphism is maintained, this can lead to in-
complete lineage sorting (ILS, Figure 1.1 d).
This implies that later, after fixation of the orig-
inally polymorphic loci, the genomic regions
affected by ILS might not coalesce accord-
ing to the species tree. As ILS is dependent
on standing variation, it is most likely to oc-
cur if the duration between successive speci-
ation events is short, since this decreases the

chances of intermediate fixation of the variant

loci.

In the case of an evolutionary radiation, a lin-
eage speciates multiple times in quick succes-
sion, which leads to a rapid diversification of
the clade (Simées ef al., 2016). It is believed
that radiations are a main contributor to bio-
diversity with such prominent examples as the
Cambrian explosion (Marshall, 2006), the di-
versification of vertebrates (Alfaro et al., 2009)
or the adaptive radiation of the east African ci-
chlids (Malinsky et al., 2018). They are char-
acterized by the great number of descendant
lineages and the short waiting time between
the independent speciations. It is therefore
likely that radiations are facilitated in situa-
tions where high diversity in an ancestral pop-
ulation can be utilized to circumvent the de-
pendency on gradual divergence through new
mutations for successive speciations (Marques
etal., 2019). Thus, hybridization can aid evo-
lutionary radiation by providing an excess in
diversity. But, rapid speed also implies that
there might be ample opportunities for inter-
species gene flo in the early stage of the radi-
ations, which also increases the chance of in-
troducing ILS into the radiating lineage (Mallet
et al., 2016).

The best studied cases of evolutionary radia-
tions are adaptive radiations (Simées et al.,
2016). These are radiations where the rapid
speciations are triggered by ecological oppor-
tunity such as sudden access to open niche
spaces through the evolution of novel key traits
(Stroud and Losos, 2016). The diversification
of the radiating lineages is classically real-
ized through adaptation of the emerging new
species to divergent ecological niches and
niche partitioning with an increasing degree
of specialization of the individual species. The

_9_



Chapter 1

evolutionary driver behind this process is nat-
ural selection, which implies that the emerg-
ing sister species are ecologically distinct and
thus offer different points of attack for natu-
ral selection (Schluter, 2000). In contrast to
this, in sexual radiations, sexual selection is
the driving evolutionary force. Sexual selec-
tion is not constrained by available ecologi-
cal niches, as is does not imply any ecologi-
cal divergence between the emerging species
(Martin and Richards, 2019). Finally, natural
and sexual selection can interact during a ra-
diation (Wagner et al., 2012). If both act on
the same trait, this is considered a magic trait
— this is for example believed to be the case
for the optix gene in the Heliconius radiation
(Merrill et al., 2019). In this case, the genes
effect on wing pattern has both ecological and
reproductive implications through its effect on

mimicry and assortative mating.

* Speciation is the origin of reproduc-
tive barriers between populations.

* Gene flow is opposing speciation in
early stages but can lead to the for-
mation of hybrid species or introgres-
sion once populations are diverged.

* Speciation usually represents a pro-
cess rather than an instant event, thus
leading to a speciation continuum.

* If an ancestral polymorphism persists
throughout several speciation pro-
cesses, it can lead to incomplete lin-
eage sorting (ILS).

* Evolutionary radiation describes a
quick succession of speciations, lead-
ing to a rapid diversification within

one lineage.

* Adaptive radiations are driven by nat-
ural selection, sexual radiations by
sexual selection. If both act together,
this can lead to the evolution of a
magic trait.

Focusing more on the evolutionary mecha-
nisms that provide variation as the basis for
selection to work upon, the field of genetics
revolves around the question how traits are in-
herited from one generation to the next. Since
its early origins, posed by Mendel’s pea exper-
iments (Mendel, 1866), the field has served as
backbone for the development of evolution-
ary theory. Especially in the early twentieth
century, Fisher, Wright and Haldane formu-
lated an extensive statistical background for
population genetics (Thompson, 1990). The
discovery of deoxyribonucleic acid (DNA) as
carrier of genetic information (Watson and
Crick, 1953) and the subsequent ability to se-
quence genes opened up the field to more
direct acquisition of genetic data (Reid and
Ross, 2011; Thompson, 1990).
drop in sequencing costs, roughly since the

A massive

turn of the millennium, caused by the advent
of next generation sequencing (NGS) led to
an enormous global up-scaling in sequencing
capacity (Metzker, 2010). Coupled with the
increasing availability of computation power,
this facilitated a shift in the focus from in-
dividual genes to the sequencing of whole
genomes of large sample numbers per pop-
ulation, thus promoting a transition from ge-
netics to genomics. Spearheaded by the hu-
man genome project led by Craig Venter (Lan-
der et al., 2007) and medical model organ-
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isms like Drosophila (Adams et al., 2000)
and mice (Chinwalla et al., 2002), genome
assembly and resequencing soon also be-
came feasible for classical systems in speci-
ation research like Darwin’s finches (Lamich-
haney ef al., 2015) or the African cichlids
(Hulsey and Renn, 2009).

The implications of the shift from classical ge-
netics to genomics for speciation research are
severalfold: Maybe the most immediate con-
sequence is a massive expanse in scope (da
Fonseca et al., 2016). While genetic meth-
ods usually consider low tens (microsatellites)
or hundreds Single-nucleotide polymorphism
of markers (SNPs), reduced representation se-
guencing (eg. RAD) can produce tens of thou-
sands and whole genome sequencing millions
of SNPs. Reduced representation sequencing
presents a kind of bridging technology, but is
considered genomics here — if applied in con-
cert with a reference genome.

In contrast to microsatellites, which are very
diverse markers and thus effective for statis-
tical inference, the sheer quantity of markers
renders genomic approaches statistically very
powerful. It also provides the option to split
the data set for example to compare neutral
markers with those under selection.

A second benefit of genomic approaches is
their high resolution due to the high marker
density across the genome. This is also the
area where, naturally, whole genome re-
sequencing clearly outperforms reduced rep-
resentation sequencing. Again, the resolution
of genomic studies is not unprecedented —
classical Sanger sequencing can provide the
same detail, but in genomic studies this den-
sity of markers is provided across the entire

genome.

Besides those quantitative benefits of ge-
nomics, there is also a qualitative advantage
when a reference genome of the study organ-
ism is available. When mapping sequences
to a genome, the spatial context of population
genetic statistics is revealed (Ekblom and Wolf,
2014), which allows to study the entire ge-
nomic architecture of evolutionary processes.
In speciation research, this opens up new pos-
sibilities, like screening for adaptive loci or in-
vestigating local barriers to gene flow (Steiner
et al., 2013). Especially when it is possible to
phase genotypes to acquire haplotype infor-
mation, genomics can open access to more
complex methods to investigate for example
the effect of linkage and recombination on
intfrogression and hybridization or the demo-
graphic history of populations.

The power of genomic approaches lies in the
combination of these three aspects (resolu-
tion/ SNP density, genome wide extent, spa-
tial context) and in particular whole genome
resequencing provides flexible data basis en-
abeling the investigatigation of diverse evolu-
tionary questions (da Fonseca et al., 2016).

Besides the aforementioned Darwin’s finches
and African chichlids, genomics studies have
been applied in various terrestrial or fresh wa-
ter systems to understand evolutionary pro-
cesses underlying speciation. Early systems
with available reference genomes and thus
access to genomic methods include for ex-
ample Heliconius butterflies (Dasmahapatra
et al.,, 2012), the three-spined stickleback
(Gasterosteus aculeatus, Roesti et al. 2013) or

sunflowers (Helianthus, Kane et al. 2011).
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* Genetics is the scientific field studying
the creation and inheritance of ge-
netic variation.

* When switching from focal genes to
the entire genome, genetics trans-

forms into genomics.

* The strengths of genomics lie in com-
bining high spatial resolution with
maximizing the extent to genome
wide coverage.

* Inference about the influence of the
genomic architecture on evolutionary
processes is often only possible using
genomic methods.

When looking at the models in evolutionary
biology discussed so far, one particular bias
becomes obvious: the lack of marine organ-

isms. This is striking considering both the
enormous spatial extent as well as the long
evolutionary history within the marine habitat
(Labandeira, 2005). Given that evolution is
believed to have started and (except for mi-
crobes) long remained exclusively within the
ocean and that the ocean covers the major-
ity of the globe, the evolutionary dynamics
within this habitat are surely of relevance when
studying the underlying dynamics of specia-
tion. Since particularly the conditions for gene
flow differ between terrestrial and marine sys-
tems, marine study systems are needed for a

comprehensive understanding of evolution.

One maijor structural difference between ma-
rine and terrestrial (as well as limnic) habi-
tats is the apparent homogeneity of the ocean
compared to the more fragmented terrestrial
habitats (Palumbi, 1994).
currents and differences in thermohaline con-

Although ocean

ditions can act as soft barriers, the world
oceans in principle present one huge single

environment. Coupled with the often com-

plex life histories of marine organisms, which

Diversity

0.50

0.25

Figure 1.2: Global distribution of marine biodiversity. Diversity patterns are modeled based on distributions

of 4352 species from nine broad taxa (plants, fish, echinoderms, crustaceans, cnidarians, molluscs, mammails,

reptiles and birds). Data from Jenkins and Van Houtan 2016.
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often include a pelagic larval phase, this al-
lows for huge species ranges and generally
high connectivity within the ocean (Kinlan and
Gaines, 2003). Still, this does not mean that
speciation is impeded in the ocean. Many of
the events that modulate large scale evolu-
tionary dynamics on land have just as much
impact in the ocean: The glaciation cycles
that fragmented terrestrial habitats also led
to oscillations in sea levels which repeatedly
separated and merged marine habitats. And
while the closing of the Isthmus of Panama
allowed for the Great American Interchange,
it also separated the East Pacific from the
Caribbean allowing for independent evolu-
tionary trajectories of previously connected
populations (Palumbi, 1994).

This shows that the ocean is a dynamic stage
for evolution, which in fact has produced a
great amount of biodiversity. Globally how-
ever, this is not homogeneous: the most di-
verse marine habitats are found in the tropics
where large coral reef systems present a ma-
rine analog to rainforests in terms of biodi-
versity (Figure 1.2). The most extreme global
hotspot in terms of marine biodiversity is the
Coral Triangle in the Indo-West Pacific which
is considered a marine center of speciation
(Bowen et al., 2013). Secondary centers of
speciation have been identified in Caribbean,
the Antarctic and the Northern Pacific based
on the levels of endemism within these ares
(Briggs, 2003). This is not to say that speci-
ation runs faster in those areas, but merely
that lineages that arise within those areas
appear surpassingly successful evolutionary,
which leads to a large influence of these cen-
ters on the global biodiversity (Briggs, 2003).

A further peculiarity of the marine habitat is
that many species are characterized by huge

effective population sizes compared to terres-
trial organisms. As population size has direct
impact on the efficiency of selection, this fur-
ther underscores the point that evolutionary
models based on terrestrial systems might be
rather inept for marine organisms (Palumbi,
1994).

comparison of marine and terrestrial/ limnic

An illustration of this might be the

species flocks. A species flock is a cluster of
closely related species that are the result of an
evolutionary radiation and are characterized
by shared endemism to a specific area (Bowen
etal., 2020). While these are found frequently
on marine islands and freshwater lakes, ma-
rine species flocks are quite rare. Bowen et al.
(2020) propose that this is likely due to the
dispersal potential of marine organisms which
result in different scales on which adaptation
and speciation work in the sea compared to
on land. As a result, the sea is dominated
by ancient, monotypic lineages and provides
fewer potential for radiations. From an evo-
lutionary biologist’s perspective this is some-
what unfortunate, since the most promising
setting to study the emergence of reproductive
isolation are precisely species pairs that speci-
ated recently and thus have not accumulated
many evolutionary changes that could blur the
patterns of speciation itself (Palumbi, 1994).
While the ocean clearly offers many examples
of speciation and ongoing evolution (as dis-
cussed above), species flocks allow for repli-
cation when studying a single divergence his-
tory.

* Marine model systems in speciation
genomics are lacking.

* Central aspects in the establishment
of reproductive isolation differ from
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terrestrial systems due to intrinsic (life
history stages) and exirinsic factors
(lack of barriers).

* Adaptation and speciation might
work on different scales, thus result-
ing in fewer young radiations and

species flocks.

One exception to the paucity in species flocks
in the marine realm is presented by the genus
Hypoplectrus from the wider Caribbean — a
supposed hotspot of speciation in the west At-
lantic. Their distribution ranges from Trinidad
and Tobago in the southeast, throughout the
whole Caribbean and large parts of the Gulf
of Mexico, covers the Bahamas and has a
northeasterly outpost on Bermuda (Figure 1.3,
Robertson and Tassell, 2019).
is comprised by eighteen currently described

This genus

species about half of which have only been
recognized in the last ten years (Del Moral Flo-
res et al., 2011; Lobel, 2011; Victor, 2012;
Tavera and Acero, 2013). Some species are
endemic to specific regions such as the maya

(Lobel, 2011) or the striped hamlet (H. liberte)
Nev-
ertheless, most hamlets have pan-caribbean

that is restricted to northeastern Haiti.

distributions leading to high levels of sympa-
try through most of the genus range with up
to nine species co-occuring on the same reef
(Thresher, 1978; Puebla et al., 2012). His-
torically, their status as separate species or
single species has long been debated, even
though the existence of different color variants
has been acknowledged since the days of the
hamlets first scientific description:

After an examination of the
large series of typical forms
sent by Professor Poey to the

Museum at Cambridge, we find our-
selves driven to the conclusion that
all the common forms of Hypoplectrus
probably constitute but a single species,
subject to almost endless variations in
color. This view we here adopt, leav-
ing for convenience sake the various
nominal species to stand as color vari-
eties or subspecies, produced by the ac-
tion of some agencies as yet unknown.

(Jordan and Evermann, 1896)

hamlet (H. maya) that occurs only on the Be- While the discussion about the status as

lizean part of the mesoamerican barrier reef
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Figure 1.3: Distribution of the genus Hypoplectrus.
In the majority of their range several hamlet species are
present in sympatry with up to nine different species on
a single coral reef. Data from (Robertson and Tassell,
2019).

~ 14—



Chapter 1

H. aberrans

e 3

H. chlorurus H. gummigutta

H. maculiferus

H. unicolor

H. providencianus

H. puella

Figure 1.4: Overview of all currently described hamlet species. The different hamlet species display a wide

variety of color patterns but are morphologically uniform. Note, that while the schematics resembles the typical

phenotype of the respective species, color pattern are also variable within species. Note, that there are two differ-

ent phenotypes of “tan hamlets” — H. randallorum and the “tan hamlet”. These are assumed to be independent

species, but currently, only H. randallorum is scientifically described.

the largest part of the twentieth century (Ran-
dall and Randall, 1960; Thresher, 1978;
Graves and Rosenblatt, 1980), the classifica-
tion as separate species has been widely ac-
cepted by now. This discussion stems from
the broad sympatry and the fact that ham-
lets show no decisive differences in ecology,
morphology or (early) genetic markers and
are thus only distinguishable based on col-
oration. Yet, based on their striking color
patterns the different species are easily iden-
tified (Figure 1.4) and mate choice in ham-
lets is highly assortative with respect to color
pattern (Puebla et al., 2007).
simultaneous hermaphrodites that evolved a

Hamlets are

tit for tat egg trading, so mate choice is mu-
tual. However, hybridization between the dif-
ferent hamlet species seems possible as hybrid
spawnings can be observed in the wild, hy-
brids have been raised to adulthood in captiv-

ity (Domeier, 1994) and occasional interme-
diate color variants can be seen in the field.
(2012) showed that
mate choice and the tendency for assorta-

Moreover Puebla et al.

tive mating appears to be context specific in
the sense that hamlets seem more inclined to
hybridize if they lack available conspecifics.
Thus, while assortative mating largely restricts
gene flow between species, they are likely still
not completely reproductively isolated. The
whole ambiguity surrounding the question of
hamlets as good species according to the bio-
logical species concept leads back to the con-
ceptual issues regarding the process of speci-
ation itself. For the following work, the current
opinion on the hamlets as separate species
will be followed, while recognizing that they
are spanning a rather early section of the
speciation continuum (Puebla ef al., 2012).
This pragmatic approach is not uncommon or
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Figure 1.5: Phylogeny based on cytochrome b. Approximately-maximum-likelihood phylogeny of Hypoplec-

trus spp. and closely related species (Diplectrum formosum, Serranus spp. and Rypticus spp.), based on cy-

tochrome b sequences. Sequence data from Mccartney et al. 2003.

novel considering that it resembles the species
concept as described by Darwin:

I look at the term species, as one ar-
bitrarily given for the sake of conve-
nience to a set of individuals closely re-
sembling each other, and that it does
not essentially differ from the term va-
riety, which is given to less distinct and
more fluctuating forms. The term va-
riety, again, in comparison with mere
individual differences, is also applied
arbitrarily, and for mere convenience

sake. (Darwin, 1859)

The genetic differentiation between the ham-
let species is very low based on miDNA
(Garcia-Machado et al., 2004), AFLPs (Bar-
reto and McCartney, 2008), microsatellites
(Puebla et al., 2008) and RAD sequencing
(Puebla et al., 2014), indicating a quite recent
origin of the radiation. In contrast to this, the
genus Hypoplectrus appears to be quite sub-
stantially diverged from other closely related
Serranids based on mtDNA (Figure 1.5, Mc-
cartney et al. 2003).

The shallow level of divergence, the large
degree of sympatry and the endemism with
respect to the greater Caribbean makes the

hamlets a rare picture-book example of a ma-
rine species flock. It is note worthy though
that, while the hamlets are considered an evo-
lutionary radiation, the extent to which this is
an adaptive one is less clear, since all ham-
let species are considdered ecologically fairly

similar (Thresher, 1978).

All hamlets are predatory coral reef fishes
that prey mostly on benthic invertebrates and
inhabit reefs from very shallow to interme-
diate depths. While slight variation in diet
(Whiteman et al., 2007) and depth distri-
bution (Aguilar-Perera, 2003) have been re-
ported, those are not substantial (Holt et al.,
2008). The color pattern itself could be un-
der natural selection in some species (in ad-
dition to sexual selection by assortative mate
choice), given that some hamlet species are
considered aggressive mimics. For several
hamlet species (Thresher, 1978) — especially
for the blue (H. gemma) and the butter hamlet
(H. unicolor) putative sympatric models have
been proposed (Randall and Randall, 1960;
Puebla et al., 2007) and for H. unicolor ac-
tive tracking behavior with increased preda-
tion success has been shown (Puebla et al.,
2007, 2018). The hypothesis behind aggres-
sive mimicry is that the predatory but compa-
rably rare hamlets imitate a far more abun-
dant and non-predatory model fish species
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They
could then utilize this cover to approach their

both in appearance and in behavior.

prey, which is unalert because the model
species that is mimicked is not perceived as
threat (Thresher, 1978). Yet, while aggressive
mimicry could render the coloration of spe-
cific hamlet species adaptive, it is unlikely that
this is the case for all species. A second type
of natural selection on the hamlet color pat-
tern could be the promotion of disruptive color
patterns like bars, which are believed to im-
prove camouflage in the complex reef habi-
tat (Phillips et al., 2017). Still, that leaves a
considerable share of brightly colored, non-
barred hamlets that lack a model for aggres-
sive mimicry without an obvious angle for nat-
ural selection. As a result the question, which
forces specifically act to reduce gene flow be-
tween the different hamlet species, is still open
— while sexual selection appears to be of im-
portance, natural selection may or may not.

* Hamlets (Hypoplectrus spp., Ser-
ranidae) are a marine species flock of

coral reef fishes.

* The 18 different species are largely
sympatric through most of the
Caribbean and the Gulf of Mexico.

* The species are exclusively distin-
guishable based on their bright color
patterns and mate assortatively.

* Genetically, they are not strongly dif-
ferentiated, thus covering the lower
range of the speciation continuum.

The work presented within this doctoral the-
sis marks the transition from genetic to ge-
nomic research in hamlets. It thus introduces
the hamlets as a model system for marine spe-
ciation and aims at contributing to the under-
standing of the early stages of speciation and
evolutionary radiations in the marine environ-
ment. The central focus lies on the question
which evolutionary mechanisms are acting on
gene flow between the different species. In
this context, potential targets of differential se-
lection, influences of the genomic architecture
and signs of past and present gene flow are
explored. The work is distributed over four
separate manuscripts which form the follow-
ing chapters:

Manuscript 1: Hench, K. et al. (2017). Tem-
poral changes in hamlet communities (Hy-

poplectrus spp., Serranidae) over 17 years.
Journal of Fish Biology, 91(5): 1475-1490.

The first manuscript investigates the temporal
stability of the hamlet community composition
within a group of Puerto Rican reefs. Com-
paring relative species abundances in the con-
text of differing ecological conditions over time
and space, we examine the effect of potential
selective factors on the local hamlet commu-

nity.

(2019).

Inter-chromosomal coupling between vision

Manuscript 2: Hench, K. et al.

and pigmentation genes during genomic di-
vergence. NatureEcology & Evolution, 3(4):

657-667.

The second manuscript introduces the newly
assembled hamlet reference genome, thus
opening up the system for population ge-
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nomic research. Based on whole genome re-
sequencing data from three hamlet species,
we investigate the interaction of pigmentation
genes and genes underlying the visual system
— two decisive factors regarding the assorta-

tive mating system in hamlets.

(2019).

The evolution of microendemism in a reef

Manuscript 3: Moran, B.M. et al.

fish (Hypoplectrus maya). Molecular Ecology,
28(11): 2872-2885.

In the third manuscript we explore the demo-
graphic history of a rare hamlet species en-
demic to the Belizean part of the Mesoamer-
ican Barrier Reef. We investigate the histori-
cal dynamics of this species’ effective popula-
tion size and put it into the context of three
widespread and sympatric sister species as
well as the phenotypically most similar hamlet
species.

Manuscript 4: Hench, K. et al. (in revision).
The genomic origins of a marine radiation.

Current Biology

The last manuscript provides a cross-section
through the hamlet radiation comparing eight
different hamlet species. Using the low back-
ground levels of divergence, we look for signs
of incipient divergent selection and screen
the phylogenic history of those genomic ares
for discordances whith each other and the
genome wide background signal.

Adams, M.D. et al. (2000). The Genome Se-
qguence of Drosophila melanogaster. Sci-
ence, 287(5461):2185-2195.

Aguilar-Perera, A. (2003). Abundance and

distribution of hamlets (Teleostei : Hy-
poplectrus) in coral reefs off southwest-
ern Puerto Rico: Support for the multiple-
species hypothesis. CARIBBEAN JOURNAL

OF SCIENCE, 39(1):147-151.

Alfaro, M.E. et al. (2009).
tional radiations plus high turnover explain

Nine excep-

species diversity in jowed vertebrates. Pro-
ceedings of the National Academy of Sci-
ences, 106(32):13410-13414.

Barreto, FS. and McCartney, M.A. (2008). Ex-
traordinary AFLP fingerprint similarity de-
spite strong assortative mating between

reef fish color morphospecies. Evolution,

62(1):226-233.

Bowen, B.W. et al. (2020). Species Radiations
in the Sea: What the Flock?
Heredity, 111(1):70-83.

Journal of

Bowen, B.W. et al. (2013). The origins of trop-
ical marine biodiversity. Trends in Ecology
& Evolution, 28(6):359-366.

Briggs, J.C. (2003). Marine centres of ori-
gin as evolutionary engines. Journal of Bio-

geography, 30(1):1-18.

Chinwalla, A.T. et al. (2002). Initial sequenc-
ing and comparative analysis of the mouse
genome. Nature, 420(6915):520-562.

Cook, O.F (1906). Factors of Species-
Formation. Science, 23(587):506-507.

Cruickshank, T.E. and Hahn, M.W. (2014).
Reanalysis suggests that genomic islands
of speciation are due to reduced diversity,

not reduced gene flow. Molecular Ecology,
23(13):3133-3157.

R.R. et al. (2016). Next-
generation biology: Sequencing and data

da Fonseca,

_ 18—



Chapter 1

analysis approaches for non-model organ-
isms. Marine Genomics, 30:3 — 13.

Darwin, C. (1859). On the origin of species
by means of natural selection, or the preser-
vation of favoured races in the struggle for
life. John Murray, London, first edition.

Dasmahapatra, K.K. et al. (2012). Butterfly
genome reveals promiscuous exchange of

mimicry adaptations among species. Na-
ture, 487(7405):94-98.

Del Moral Flores, L.F, Tello-Musi, J.L. and
Martinez-Pérez, J.A. (2011). Descripcién de
una nueva especie del género Hypoplectrus
(Actinopterigy: Serranidae) del Sistema Ar-
recifal Veracruzano, suroeste del Golfo de
México. Revista de Zoologia, pages 1-10.

Dobzhansky, T. (1937). Genetics and the Ori-
gin of Species. Columbia University biolog-
ical series. Columbia University Press.

Domeier, M.L. (1994). Speciation in the ser-
ranid fish Hypoplectrus. Bulletin of Marine
Science, 54(1):103-141.

Ekblom, R. and Wolf, J.B.W. (2014). A field
guide to whole-genome sequencing, as-

sembly and annotation. Evolutionary appli-
cations, 7(9):1026-1042.

Garcia-Machado, E., Chevalier Monteagudo,
PP and Solignac, M. (2004). Lack of
mtDNA differentiation among hamlets (Hy-
poplectrus, Serranidae). Marine Biology,

144(1):147-152.

Graves, J.E. and Rosenblatt, R.H. (1980). Ge-
netic Relationships of the Color Morphs
of the Serranid Fish Hypoplectrus unicolor.
Evolution, 34(2):240.

Guerrero, R.F. and Hahn, M.W. (2017). Speci-
ation as a sieve for ancestral polymorphism.
Molecular Ecology, 26(20):5362-5368.

Harrison, R.G. and Larson, E.L. (2014). Hy-
bridization, introgression, and the nature of

species boundaries. The Journal of heredity,
105 Suppl:795-809.

Holt, B.G. et al. (2008). Stable isotope anal-
ysis of the Hypoplectrus species complex
reveals no evidence for dietary niche di-

vergence. Marine Ecology Progress Series,
357:283-289.

Hulsey, C.D. and Renn, S.C.P (2009). Ge-

nomics and vertebrate adaptive radia-
A celebration of the first cichlid
genome. Integrative and Comparative Bi-

ology, 49(6):613-617.

tion:

Jenkins, C.N. and Van Houtan, K.S. (2016).
Global and regional priorities for marine

biodiversity protection. Biological Conser-

vation, 204:333-339.

Jordan, D.S. and Evermann, B.W. (1896). The
fishes of North and Middle America: a de-
scriptive catalogue of the species of fish-
like vertebrates found in the waters of North
America north of the Isthmus of Panama.
Part I. Government Printing Office, Wash-
ington.

Kane, N.C. et al. (2011).
a reference genome for sunflower. Botany,

89(7):429-437.

Progress towards

Kinlan, B.P. and Gaines, S.D. (2003). Propag-
ule dispersal in marine and terrestrial envi-
ronments: a community perspective. Ecol-

ogy, 84(8):2007-2020.

~19_



Chapter 1

Kronforst, M.R. et al. (2013).
Reveals the Evolving Genomic Architecture
of Speciation. Cell Reports, 5(3):666-677.

Hybridization

Labandeira, C.C. (2005).

continents:

Invasion of the
cyanobacterial crusts to tree-
inhabiting arthropods. Trends in Ecology &
Evolution, 20(5):253-262.

Lamichhaney, S. et al. (2015). Evolution
of Darwin’s finches and their beaks re-

vealed by genome sequencing. Nature,

518(7539):371-375.

Lander, E.S. et al. (2001). Initial sequencing
and analysis of the human genome. Na-
ture, 409(6822):860-921.

Lobel, PS. (2011). A review of the Caribbean
hamlets (Serranidae, Hypoplectrus) with de-

scription of two new species. ZOQOTAXA,

(3096):1-17.

Malinsky, M. et al. (2018). Whole-genome
sequences of Malawi cichlids reveal multi-
ple radiations interconnected by gene flow.
Nature Ecology & Evolution, 2(12):1940-
1955.

Mallet, J. (2001). The speciation revolution.
Journal of Evolutionary Biology, 14(6):887—
888.

Mallet, J. (2007). Hybrid speciation. Nature,
446(7133):279-283.

Mallet, J., Besansky, N. and Hahn, M.W.
(2016). How reticulated are species? BioEs-
says, 38(2):140-149.

Marques, D.A., Meier, J.I. and Seehausen, O.
(2019). A Combinatorial View on Specia-
tion and Adaptive Radiation. Trends in Ecol-
ogy & Evolution, 34(6):531-544.

Marshall, C.R. (2006). Explaining the Cam-
brian “Explosion” of Animals”.  Annual
Review of Earth and Planetary Sciences,

34(1):355-384.

Martin, C.H. and Richards, E.J. (2019). The
Paradox Behind the Pattern of Rapid Adap-
tive Radiation: How Can the Speciation Pro-
cess Sustain ltself Through an Early Burst?
Annual Review of Ecology, Evolution, and

Systematics, 50(1):569-593.

Mayr, E. (1942). Systematics and the origin of
species, from the viewpoint of a zoologist.
New York: Columbia University Press.

Mccartney, M.A. et al. (2003). Genetic mo-
saic in a marine species flock. Molecular
Ecology, 12(11):2963-2973.

Mendel, G. (1866). Versuche iber Pflanzen-
Hybriden, volume IV 13 fir das Jahr 1865,
Abhandlungen. Verhandlungen des natur-

forschenden Vereines in Brinn.

Merrill, R.M. et al. (2019). Genetic dissection
of assortative mating behavior. PLoS biol-
ogy, 17(2).

Metzker, M.L. (2010). Sequencing technolo-
gies — the next generation. Nature Reviews
Genetics, 11(1):31-46.

Palumbi, S.R. (1994). Genetic-divergence, re-
productive isolation, and marine speciation.

Annual Review Of Ecology And Systematics,
25:547-572.

Phillips, G.A.C. et al. (2017).
tive colouration in reef fish: does match-

Disrup-
ing the background reduce predation
risk¢ The Journal of Experimental Biology,
220(11):1962 LP - 1974.

_20—



Chapter 1

Puebla, O., Bermingham, E. and Guichard,
F (2008).
Hypoplectrus coral reef fishes provide ev-

Population genetic analyses of

idence that local processes are operating
during the early stages of marine adaptive
radiations. Molecular Ecology, 17(6):1405-
1415.

Puebla, O., Bermingham, E. and Guichard, F.
(2012). Pairing dynamics and the origin of
species. Proceedings of the Royal Society
B: Biological Sciences, 279(1731):1085-
1092.

Puebla, O. et al. (2007).
as a single trait driving speciation in Hy-

Colour pattern
poplectrus coral reef fishes¢ Proceedings
of the Royal Society B: Biological Sciences,
274(1615):1265-1271.

Puebla, O., Bermingham, E. and McMillan,
W.O. (2014).
entiation in coral reef fishes (Hypoplec-

Genomic atolls of differ-

trus spp., Serranidae). Molecular Ecology,
23(21):5291-5303.

Puebla, O. et al. (2018).
mimicry? An empirical evaluation of the Hy-

Social-trap or

poplectrus unicolor-Chaetodon capistratus
association in Bocas del Toro, Panama.

Coral Reefs, 37(4):1127-1137.

Randall, J.E. and Randall, H.A. (1960). Exam-
ples of mimicry and protective resemblance
in tropical marine fishes. Bulletin of Marine
Science, 10(4):444-480.

Reid, J.B. and Ross, J.J. (2011). Mendel’s
genes: Toward a full molecular character-
ization. Genetics, 189(1):3-10.

D.R. and Tassell, JV. (2019).
Shorefishes of the Greater Caribbean: on-

Robertson,

line information system. Version 2.0. Smith-
sonian Tropical Research Institute, Balboa,

Panamd. http://biogeodb.stri.si.edu/

caribbean/en/research/index/range.

Roesti, M., Moser, D.
(2013).
stickleback genome—patterns and conse-

and Berner, D.
Recombination in the threespine

guences. Molecular Ecology, 22(11):3014-
3027.

Schluter, D. (2000).
tive Radiation (Oxford Series in Ecology and

The Ecology of Adap-

Evolution). Oxford University Press.

Seehausen, O. et al. (2014). Genomics and
the origin of species. Nature Reviews Ge-
netics, 15(3):176-192.

Shaw, K.L. and Mullen, S.P (2014).
Journal of Heredity,

Spe-
ciation Continuum.
105(S1):741-742.

Simdes, M. et al. (2016). The Evolving Theory
of Evolutionary Radiations. Trends in Ecol-
ogy & Evolution, 31(1):27-34.

C.C. (2013).
vation genomics of threatened animal

Steiner, et al. Conser-

species. Annual Review of Animal Bio-
sciences, 1(1):261-281. PMID: 25387020.

Stroud, J.T. and Losos, J.B. (2016). Ecological
Opportunity and Adaptive Radiation. An-
nual Review of Ecology, Evolution, and Sys-
tematics, 47(1):507-532.

Tavera, J. and Acero, A. (2013).
tion of a new species of Hypoplectrus (Per-

Descrip-

ciformes:Serrnidae) from the southern Gulf
of Mexico. Aqua, Journal of Ichthyology,
19(1):29-38.

Thompson, E.A. (1990). R. a. fisher’s con-

tributions to genetical statistics. Biometrics,
46(4):905-914.

-2 -


http://biogeodb.stri.si.edu/caribbean/en/research/index/range
http://biogeodb.stri.si.edu/caribbean/en/research/index/range

Chapter 1

Thresher, R.E. (1978). Polymorphism,  O. (2012). Ecological opportunity and sex-
mimicry, and the evolution of the hamlets ual selection together predict adaptive radi-
(Hypoplectrus, Serranidae). Bulletin of Ma-  ation. Nature, 487(7407):366-369.
rine Science, 28(2):345-353.

Watson, J.D. and Crick, FEH.C. (1953).

Victor, B.C. (2012). H lectrus florid . .
ctor. ( ) ypoplecirus floridae Genetical Implications  of the  Struc-

n.sp. and Hypoplectrus ecosur n.sp., two ) ) )
P ypop P ture of Deoxyribonucleic Acid.  Nature,

171(4361):964-967.

new Barred Hamlets from the Gulf of Mex-
ico (Pisces: Serranidae): more than 3% dif-

f ti | mtDNA f th
erent in COI mDNA sequence from the Whiteman, E.A., Cbété, I.M. and Reynolds,

J.D. (2007). Ecological differences between
hamlet (Hypoplectrus: Serranidae) colour

Caribbean Hypoplectrus species flock. Jour-
nal of the Ocean Science Foundation, 5:2—

19. R
morphs: Between-morph variation in diet.

Wagner, C.E., Harmon, L.J. and Seehausen,  Journal of Fish Biology, 71(1):235-244.

_22_



-2 -
Temporal Changes in Hamlet
Communities (Hypoplectrus spp.,
Serranidae) over 17 Years

Kosmas Hench ', W. Owen McMillan 2, Ricardo Betancur-R. 3,  Oscar
Puebla !

GEOMAR Helmholtz Centre for Ocean Research Kiel, Evolutionary Ecology of Marine
Fishes, Dusternbrooker Weg 20, 24105 Kiel, Germany
Smithsonian Tropical Research Institute, Apartado Postal 0843-03092, Panamé, Repudblica

2
de Panamd

3 Department of Biology, University of Puerto Rico — Rio Piedras, PO Box 23360, San Juan,
Puerto Rico

This study was originally published in Journal of Fish Biology. Figures were re-drawn for this
thesis but no additional changes were made. The re-print within this thesis is in agreement
with John Wiley and Sons under license number 4826450091578.

Original publication

Hench, K. et al. (2017). Temporal changes in hamlet communities (Hypoplectrus spp., Ser-
ranidae) over 17 years. Journal of Fish Biology, 91(5):1475-1490. doi: 10.1111/{fb.13481.

23


https://doi.org/10.1111/jfb.13481

Chapter 2

Transect surveys of hamlet communities (Hypoplectrus spp., Serranidae) covering 14 000 m?
across 16 reefs off La Parguera, Puerto Rico, are presented and compared with a previous
survey conducted in the year 2000. The hamlet community has noticeably changed over 17
years, with a > 30% increase in relative abundance of the yellow tail hamlet Hypoplectrus
chlorurus on the inner reefs at the expense of the other hamlet species. The data also suggest
that the density of H. chlorurus has declined and that its distribution has shifted towards shal-
lower depths. Considering that H. chlorurus has been previously identified as one of the few
fish showing a positive association with seawater turbidity on the innerreefs of La Parguera
and that sedimentation of terrestrial origin has increased over recent decades on these reefs,
it is proposed that turbidity may constitute an important but so far overlooked ecological driver

of hamlet communities.

Keywords: community stability, Parguera, Puerto Rico, sedimentation, turbidity.

entiate species (Randall, 1968; Lobel, 2011;
Tavera and Acero, 2013). Yet colour pat-
tern also varies within species, both within and

The hamlets, simultaneously hermaphroditic between locations (Thresher, 1978; Aguilar-
sea basses from the tropical western Atlantic Perera, 2004), complicating their taxonomy
Ocean (Hypoplectrus spp., Perciformes: Ser- and identification.

ranidae), have intrigued ichthyologists for

Hamlets vary in their distribution (Aguilar-
decades (Barlow, 1975; Fischer and Petersen,

1987; Domeier, 1994; McCartney et al.,
2003; Theodosiou et al., 2016). Seventeen
species are now recognized, a third of which

Perera and Gonzalez-Salas, 2010; Holt et al.,
2010), but tend to be highly sympatric, with up
to nine species found on a single reef (Puebla

_ et al., 2012a). Hamlets are reef-associated
have been described in the past few years (Del

Moral Flores et al., 2011; Lobel, 2011; Vic-
tor, 2012; Tavera and Acero, 2013). Hamlets
from the Gulf of Mexico appear to be well-

predators that feed on small invertebrates and
fishes (Randall 1967; Holt et al. 2008, G.
M. Serviss, unpubl. data). Sympatric species

_ - . tend to live in the same habitat and have sim-
diverged from the Caribbean hamlets at mito-

chondrial DNA markers (Victor (2012); Tavera
and Acero (2013)), yet hamlets tend to be very

ilar diets, except for the indigo hamlet Hy-
poplectrus indigo (Poey 1851) that appears to
feed mostly on fishes (Whiteman et al., 2007).

closely related genetically within these two re- Spawning occurs before sunset on a daily ba-

gions (McCartney et al., 2003; Barreto and
McCartney, 2008; Tavera and Acero, 2013;
Puebla et al., 2014). Hamlets are also very

sis throughout the year. Sympatric species
spawn at the same time and in the same areq,

often within sight of each other. Yet mating

similar from an ecomorphological perspec- . . .
P 9 Persp is strongly assortative with respect to colour

tive and, to date, colour pattern is the only oattern, with > 98% of spawnings occurring

trait that has been found to consistently differ-
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among members of the same species (Fischer,
1980a; Barreto and McCartney, 2008; Puebla
et al., 2007, 2012a). Apparently, there are
no strong intrinsic post-fertilization barriers in
hamlets (Whiteman and Gage, 2007) and
in the only case where hybrids were bred in
aquaria, they appeared intermediate between

parental species in terms of colour pattern
(Domeier, 1994).

Hamlets have served as a distinctive model
system for the study of a variety of ecologi-
cal and evolutionary processes including the
evolution and maintenance of simultaneous
hermaphroditism (Fischer, 1980b), sex allo-
cation (Fischer, 1981), egg trading (Fischer
and Petersen, 1987), sexual selection (Puebla
et al., 2011), dispersal (Puebla et al., 2009),
local adaptation (Picg et al., 2016), specia-
tion (Holt et al., 2011), evolutionary radia-
tion (Puebla et al., 2008) and recombination
(Theodosiou et al., 2016). Temporal changes
in hamlet communities can potentially affect
or be affected by such processes. For exam-
ple, changes in population densities and rela-
tive abundances are expected to affect effec-
tive population sizes as well as the potential
for hybridization among the different species
(Puebla et al., 2012a).
in hamlet densities and relative abundances

Temporal changes

could also provide hints about the ecologi-
cal factors that shape hamlet communities,
which are still eluding ecologists. Yet detailed
hamlet surveys are scarce and very little is
known about the dynamics of hamlet commu-
nities. Data from general fish surveys are to
be treated with caution due to extensive colour
pattern variation in the group that complicates
species identification and typically do not pro-
vide a detailed picture of local communities.
Hamlet population densities can be relatively

low (of the order 10 fish 1000m~2 of reef) and
several species are rare (of the order 1 fish
1000m~2 or less (Puebla et al., 2012a)), re-
quiring extensive surveys.

The hamlets from La Parguera, Puerto Rico,
constitute a notable exception with a thorough
survey available for the year 2000 (Aguilar-
Perera, 2003).

cause it targets the hamlet community specifi-

This survey stands out be-

cally, is spread across 16 reefs identified with
reef names and GPS coordinates, provides
raw fish counts with depth and reef type (in-
ner v. outer reefs) and is complemented by
a note on colour pattern variation at this lo-
cation (Aguilar-Perera, 2004). Here, the op-
portunity is taken to evaluate the temporal
dynamics of hamlet communities. Seventeen
years later the same reefs were revisited and
transect surveys covering 14000m? across 16
reefs were conducted. The transect data in-
dicate that hamlet relative abundances have
noticeably changed over 17 years, with most
notably a 30% increase of the yellowtail hamlet
Hypoplectrus chlorurus (Cuvier 1828) on the
inner reefs at the expense of the other hamlet
species. The potential drivers of this change
are discussed in light of the literature and it
is proposed that recent changes in water tur-
bidity regimes might play an important, but
previously overlooked role in this context.

Fieldwork was conducted under the Insti-
tutional Animal Care and Use Committee
(IACUC) protocol 2017-0101-2020-2 and
the Puerto Rico Departamento de Recur-
sos Naturales y Ambientales research permit
#2016 — IC' — 127(F) between 13 and 24
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Figure 2.1: Sampling location and hamlet relative abundances. Location (dots) and hamlet relative abun-
dances (pie charts) from 35 survey transects covering a total of 14,000 m2 of reef on 16 reefs off La Parguera
(Puerto Rico). Reefs indicated in grey (spatial data on reef extent taken from UNEP-WCMC, WorldFish Centre,
WRI, TNC (2010), http://data.unep-wemce.org/datasets/1).

March 2017 on 16 reefs in the vicinity of
La Parguera, Puerto Rico (Figure 2.1), target-

ing the same reefs surveyed by Aguilar-Perera
(2003).

Transect Surveys: Hamlet population densi-
ties and relative abundances were estimated
using scuba visual censuses. Belt transects
were preferred over the roaming surveys
adopted by Aguilar-Perera (2003) since they
provide standardized population density esti-
mates (i.e. number of individuals per unit of

reef area) that can be compared across time

and space and also used to estimate pop-
ulation sizes (Puebla et al.,, 2009, 2012b).
Yet hamlet densities are quite low in La Par-
guera, resulting in a large proportion of empty
25 x 2m transects (Aguilar-Perera, 2003). In
order to address this limitation, 100 x 4m tran-
sects were adopted, following the approach
used in previous hamlet surveys (Puebla et al.,
2007, 2008, 2009, 2012b), resulting in an
eightfold increase of the area surveyed per
transect (400m? v. 50m? for 25 x 2m transects).
Briefly, two divers swam in parallel a few feet
above the reef with each diver counting all
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the Hypoplectrus spp. observed within 2m on
Fishes

swimming across the transect tape were sig-

each side of a 100m transect tape.

nalled to avoid counting the same fish twice.
Coral-reef habitat was specifically targeted for
the transects (i.e. avoiding sandy or seagrass
areas) and an effort was made to cover a
variety of depths and reef zones (e.g. reef
slope v. reef flat), but the exact location of
each transect was randomly chosen. An effort
was made to broadly match the sampling ef-
fort of Aguilar-Perera (2003) and avoid com-
paratively under or over-sampling, with also
a broadly similar proportion of surveys con-
ducted in the inner v. outer reefs.

Data Analysis: Densities (number of fish
1000 m~2 of reef) and hamlet relative abun-
dances (%) were estimated for each species,
reef site, reef type (inner v. outer reefs) and
overall. Similar data were recompiled from
Aguilar-Perera (2003)’s raw species counts (it
is noted that some minor numerical errors
were found in the total counts in Aguilar-
Perera (2003); (Table 1), hence the relative
abundances reported here differ slightly from

those in the original paper).

Differences in relative abundances were tested
with permutational analysis of variance (PER-
MANOVA; Anderson 2001) with 1999 per-
mutations per test and visualized using non-
metric multidimensional scaling as imple-
mented in the vegan package in R (Oksao-
nen et al. 2017; www.r-project.org), using the
Bray-Curtis measure of ecological distance in
both cases (Bray and Curtis, 1957). This anal-
ysis was done at the reef level, i.e. consider-
ing relative abundances per reef (not per tran-
sect). Differences between the inner and outer
reefs were first tested and given the signifi-
cant outcome (see Results) changes in hamlet

relative abundances between 2000 (Aguilar-
Perera, 2003) and 2017 (this study) were
tested for the inner and outer reefs separately.
Hamlet diversity in the inner and outer reefs
for the years 2000 (Aguilar-Perera, 2003) and
2017 were estimated using the effective num-
ber of species of the first order, corresponding
to the exponential of the Shannon entropy and
referred from here on as the effective num-
ber of species (Hill, 1973; Jost, 2006). Dif-
ferences in diversity between 2000 (Aguilar-
Perera, 2003) and 2017 were tested for the
inner and outer reefs separately with a Mann—
Whitney U-test and finally the depth distribu-
tion of H. chlorurus was tested for significant
differences between shallow (< 5.5 m) and
deep (=5.5 m) sections of the inner reefs us-
ing a x? -test following Aguilar-Perera (2003).
This test was not repeated for the other species
due to the relatively low number of sightings.

A total of 35 non-
overlapping transects were conducted, cov-

Transect Surveys:

ering an area of 14 000 m? across 16 reefs
at depths ranging between 2 and 18m (Ta-
ble 2.1). One hundred and seventeen ham-
lets from seven species were sighted within the
transects, providing an overall hamlet density
estimate of 8.4 £ 1.5 fish 1000 m™2 of reef
(mean + S.E.). The most abundant species
by far was H. chlorurus, representing 80.3% of
all hamlets seen, followed by the butter hamlet
Hypoplectrus unicolor (Walbaum 1792), 7.7%
and the barred hamlet Hypoplectrus puella
(Cuvier 1828), 6.0%.
guttavarius (Poey 1851), H. indigo, black Hy-

The shy Hypoplectrus

poplectrus nigricans (Poey 1851) and yellow-
belly Hypoplectrus aberrans (Poey 1868) ham-
lets were rare, with only one or two individuals
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Table 2.1: Hamlet counts, population densities and relative abundances from 35 survey transects of 400 m?

each covering a total of 14 000 m? of reef across 16 reefs off La Parguera, Puerto Rico, in March 2017. Data

from 2000 recompiled from Aguilar-Perera (2003). The hamlet species is indicated by the first three letters:

H. chlorurus (chl), H. unicolor (uni), H. puella (pue), H. guttavarius (gut), H. indigo (ind), H. nigricans (nig) and

H. aberrans (abe).

Position N Position W Depth Total chl oni pue gut ind nig abe Density Rel. ab.

Inner reefs (decimal degrees) (feet) count (ind 1000 m-2) (%)
Lépez kay 17.965 -67.056 1 10 0 0 0 0 0 0 10 25 8.5
Lépez kay 17.965 -67.056 1 6 0 0 0 0 0 0 6 15 5.1
La gata 17.959 -67.039 26 3 0 0 0 0 0 0 3 8 2.6
La gata 17.959 -67.039 13 4 0 1 0 0 0 0 5 13 4.3
Mario 17.953 -67.056 18 0 0 0 0 0 0 0 0 0 0
Mario 17.953 -67.056 13 2 0 0 0 0 0 0 2 5 1.7
Mario 17.953 -67.056 6 0 0 0 0 0 0 0 0 0 0
Mario 17.953 -67.056 12 15 0 0 0 0 0 0 15 38 12.8
San Cristébal 17.938 -67.068 22 0 1 0 0 0 0 0 1 3 0.9
San Cristébal 17.938 -67.068 7 3 0 0 0 0 0 0 3 8 2.6
San Cristébal 17.938 -67.068 9 5 0 0 0 0 0 0 5 13 4.3
La palma 17.958 -67.058 15 10 0 0 0 0 0 0 10 25 8.5
La palma 17.958 -67.058 15 7 0 0 0 0 0 0 7 18 6
Enrique 17.955 -67.053 14 8 0 0 0 0 0 0 8 20 6.8
Media luna 17.94 -67.051 15 3 0 1 0 0 0 0 4 10 3.4
Media luna 17.94 -67.051 13 3 0 0 0 0 0 0 3 8 2.6
Las Pelotas 17.957 -67.07 20 1 0 0 0 0 0 0 1 3 0.9
Las Pelotas 17.957 -67.07 10 1 0 0 0 0 0 0 1 3 0.9
Turrumote 17.934 -67.019 30 0 1 1 0 0 0 0 2 5 1.7
Turrumote 17.934 -67.019 15 0 0 0 0 0 0 0 0 0 0
Turrumote 17.934 -67.019 42-7 1 0 0 0 0 0 0 1 3 0.9
Turrumote Il 17.928 -66.974 42 5 0 0 0 0 0 0 5 13 4.3
Turrumote Il 17.928 -66.974 19 5 1 0 0 1 0 0 7 18 6
Pinnacles 17.97 -67.046 45 0 0 2 0 0 0 0 2 5 1.7
Total count 92 3 5 o 1 [ o 101
Density (inds 1000 m~ 2 of reef, mean * SE) 9.6 0.3 0.5 0.0 0.1 < 0.1% 0.0 10.5

+0.8 +0.1 +0.1 +0.0 + 0.0 + 0.0 +1.9
Total relative abundance (%) 91.1 3 5 0 1 < la 0 86.3
Total relative abundance Aguilar-Perera (2003) (%) 58.2 5.9 10.5 0 7.2 10.5 7.8 86.9
Outer reefs
Black Wall 17.885 -67.016 59 0 0 0 0 0 0 0 0 0 0
Black Wall 17.885 -67.016 59 0 0 0 0 0 0 0 0 0 0
Forest 17.892 -67.014 44 0 0 0 0 1 0 0 1 3 0.9
Forest 17.892 -67.014 44 0 0 0 2 0 0 0 2 5 1.7
Outer reef 1 17.895 -67.017 52 0 0 1 0 0 1 0 2 5 1.7
Outer reef 1 17.895 -67.017 52 1 2 1 0 0 0 0 4 10 3.4
Outer reef 2 17.89 -67.018 51 0 1 0 0 0 0 0 1 3 0.9
Outer reef 2 17.89 -67.018 51 0 0 0 0 0 0 0 0 0 0
Outer reef 3 17.891 -67.029 50 0 2 0 0 0 1 0 3 8 2.6
Outer reef 3 17.891 -67.029 50 1 0 0 0 0 0 0 1 3 0.9
Outer reef 3 17.891 -67.029 50 0 1 0 0 0 0 1 2 5 1.7
Total count 2 6 2 2 1 2 1 16
Density (inds 1000m 2 of reef, mean SE) 0.5 1.4 0.5 0.5 0.2 0.5 0.2 3.6

+0.1 +0.2 +0.1 +0.2 +0.1 +0.1 +0.1 +1.0
Total relative abundance (%) 12.5 37.5 12.5 12.5 6.3 12.5 6.3 13.7
Total relative abundance Aguilar-Perera (2003) (%) 0 21.7 60.9 0 0 0 17.4 13.1
Overall
Total count 94 9 7 2 2 2 1 nz
Density (inds 1000m 2 of reef, mean * SE) 6.7 0.6 0.5 0.1 0.1 0.1 0.1 8.4

+ 0.6 +0.1 +0.1 +0.1 + 0.0 +0.0 +0.0 +1.5
Relative abundance (%) 80.3 7.7 6 1.7 1.7 0.7 0.9 100
Total relative abundance Aguilar-Perera (2003) (%) 50.6 8 17 0 6.3 9.1 9.1 100

“sighted outside of the transects on the inner reefs

seen over all transects. No other hamlets were
sighted outside of the transects.

There was a significant difference in rela-
tive abundances between the inner and outer
reefs (Figure 2.2 a; PERMANOVA P < 0.01).
The inner reefs were dominated by H. chloru-
rus (91.1% of all hamlets seen) followed by

H. puella (5.0%) and H. unicolor (3.0%) and
H. indigo was rare (1.0%). No other species
was sighted within the transects, but it is noted
that H. nigricans was observed outside of the
transects on the inner reefs, implying pres-
ence on these reefs at a density < 0.1 fish

1000m=2. The outer reefs were dominated
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Figure 2.2: Non-metric multidimensional scaling (NMDS) plots. a for the comparison between inner and
outer reefs (this study), b between the years 2000 (Aguilar-Perera, 2003) and 2017 (this study) for the inner

reefs.

by H. unicolor (37.5% of all hamlets seen) fol-
lowed by H. chlorurus, H. puella, H. nigricans
and H. guttavarius (12.5% each) and finally
H. indigo and H. aberrans (6.3% each). No
other species was sighted outside of the tran-
sects on these reefs. The difference in commu-
nity composition between the inner and outer
reefs was accompanied by a significant differ-
ence in density, with an average of 10.54+1.9 v.
3.6 1.0 fish 1000m~2 of reef in the inner and
outer reefs, respectively (mean + S.E., Mann-
Whitney U-test P < 0.05).

There was a significant change in relative
abundances between the years 2000 (Aguilar-
Perera, 2003) and 2017 on the inner reefs

(Figure 2.2 b; PERMANOVA P < 0.05). The
most notable difference was the relative in-

20

outer reefs
o
%) 2000
g 0 ® o
= Forest
-20
0 50 100

NMDS1

crease of H. chlorurus, from 58.2% in 2000
to 91.1% in 2017 at the expense of H. ni-
gricans (10.5% to < 1%), H. aberrans (7.8
to 0%) and H. indigo (7.2 to 1.0%). There
was a marginally significant change in rela-
tive abundances between 2000 and 2017 on
the outer reefs (Suppl. Fig. 2.1; PERMANOVA
P = 0.05), but it should be noted that this re-
sult is to be interpreted with caution given the
low hamlet densities and counts on the outer
reefs and the over-dispersion of the 2017 data
compared with 2000 (due to the occurrence of
both H. guttavarius and H. indigo in one outer
reef in 2017, none of which were observed
on the outer reefs in 2000). The most notable
change on the outer reefs was a decrease of
H. puella from 60.9% in 2000 to 12.5% in 2017
and an increase of H. chlorurus and H. nigri-

Suppl. Figure 2.1: NMDS outer reefs. Non-metric
multidimensional scaling (NMDS) of Hypoplectrus spp.
communities on the outer reefs off La Parguera, Puerto
Rico, for the years 2000 (Aguilar-Perera, 2003) and
2017. The over-dispersion of the 2017 data compared
with 2000 on the first NMDS axis is due to the occur-
rence of both H. guttavarius and H. indigo on one outer

reef in 2017, none of which were observed in 2000.
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cans from 0 to 12.5%. The presence of H. gut-
tavarius on the outer reefs is also to be noted
since this species was not reported by Aguilar-
Perera (2003) in either the inner or outer reefs.

Effective number of species on the inner and
outer reefs from Aguilar-Perera’s data and this
study are presented in Figure 2.3. The in-
creased dominance of H. chlorurus on the in-
ner reefs in 2017 compared with 2000 is re-
flected by a significant decrease in effective
number of species, from 3.1 + 1.1 in 2000
to 1.4 + 0.6 in 2017 (mean + S.D., Mann-
Whitney U-test P < 0.01). The opposite trend
was observed on the outer reefs (1.62 + 0.25
in 2000 v. 2.53 +0.66 in 2017), but this dif-
ference was not significant (Mann-Whitney U-
test P > 0.05) and here again caution is war-

Depth (m)

-12

[remm——

o 3 L

H. chlorurus H. unicolor

H. puella H. guttavarius H. indigo

Figure 2.3: Comparison of the temporal change in
the diversity of the first order for inner and outer
reefs. Significance was tested independently according
to Man Whitney U test.

ranted due to the low species densities and
counts on the outer reefs. Overall depth distri-
butions of all hamlets sighted are presented in
Figure 2.4 Hypoplectrus chlorurus was signifi-
cantly more abundant in the shallow (< 5.5m)
sections of the inner reefs than in the deeper
areas (> 5.5m, y2-square test P < 0.001).

Temporal Changes In The Hamlet Commu-
nity: Hamlet relative abundances have no-
ticeably changed between the years 2000 and
2017 in La Parguera, with most notably a
> 30% increase of H. chlorurus on the in-
ner reefs, from 58.2% in 2000 (Aguilar-Perera,

——

=_=

H. nigricans H. aberrans

Figure 2.4: Hamlet depth distribution from 35 transect surveys covering 14 000 m? of reef on 16 reefs off La

Parguera (Puerto Rico).
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2003) to 91.1% in 2017. Both surveys tar-
geted the hamlets specifically, were extensive
and highly replicated at the inner-reef level,
conducted on the same reefs and in the same
depth range. It is also noteworthy that the
hamlets are quite conspicuous. Thus, differ-
ences in relative abundance between Aguilar-
Perera (2003) and this study are unlikely to
The rel-

ative increase of H. chlorurus on the inner

be due to methodological biases.

reefs occurred at the expense of the other,
less abundant species, resulting in a signifi-

cant decrease in effective number of species
from 2000 to 2017.

While the relative abundance of H. chlorurus
had increased since the year 2000, it also ap-
pears that its density declined, implying that
overall hamlet densities have declined. As
mentioned above, Aguilar-Perera (2003) does
not provide density estimates, only relative
abundances, but densities of H. chlorurus in
La Parguera have been estimated at 35 fish
1000m™=2 of reef in 1988-1989 (McGehee,
1994), 18 £ 3.8 in 2005 (Bejarano and Appel-
doorn, 2013) and 6.7+0.6 in this study (mean
+ S.E.). These estimates are to be interpreted
with caution due to differences in method-
ologies and reefs surveyed between the three
studies, but the magnitude and consistency of
the decline suggests that they reflect a real
trend.

Hypoplectrus chlorurus was significantly more
abundant at shallow depths on the inner reefs
in 2017, with a density of 4.5 + 0.9 fish
1000m =2 of reef at < 5.5m v. 2.1 £+ 0.6at >
5.5m (mean + S.E.). Interestingly, Aguilar-
Perera (2003) did not find a significant dif-
ference in abundance of H. chlorurus be-
tween shallow (< 5.5m) and deep (> 5.5m)
sections of the inner reefs using the same

methodology. Further back in time, McGehee
(1994) reports the opposite pattern in 1988-
1989, with a significant increase in abun-
dance of H. chlorurus with depth in La Par-
guera. Here again, the sequence from higher
abundances of H. chlorurus in deeper wa-
ters in 1988-1989 (McGehee, 1994), no dif-
ference with depth in 2000 (Aguilar-Perera,
2003) and higher abundances at shallow
depths in 2017 suggest that the relative in-
crease of this species on the inner reefs has
been accompanied by not only a decrease in
density, but also a shift in depth distribution
towards shallower depths.

Implications: One implication from these re-
sults is that it cannot be assumed that ham-
let relative abundance and densities are sta-
ble over a temporal scale of < 20 years. Ret-
rospectively, this does not come as a sur-
prise given the dynamic nature of the coral
reefs with which these fishes are tightly as-
sociated and even more so in the face of
the large-scale anthropogenic influence on
these ecosystems. Thus, data on hamlet rela-
tive abundances and densities need to be up-
dated when possible and relevant. Another
implication is that given the rarity and uncer-
tain taxonomic status of some species, global
databases on hamlet distributions and abun-
dance are to be interpreted with caution (not to
mention the pervasive occurrence of errors in
such databases (Robertson, 2008)). Clearly,
the distribution of e.g. the tan hamlet (Hy-
poplectrus randallorum Lobel 2011) depends
on what is considered a tan hamlet in the first
place (see below). Extensive surveys are re-
quired to capture rare species, which are com-
monplace in the hamlets as illustrated in the
present study; for four species only one or
two individuals were sighted over 35 transects
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covering a total of 14000m? across 16 reefs.
The hamlets appear to be able to persist at
low densities, which might be due to the fact
that they are simultaneously hermaphroditic
(implying that two individuals can reproduce
regardless of their sex). Hamlets are also
able to find conspecifics on the reef when
present (Puebla et al., 2012a), which is con-
firmed here by the observation that three of
the four rare species were sighted in pairs
when found. Finally, given the data pre-
sented here, it is also possible that hamlet dis-
tributions might be dynamic at the regional
scale over a few decades, which could have
implications for the understanding of specia-
tion in this group (population-centre hypothe-

sis (Domeier, 1994)).

Ecology: What factors could have driven
the observed temporal changes in the ham-
let community¢ The simplest explanation
that comes to mind is neutral, stochas-
tic variation. Assuming ecological equiva-
lence among species and individuals, rela-
tive species abundances are expected to fluc-
tuate following a process analogous to genetic
drift referred to as ecological drift, with the ex-

pectation that less abundant species have a

un|

outer reefs

2000

S 05 ,
a inner reefs
= 2000
z

0.0 abe

0.5 P

1.0 -0.5 0.0 0.5 1.0
NMDS1

higher probability of going extinct (Hubbell,
2001).
most abundant species on the inner reefs in

Since H. chlorurus was already the

2000, it is in principle plausible that stochas-
tic fluctuations in the other, less abundant
species led to their relative decline. Neverthe-
less, specific patterns in the distribution and
abundance of hamlets from La Parguera sug-
gest that the hamlet community is not behav-
ing neutrally, but is at least in part shaped
by ecological factors. The most notable of
these patterns is the difference in densities and
relative abundances between the inner and
outer reefs, despite the fact that these are in
close geographic proximity (< 12km). The in-
ner reefs were clearly dominated by H. chloru-
rus, which represented 91.1% of all hamlets
sighted. The outer reefs had in contrast a
much more even species distribution (result-
ing in a higher effective number of species),
with the most abundant species, H. unicolor,
representing 37.5% of the hamlets sighted and
H. chlorurus only 12.5%. Densities were also
three times lower on the outer reefs than on
the inner reefs, with an average of 3.6 & 1.0
(mean + S.E.) hamlets 1000m 2 of outer reef
versus 10.5 + 1.9 on the inner reefs all ham-

Suppl. Figure 2.2: NMDS outer reefs. Non-metric
multidimensional scaling (NMDS) of Hypoplectrus spp.
communities on 16 inner and outer reefs off La Par-
guera, Puerto Rico, for the year 2000 (Aguilar-Perera,
2003). Each circle represents one reef; species abbrevi-
ations indicate the direction (from the center of the plot)

in which each species drives the community.
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lets confounded. This difference between the
inner and outer reefs appears to be tempo-
rally stable since Aguilar-Perera (2003) also
reports differences in relative abundance and
densities between the inner and outer reefs

(Suppl.
fewer H. chlorurus on the outer reefs. In this

Fig. 2.2), with lower densities and

context it is noted that the inner reefs are
clearly structurally distinct from the outer reefs,
justifying the decision to contrast these two
types of reefs in both Aguilar-Perera (2003)
and this study.
acterized by a shallow reef flat and a reef

The inner reefs are char-
slope that goes down to ca. 14 m while
the outer reefs are exclusively deep (13-18 m)
and characterized by a spur-and-groove for-
mation. The outer reefs are also clear blue
reefs while the inner reefs are more turbid.
In addition to differences in hamlet commu-
nities between the inner and outer reefs, the
non-random depth distribution of H. chloru-
rus also suggests a role for ecology in shap-
ing its distribution. If ecology drove the ob-
served changes in the hamlet community from
La Parguera, what ecological factors in par-
ticular might be involved? So far ecologists
have failed to identify clear ecological differ-
ences among hamlets. Sympatric species are
commonly found in the same habitat, often
within sight of each other. Hamlets also have
broadly similar diets as revealed by stomach-
content and stable-isotope analysis in a vari-
ety of locations across the wider Caribbean,
including La Parguera, except for H. indigo
that appears to feed mostly on fishes (Randall
1967; Whiteman et al. 2007; Holt et al. 2008;
G. M. Serviss, unpubl. data). This being said,
broad differences in distribution and abun-
dances between reef sections and types have
been noted (Thresher, 1978; Fischer, 1980q;
McGehee, 1994). Regarding H. chlorurus in

particular, significant differences have been
found in its distribution in Deep Water Cay
(Grand Bahama) with higher abundances on
the shallow Acropora cerviconis zone (G. M.
Serviss, unpubl. data). This resonates with
the observation that H. chlorurus was often (al-
though not exclusively) found in association
with A. cervicornis in La Parguera.

Turbiditiy: One intriguing point to be noted
about H. chlorurus is that an extensive study on
seawater turbidity and fish communities con-
ducted between February and October 2005
on 21 reefs off La Parguera indicated that it is
the only fish together with the sharknose goby
Elacatinus evelynae (Béhlke & Robins 1968)
that shows a positive association with turbid-
ity, with higher abundances on more turbid
reefs (Bejarano and Appeldoorn, 2013). In
addition, sediment cores indicate that sedi-
mentation of terrestrial origin has significantly
increased over recent decades on the inner
reefs in La Parguera (Ryan et al., 2008), pro-
viding a parallel between changes in turbid-
ity regimes and the relative abundance of
H. chlorurus. Ryan et al. (2008) also report
that sedimentation rates are higher on the in-
ner reefs (0.47 £ 0.02cmyear™! ) than on the
outer reefs (0.19 & 0.0lcmyear™' , mean =+
S.D.), once more providing here a parallel
between turbidity and relative abundances of
H. chlorurus on the inner v. outer reefs. This
pattern is consistent with the observation that
the outer reefs were in clear, open blue waters
while the inner reefs were noticeably murkier.
It has been noted before that different ham-
lets tend to associate with different turbidity
regimes (Thresher, 1978), but the hypothesis
that water turbidity per se could constitute an
important ecological factor in shaping ham-

let communities has not been evaluated in
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depth. If H. chlorurus responds positively to
turbidity, an increase in turbidity on the inner
reefs over recent decades would be expected
to result in higher relative abundances of this
species on these reefs, as observed here. Wa-
ter turbidity is also negatively correlated with
coral cover (r? = 0.50; (Bejarano and Ap-
peldoorn, 2013). A decrease in coral cover
associated with the increase in sedimentation
rates on the inner reefs would, therefore, be
expected to result in a decrease in hamlet den-
sities, as observed here. One point to con-
sider is seasonality since this survey was con-
ducted during the dry season while Aguilar-
Perera’s survey as well as Bejarano & Appel-
doorn’s study on turbidity, were conducted
over both the dry and rainy seasons. Rela-
tive abundances are not expected to vary sea-
sonally at the reef level since the hamlets are
reef-associated organisms and as such do not
move between reefs after settlement (which
would imply swimming over extensive non-
reef areas). In addition, transect and tag-
ging data over several seasons at other sites
in Panama and Belize (Puebla et al., 2007,
2012a) indicate that hamlet communities do
not change substantially at this time scale and
that individuals are long-lived (several years)
and quite sedentary. This being said, it is pos-
sible that the distribution of individuals within
reefs might vary seasonally and the data on
depth distribution are therefore to be consid-
ered with caution.

Aggressive Mimicry: Several hamlets in-
cluding H. chlorurus, have been proposed
as aggressive mimics, whereby the preda-
tory hamlets (the putative mimics) gain an
advantage in the approach and attack of
prey by resembling and sometimes actively
associating with other non-predatory fishes

(the putative models; (Randall and Randall,
1960; Thresher, 1978; Puebla et al., 2007),
a hypothesis that is still debated (Robertson,
2013). One prediction generated by this hy-
pothesis is that the distribution of H. chloru-
rus would be expected to match the distri-
bution of its putative model, the yellowtail
damselfish Microspathodon chrysurus (Cuvier
1830) (Thresher, 1978). This does not appear
to be the case in La Parguera since M. chry-
surus shows a negative association with wa-
ter turbidity (i.e. more abundant on less tur-
bid reefs), the exact opposite of the pattern
found for H. chlorurus (Bejarano and Appel-
doorn, 2013).
tween putative-model and mimic distributions

This lack of association be-

does not necessarily invalidate the aggressive
mimicry hypothesis, but it is noted that spe-
cific aggressive mimicry behaviours were not
observed in hamlets from La Parguera during
this survey.

Colour Pattern Variation: Hamlets from La
Parguera form discrete phenotypic clusters
that correspond to described species, but the
taxonomic status of H. nigricans is still to
be clarified. Hypoplectrus nigricans from La
Parguera matches the description by Aguilar-
Perera (2004) and resembles H. nigricans
from Barbados (Puebla et al., 2008), but
differs from H. nigricans from Panama, Be-
lize and Mexico that is smaller, darker, with
short and round pelvic fins (Aguilar-Perera,
2004; Puebla et al., 2008). This suggests that
this nominal species might in fact constitute
a species complex as proposed by Aguilar-
Perera (2004); Puebla et al. (2008) and Lo-
bel (2011).
viduals were tan coloured, but differed from

It is also noted that some indi-

the recently described tan hamlet H. randal-
lorum in lacking the spots on the nose, at
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the base of the pectoral fin and on the up-
per part of the caudal peduncle that are diag-
nostic of this species (Lobel, 2011). Additional
data from other locations are needed to clar-
ify the taxonomic status of H. nigricans and
establish whether or not there is another tan
hamlet species. In addition, a few individu-
als appeared intermediates between species,
notably between H. chlorurus and H. nigri-
cans and H. chlorurus and H. puella, respec-
tively. Yet it is important to underscore that
such individuals were rare, representing < 2%
of all hamlets sighted within and outside of
transects. Considering that hybrid pairings
and spawnings have been observed in natural
populations (Fischer, 1980a; Barreto and Mc-
Cartney, 2008; Puebla et al., 2007, 2012a),
that there do not appear to be intrinsic post-
fertilization barriers between species in ham-
lets (Whiteman and Gage, 2007) and that
in the only case where hybrids were bred in
aquaria, they appeared intermediate between
parental species (Domeier, 1994), it is plau-
sible that such intermediate individuals might

be hybrids.

The hypothesis that hamlet
species might respond differentially to turbid-

Perspectives:

ity is intriguing and deserves further evaluation
since turbidity correlates with a variety of eco-
logical factors whose effect on hamlet com-
munities need to be disentangled. One possi-
bility is that hamlets might differ in their visual
sensitivities, which is currently being tested us-
ing whole-genome analysis with a particular
focus on opsin genes. Whole genomes will
also allow testing whether individuals of inter-
mediate appearance are actually hybrids, if so
what type of hybrids (F 1, F 2, backcross, ... )
and also clarify the taxonomic status of H. ni-

gricans.

The authors are grateful to V. and C. McMil-
lan, R. Pappa, C. Milton, O. Espinosa and
the Magueyes Island Marine Laboratories staff
for their assistance. This project was funded
by grants from the Global Genome Initiative
and Smithsonian Institute for Biodiversity Ge-
nomics, DFG and The Future Ocean Cluster
of Excellence.

Aguilar-Perera, A. (2003).
distribution of hamlets (Teleostei: Hypoplec-

Abundance and

trus) in coral reefs off southwestern Puerto
Rico: support for the multiple-species hy-
pothesis. Caribbean Journal Of Science,
39(1):147-151.

Aguilar-Perera, A. (2004). Variations in mor-
phology and coloration in the black ham-
let, Hypoplectrus nigricans (Teleostei: Ser-

ranidae). Caribbean Journal Of Science,
40(1):150-154.

Aguilar-Perera, A. and Gonzalez-Salas, C.
(2010). Distribution of the genus Hypoplec-
trus (Teleostei: Serranidae) in the greater
caribbean region: support for a color-

based speciation. Marine Ecology-An Evo-

lutionary Perspective, 31(2):375-387.

Anderson, M. (2001). A new method for non-
parametric multivariate analysis of vari-

ance. Austral Ecology, 26(1):32-46.

Barlow, G. (1975).
hermaphroditic serranid fishes, hamlets, in
Marine Biology, 33(4):295-

Sociobiology of some

Puerto Rico.

300.

- 35—



Chapter 2

Barreto, F S. and McCartney, M. A. (2008).
Extraordinary AFLP fingerprint similarity de-
spite strong assortative mating between

reef fish color morphospecies. Evolution,

62(1):226-233.

Bejarano, |. and Appeldoorn, R. S. (2013).
Seawater turbidity and fish communities on

coral reefs of Puerto Rico. Marine Ecology
Progress Series, 474:217-226.

Bray, J. R. and Curtis, J. T. (1957).
dination of the upland forest communities

An or-

of southern Wisconsin. Ecological Mono-

graphs, 27(4):326-349.

Del Moral Flores, L. F, Tello-Musi, J. L., and
Martinez-Pérez, J. A. (2011). Descripcién
de una nueva especie del género Hypoplec-
trus (Actinopterigy: Serranidae) del Sistema
Arrecifal Veracruzano, suroeste del Golfo
de México. Revista De ZoologlA, pages 1-
10.

Domeier, M. (1994).
ranid fish Hypoplectrus. Bulletin Of Marine
Science, 54(1):103-141.

Speciation in the ser-

Fischer, E. A. (1980a). Speciation in the ham-
lets (Hypoplectrus, Serranidae) - a continu-
ing enigma. Copeia, (4):649-659.

Fischer, E. A. (1980b).

between mating system and simultaneous

The relationship

hermaphroditism in the coral-reef fish, Hy-
poplectrus nigricans (Serranidae). Animal
Behaviour, 28(MAY):620-633.

Sexual allocation in

Fischer, E. A. (1981).
a simultaneously hermaphroditic coral-reef
fish. American Naturalist, 117(1):64-82.

Fischer, E. A. and Petersen, C. W. (1987).
The evolution of sexual patterns in the
seabasses. Bioscience, 37(7):482-489.

Hill, M. (1973). Diversity and evenness: a uni-
fying notation and its consequences. Ecol-
ogy, 54(2):427-432.

Holt, B. G., Cote, |I. M., and Emerson, B. C.
(2010). Signatures of speciation? Distribu-
tion and diversity of Hypoplectrus (Teleostei:
Serranidae) colour morphotypes. Global
Ecology And Biogeography, 19(4):432-

441.

Holt, B. G., Cote, |I. M., and Emerson, B. C.
(2011).
molecular evidence for selection associated

Searching for speciation genes:

with colour morphotypes in the caribbean

reef fish genus Hypoplectrus. Plos One,

6(6).

Holt, B. G., Emerson, B. C., Newton, J., Gage,
M. J. G., and Cote, I. M. (2008). Stable
isotope analysis of the Hypoplectrus species
complex reveals no evidence for dietary
niche divergence. Marine Ecology Progress

Series, 357:283-289.

Hubbell, S. (2001). Monographs in popula-
tion biology. The unified neutral theory of
biodiversity and biogeography, volume 32.
Princeton University Press, Princeton.

Jost, L. (2006). Entropy and diversity. Oikos,
113(2):363-375.

Lobel, P (2011). A review of the caribbean
hamlets (Serranidae, Hypoplectrus) with de-

scription of two new species. Zootaxa,

(3096):1-17.

McCartney, M. A., Acevedo, J., Heredia, C.,
Rico, C., Quenoville, B., Bermingham, E.,
and McMillan, W. O. (2003). Genetic mo-
saic in a marine species flock. Molecular

Ecology, 12(11):2963-2973.

- 36 -



Chapter 2

McGehee, M. (1994).
tween assemblages of coral-reef fishes and

Correspondence be-

gradients of water motion, depth, and sub-
strate size off Puerto Rico. Marine Ecology
Progress Series, 105(3):243-255.

Oksanen, J., Blanchet, £ G., Friendly, M.,
Kindt, R., Legendre, P, McGlinn, D.,
Minchin, P R., O’hara, R. B., Simpson,
G. L., Solymos, P, Stevens, M. H. H.,
Szoecs, E., and Wagner, H. (2017). Vegan:
community ecology package.

Picq, S., McMillan, W. O., and Puebla, O.
(2016). Population genomics of local adap-
tation versus speciation in coral reef fishes
(Hypoplectrus spp, Serranidae). Ecology

And Evolution, 6(7):2109-2124.

Puebla, O., Bermingham, E., and Guichard,
F. (2008).
Hypoplectrus coral reef fishes provide ev-

Population genetic analyses of

idence that local processes are operating
during the early stages of marine adaptive
radiations. Molecular Ecology, 17(6):1405-
1415.

Puebla, O., Bermingham, E., and Guichard,
F (2009). Estimating dispersal from genetic
isolation by distance in a coral reef fish (Hy-
poplectrus puella). Ecology, 90(11):3087-
3098.

Puebla, O., Bermingham, E., and Guichard,
F (2011).
choice, and speciation. Integrative And
Comparative Biology, 51(3):485-491.

Perspective: matching, mate

Puebla, O., Bermingham, E., and Guichard,
F (2012aq).
origin of species.

Pairing dynamics and the
Proceedings Of The
Royal  Society  B-Biological
279(1731):1085-1092.

Sciences,

Puebla, O., Bermingham, E., Guichard, F,
and Whiteman, E. A. (2007). Colour pat-
tern as a single trait driving speciation in
Hypoplectrus coral reef fishes? Proceedings
Of The Royal Society B-Biological Sciences,
274(1615):1265-1271.

Puebla, O., Bermingham, E., and McMillan,
W. O. (2012b). On the spatial scale of dis-

persal in coral reef fishes. Molecular Ecol-
ogy, 21(23):5675-5688.

Puebla, O., Bermingham, E., and McMil-
lan, W. O. (2014). Genomic atolls of dif-
ferentiation in coral reef fishes (Hypoplec-

trus spp., Serranidae). Molecular Ecology,
23(21):5291-5303.

Randall, J. E. (1967). Food habits of reef
fishes of the West Indies. Studies In Tropi-
cal Oceanography, (5):655-847.

Randall, J. E. (1968). Caribbean reef fishes,
volume 1. T.f.h. Publications, Neptune City,
Nj.

Randall, J. E. and Randall, H. A. (1960). Ex-
amples of mimicry and protective resem-
blance in tropical marine fishes. Bulletin Of
Marine Science, 10(4):444-480.

Robertson, D. (2008).
graphical data bases on marine fishes:

Global biogeo-

caveat emptor. Diversity And Distributions,

14(6):891-892.

Robertson, D. resembles

whom?¢

(2013). Who
Mimetic and coincidental look-
alikes among tropical reef fishes. Plos One,

8(1).

Ryan, K. E., Walsh, J. P, Corbett, D. R,
and Winter, A. (2008).

cent change in terrestrial sedimentation

A record of re-

in a coral-reef environment, La Parguera,

- 37 -



Chapter 2

Puerto Rico: a response to coastal de-

velopment? Marine Pollution Bulletin,

56(6):1177-1183.

Tavera, J. J. and Acero, A. P. (2013). Descrip-
tion of a new species of Hypoplectrus (Perci-
formes: Serrnidae) from the southern Gulf

of Mexico. Aqua, Journal Of Ichthyology,
19(1):29-38.

Theodosiou, L., McMillan, W. O., and Pueblaq,
O. (2016). Recombination in the eggs and
sperm in a simultaneously hermaphroditic

vertebrate. Proceedings Of The Royal Soci-
ety B-Biological Sciences, 283(1844).

Thresher, R. E. (1978).
mimicry, and evolution of hamlets (Hy-

Polymorphism,

poplectrus, Serranidae). Bulletin Of Marine
Science, 28(2):345-353.

Victor, B. (2012). Hypoplectrus floridae n.sp.
and Hypoplectrus ecosur n.sp., two new
barred hamlets from the Gulf of Mexico

more than 3% dif-
ferent in coi mtdna sequence from the

(Pisces: Serranidae):
Caribbean Hypoplectrus species flock. Jour-
nal Of The Ocean Science Foundation, 5:2—
19.

Whiteman, E. A., Cote, |. M., and Reynolds,
J. D. (2007). Ecological differences between
hamlet (Hypoplectrus: Serranidae) colour

morphs: between-morph variation in diet.
Journal Of Fish Biology, 71(1):235-244.

Whiteman, E. A. and Gage, M. J. G. (2007).
No barriers to fertilization between sym-
patric colour morphs in the marine species

flock Hypoplectrus (Serranidae). Journal Of
Zoology, 272(3):305-310.

- 38 -



-3 -
Inter-chromosomal Coupling between
Vision and Pigmentation Genes

during Genomic Divergence

Kosmas Hench ', Marta Vargas 2, Marc P Héppner 3, W. Owen McMillan 2,
Oscar Puebla 124

GEOMAR Helmholtz Centre for Ocean Research Kiel, Evolutionary Ecology of Marine
Fishes, DUsternbrooker Weg 20, 24105 Kiel, Germany

Smithsonian Tropical Research Institute, Apartado Postal 0843-03092, Panamé, Repuiblica
de Panama

3 Institute of Clinical Molecular Biology, Christian Albrechts University of Kiel, Kiel, Germany
University of Kiel, Faculty of Mathematics and Natural Sciences, Christian-Albrechts-Platz 4,
24118 Kiel, Germany

This study was originally published in Nature Ecology & Evolution. Figures were re-drawn for
this thesis but no additional changes were made. The re-print within this thesis is in agreement
with Springer Nature as the original publication is under Creative Commons CC BY license.

Original publication

Hench, K. et al. (2019). Inter-chromosomal coupling between vision and pigmenta-
tion genes during genomic divergence. Nature Ecology & Evolution, 3(4):657-667.
doi: 10.1038/s41559-019-0814-5.

39


https://doi.org/10.1038/s41559-019-0814-5

Chapter 3

The evolution of linkage disequilibrium between genes underlying mate choice and ecological
traits is thought to be a fundamental step in the course of speciation with gene flow. Here,
we capture this process in the hamlets, a group of closely related reef fishes from the wider
Caribbean that differ essentially in colour pattern and are reproductively isolated through
strong visually-based assortative mating. Using full-genome analysis, we identify four narrow
genomic intervals that are consistently differentiated among sympatric species in a backdrop
of extremely low genomic divergence. These four intervals include genes involved in pig-
mentation (sox10), axial patterning (hoxc13a), photoreceptor development (casz1) and visual
sensitivity (SWS and LWS opsins), respectively, that develop islands of long-distance and inter-
chromosomal linkage disequilibrium as species diverge. The relatively simple genomic archi-
tecture of species differences allows linkage disequilibrium to be maintained in the presence
of gene flow.

Keywords: speciation, linkage disequilibrium, vision, colour pattern, hamlets, Hypoplectrus.

a complex of 18 closely related reef fishes
from the wider Caribbean (Figure 3.1 a), pro-
vide an excellent context to explore specia-
tion in the sea. Hamlets differ most no-

How new species may arise and persist in the

presence of gene flow is a fundamental and tably in colour pattern, a trait that has been

unresolved question in our understanding of suggested to have direct ecological implica-

the origins of biological diversity. This issue tions in terms of crypsis (Thresher, 1978; Fis-
cher, 1980) and mimicry (Randall and Ran-
dall, 1960; Thresher, 1978; Puebla et al.,
2007, 2008). Additionally, colour pattern

plays a central role for reproductive isolation

is particularly relevant in the ocean, where
physical barriers are often poorly defined and
pelagic larvae provide potential for extensive
gene flow, but which nonetheless harbours

some of the most diverse communities on N this complex. Individuals mate assortatively

earth (Palumbi, 1994). Indeed, diversity on with respect to colour pattern (Fischer, 1980;
Barreto and McCartney, 2008; Puebla et al.,

2007, 2012) and it has been experimentally
established that mate choice is driven by visual

coral reefs rivals the diversity seen in tropi-
cal forests (Reaka-Kudla, 1997) and coral reef
fish communities are among the most species-

rich assemblages of vertebrates. The origin of <Y®® (Domeier, 1994). Nonetheless, spawn-

coral reef fish families and functional groups ings between different species are observed
dates back to the Paleocene (66 Mya); how-

ever, the vast majority of species arose within

at a low frequency (< 2%) in natural popu-
lations (Fischer, 1980; Puebla et al., 2007;
Barreto and McCartney, 2008; Puebla et al.,

the last 5.3 My, with closely related species of-
2012). Larvae from inter-specific crosses

ten differing primarily with respect to colour
grow and develop normally (Whiteman and

Gage, 2007); the ones that have been raised

and patterning (Bellwood et al., 2017).

The hamlets (Hypoplectrus spp., Serranidae),
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Figure 3.1: Sampling design and whole-genome population genetic patterns. a, three sympatric species

from three locations (B: Belize, H: Honduras, P: Panama) were targeted for resequencing. The area of sympa-

try among the three sampled species is highlighted in orange, and the distribution of the whole genus in blue

(Robertson and Tassell, 2015). The three sampled species are the most common and widely distributed, but they

represent just a fraction of the full hamlet diversity. Numbers indicate the sample size. b, Fs7 estimates among

pairs of sympatric species, in order of increasing Fgr. Colors indicate the species pair and labels on the x axis

the location (B: Belize, H: Honduras, P: Panama). ¢, Principal Component Analysis (PCA) within each location.

Genomic data from a total of 8,247,395 SNPs.

past the juvenile stage showed intermediate
colour pattern phenotypes (Domeier, 1994),
and individuals with intermediate phenotypes
are also observed in natural populations at
a low frequency (Puebla et al., 2008). Pat-
terns of genetic divergence among species in-
dicate that the radiation encompasses the en-
tire range of genomic divergence (referred to
as the speciation continuum (Seehausen et al.,
2014)), from species that are nearly genet-
ically indistinguishable (Puebla et al., 2007;
Barreto and McCartney, 2008; Puebla et al.,
2012; McCartney et al., 2003; Puebla et al.,

2014) to those that are well-diverged (Victor,
2012; Tavera and Acero, 2013). There is ex-
tensive sympatry among hamlet species, with
up to nine species co-occurring on Caribbean
reefs (Puebla et al.,, 2012) with a high de-
gree of overlap in feeding ecology and habitat
(Whiteman et al., 2007; Holt et al., 2008).

Here we focus on the lower end of the
speciation continuum and examine patterns
of genomic divergence among the three
most abundant, widespread, and geneti-
the black hamlet

(H. nigricans), the barred hamlet (H. puella)

cally similar hamlets -
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and the butter hamlet (H. unicolor) (Fig-
ure 3.1a). We take advantage of their ex-
tensive and overlapping distributions to sam-
ple the three species in three reef systems in
Panama, Honduras and Belize. This sampling
design provides the opportunity to identify the
genomic regions that are consistently differ-
entiated among sympatric species across lo-
cations. Furthermore, microsatellite and RAD-
seq data from the same species and locations
indicate that levels of genetic differentiation
among sympatric species are similar to the
levels of differentiation among populations
within species (Puebla et al., 2008, 2014;
Picg et al., 2016), providing the opportu-
nity to contrast between-species and between-
population genetic architectures.

Given the slight genetic differences among
species and the link between colour pattern,
natural selection and mate choice, we made
two predictions regarding genome-wide pat-
terns of differentiation and divergence among
the three species. First, we predicted that re-
gions showing elevated and consistent differ-
entiation between species would contain loci
with strong functional links to either the de-
velopment or the perception of colour pat-
tern. Second, we reasoned that linkage dis-
equilibrium (LD, the non-random association
of alleles at different loci) among these re-
gions would develop as species diverge. Our
second prediction derives from an influen-
tial theoretical paper by Felsenstein (Felsen-
stein, 1981) who identified recombination be-
tween loci underlying mate choice and eco-
logical traits as a major evolutionary force act-
ing against speciation with gene flow, with the
corollary that the evolution of linkage dise-
quilibrium (LD) between such loci is a funda-
mental step in the origin of species (Felsen-

stein, 1981).
that pleiotropy or physical linkage provide a

Empirical studies have shown

direct way to generate associations between
mate choice and ecology (Hawthorne and Vig,
2001; Kronforst et al., 2006; Bay et al., 2017),
but it remains unclear whether and how long-
distance or inter-chromosomal linkage dise-
quilibrium (ILD) between loci underlying mate
choice and ecological traits may develop in

the presence of gene flow (Seehausen et al.,
2014).

Genome Assembly and Resequenc-

To test these hypotheses, we assembled a ref-
We used
a combination of lllumina (245x) and PacBio

erence genome for the hamlets.

(10x) data to assemble scaffolds, which were
then anchored to a high-density linkage map
that includes 24 linkage groups (LGs) (Theo-
dosiou et al., 2016), matching the 24 chro-
mosomes expected in serranids (Arai, 2011).
The resulting assembly was 612 Mb long with
ninety-two percent of scaffolds anchored to
the linkage map, resulting in a super-scaffold
n50 of 24 Mb. We annotated 27,469 genes
using a combination of ab initio gene pre-
dictions and RNAseq data from a variety of
tissue types. Overall, there was broad syn-
teny between the hamlet genome and the
genome of the most closely related species
with a similar high-quality genome, the three-
spined stickleback (Gasterosteus aculeatus,
Suppl. Fig. 3.1).

Whole-genome analysis of 110 individuals
(Figure 3.1a) confirmed the striking genetic
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Suppl. Figure 3.1: Broad-scale synteny between the
hamlet and stickleback genomes. The comparison
is based on a whole-genome alignment using last.
Only alignments > 5000 bp are shown. Left: stickle-
back (Gasterosteus aculeatus, 21 LGs & mitochondrial).
Right: hamlet (Hypoplectrus puella, 24 LGs & mitochon-
dria).

similarity among species and revealed dif-
ferences in patterns of genetic differentiation
among species in the three locations. Pairwise
Fst among sympatric species ranged from
0.003 between H. puella and H. unicolor in
Honduras to 0.035 between H. unicolor and
H. nigricans in Panama (Figure 3.1b). In all
three locations, Principal Component Analysis
(PCA) clustered individuals by species; how-
ever, overall genetic differentiation among
species showed differences among locations
and was lowest in Honduras (Fst among the
three species = 0.004), intermediate in Belize
(Fs = 0.012) and highest in Panama (Fst =
0.025, Figure 3.1c). PCA also suggested that
some individuals might be of hybrid origin
(e.g. the two butter hamlets from Belize that
clustered with barred hamlets). This hypoth-
esis was corroborated by additional analyses
based on Mendelian inheritance patterns of a
small subset of highly differentiated SNPs. A
total of eight high-probability hybrids or back-
crosses were identified out of the 110 sam-
ples (five in Belize, two in Honduras and one
in Panama, Suppl. Fig. 3.2), establishing that
gene flow is ongoing among species.

Similar to previous studies in other taxa (Ma-
linsky et al., 2015; Vijay et al., 2016; Van
Belleghem et al., 2017), differentiation was
highly heterogeneous across the genome in
local comparisons (Figure 3.2), and a simi-
lar pattern was also evident when consider-
ing Genotype x Phenotype (G x P) associa-
tion (Suppl. Fig. 3.3). Notably, a large sec-
tion of LGO8 exhibited generally elevated lev-
els of differentiation in all local comparisons.
This may be explained by low levels of re-
combination along this LG (Suppl. Fig. 3.4),
which might harbour a large chromosomal in-
version. Nevertheless, patterns of differen-
tiation in LGO8 were not entirely consistent
across locations or species, resulting in rela-
tively weak differentiation in our global com-
parisons where samples were pooled across
locations (Figure 3.2, top panel).

Vision and Pigmentation Genes

In contrast to the pattern in LGO08, four small
(50-100 kb) genomic intervals were strongly
and consistently differentiated among species,
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Suppl. Figure 3.2: Identification of putative backcrosses and hybrids. a, bars indicate the posterior prob-
ability of assignment to the different hybrid classes for each pairwise comparison. A total of nine individuals,
highlighted in bold, were identified as putative hybrids or backcrosses, eight of which with high (>0.99) pos-
terior probabilities (five in Belize, two in Honduras and one in Panama). Five of these involved butter hamlets
(H. unicolor) from Belize, which is consistent with the fact that this species is rare in this location. The same
individuals were often identified as putative hybrids or backcrosses in two pairwise comparisons, suggesting ei-
ther multi-species exchanges or false positives in one species pair resulting from exchanges with a third species.
b, putative hybrids and backcrosses (highlighted) were also intermediate (e.g. 18267) or clustered with other

species (e.g. 18274) in the whole-genome PCA. Note that the sampling design explicitly excluded individuals
with intermediate colour patterns, thereby reducing the probability of recovering F1 hybrids in our data set.

_ 44 —



Chapter 3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 gw.
0.8 A 8 0.04 p
0.4 0.02 ‘@
; NG,
0 JRTU N} ki - 1 0
0.8 0.04
A C
0.4 0.02
| @
0 0 o
0.8 0.04  F§
0.4 0.02
0 =0
0.8 0.04
0.4 0.02 @
0 0
0.8 0.04
0.4 0.02
g
0 0 3
0.8 0.04 3
Qo
0.4 0.02
5 0 0
woos 0.04
0.4 0.02 (&
0 I
0.8 0.04
0.4 . 0.02
1 3 ! 1 .! 1 !5 I &
0 0 (o8
0.8 0.04 N
1
0.4 i ; 0.02
0 - ] o J.AHJII R PN U P I sschibeniie |1 | ()
0.8 ‘ 0.04
0.4 I i 0.02
i: H]
0 ,A_i ‘;‘. oy l;.z.._whug PIORY TN ST | I A TP PR | o "0
0.8 0.04
!
04 : | ooy : 002 |
0 i ! s O 4 shaluinlimatblocitlonitibadia |1 9
4 &
0.8 : 004 &
0.4 i 002
OM&M‘MJM'“‘* gt sttt = | O

H. puella

lll"” H. nigricans )* ‘ H. unicolor v

wiilimiodl
3‘“:»

H. puella

Figure 3.2: Patterns of genomic differentiation among black (H. nigricans), barred (H. puella) and butter

(H. unicolor) hamlets. The alternating white and grey blocks represent the 24 linkage groups (LGs). Each

species pair is represented by one colour, pooled across locations (Global) and within each location (Belize,

Honduras & Panama). Fst values correspond to the weighted mean per 50 kb window with 5 kb increments.

Vertical bars on the right indicate the genome-wide weighted mean Fsr (note the different scale). The four

genomic intervals above the 99.98!" Fsr percentile in the global comparison are highlighted with a vertical line.

forming sharp “genomic islands” (Turner
et al., 2005) that stood out above the 99.98"
percentile in the global comparisons consider-
ing either Fsr (Figure 3.2) or G x P association
(Suppl. Fig. 3.3). In agreement with our first
hypothesis, each contained at least one candi-
date gene with a strong functional connection

to either the development of colour pattern or
sensory processes involved in pattern percep-

tion.

The sharp peak on LGO9 (A in Figure 3.2)
contained sox10 (Figure 3.3a). This gene

encodes a transcription factor that has been
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Suppl. Figure 3.3: Genotype by phenotype (G x P) association among black (H. nigricans), barred
(H. puella) and butter (H. unicolor) hamlets. Each species pair is represented by one colour, pooled across
locations (Global) as well as within each location (Belize, Honduras & Panama). The p values are from the linear
model with Wald test, transformed using the negative of the common logarithm and averaged across 50 kb

window with 5 kb increments (—log1o(p)). The four genomic regions highlighted with a vertical line, included as

reference, correspond to the four intervals identified in Figure 3.2

shown to be involved in the development
of melanophores in zebrafish (Dutton et al.,
2001; Elworthy et al., 2003).
this gene in melanisation is consistent with

The role of

the finding of strong differentiation at this lo-
cus between the melanic species (H. nigri-
cans) and the other two non-melanic species
(H. puella and H. unicolor).  Similarly, a

strongly differentiated interval on LG12 (C in

Figure 3.2) was centred on the hoxca gene
cluster (Figure 3.3c). This region was iden-
tified in a previous genome scan using RAD
sequencing (Puebla et al., 2014), but our
new reference genome allowed us to localise
the interval far more precisely. Hox genes
code for homeodomain-containing transcrip-
tion factors that play a central role in the pat-
terning of tissues along the body axis, with 3’
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Suppl. Figure 3.4: Large low-recombining region on linkage group 08 (LG08). Top and bottom: linkage

maps of the two parents used for the F cross, from(Theodosiou et al., 2016). Middle: assembled linkage group

08. Lines connect individual RAD markers that are identified in both the linkage maps and the assembly. Gray

and white blocks represent individual scaffolds. A large number of RAD markers that are in close proximity on

the linkage maps are distributed over a wide region on the assembled linkage group, providing direct evidence

of low recombination in this region

genes expressed anteriorly and 5’ genes pos-
teriorly (Carroll et al., 2005). Hox genes can
also be involved in the development of colour
pattern phenotype. They have for example
been shown to play a role in the regulation
of body pigmentation in birds (Poelstra et al.,
2015) and Drosophila (Jeong et al., 2006), as
well as in eyespot formation on butterfly wings
(Saenko et al., 2011). The strongest Fsr signal
was positioned on hoxc13a specifically, the
most 5’ gene of the hoxca cluster. This gene is
known to be expressed in the caudal peduncle
and at the pigment appearance stage in fishes
(Thummel et al., 2004; Jakovli¢ and Wang,
2016). Again, the specific role of this locus
in patterning is consistent with pattern differ-
ences among hamlet species. This interval
strongly differentiated H. unicolor, which has a
prominent dark saddle on the caudal pedun-
cle, from the other two species that lack this
pattern. The possibility that hox genes may
be involved in the development of colour pat-
tern differences at a very shallow phylogenetic
level in the hamlets is intriguing and may pro-
vide an opportunity to better understand the

links between micro- and macro-evolutionary
processes.

The remaining two highly differentiated ge-
nomic intervals contained candidate loci with
strong functional connections to vision. One
of these two intervals was on LG12 (B in Fig-
ure 3.2) and fell in an apparently non-genic
region upstream of casz1 that strongly differ-
entiated H. puella from the other two uniformly
coloured species (Figure 3.3b). caszT is a cas-
tor zinc finger transcription factor involved in
a number of processes through development,
including the development of photoreceptors
(Mattar et al., 2015). Given that the visual
system grows continuously in teleost fishes, we
examined RNA expression in the retinas of 24
adult black, barred and butter hamlets from
Panama. We confirmed that casz1 is consis-
tently and strongly expressed in the retina, and
also identified two splice variants of casz1 that
extend the coding region across a large part
of this peak (Figure 3.3b). The other interval,
on LG17 (D in Figure 3.2), contained a cluster
of short- and long-wave sensitive opsin genes
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(sws2a/3, sws2aa, sws2b & lws, Figure 3.3d)
that play a key role in the fine-tuning of vi-
sual sensitivity (Yokoyama, 2008). Unlike the
previous intervals, which each differentiated a
particular species from the other two, differen-
tiation at this interval was not clearly species-
specific. It was strongest in the comparison
between the melanic (H. nigricans) and white
(H. unicolor) species, where it presented a
peak-valley-peak pattern that may reflect par-
allel adaptation from standing genetic varia-
tion (Bierne, 2010; Roesti et al., 2014).

These four highly differentiated genomic inter-
vals were narrow and our highlighted candi-
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date genes were not selectively picked from
a large set of loci: the first peak on LG12 (B)
contained only casz1, the second one (C) con-
tained only hox genes except for the calcocol
locus and was centred on hoxc13a specifi-
cally, and the peak on LGO9 (A) contained
only two genes, sox10 and rnaseh2a (Fig-
ure 3.3). The last highly differentiated in-
terval on LG17 (D) contained more genes,
but the peak-valley peak pattern was centred
on the opsin genes specifically, with sws2b
in the valleyand sws2af, sws2aa & Iws in
the two flanking peaks (Figure 3.3). In line
with (Feder and Nosil, 2010), simulations in-
dicate that a combination of large effective
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Figure 3.3: Close-up on the candidate intervals. The four panels (a-d) correspond to the four intervals above

the 99.98t" Fsr percentile (A-D). Each panel shows the LG, genomic position, annotation, Fs and dyy. For clarity

only the genes in high Fsr regions are labelled, with candidate genes and non-synonymous SNPs within these

genes highlighted in green. Coloured lines correspond to pairwise species comparisons (weighted mean, 10 kb

window, 1 kb increments) and dofts to global Fs; among the three species on a SNP basis. All comparisons with

species samples pooled across the three locations.
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Suppl. Figure 3.6: Gene expression in the retinal tissue. a, only three genes, highlighted in bold, were

significantly differentially expressed among species. Genes included in the figure correspond, from top to bottom,

to the three most differentially expressed genes for each species pair (labelled by the colour-coded rings on

the right) followed by the candidate genes related to vision identified in this study (grey rings, not differentially

expressed). Data from 10 adult barred, 9 black and 5 butter hamlets from Panama (labelled by the colour bar on

the bottom). b, albeit not differentially expressed, many of the candidate genes showed consistent above-average

expression levels. Expression data transformed with regularised logarithm in both panels.

10,000), intermediate
0.01) and strong selec-

population size (N, =
migration rate (m =
tion (s = 0.1-0.5) may generate sharp peaks
of differentiation as observed in the hamlets
(Suppl. Fig. 3.5).
but one of the diverged SNPs in the four re-

It is noteworthy that all

gions are either in non-coding regions or syn-
onymous, suggesting that species differences
are mainly driven by regulatory mechanisms.
The only exception was one diverged non-
synonymous SNP on sws2a(3 that corresponds
to the bovine rhodopsin amino acid 200. Al-
though not a known spectral tuning site, the
location of this amino acid suggests that it
might possibly be involved in spectral tuning
(Yokoyama, 2008).
three genes (chacl 1, sema4b and cyp3a27)

We also note that only

showed significant differences in expression
among species in the retinal tissue (Suppl.
Fig. 3.6), yet our methodology does not allow

to capture differences in expression that may
occur during development, in specific light en-
vironments (e.g. at dusk at the time of spawn-
ing) or in specific cell types.

Additional vision and pigmentation genes
were identified by extending our analyses to
the genomic regions above the 99.90"" Fsr per-
centile that presented weaker or less consistent
differentiation among species. This less strin-
gent selection identified 14 additional inter-
vals across seven LGs (Suppl. Fig. 3.7, Suppl.
Fig. 3.8, Suppl. Tab. 3.1), four of which con-
tained further vision or pigmentation genes
(Suppl. Fig. 3.9). ednrb on LGO4 (E in Suppl.
Fig. 3.7) is involved in zebrafish melanophore
and iridophore development (Parichy et al.,
2000) and again differentiated H. nigricans
from the other non-melanic species. One in-
terval on LGO8 (F in Suppl. Fig. 3.7) presented
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19 genomic intervals above the 99.90"" Fgr percentile, highlighted with a vertical bar, were identified (Suppl.

Tab. 3.1). Intervals containing candidate genes are labelled with capital letters. Peaks A-D are also above the

99.98t" Fgr percentile, peaks E-H are not.

a non species-specific peak-valley-peak pat-
tern centred on foxd3, a transcription factor
also involved in melanophore differentiation
in zebrafish (Curran et al., 2009). A further
interval on LGO8 (G in Suppl. Fig. 3.7) in-
cluded rorb, which plays a critical role dur-
ing photoreceptor differentiation in mice (Jia
2009). the other
gene involved in photoreceptor development,

et al., Similar to caszl,
rorb singled out H. puella and was consis-
tently and strongly expressed in the retina
(Suppl. Fig. 3.6). Finally, invs on LG20 (H
in Suppl. Fig. 3.7) is involved in the transport
of opsins into the outer segment of photore-
ceptors (Zhao and Malicki, 2011).

Long-Distance LD and Barrier

Genes

The four intervals that showed marked dif-
ferentiation in our genome-wide comparison
were either on different LGs or 2 Mb apart
on the same LG (B and C), which is well be-

yond physical linkage in the hamlets (Suppl.
Fig. 3.10d). The four candidate intervals are
Neverthe-
less, in line with our second hypothesis, these

therefore not physically linked.

intervals showed islands of elevated long-
distance and inter-chromosomal LD in a back-
drop of nearly zero genome-wide ILD (Suppl.
Fig. 3.4a,b). In addition, there was a buildup
of ILD with increasing genome-wide differen-
tiation, with weakest ILD in Honduras, inter-
mediate in Belize and most pronounced in
Fig. 3.4c,d).

there was no ILD among these intervals within

Panama (Suppl. As expected,
species (Suppl. Fig. 3.4e). The same patterns
were observed when considering the four ad-
ditional vision and pigmentation genes above
the 99.90"" Fs; percentile (Suppl. Fig. 3.11).

Local regions of strong differentiation can
arise for a number of reasons (Ravinet et al.,
2017; Wolf and Ellegren, 2017),
processes unrelated to speciation such as

including

background selection (Charlesworth et al.,
1993) or the sorting of ancestral polymor-
phisms (Guerrero and Hahn, 2017). These
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Suppl. Figure 3.8: Close-up on dll the intervals above the 99.90'" Fgy percentile The panels (a-r, figure
continued below) correspond to the 18 intervals above the 99.90t" Fsr percentile. From top to bottom, each panel
includes the respective linkage group (LG) and interval ID, the position on the LG, the gene model annotation
and Fgr values. Gene models include the extent and direction of genes as well as exon boundaries. The Fgr plots
show the pairwise comparisons among species (lines, weighted mean per 10 kb window with 1 kb increments).
Additionally, the global Fs7 values among the three species are shown as dots on a SNP basis. All comparisons
with species samples pooled across the three locations. The highlighted area corresponds to the whole intervals

as defined in Suppl. Tab. 3.1.
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Suppl. Figure 3.8: (continued I) Close-up on all the intervals above the 99.90'" Fgr percentile The panels
(a-r, figure continued below) correspond to the 18 intervals above the 99.90" Fg percentile. From top to bottom,
each panel includes the respective linkage group (LG) and interval ID, the position on the LG, the gene model
annotation and Fs7 values. Gene models include the extent and direction of genes as well as exon boundaries.
The Fgr plots show the pairwise comparisons among species (lines, weighted mean per 10 kb window with 1 kb
increments). Additionally, the global Fs; values among the three species are shown as dots on a SNP basis. All
comparisons with species samples pooled across the three locations. The highlighted area corresponds to the

whole intervals as defined in Suppl. Tab. 3.1.
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Suppl. Figure 3.8: (continued Il) Close-up on all the intervals above the 99.90'" Fgr percentile The panels
(a-r) correspond to the 18 intervals above the 99.90" Fsr percentile. From top to bottom, each panel includes
the respective linkage group (LG) and interval ID, the position on the LG, the gene model annotation and Fgr
values. Gene models include the extent and direction of genes as well as exon boundaries. The Fsr plots
show the pairwise comparisons among species (lines, weighted mean per 10 kb window with 1 kb increments).
Additionally, the global Fst values among the three species are shown as dots on a SNP basis. All comparisons
with species samples pooled across the three locations. The highlighted area corresponds to the whole intervals

as defined in Suppl. Tab. 3.1.
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Figure 3.4: Long-distance and inter-chromosomal linkage disequilibrium (r 2) among the four candidate
intervals. a, the four intervals displayed islands of increased LD. b, genome-wide inter-chromosomal LD (ILD).
Boxes: 25" — 75" percentile interval, whiskers: 1.5 x interquartile range, dots: outliers, red lines: r? expectation
for the mean (= 1/2n where n is sample size). Genome-wide ILD was lower for the global data set due to the
larger sample size (n=110) compared to the location- and species-specific data sets (n=35-39). ¢, ILD among
the four candidate intervals. d, LD among the four intervals increased with increasing differentiation among
species (grey gradient). e, in contrast, LD among the four intervals was low or absent within species. r 2 values
are shown on a SNP basis in b, ¢ and averaged over two-dimensional bins of 10 x 10 kb in a, d, e.
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Suppl. Figure 3.9: Close-up on the four additional intervals containing candidate vision and pigmentation

genes. The four panels (a-d) correspond to the four additional intervals above the 99.90" Fg; percentile (but

not above the 99.98") that include candidate vision and pigmentation genes. From top to bottom, each panel

includes the respective linkage group (LG), the position on the LG, the gene model annotation, Fsr and dyy.

Gene models include the extent and direction of genes as well as exon boundaries. For clarity only the genes in

high Fsr intervals are labelled, and candidate genes are highlighted in green. The Fg7 plots show the pairwise

comparisons among species (lines, weighted mean per 10 kb window with 1 kb increments). Additionally, the

global Fst values among the three species are shown as dots on a SNP basis. The dyy values are also averaged

over 10 kb windows with 1 kb increments. All comparisons with species samples pooled across the three locations.

processes are almost certainly operating
within hamlet species. Indeed, we see an
expected buildup of genetic differentiation
across a large region on LGO8 with very
low recombination. This region may be a
large chromosomal inversion and is excep-
tional as it contains six of the 14 intervals
that showed moderate levels of differentiation
among species. Nonetheless, the sharp ero-
sion in overall levels of differentiation among
species in our global comparisons coupled
with the elevated differentiation among popu-

lations of the same species (Suppl. Fig. 3.12)

suggest that this region does not contain
loci that are essential for the maintenance of
species differences and that, if it does contain
an inversion, it is polymorphic both within and
between species.

In contrast, there are a number of com-
pelling reasons to argue that the four inter-
vals that showed much stronger and consis-
tent differentiation among species do con-
tain the loci responsible for reproductive iso-
lation.  Foremost, all contained genes in-

volved in vision, pigmentation or patterning
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Suppl. Figure 3.10: Genome-wide recombination patterns. a, recombination landscape inferred from the
combination of a within-species cross and the genome assembly. Recombination rate was inferred by mapping
the linkage map(Theodosiou et al., 2016) markers onto the genome assembly and dividing linkage (cM) by
physical distance (Mb). b, recombination landscape inferred from population genomic data considering all
species and locations. As expected due to the different data sets considered, the two types of recombination
maps differ substantially. Yet both identify a large low-recombining region in LG08. ¢, correlation between
population recombination rate and genetic differentiation among the three species considering non-overlapping
50-kb windows. As expected, a negative relationship is observed. The correlation and regression slope are
nevertheless weak, indicating that recombination does not have a strong impact on differentiation at this stage
of genomic divergence. Red dots correspond to the 50 kb windows that are within our four candidate regions;
these windows do not show particularly low recombination rates. d, decay in linkage disequilibrium with physical
distance, estimated over 20 randomly placed 15 kb windows. The shading of the hexagonal bins indicates the
logyp count for each combination of distance and r 2 values. The red lines indicates a smoothing spline (gam,
cubic regression spline) of the original data. Physical linkage decays rapidly within 2 kb.
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Suppl. Figure 3.11: Long-distance and inter-chromosomal linkage disequilibrium (LD) among the eight
intervals containing candidate vision and pigmentation genes. a, the intervals identified in Figure 3.2 &
Suppl. Fig. 3.7 displayed increased long-distance and inter-chromosomal LD. LD was calculated between indi-
vidual SNP pairs and averaged over 10 kb x 10 kb areas. b, LD among the eight intervals ordered by increasing
differentiation among the three species (indicated by gray gradient, Figure 3.1b,c, Suppl. Tab. 3.6). ¢, in con-
trast, LD was very low or absent within each of the three species.
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Suppl. Figure 3.12: Patterns of genomic differentiation among hamlets from Belize, Honduras and
Panama. The alternating white and grey blocks represent the 24 linkage groups (LGs). Each population com-
parison is represented by one colour, pooled across species (Global) as well as within each species (H. nigricans,
H. puella & H. unicolor). Fst values were estimated as the weighted mean per 50 kb window with 5 kb increments.
The four genomic regions highlighted with a vertical line, included as reference, correspond to the four intervals

identified in Figure 3.2.

in vertebrates, fitting our initial expectations
about the types of loci involved in speciation
based on the ecology and reproductive bi-
ology of these species. This pattern is even
more compelling when considering that vari-
ation at the candidate loci for pigmentation
(sox10) and patterning (hoxc13a) parallels the

specific colour pattern differences that charac-
terise hamlets (melanisation and marking on
the caudal peduncle). Moreover, our sam-
pling design permits us to isolate genomic
intervals that are consistently differentiated
among species across locations, effectively fil-

tering out processes acting within populations,
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and to establish that differentiation is specific
to between-species comparisons. In contrast
with the low-recombining region on LGOS,
differentiation in the four intervals was weaker
or absent when comparing populations within
species (Suppl. Fig. 3.12). Furthermore, the
effects of background selection are unlikely to
be important in the earliest stages of differ-
entiation studied here (Burri, 2017). This is
confirmed by the weak genome-wide corre-
lation between recombination rate and differ-
entiation, and by the fact that our four can-
didate intervals do not show particularly low
Fig. 3.10). Fi-
nally, patterns of differentiation (Fsr) across

recombination rates (Suppl.

these intervals were paralleled by genetic di-

Figure 3.13:
chromosomal linkage disequilibrium (LD) among

Suppl. Long-distance and inter-

the four candidate intervals for each species
pair. The intervals identified in Figure 3.2 displayed
increased long-distance and inter-chromosomal LD, yet
different pairs of intervals were in LD in each species
pair. LD calculated between individual SNP pairs and
averaged over 10 kb x 10 kb areas.

vergence (dxy, Figure 3.3). This is the expected
genomic signature of so-called barrier genes
(Noor and Feder, 2006) that maintain species
differences in the face of gene flow (Cruick-
shank and Hahn, 2014).

LD, Gene Flow and Speciation in the

Sea

In the presence of gene flow, the extent of
selection that is required to maintain long-
distance or inter-chromosomal LD increases
with the number of loci involved (Floxman
et al., 2014). This is because the number of
possible genotypes in backcrosses increases
exponentially with the number of loci (Slatkin,
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Suppl. Figure 3.14: Long-distance and inter-

chromosomal linkage disequilibrium (LD) among
the eight intervals containing vision and pigmen-
tation candidate genes. The intervals identified in &
Suppl. Fig. 3.7 displayed increased long-distance and
inter-chromosomal LD, yet different pairs of genes were
in LD in each species pair. LD was calculated between
individual SNP pairs and averaged over 10 kb x 10 kb

areds.

2008). Thus, disproportionally stronger se-
lection is required to filter species-specific
genotypes as the number of loci increases
(Cruickshank and Hahn, 2014). In the ham-
lets, a small number of genomic intervals are
strongly and consistently differentiated among
species. This simple genetic architecture is ex-
pected to facilitate the build-up of ILD. Fur-
thermore, differentiation is species-specific at
three of these genomic intervals. Accordingly,
long-distance and inter-chromosomal LD is
not systematically observed among all pairs of
intervals in all species pairs (Suppl. Fig. 3.13).

Once gene flow is sufficiently reduced through
strong assortative mating, divergence and LD
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can accumulate rapidly by a combination of
extrinsic and intrinsic forces (Floxman et al.,
2014).
ture within the three hamlet species, which

This is exactly the pattern we cap-

show a gradient of increasing differentiation
and LD among populations (Figure 3.1b, c,
Suppl. Fig. 3.4c¢, d, Suppl. Fig. 3.11b). The
build-up of more pervasive ILD might be aided
by epistatic interactions among loci. For ex-
ample, foxd3 on LG08 and sox10 on LGO9
both regulate the expression of mitf, a tran-
scription factor involved in the development
of melanophores in zebrafish (Elworthy et al.,
2003; Curran et al., 2009). ednrb on LG04
(Parichy et al., 2000) is also involved in the
development of melanophores in zebrafish,
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and these three intervals show strong ILD in
the comparison between the melanic (H. ni-
gricans) and white (H. unicolor) species (Suppl.
Fig. 3.14).

Our data provide a compelling scenario
where speciation is driven by a combina-
tion of assortative mating and natural selec-
tion acting on a small number of large-effect
loci, among which long-distance and inter-
chromosomal LD is maintained in the pres-
ence of gene flow. The relatively simple ge-
nomic architecture underlying species differ-
ences in the hamlets parallels that observed
in parapatric bird subspecies (Vijay et al.,
2016), parapatric butterflies races (Van Bel-
leghem et al., 2017) or depth-segregated ci-
chlid ecomorphs (Malinsky et al., 2015) and
we suggest that such a simple genomic ar-
chitecture may be an important initial condi-
tion for the origin of many new species. The
hamlets stand out from these other case stud-
ies by being fully sympatric at both the macro
(overlapping distributions) and micro (over-
In this
respect they provide a counter-example to the

lapping habitats) geographic scales.

idea that divergence tends to be genomically
widespread among species that are fully sym-
patric (Seehausen et al., 2014). The rela-
tively simple genomic architecture observed in
the hamlets also contrasts with other systems
in which differentiation is more widespread
across the genome (Tine et al., 2014; Feulner
etal., 2015; Meier et al., 2018). Factors con-
tributing to this difference may include recent
divergence, relatively high levels gene flow as-
sociated with extensive sympatry, and a simple
genetic basis of the traits involved in repro-
ductive isolation in the hamlets. In addition,
the two-week planktonic larval stage of the
hamlets provides potential for long-distance

dispersal (Domeier, 1994). Nonetheless, our
genomic data show that local evolutionary
processes are operating in three communities
separated by only a few hundreds of kilome-
tres despite this dispersal phase. For example,
H. puella and H. unicolor present two marked
peaks of differentiation on LG17 in Panama
that are not observed in Belize and Honduras
for the same species pair. Marine specia-
tion can therefore be characterised by local,
heterogeneous and complex processes as ob-
served in terrestrial and freshwater systems
notwithstanding the apparent homogeneity of

the marine environment.

Sampling. The majority of samples consid-
ered in this study were already available from
previous studies(Puebla et al., 2007, 2012).
New samples were only collected in Bocas del
Toro (Panama) for RNA expression analysis
following (Puebla et al., 2011) and relevant
ethical regulations under the STRI IACUC pro-
tocol 2017-0101-2020-2 and the Panama-
nian Ministry of Environment permits SC/A-
53-16 and SEX/A-35-17. Samples for expres-
sion analysis were collected in the early after-
noon, kept in tanks overnight under natural
light conditions and processed at noon on the
following day. Only samples that could be un-
ambiguously assigned to species on the basis
of their colour pattern were considered.

Software versions, parameter settings
and scripts. Software versions and param-
eter settings were omitted from the text for
readability.  Software versions are instead

listed in Suppl. Tab. 3.2. All software pa-
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rameter settings and scripts needed to re-
produce our results from raw data to figures
are provided in the accompanying repository
(doi:10.3289/SW_2 2018, hereafter git).

De novo Genome Assembly

Library preparation and sequencing. The
Genome assembly was based on a single
barred hamlet (H. puella) from Panama (id
27678, Suppl. Tab. 3a). Genomic DNA was
extracted from gill and muscle tissue using Qi-
agen MagAttract kits. Four paired-end (PE)
2x 151 bp libraries with insert sizes ranging
from roughly 250 to 320 bp were prepared,
as well as one PE 2x251 bp PCR-free library
with 580 bp insert size (Suppl. Tab. 3.4). Fur-
thermore, two mate-pair (MP) libraries with
insert sizes of about 2.5 and 4.3 kb were
prepared. All PE and MP libraries were se-
quenced on lllumina HiSeq 2000/2500 plat-
forms. Finally, lllumina dota were comple-
mented with longer PacBio (PB) reads from 20
SMRT cells. All sequencing for genome as-
sembly was done at the Duke Center for Ge-

nomic and Computational Biology.

For annotation, RNA was extracted from gill,
liver and muscle tissue from a single individual
(id 16_21-30, Suppl. Tab. 3a) with an Invitro-
gen PureLink mRNA Mini Kit and sequenced
on an lllumina MiSeq at the Smithsonian Tropi-
cal Research Institute in Panama. Additionally,
RNA was extracted from the retinal tissue of 24
hamlets from Bocas del Toro, Panama (Suppl.
Tab. 3.5), and sequenced on an Illlumina No-
vaSeq platform by Novogene.

Data preparation — Illlumina sequences.
Prior to assembly, the sequencing data were
preprocessed to remove low quality reads and
possible contamination. As a first step, II-
lumina adapters and low quality reads were
trimmed or filtered using Trimmomatic (Bolger
et al., 2014) (PE & MP libraries, git 1.1.1.1)
and NexiClip (Leggett et al., 2014) (MP li-

braries, git 1.1.1.2 & 1.1.1.3).

To check for contamination, the filtered data
were screened for bacterial and viral con-
tent using Kraken (Wood and Salzberg, 2014)
(default database & settings, git 1.1.1.4
& 1.1.1.5) and classified reads were dis-
carded using seqtk (https://github.com/
1h3/seqtk, git 1.1.1.6). To remove possible
human contamination, a two-step approach
was applied. First, the reads were mapped
against the human genome (GRCh38.p5)
using Bowtie2 (Langmead and Salzberg,
2012)and hits were removed from the sam-
ple (git 1.1.1.7). The discarded reads were
then mapped against the genome of the Asian
Seabass (Lates calcarifer) (Vij et al., 2016)
(git 1.1.1.8). The aim was to identify reads
from conserved regions shared between the
hamlet and the human genome. These reads
were then merged back into the original sam-
ples (git 1.1.1.9).

Data preparation — PacBio sequences.
The preparation of the PacBio data was done
with proovread (Hackl et al., 2014) and Trim-
momatic (git 1.1.2.0 — 1.1.2.5). The first
25 bp of all reads were trimmed to remove
PacBio adapters. Then, a subset (~ 40x) of
the filtered 2x251 bp PCR-free lllumina li-
brary (nr. 5 in Suppl. Tab. 3.4) was mapped
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against the PacBio data. The mapping re-
sults were used to correct the PacBio reads and
break apart chimeric reads. The whole pro-
cess was parallelised using the SeqChunker
script distributed with proovread. The results
of every step were monitored with FastQC
(Andrews, 2012) and MultiQC (Ewels et al.,

2016) throughout the preparation phase.

De novo genome assembly. After explor-
ing a number of assemblers, Platanus (Kaji-
tani et al., 2014) was chosen due to its good
performance with the relatively heterozygous
hamlet genome, using only the lllumina data
in a first step. The contiging was based on the
PE libraries and both PE & MP libraries were
used for scaffolding and gap-closing (git 1.2.1
— 1.2.3). The resulting scaffolds were addi-
tionally gap-closed with the lllumina-corrected
PacBio data using PBjelly (English et al., 2012)
(git 1.2.4.1 — 1.2.4.6). Finally, the twofold
gap-closed scaffolds were anchored and ori-
ented to two RAD-based hamlet linkage maps
(Theodosiou et al., 2016) using Allmaps (Tang
et al., 2015). Briefly, the linkage map RAD
tags were mapped onto the assembly scaf-
folds using Bowtie2 and the physical positions
of the markers on the scaffolds were retrieved.
Using custom R (R Core Team, 2017) scripts,
the physical positions (bp) from the mapping
were combined with the linkage map posi-
tions (cM, git 1.2.5). The resulting maps were
merged into a single file and used for anchor-
ing with Allmaps (git 1.2.6).

Manual curation. The anchored assembly
was unmasked to capitalise lowercase sec-
tions resulting from PBjelly. The mitochon-

drial scaffold was identified by mapping the

mitochondrial genome of the blue hamlet (Hy-
poplectrus gemma, GenBank accession nr:
FJ848375) to the assembly. Finally, scaffolds
smaller than 500 bp were removed from the
assembly using SAMtools (Li et al., 2009) and
bedtools (Quinlan and Hall, 2010) (git 1.2.7).
At this point the assembly was considered
complete and used as reference throughout
the study (hereafter hamlet reference genome).

Quality assessment. The final assembly
was aligned with the stickleback genome
(Roesti et al., 2013) (Gasterosteus aculeatus,
doi:10.5061/dryad.846nj), the most closely
related high-quality genome, using LAST
(Kietbasa et al., 2011) (git 1.2.8). The align-
ments were visualised using Circos (Krzywinski
et al., 2009) based on matches larger than
5 kb (git 2.2.0.1).

among the two genomes (Suppl.

The large scale synteny
Fig. 3.1)
was interpreted as a validation of the gen-
eral structure of the hamlet genome assem-
bly, and the hamlet linkage groups (LGs) were
numbered following the numbering of the ho-
mologous stickleback LGs. Furthermore, the
presence of genes highly conserved in ver-
tebrates was assessed using BUSCO (Siméo
et al., 2015) and summary statistics for the
assembly were generated with the summa-
rizeAssembly.py script provided in the PBjelly
suite.

To assess the
the
RAD tags from the linkage map were mapped
with Bowtie2 to the final assembly (git 1.2.9).
A rough estimate of recombination density

Recombination landscape.
large-scale recombination landscape,

was provided by dividing linkage (cM) by
physical distances (Mb) using R.
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Annotation. The RNA libraries were assem-
bled into a combined transcriptome as a basis
for genome annotation. To prepare the refer-
ence genome, it was screened for specific re-
peat families using RepeatModler (Smit et al.,
2015) (git 1.3.1) and repeats were masked
for mapping using RepeatMasker (Smit and
Hubley, 2015) (git 1.3.2). Scaffolds that
contained only masked sequence were re-
The RNA se-
guences were quality checked using FastQC,

moved from the assembly.

quality filtered using Trimmomatic (git 1.3.3)
and mapped onto the masked version of
the reference genome using HISAT2 (Kim
et al., 2015) (git 1.3.4).

tome was assembled from the mapped se-

The transcrip-

quences using Trinity (Grabherr et al., 2011)
in genome_guided mode (git 1.3.5). Pre-
liminary gene models were constructed using
the Maker package (Campbell et al., 2012),
combining the information from de novo as-
sembled transcripts with evidence-based, full-
length protein sequences from zebrafish and
stickleback Uniprot (The Uniprot Consortium,
2015).

ated using similarity searches of the annotated

Functional inferences were gener-

gene models against Uniprot/Swissprot and
Interproscan (Finn et al., 2017), followed by
manual curation of selected genes of interest
with the Webapollo platform (Lee et al., 2013).

Resequencing and Variant Calling
Resequencing. The black (H. nigricans),
barred (H. puella) and butter (H. unicolor)
hamlets from Panama, Honduras and Belize

were considered for resequencing. Eleven

to thirteen individuals were sequenced per
species and location, adding up to a total of
110 samples (Figure 3.1a, Suppl. Tab. 3a).
An additional golden hamlet (H. gumigutta)
was genotyped but excluded prior to anal-
ysis. Genomic libraries were prepared at
the Smithsonian Tropical Research Institute in
Panama (STRI, Belize & Honduras samples)
and at the Institute of Clinical Molecular Bi-
ologyin Kiel, Germany (IKMB, Panama sam-
ples) and sequenced on an Illumina HiSeq
4000 (PE, 2x151) by Novogene (Belize & Hon-
duras Samples) and IKMB (Panama samples)
at a mean sequencing depth of 24 x (Suppl.
Tab. 3a).

Variant calling. The genotyping procedure
followed the best practice recommendations
for the GATK (McKenna et al., 2010) work flow
provided by the Broad Institute (Depristo et al.,
2011; Van Der Auwera et al., 2013). We de-
scribe here the general work flow while the ex-
act parameters used for each step are speci-
fied in git 2.1.1 — 2.1.12. Note that the sam-
ples from Panama were sequenced first and
prepared independently from the Belize and
Honduras samples, but processed together
from the variant calling stage on (git 2.1.7).

Picard Tools (Broad Institute, 2015) was used
to transform the sequences from fq to uBAM
format, assign read groups, mark adapters
and back-transform into fq format (git 2.1.1 —
2.1.3). They were then mapped to the hamlet
reference genome using BWA (Li and Durbin,
2009) and merged with the uBAM files con-
taining the read group information with Pi-
card Tools (git 2.1.3). Afterwards, duplicated

reads were removed (git 2.1.4). Then, us-
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Suppl. Figure 3.15: PCA based on filtered data set. Principal Component Analysis (PCA) within each location.

Genomic data was filtered for a minimum distance of 25 kb between SNPs to rule out physical linkage. After
filtration 22,266 SNPs (0.3%) of the original data set remained.

ing GATK, genotype likelihoods were called
(git 2.1.6) and all 110 samples were geno-
typed jointly (git 2.1.7.1). This step was du-
plicated, generating one data set with variant
sites only (git 2.1.7.1.call variants.sh) to be
used for phasing and another data set includ-
ing every callable site - even invariant ones
(git 2.1.7.all_Variants_temp.sh) to calculate 7
and dyy. SNPs were extracted from the raw
genotypes and hard filtered with respect to
quality (git 2.1.8). Furthermore, SNPs with
missing data in more than 11 genotypes as

well as multiallelic SNPs were removed using
VCFtools (Danecek et al., 2011) (git 2.1.8).

For the all callable sites data set, the geno-
types (vcf) were subset by LG (git 2.1.9) and
transformed to a custom genotype format re-
quired for popgenWindows.py (Martin, 2016)
(git 2.1.10.vcf_2 geno_temp.sh).

The SNPs only data set was subset by
LG (git  2.1.9.subset LGs.sh).
Phase informative were extracted
(git 2.1.10.loop_extractPIRs.sh) and the geno-

as well

reads

types were phased (git 2.1.11) using SHAPEIT
(Delaneau et al., 2012). As a final step, SNPs
with a minor allele count of one (minor allele
frequency < 0.9%) were removed from the
data set (git 2.1.12).

Population Genomics

Most population genomic statistics were cal-
culated within sliding windows along the
genome. This was done at two resolutions:
for a genome-wide overview a window size of
50 kb with 5 kb increments was chosen, and
for more fine-scale analysis a window size of
10 kb with 1 kb increments was applied. In the
following, these two resolutions are referred to
as broad and fine scale.

PCA. For the principal component analysis,
the SNPs only data set was subset by loca-
tion using VCFtools and the subsets were re-
The three PCAs were then run
independently using the R package pcadapt
(Luu and Blum, 2017) (git 2.2.4). Similar re-

formatted.
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Suppl. Figure 3.16: Comparison of linear model and linear mixed model results of the genotype by phe-
notype (G x P) association among black (H. nigricans), barred (H. puella) and butter (H. unicolor)

hamlets. Each species pair is represented by one colour, pooled across locations. Species comparisons are

indicated on the right as well as model type (Im: linar model; Imm: linear mixed model). The p values are from

the linear model with Wald test, transformed using the negative of the common logarithm and averaged across

50 kb window with 5 kb increments (—log1(p)).

sults were obtained when considering physi-
cally unlinked SNPs only (Suppl. Fig. 3.15).

m. Nucleotide diversity was based on the
all callable sites data set and computed with
VCFtools. It was calculated for each species as
well as each species pair within each popula-

tion at fine scale resolution (git 2.2.2 & 2.2.3).

dxy.

based on the reformatted all callable sites

Genetic divergence (Nei, 1987) was
data set. It was calculated for each popu-
lation pair within each location in both res-
olutions using popgenWindows.py (Martin,
2016) (git 2.2.1).

Fsr. Genetic differentiation (Weir and Cock-

erham, 1984) was based on the SNPs only
data set and computed with VCFtools, using
the weighted mean following Weir & Cock-
erham (Weir and Cockerham, 1984). It was
calculated at both resolutions for each species
pair, both within each location and globally,
as well as on a SNP basis among the three
species pooled over locations. Additionally,
it was calculated in broad resolution for ev-
ery pair of locations within each species and

globally (git 2.2.5).

G Xx P. Genotype x Phenotype associa-
tions were based on the SNPs only data set
and estimated using a linear model (-Im) with
GEMMA (Zhou and Stephens, 2012). For this,
the data set was transformed to the plink for-
mat using VCFtools and plink (Purcell et al.,
2007). G x P association was calculated on
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a SNP basis for every species pair both within
each location and globally, as well as for ev-
ery pair of locations both within each species
and globally (git 2.2.6.2 & 2.2.6.3). The re-
sults were then averaged over windows at both
resolutions for the species comparisons, and
at broad resolution for the location compar-
isons using custom shell scripts (git 2.2.6.4
— 2.2.6.6). Note that Wald-test p values
were —logy, transformed before averaging, so
that —log10(p) was reported for every window.
GEMMA was additionally run under the linear
mixed model, which provided similar results
(Suppl. Fig. 3.16). Note also that G x P asso-
ciation, when applied to discrete phenotypes
as done here, intfroduces some degree of re-
dundancy with respect to Fgr.

r 2, Linkage disequilibrium was calculated us-
ing VCFtools (git 2.2.8.1) at four different lev-
els: first, to estimate the decay of linkage dise-
quilibrium with physical distance, pairwise r 2
for all SNPs within 20 randomly selected win-
dows of 15 kb was calculated. Second, to
establish a baseline, genome-wide levels of
LD were estimated from a random subset of
570 SNPs separated by at least T Mb (to rule
out physical linkage) and considering inter-
chromosomal pairs of SNPs only (ILD). Third,
r 2 was calculated for all SNPs in and between
broad regions around the candidate intervals,
and fourth considering only SNPs within the
candidate intervals (exact regions: git LD.bed
& extendedLD.bed). The SNPs within the re-
gions considered were then collated to al-
low a continuous visualisation (git 2.2.8.2 &
2.2.9.2). The pairwise r ? values were sorted
into 2-dimensional bins of 10 x 10 kb each
and the average r 2 value for every bin was
then calculated using R (git 2.2.8.3 &2.2.9.3).

Note that r 2 = 0 when there is no linkage, as
opposed to the recombination rate r (not con-
sidered here), which equals 0.5 in the absence
of linkage.

Hybrids and backcrosses. The approach
implemented in NewHybrids (Anderson and
Thompson, 2002) was used to test our hy-
pothesis that some individuals might be of hy-
brid origin. This method does not require the
a priori identification of pure individuals and
relies on an explicit genetic model based on
Mendelian inheritance. These analyses were
run on small subsets of the SNPs only data
set. First, for every pairwise species compar-
ison within each location, the 800 SNPs with
highest Fsr were selected. These SNP subsets
were further filtered to include only SNPs that
are separated by at least 5 kb to limit the ef-
fect of physical linkage among SNPs. From
the resulting SNPs, 80 were randomly chosen
to ensure that all analyses are based on the
Note that the re-
sults were robust to alternative SNP selection

same number of markers.

strategies. Sub-setting was done using a com-
bination of R, VCFtools and unix commands
(git 2.2.10.1 & 2.2.10.2). The SNP subsets
were transformed to the NewHybrids input for-
mat using PGDSpider (Lischer and Excoffier,
2012) (git 2.2.10.2). NewHybrids (Anderson
and Thompson, 2002) was run in parallel us-
ing the R package parallelnewhybrid (Wringe
et al., 2016) with a burnin of 10° n and 10-10°
sweeps (git 2.2.10.3).

p. Population recombination rate was esti-
mated using the machine learning R package
FastEPRR (Gao et al., 2016). It was based on

the SNPs only data set and calculated within
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non-overlapping windows of 50 kb using 250
parallel jobs (git 2.2.11.1 - 2.2.11.3). For vi-
sualisation, the results where reformatted us-
ing a custom bash script (git 2.2.11.4).

RNA Expression

A fasta version of the transcriptome was cre-
ated from the genome annotation file (gff
with  the hamlet
ence genome using gffread (Pertea, 2015)

in combination refer-
(git 2.3.1). The reference transcriptome was
then indexed (git 2.3.2) and transcript abun-
dances of the filtered retina RNA samples (also
used for annotation) were estimated using
kallisto (Bray et al., 2016) (git 2.3.3). Ex-
pression was analysed using the R package
DSeq2 (Love et al., 2014) (git 3 _figures &
docs/index.html).

Simulations

Simulations were conducted to explore what
combination of parameters may generate pat-
terns of differentiation as sharp as the ones
observed in the four candidate regions. Sev-
eral demographic scenarios were simulated
using the coalescent simulator msms (Ew-
ing and Hermisson, 2010), considering a se-
lected site located in the middle of a 500-
kb chromosome. The simulations consisted
of two populations of constant size N, that
split t generations ago and experienced con-
stant and symmetrical migration (m) since
then. The selected site was a single codom-
inant locus with two alleles A and a that
are advantageous in population 1 and 2, re-
spectively, with a fitness of 1+s for homozy-

gotes and 1+s/2 for heterozygotes where
s is the selection coefficient. We explored
the parameter space spanned by the com-
binations of N, € {1000, 10000, 100000},
t € {10000, 100000,1000000} generations,
m € {0.00001,0.0001,0.001,0.01,0.10} & s €
{0.05,0.1,0.5}.

ducted with a recombination rate r of 0.02,

The simulations were con-

providing a population recombination rate
4N,r that is similar to the one estimated from
the empirical data with FastEPRR.

Sequences were simulated on the basis of the
simulated genealogies using seg-gen (Ram-
baut and Grass, 1997) and variable sites were
exported to the vcf format using msa2vcf (Lin-
denbaum, 2015). The vcf files were then used
to calculate Fst with VCFtools over 10 kb win-
dows with 1 kb increments. NextFlow (Di Tom-
maso et al., 2017) was used to manage the
simulations and analysis across the entire pa-
rameter space. Visualisation of the results
was done within R (git 3_figures & docs/in-
dex.html).

Visualisation

All results were plotted using R with the ex-
ception of the synteny plot (Suppl. Fig. 3.1,
Circos) and the LG08 low-recombination plot
(Suppl. Fig. 3.4, Allmaps & Inkscape). The de-
tails of the visualisation are provided in the R
scripts and their documentation (git 3_figures
& docs/index.html). Within those R scripts, the
following packages were used:

bookdown (0.7) (Xie, 2016), colorspace (1.3-
2) (lhaka et al., 2016), cowplot (0.9.2)

_ 69



Chapter 3

(Wilke, 2017), DESeq2 (1.16.1) (Love
et al., 2014), dplyr (0.7.4) (Wickham
et al.,, 2017), FastEPRR (1.0) (Gao et al.,
2016), gdata (2.18.0) (Warnes et al.,

2017), ggforce (0.1.2) (Pedersen, 2018),
ggmap (2.6.1) (Kahle and Wickham, 2013),
ggplot2 (3.0.0) (Wickham, 2016a), ggre-
pel (0.7.0) (Slowikowski, 2017), gplots (3.0.1)
(Warnes et al., 2016), grConvert (0.1-0) (Pot-
ter, 2018a), grid (3.4.3) (R Core Team, 2017),
gridExtra (2.3) (Auguie, 2017), gridSVG (1.6-
0) (Murrell and Potter, 2017), grimport2 (0.1-
4) (Potter, 2018b), gtable (0.2.0) (Wickham,
2016b), hrbrthemes (0.1.0) (Rudis, 2017),
knitr (1.20) (Xie, 2014, 2015, 2018), map-
tools (0.9-2) (Bivand and Lewin-Koh, 2017),
marmap (0.9.6) (Pante and Simon-Bouhet,
2013), parallelnewhybrid ~ (0.0.0.9002)
(Wringe et al., 2016), PBSmapping (2.70.4)
(Schnute et al., 2017), pcadapt (3.0.4)
(Luu and Blum, 2017), RColorBrewer (1.1-
2) (Neuwirth, 2014), rtracklayer (1.36.6)
(Lawrence et al., 2009), scales (0.5.0.9000)
(Wickham, 2018), scatterpie (0.0.9) (Yu,
2018), sp (1.2-7) (Pebesma and Bivand,
2005; Bivand et al., 2013), tidyverse (1.2.1)
(Wickham, 2017), tximport (1.4.0) (Soneson
etal., 2015), vsn (3.44.0) (Huber et al., 2002)

This study was funded by an individual Ger-
man Research Foundation (DFG) grant to OP
(PU571/1-1) and a grant from the Smithso-
nian Institute for Biodiversity Genomics and
the Global Genome Initiative Grants Pro-
gram to WOM, OP and Carole Baldwin.
The authors thank Till Bayer, Biff Berming-
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rill, Thorsten Reusch, Montserrat Torres Oliva
and Steven Van Belleghem as well as the Be-
lizean, Honduran and Panamanian authori-
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The raw sequencing data and genome assem-
bly (fasta format) are deposited in the Euro-
pean Nucleotide Archive (ENA, project acces-
sion number PRJEB27858). Accession num-
bers for all sample sequences are provided
Tab. 3a and Suppl. Tab. 3.5.
Additional data underlying this study, includ-

in Suppl.

ing the genome annotation (gff format), the
genotypes (vcf format) and the per locus Fsr
and G x P results are deposited in Dryad
(doi:10.5061/dryad.pg8qg56g).
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Suppl. Table 3.1: Genomic regions above the 99.90" Fg; percentile, based on sliding window analysis with
50 kb windows and 5 kb increments. The Comparison column refers to the specific pairs in which the region is
above the 99.90" Fg; percentile: H. nigricans vs. H. puella (NP), H. nigricans vs. H. unicolor (NU) & H. puella

vs. H. unicolor (NP). Regions containing candidate genes are labelled with capital letters. Regions A — D are
also above the 99.90*" Fsr percentile. The Other genes column includes all genes overlapping with the 50-kb
windows above the 99.90" Fgr percentile. Note that this approach conservatively includes genes situated before

and after peaks of differentiation at a 10-kb window resolution (Suppl. Fig. 3.8).

Start

End

Candidate

Nr ID LG (kb) (kb) genes Other genes Comparison
1 E 04 5835 5925 ednrb polrid, hpvlg...7175, NPNU
cysltr1, mtusla, vamp7
9 04 6555 6645 asb12, zc4h2,hpvlg...7205, NPNU
msn,ar, arhgef9, efnb1
3 F 08 1945 2090 foxd3 hpv1g...10963, NU,PU
algé, efcab7, pgm1
4 08 9505 9595 arhgef18, insr PU
5 08 10270 10420 ~ hl23, soatl, abl2, PU
igcal, cers2, cacle, osbpl9
fpgt, acot11, diol,
6 08 12810 12895 nnidk, ssbp3, glis] PU
mpnd, sh3glT,
7 G 08 12945 13010 rorb hov1g...11382, Igals3bpb NP
8 08 14825 14875 ctdspl2a, arid3a, tmem79 PU
9 A 09 17821 17930 sox10 smdtl, hpv1g...12847, kenj12, NPNU
rnaseh2a, mast1, triobp
10 09 20995 21085 rnf24, smox, fbxo41 NPNU
11 12 15050 15105 csfl1, ren, eif2d, hpvlg...15947 PU
pgd, clorf127, kiflc,
12 B 12 20085 20355 caszl kif1b, tardbp NPPU
hoxc5a, hoxcéa, hoxc8a,
13 C 12 22150 22290 hoxc13a hoxc9, hoxc10a, hoxclla, NPNU,PU
hoxc12a, calcocol, rarga
14 17 21340 21415 ith3, hpvlg...21480 NU
Iws, sws2a3, mafb, deptor, adnp, rab7,hcfcl,
15 D 17 22505 22660 sws2aaq, gnl3l, te3, mdfic2, cxxcl, srpk3, NPNU,PU
sws2b comt, gata2, mbd1, ccdc120
: hpvlg...24338,
16 H 20 13840 13900 invs stx17, erpdd, tex10 NU,PU
17 23 13965 14030 ntf3 NPNU
18 23 15445 15530 crys, glipril1, ache, NPNU

nxpe3, krrl, st3gall, gp2
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Suppl. Table 3.2: Software versions used in this study

Software version | Software version
Allmaps Version 1 | NextFlow 0.31.1
bedtools v2.27.1 | NewHybrids 2.0+ Developmental
Bowtie2 version 2.3.4.1 | PBjelly v14.1
BUSCO 2PGDSpider | 2.1.1.5

BWA 0.7.12-r1044 | Picard Tools 2.9.2-SNAPSHOT
Circos v 0.69 | Platanus 1.2.4
FastQC v0.11.3 | plink v1.90b4 64-bit
GATK v3.7-0-gcfedbb7 | proovread 2.13.13
GEMMA 0.97.2 R 3.4.1 (calculations)
gffread v0.9.12 3.4.3 (visualisations)
HISAT?2 2.0.4 | RepeatMasker Open-4.0.6
Inkscape 0.91 r13725 | RepeatModler open-1-0-8
kallisto 0.43.1 | SAMtools 1.7
Kraken 0.10.6-unreleased | selscan v1.2.0a
LAST 737 | SeqChunker v0.22.2
Maker v 3.0 | seg-gen 1.3.4
msa2vcf seqtk 1.2-r94
98d97d07d6101fab1b0bef757b4ceee279¢171d9  SHAPEIT v2.r837
msms 3.2rc | Trimmomatic 0.33
MultiQC Version 0.8 | Trinity v2.2.0
NextClip v1.3.1 | VCFtools 0.1.15
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Suppl. Table 3a: Samples used for resequencing (Samples 1-50).

ID Species Location Date Latitude Longitude Cov. Acces. Nr.
18151 H. nigricans Belize 2004-07-25 16.7653 -088.1442 22.6 ERS2619600
18153  H. nigricans Belize 2004-07-25 16.7653 -088.1442 23.7 ERS2619601
18155  H. nigricans Belize 2004-07-25 16.8008 -088.0789 21.2 ERS2619602
18156  H. nigricans Belize 2004-07-25 16.8008 -088.0789 26.5 ERS2619603
18157  H. nigricans Belize 2004-07-25 16.8008 -088.0789 23.2 ERS2619604
18158  H. nigricans Belize 2004-07-25 16.8008 -088.0789 21.6 ERS2619605
18159  H. nigricans Belize 2004-07-25 16.8008 -088.0789 22.5 ERS2619606
18162  H. nigricans Belize 2004-07-25 16.7653 -088.1442 19.1 ERS2619607
18165  H. nigricans Belize 2004-07-25 16.7653 -088.1442 22.9 ERS2619608
18171 H. nigricans Belize 2004-07-25 16.7653 -088.1442 26.4 ERS2619609
18185  H. nigricans Belize 2004-07-26 16.8058 -088.0792 25.6 ERS2619610
18187  H. nigricans Belize 2004-07-26 16.8058 -088.0792 26.6 ERS2619611
20599  H. nigricans Honduras 2006-06-04 15.9558 -083.2931 24.2 ERS2619612
20600  H. nigricans Honduras 2006-06-04 15.9558 -083.2931 25.6 ERS2619613
20601 H. nigricans Honduras 2006-06-04 15.9558 -083.2931 22.8 ERS2619614
20602  H. nigricans Honduras 2006-06-04 15.9558 -083.2931 23 ERS2619615
20603  H. nigricans Honduras 2006-06-04 15.9558 -083.2931 26 ERS2619616
20604  H. nigricans Honduras 2006-06-04 15.9558 -083.2931 20.3 ERS2619617
20605  H. nigricans Honduras 2006-06-04 15.9558 -083.2931 22.9 ERS2619618
20606  H. nigricans Honduras 2006-06-04 15.9558 -083.2931 22.6 ERS2619619
20607  H. nigricans Honduras 2006-06-04 15.9558 -083.2931 25.9 ERS2619620
20608  H. nigricans Honduras 2006-06-04 15.9558 -083.2931 24.6 ERS2619621
20609 H. nigricans Honduras 2006-06-04 15.9558 -083.2931 26.2 ERS2619622
20610  H. nigricans Honduras 2006-06-04 15.9558 -083.2931 22.9 ERS2619623

16 21-30 H. nigricans  Panama 2016 - - 89.1 ERS2619624
18418  H. nigricans  Panama  2004-05-12 09.3775 -082.3039 18.7 ERS2619625
18424 H. nigricans  Panama  2004-05-12 10.2392 -083.1731 19.3 ERS2619626
18428  H. nigricans  Panama  2004-05-12 10.2392 -083.1731 19.1 ERS2619627
18436  H. nigricans  Panama  2004-05-12 09.3775 -082.3039 9.8 ERS2619628
18901 H. nigricans  Panama  2005-03-25 09.2983 -082.2894 25.6 ERS2619629
18902  H. nigricans  Panama  2005-03-25 09.2983 -082.2894 22.4 ERS2619630
18903 H. nigricans  Panama  2005-03-25 09.2983 -082.2894 17.1 ERS2619631
18904  H. nigricans  Panama  2005-03-25 09.2983 -082.2894 20.1 ERS2619632
18905  H. nigricans  Panama  2005-03-25 09.2983 -082.2894 22.2 ERS2619633
18906  H. nigricans  Panama  2005-03-25 09.2983 -082.2894 26.7 ERS2619634
18907  H. nigricans  Panama  2005-03-25 09.2983 -082.2894 18.1 ERS2619635
18909  H. nigricans  Panama  2005-03-25 09.2983 -082.2894 21.9 ERS2619636
18152 H. puella Belize 2004-07-25 16.7653 -088.1442 23.4 ERS2619637
18154 H. puella Belize 2004-07-25 16.7653 -088.1442 24.6 ERS2619638
18161 H. puella Belize 2004-07-26 16.8058 -088.0792 18.4 ERS2619639
18166 H. puella Belize 2004-07-25 16.7653 -088.1442 24.2 ERS2619640
18169 H. puella Belize 2004-07-25 16.7653 -088.1442 19.6 ERS2619641
18172 H. puella Belize 2004-07-25 16.7653 -088.1442 23.4 ERS2619642
18174 H. puella Belize 2004-07-25 16.7653 -088.1442 24.8 ERS2619643
18175 H. puella Belize 2004-07-25 16.7653 -088.1442 22.2 ERS2619644
18176 H. puella Belize 2004-07-25 16.7653 -088.1442 29 ERS2619645
18178 H. puella Belize 2004-07-25 16.7653 -088.1442 22.9 ERS2619646
18179 H. puella Belize 2004-07-25 16.7653 -088.1442 22.1 ERS2619647
18180 H. puella Belize 2004-07-25 16.7653 -088.1442 21.7 ERS2619648
20551 H. puella Honduras 2006-06-04 15.9558 -083.2931 23 ERS2619649
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Suppl. Table 3b: Samples used for resequencing (continued, Samples 51-100).

ID Species Location Date Latitude Longitude Cov. Acces. Nr.
20552 H. puella  Honduras 2006-06-04 15.9558 -83.2931 24.5 ERS2619650
20553 H. puella  Honduras 2006-06-04 15.9558 -83.2931 26.2 ERS2619651
20554 H. puella  Honduras 2006-06-04 15.9558 -83.2931 22 ERS2619652
20555 H. puella  Honduras 2006-06-04 15.9558 -83.2931 23.2 ERS2619653
20556 H. puella  Honduras 2006-06-04 15.9558 -83.2931 29.1 ERS2619654
20558 H. puella  Honduras 2006-06-04 15.9558 -83.2931 25.5 ERS2619655
20559 H. puella  Honduras 2006-06-04 15.9558 -83.2931 26 ERS2619656
20625 H. puella  Honduras 2006-06-05 15.9558 -83.2931 21.8 ERS2619657
20633 H. puella  Honduras 2006-06-05 15.9558 -83.2931 27.6 ERS2619658
20635 H. puella  Honduras 2006-06-05 15.9558 -83.2931 26.3 ERS2619659
20638 H. puella  Honduras 2006-06-05 15.9558 -83.2931 21.7 ERS2619660
18419 H. puella Panama  2004-05-12 10.2392 -83.1731 19.8 ERS2619661
18421 H. puella Panama  2004-05-12 10.2392 -83.1731 22.7 ERS2619662
18422 H. puella Panama  2004-05-12 9.3775 -82.3039 22.9 ERS2619663
18426 H. puella Panama  2004-05-12 10.2392 -83.1731 20.9 ERS2619664
18427 H. puella Panama  2004-05-12 10.2392 -83.1731 21.3 ERS2619665
18429 H. puella Panama  2004-05-12 10.2392 -83.1731 23.5 ERS2619666
18430 H. puella Panama  2004-05-12 10.2392 -83.1731 19.5 ERS2619667
18432 H. puella Panama  2004-05-12 10.2392 -83.1731 21.6 ERS2619668
18434 H. puella Panama  2004-05-12 9.3775 -82.3039 25.7 ERS2619669
18912 H. puella Ponama  2005-03-25 9.2983 -82.2894 23 ERS2619670
18915 H. puella Panaoma 2005-03-25 9.2983 -82.2894 19.4 ERS2619671
18917 H. puella Panama  2005-03-25 9.2983 -82.2894 18.8 ERS2619672
27678 H. puella Panama 2013-04-12 9.3681 -82.2928 89.8 ERS2619673
18163  H. unicolor Belize 2004-07-25 16.7653 -88.1442 24.5 ERS2619674
18261 H. unicolor Belize 2004-07-24 - - 21.8 ERS2619675
18267  H. unicolor Belize 2004-07-24 - - 28.4 ERS2619676
18274  H. unicolor Belize 2004-07-24 - - 24.4 ERS2619677
18276  H. unicolor Belize 2004-07-25 16.7653 -88.1442 23.8 ERS2619678
19881 H. unicolor Belize 2005-08-16 16.7078 -87.8598 23.7 ERS2619679
20092  H. unicolor Belize 2005-08-15 16.8936 -88.1226 23.5 ERS2619680
20120  H. unicolor Belize 2005-08-11 16.8008 -88.0789 30.3 ERS2619681
20126  H. unicolor Belize 2005-08-12 16.8936 -88.1226 22.4 ERS2619682
20128  H. unicolor Belize 2005-08-12 16.8936 -88.1226 22.6 ERS2619683
20135  H. unicolor Belize 2005-08-12 16.8936 -88.1226 21.2 ERS2619684
20149  H. unicolor Belize 2005-08-12 16.8936 -88.1226 23.5 ERS2619685
20560  H. unicolor Honduras 2006-06-04 15.9558 -83.2931 21.3 ERS2619686
20561 H. unicolor Honduras 2006-06-04 15.9558 -83.2931 24.2 ERS2619687
20562  H. unicolor Honduras 2006-06-04 15.9558 -83.2931 25.4 ERS2619688
20563  H. unicolor Honduras 2006-06-04 15.9558 -83.2931 23.1 ERS2619689
20564  H. unicolor Honduras 2006-06-04 15.9558 -83.2931 28.9 ERS2619690
20565  H. unicolor Honduras 2006-06-04 15.9558 -83.2931 25 ERS2619691
20566  H. unicolor Honduras 2006-06-04 15.9558 -83.2931 27.4 ERS2619692
20567  H. unicolor Honduras 2006-06-04 15.9558 -83.2931 27.3 ERS2619693
20568  H. unicolor Honduras 2006-06-04 15.9558 -83.2931 30.1 ERS2619694
20571 H. unicolor Honduras 2006-06-04 15.9558 -83.2931 24.6 ERS2619695
20572  H. unicolor Honduras 2006-06-04 15.9558 -83.2931 23.8 ERS261969%96

16 31-40 H. unicolor  Panama 2016 - - 53.4 ERS2619697
18420  H. unicolor Panama 2004-05-12 10.2392 -83.1731 20.3 ERS2619698
18435  H. unicolor Panama 2004-06-23 9.3328 -82.2547 20.2 ERS2619699
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Suppl. Table 3c: Samples used for resequencing (continued, Samples 101-110).

ID Species  Location Date Latitude Longitude Cov. Acces. Nr.
18439 H. unicolor Panama 2004-06-25 9.3328 -82.2547 23.8 ERS2619700
18440 H. unicolor Panama 2004-06-25 9.3328 -82.2547 19.7 ERS2619701
18441 H. unicolor Panama 2004-06-25 9.3328 -82.2547 25.1 ERS2619702
18442 H. unicolor Panama 2004-07-08 9.2983 -82.2894 20.6 ERS2619703
18445 H. unicolor Panama 2004-06-28 9.3328 -82.2547 19 ERS2619704
18446 H. unicolor Panama 2004-06-29 9.3328 -82.2547 26 ERS2619705
18447 H. unicolor Panama 2004-07-09 9.2894 -82.2589 16.8 ERS2619706
18448 H. unicolor Panama 2004-06-28 9.3328 -82.2547 26.1 ERS2619707
18450 H. unicolor Panama 2004-06-25 9.3328 -82.2547 17.7 ERS2619708
18454 H. unicolor Panama 2004-06-30 9.3481 -82.2633 22.7 ERS2619709

Suppl. Table 3.4: Overview of the sequencing data generated for the assembly of the Hypoplectrus genome (PE:
paired end, MP: mate pair, PB: PacBio)

. Targeted insert Mapped insert size Read length Coverage
Nr Tissue Type Type

size (bp) (bp, mean + SD) (bp) (x)
1 gill PE DNA 300 264 + 94 151 24
2 gill PE DNA 300 255 4+ 80 151 144
3 gill PE DNA 500 299 + 106 151 46
4 gill PE DNA 800 321 +£123 151 67
5 muscle PE DNA 550 579 + 155 251 100

(PCR-free)

6 muscle MP DNA 3000 2457 + 639 101 34
7 muscle MP DNA 6000 4329 + 1110 101 31
8 muscle PB DNA - - 50-33680 16
9 gill PE RNA - - 251 -
10 muscle PE RNA - - 251 -
11 liver PE RNA - - 251 -
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Suppl. Table 3.5: Samples used for RNA sequencing

Raw | Filtered Alignment Acession

ID Date Species Latitude Longitude reads (n, 10°) rate (%) Number

28385 2017-02-06 H. nigricans  09.318  -082.222 2x7.4  2x4.7 60.84 ERS2619746
28387 2017-02-06 H. nigricans 09.318  -082.222 2x6.3  2x4.7 59.34 ERS2619747
28390 2017-02-06 H. nigricans 09.318  -082.222 2x5.9 2x4.4 61.72 ERS2619748
28394 2017-02-07 H. nigricans  09.301 -082.294 2x4.8  2x3.0 63.55 ERS2619749
28399 2017-02-07 H. nigricans  09.301 -082.294 2x7.3  2x5.2 62.11 ERS2619750
AGI9RX46 2017-02-06 H. nigricans 09.318  -082.222 2x7.1 2x5.3 60.73 ERS2619751
AGI9RX49 2017-02-07 H. nigricans  09.301 -082.294  2x7.1 2x5.3 63.38 ERS2619752
AGI9RX50 2017-02-07 H. nigricans  09.301 -082.294 2x6.8 2x4.8 60.68 ERS2619753
AG9RX52 2017-02-07 H. nigricans  09.301 -082.294 2x6.7  2x4.9 59.98 ERS2619754
28384 2017-02-06  H. puella 9.318 -082.222  2x6.1 2x4.2 63.13 ERS2619755
AG9RX47 2017-02-06  H. puella 09.318 -082.222 2x5.5 2x4.0 68.03 ERS2619756
AG9RX48 2017-02-07  H. puella 09.301 -082.294 2x6.2  2x4.5 66.079 ERS2619757
AG9RX51 2017-02-07  H. puella 09.301 -082.294 2x6.7  2x5.0 61.41 ERS2619758
AG9RX53 2017-02-07  H. puella 09.301 -082.294 2x6.3  2x4.5 62 ERS2619759
PL17 02 2017-02-07  H. puella 09.301 -082.294  2x6.1 2x4.6 62.61 ERS2619760
PL17_ 04 2017-02-07  H. puella 09.301 -082.294 2x6.5  2x4.7 63.17 ERS2619761
PL17_16 2017-02-09  H. puella 09.367 -082.291 2x7.5 2x5.3 62.1 ERS2619762
PL17_17 2017-02-09  H. puella 09.367 -082.291 2x7.3  2x5.3 61.72 ERS2619763
PL17_18 2017-02-09  H. puella 09.367 -082.291 2x6.3 2x4.6 63.68 ERS2619764
28383 2017-02-06  H. unicolor  09.318  -082.222 2x6.8 2x4.7 61.04 ERS2619765
28391 2017-02-07  H. unicolor ~ 09.301 -082.294  2x7.1 2x5.2 61.75 ERS2619766
AG9RX54 2017-02-06  H. unicolor  09.318  -082.222 2x5.5 2x3.9 59.2 ERS2619767
AG9RX55 2017-02-07  H. unicolor  09.301 -082.294 2x6.3  2x4.7 61.54 ERS2619768
PL17 01 2017-02-07 H. unicolor  09.301 -082.294  2x8.1 2x5.9 62.11 ERS2619769

Suppl. Table 3.6: Whole-genome weighted mean Fgr estimates
among H. nigricans, H. puella & H. unicolor.

H. nigricans H. nigricans H. puella

Location H. puella H. unicolor H. unicolor Al
Global 0.0079 0.0098 0.0027 0.0068
Belize 0.0168 0.0153 0.0047 0.0123

Honduras 0.0033 0.0051 0.0030 0.0038

Panama 0.0274 0.0348 0.0125 0.0249
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Chapter 4

Marine species tend to have extensive distributions, which are commonly attributed to the dis-
persal potential provided by planktonic larvae and the rarity of absolute barriers to dispersal
in the ocean. Under this paradigm, the occurrence of marine microendemism without geo-
graphic isolation in species with planktonic larvae poses a dilemma. The recently described
Maya hamlet (Hypoplectrus maya, Serranidae) is exactly such a case, being endemic to a 50-
km segment of the Mesoamerican Barrier Reef System (MBRS). We use whole-genome analysis
to infer the demographic history of the Maya hamlet and contrast it with the sympatric and pan-
Caribbean black (H. nigricans), barred (H. puella) and butter (H. unicolor) hamlets, as well
as the allopatric but phenotypically similar blue hamlet (H. gemma). We show that H. maya
is indeed a distinct evolutionary lineage, with genomic signatures of inbreeding and a unique
demographic history of continuous decrease in effective population size since it diverged from
congeners just ~3000 generations ago. We suggest that this case of microendemism may be
driven by the combination of a narrow ecological niche and restrictive oceanographic con-
ditions in the southern MBRS, which is consistent with the occurrence of an unusually high
number of marine microendemics in this region. The restricted distribution of the Maya ham-
let, its decline in both census and effective population sizes, and the degradation of its habitat
place it at risk of extinction. We conclude that the evolution of marine microendemism can be
a fast and dynamic process, with extinction possibly occurring before speciation is complete.

Keywords: hamlets, Hypoplectrus, endemism, speciation, demographic inference.

existent planktonic phases (Paulay and Meyer,
2002; Meyer et al., 2005).
suggests planktonic larval duration (PLD) as

This paradigm

Islands, in the sense of isolation, are much
more rare in the ocean than on land. Many
marine organisms are planktonic for a por-
tion of their life cycle, allowing them to cross
the pelagic expanses that limit terrestrial or-
ganisms (Palumbi, 1992). Planktonic disper-
sal leads to a greater rate of cosmopolitanism
than in terrestrial communities and a corre-
sponding rarity of microendemic species (that
is, species that are endemic to unusally small
areas), as colonists are less likely to exist in iso-
lation long enough for reproductive isolation
to evolve (Kay and Palumbi, 1987; Randall,
1998; Rocha and Bowen, 2008).

marine microendemism that have been iden-

Cases of

tified are generally in taxa with short or non-

a potential driver of range size in reef fishes;
however, syntheses have shown that these fac-
tors are poorly correlated (Lester and Rutten-
berg, 2005; Mora et al., 2012; Luiz et al.,
2013). Instead, growing knowledge of ma-
rine dispersal suggests that reef fishes show
lower average dispersal distances than ex-
pected based on PLD (Jones et al., 2009). This
deviation is driven in part by local oceano-
graphic processes, and by natal homing and
habitat selectivity among larvae (Leis, 2006).
As such, bio-physical coupling of oceanic cur-
rents and larval behavior is currently regarded
as the primary determinant of dispersal pat-
terns (Jones et al., 2009).
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Figure 4.1: Ranges of the Hypoplectrus species considered in this study. H. puella, H. nigricans, and

H. unicolor occur throughout the Greater Caribbean (orange). H. gemma (light blue) is restricted to the Northern

Caribbean, and H. maya (dark blue) to a section of the Mesoamerican Barrier Reef System (MBRS) in Belize.

Inset: reports of H. maya from the literature (triangles) and the current study (circles, note that some of these
locations had been reported before). Distribution of pan-Caribbean hamlets extrapolated from the WCMC-008
Global Distribution of Coral Reefs (UNEP-WCMC et al., 2010).

While mean dispersal in reef fishes is of-
ten limited to the scale of tens of kilometers,
the potential for rare long-distance dispersal
events remains (Simpson et al., 2014). Con-
sequently, rates of microendemism are gen-
erally lower in marine fishes than in terres-
trial animals (Kay and Palumbi, 1987; Paulay
and Meyer, 2002).
ceptionally small ranges are generally found

Marine fishes with ex-

in the most isolated islands of habitat, or
in zones where circulation patterns lead to
a unidirectional transport of larvae towards
inhospitable habitat (Roberts et al., 2002).
Nonetheless, given the importance of local-
scale oceanography and behavior in deter-

mining reef-fish dispersal, marine microen-
demism might emerge without severe geo-
graphic isolation.

The Maya hamlet, Hypoplectrus maya (Ser-
ranidae), is a clear example of such microen-
demism without geographic isolation. This
reef fish was identified by PS. Lobel in the
coastal lagoon of the Mesoamerican Barrier
Reef System (MBRS) in Belize in 1993, and
thereafter variously referred to as the “Belize”
(Heemstra et al., 2002), "Belize Blue” (Ra-
mon et al., 2003) or "Mayan” (Smith et al.,
2003) hamlet. Domeier (1994) identified the
Maya hamlet as a population of the similarly-
colored blue hamlet, H. gemma, which oc-
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curs in Florida, Cuba, and the northern Yu-
catan (Aguila-Perera and Tuz-Sulub (2010);
Figure 4.1); however, based on the lack of
melanized upper and lower margins on the
caudal fin which are diagnostic of H. gemma,
Lobel (2011) described the Maya hamlet
The Maya
hamlet has been reported on the lagoon side
of the MBRS between Wee Wee Cay and the
Sapodilla Cays, corresponding to a range

(H. maya) as a distinct species.

of approximately 50 linear kilometers of reef
(though one vagrant individual was collected
northward in 2010 on the seaward reef wall
off Alligator Cay, (Lobel 2011; Figure 4.1).
This is an exceptionally small range consider-
ing that reef-fish distributions typically range
between 2000 and 13,000 km in the At-
lantic (Ruttenberg and Lester, 2015). As of
2003, the species was described as “common
and abundant” in the Pelican Cays and the
surrounding Rhomboidal Cays (Smith et al.,
2003). In particular, Lobel (2011) noted the
frequent occurrence of H. maya among man-
grove roots, suggesting an ecological speci-
ficity to the complex array of shallow coral
ridges and mangroves found within these
cays.

The restricted range of the Maya hamlet con-
trasts sharply with the pan-Caribbean barred
(H. puella), black (H. nigricans), and butter
(H. unicolor) hamlets, which are also found in
the coastal lagoon of the MBRS in Belize (Holt
et al. 2010; Figure 4.1). These species are
sympatric throughout most of their range, with
ongoing gene flow maintaining low levels of
genetic differentiation despite strong assorta-
tive mating (Puebla et al., 2007, 2014; Hench
et al., 2019).
cludes a total of 19 species that vary widely in

More broadly, the genus in-

range size and abundance (Holt et al., 2010).

It encompasses the entire continuum of ge-
nomic divergence, from species that are al-
most genetically identical (Barreto and Mc-
Cartney, 2008; Puebla et al., 2012a, 2014)
to well-diverged species (Victor, 2012; Tavera
and Acero, 2013).
less reproductively isolated from a behavioral

Hamlets are nonethe-

perspective through strong assortative mat-
ing (Fischer, 1980; Puebla et al., 2007; Bar-
reto and McCartney, 2008), and described as
valid species by ichthyologists (Lobel, 2011;
Victor, 2012; Tavera and Acero, 2013; Vic-
tor and Marks, 2018). We herein follow this
current, accepted nomenclature and consider
them species, even though reproductive isola-
tion is not always complete. In this regard we
note that the biological species concept does
not necessarily imply absolute isolation; many
species that are considered good species do
hybridize in nature, and hybridization also oc-
curs above the species level (Mallet, 2005).

Hamlets are very similar from an ecologi-
cal perspective (Whiteman and Gage, 2007;
Holt et al., 2008), yet the color patterns
that characterize the different species appear
to be ecologically relevant through crypsis
(Thresher, 1978; Fischer, 1980) and mimicry
(Randall and Randall, 1960; Thresher, 1978;
Puebla et al., 2007, 2018). It has been sug-
gested that speciation in the hamlets may be
driven by a combination of natural (Thresher,
1978; Puebla et al., 2007) and sexual (Puebla
et al., 2012a) selection, but it remains unclear
whether the hamlets diverged in full sympatry
or in allopatry followed by secondary contact
as suggested by Domeier (1994). Regardless,
the two-week planktonic larval stage of the
hamlets (Domeier, 1994), the occurrence of
hybrid spawnings in natural populations (Fis-
cher, 1980; Puebla et al., 2007; Barreto and
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McCartney, 2008; Puebla et al., 2012a), the
apparent lack of post-zygotic barriers between
species (Whiteman and Gage, 2007), the
identification of hybrid and backcrossed indi-
viduals in the field (Hench et al., 2019), and
the low levels of genetic differentiation among
sympatric species (McCartney et al., 2003; Ra-
mon et al., 2003; Puebla et al., 2012a) as
well as allopatric populations within species
(Puebla et al., 2008, 2009; Picq et al., 2016)
indicate that gene flow is pervasive among
Caribbean hamlets, in contrast to the genetic
isolation usually implied by microendemism.
Given the biogeographic disparity observed in
the hamlets, H. maya presents an ideal oppor-
tunity to understand the processes by which
marine microendemism might arise or persist

in the absence of geographic isolation.

The recent publication of a chromosome-
resolution reference genome for the hamlets
offers a new opportunity to understand the
evolution of marine microendemism from a
genomic perspective (Hench et al., 2019).
Here, we test whether H. maya represents
an evolutionarily distinct lineage from its
three sympatric pan-Caribbean congeners
(H. puella, H. nigricans, and H. unicolor) and
from the allopatric but phenotypically similar
species H. gemma. Considering the restricted
range of H. maya, we also test the hypothesis
that it may present genomic signatures of in-
breeding (in terms of nucleotide diversity, het-
erozygosity, coefficient of inbreeding, related-
ness and runs of homozygosity) relative to its
more widely distributed congeners. Following
the same line of thought, we then infer the de-
mographic histories of the five species using
Markovian Coalescent analyses of past effec-
tive population size (NV.). Finally, we estimate
the recent effective population size of H. maya

and discuss the potential causes and conse-

guences of microendemism in marine species.

Sampling

We considered whole genomes of 12 indi-
viduals each of H. puella, H. nigricans, and
H. unicolor from the Belize portion of the
MBRS, available from a previous study (Hench
et al., 2019). To this we added 10 H. maya
samples collected in Belize in May 2017 un-
der STRI IACUC protocol 2017-0101-2020-
2, Northeastern University IACUC protocol
17-0206R, and Belize Fisheries Department
permit 000026-17, as well as 5 H. gemma
samples collected in the Florida Keys in
July 2017 under the prior IACUC protocols,
NOAA ONMS permit 2017-042, and Florida
FWCC permit SAL-17-1890A-SR. Gill tissue
for sequencing was preserved in salt-saturated
DMSO buffer, and entire fish were preserved
in 10% formalin until accessioned and stored
as voucher specimens in 70-75% ethanol at
the Smithsonian National Museum of Na-
tional History (Suppl. Tab. 4.2).

Field Surveys

In Belize, H. maya surveys were carried out
opportunistically in May 2017 in the center
of the species’ known distribution (Figure 4.1;
Suppl. Fig. 4.1). Surveys targeted reef and
mangrove habitat, including the specific cays
where H. maya had been previously reported
(Domeier, 1994; Smith et al., 2003; Lobel,
2011). In the lotter case, snorkelers surveyed
all mangrove habitat encircling the cay and
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those interior ponds which were accessible by
boat. A combination of snorkeling (0-5 m)
and SCUBA diving (5-15 m) was moreover
used to haphazardly survey reef habitat on the
MBRS exterior wall, fringing reefs around cays,
and patch reefs within the lagoon.

Field surveys were also conducted in the
Florida Keys in July 2017 using 4 x 100 m
linear SCUBA transects to assess the densities
of H. gemma and all other hamlets, and to
evaluate whether densities and relative abun-
dances changed over the last 15 years (Suppl.
Fig. 4.2).
sects were compared to the yearly averages

Average densities over all tran-

from stationary surveys (15 m? diameter) con-
ducted throughout the Keys by the Florida Keys
Reef Visual Census, which took place in all
years between 2002 and 2016, except for

2013 and 2015 (Smith et al.,, 2011). To
test for changes in community composition

Suppl. Figure 4.1: Map of H. maya survey and
sampling locations within the Belize section of the
Mesoamerican Barrier Reef System. Locations sur-
veyed are marked by circles. Circle color denotes sites
at which H. maya was not observed (white), observed
(gray) or collected (blue). Available reef habitat (orange)
gathered from the WCMC-008 Global Distribution of
Coral Reefs (UNEP-WCMC et al., 2010).

over time, years were divided into two peri-
ods with equal sampling effort, 2002-2008
and 2009-2017. The dissimilarity of com-
munity compositioning was tested using PER-
MANOVA (Anderson, 2001) with 999 permu-
tations and the Bray-Curtis measure of eco-
logical distance, as implemented in the vegan
package in R (Oksanen et al., 2018).

Genotyping

Hypoplectrus gemma and H. maya genomic
DNA was extracted from gill tissue using a
Qiagen MagAttract High Molecular Weight
Kit and sequenced to a mean genome-wide
coverage of ~ 22X on an Illumina HiSeq
4000 (PE, 2x151) at the Institute of Clinical
Molecular Biology (IKMB) in Kiel, Germany

(Suppl.
quencing approach that was taken for the

Tab. 4.2), following the same se-
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Suppl. Figure 4.2: Map of H. gemma survey and sampling locations within the Florida Keys. Locations of

transects surveys are marked by circles. Circle color denotes sites at which H. gemma was not observed (white),
observed (gray) or collected (blue). Available reef habitat (orange) gathered from the WCMC-008 Global Distri-
bution of Coral Reefs (UNEP-WCMC et al., 2010). Inset shows location of sampling within the greater Caribbean.

H. puella, H. nigricans, and H. unicolor sam-
ples (Hench et al., 2019).
mapped to the H. puella reference genome
(Hench et al., 2019) using BWA v0.7.12 (Li
and Durbin, 2009), with an average mapping
efficiency of 97.24% for H. maya, 98.62% for
H. gemma, 99.16% for H. unicolor, 99.20%
for H. nigricans, and 99.21% for H. puella. All
samples considered in this study were geno-

Roaw reads were

typed together with a workflow adapted from
GATK Best Practices, with hard filters for qual-
ity control (Van der Auwera et al.,, 2013).
Specifically, reads were filtered to remove out-
liers in the ratio of Phred-scaled probability
of the genotype to sequencing depth (QD <
2.5), the Phred-scaled p-value from a Fisher's
Exact Test for strand bias (FS > 25.0), the
Strand Odds Ratio (SOR > 3.0), the root-
mean-squared mapping quality across sam-
ples (MQ < 58.0 or > 62.0) and the U-values
from rank-sum tests for differences in map-
ping quality (| MQRankSum| > 2.5) and vari-
ant position within read (|ReadPosRankSum |

> 2.5) in reference vs. alternate alleles.
Additional filtering with respect to minor al-
lele frequency and coverage was specific to
each analysis and mentioned explicitly when
applied. Two VCF data sets were gener-
ated: one including all (variant and invariant)
callable sites (555 379 974 sites, 2.5% miss-
ing data), and another including only bial-
lelic SNPs (11 419 868 sites, 0.4% missing
data). A phased data set was generated from
the biallelic VCF by using phase-informative

reads and SHAPEIT2 (Delaneau et al., 2013).

Population Genomics

To estimate the extent of physical linkage, ?
was calculated using VCFtools between all
pairs of SNPs with a minor allele frequency
greater than 10% in 200 randomly placed
windows of 30 kb each. Principal Compo-
nent Analysis (PCA) was performed using the
R package SNPRelate (Zheng et al., 2012).
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This analysis was conducted on all samples,
repeated considering the Belize samples only
(i,e. excluding H. gemma), and repeated
again in Belize considering a minimum dis-
tance of 15 kb between SNPs to minimize
the effect of linkage. Genome-wide differ-
entiation (Fst) was calculated for all pairs of
species using the weighted mean approach
implemented in VCFtools (Weir and Cocker-
ham, 1984). Fsr was also calculated in slid-
ing windows (50 kb window with 5 kb in-
crements) between H. maya and each other
species in order to explore the distribution of
differentiation across the genome. Heterozy-
gosity and inbreeding coefficient (F) were
calculated for each sample using VCFtools,
and the data set including all callable sites
was used to calculate nucleotide diversity (7)
in non-overlapping 10 kb windows for each
species using VCFtools (Danecek et al., 2011).
The data set including all callable sites was
also used to calculate absolute divergence
(dxy; Nei 1987) for each species pair in non-
overlapping 50 kb windows using popgenWin-
dows.py (Martin, 2016). Genome-wide abso-
lute divergence was then calculated by aver-
aging over the windows using the number of
SNPs as weights. Relatedness was calculated
between all pairs of individuals using the Max-
imum Likelihood Estimation (MLE) method im-
plemented in SNPRelate as well as the unad-
justed A;; statistic in VCFtools (Zheng et al.,
2012; Yang et al., 2010). Runs of homozy-
gosity (ROH) greater than 150 kb in length
were identified using PLINK and located in the
genome after filtering SNPs for a minor allele
frequency > 5% across all individuals (Purcell
et al., 2007). iHH12 (Torres et al., 2018) was
also calculated over the entire genome (50 kb
windows, 5 kb increments) using selscan (Sz-
piech and Hernandez, 2014) to look for signs

of recent positive selection.

Demographic Inference

Demographic history was inferred for each
species using the Multiple Sequentially Marko-
vian Coalescent (MSMC) v2.0.0 (Schiffels
and Durbin, 2014).
performed following https://github.com/

Data preparation was

stschiff/msmc-tools. Based on the recom-
mendations of Nadachowska-Brzyska et al.
(2016), variant sites were filtered for a min-
imum depth of 10X, and a maximum depth
of twice the individual’s mean depth. MSMC
inference may be affected by deviations from
neutrality caused by selection (Schrider et al.,
2016); as such, runs were repeated after ex-
cluding the regions above the 99.90" Fs; per-
centile identified in Hench et al. (2019). Each
MSMC run included 4 individuals, with the ex-
ception of 2 runs of 3 individuals in H. maya
(Suppl. Tab. 4.4).
cluded in only one MSMC analysis; repli-

Each individual was in-

cate runs are therefore independent sample-
wise. To explore the history of divergence
among species, we also considered the cross-
population coalescence rate, scaled relative to
the within-population coalescence rates (rel-
ative cross-coalescence rates, Schiffels and
Durbin 2014). Cross-coalescence rates were
inferred for the maximum possible number of
independent runs for each species pair, con-
sidering two individuals per species (four in-
dividuals per run). All MSMC runs were per-
formed with a time segmentation pattern of
1-24+25-1+1-2+1-3, and the average of
Watterson's estimator across input data sets,
0 = 2.55 % 1073. To explore whether the recent
demographic trends observed in MSMC were
an artifact of phasing switch errors, we also
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applied SMC++ v1.14.0, an extension of the
Sequentially Markovian Coalescent that does
not rely on phasing (Terhorst et al., 2017). A
single SMC+ + composite likelihood estimate
for each species was created from the product
of estimates across chromosomes, and across
each possible “distinguished individual” in a
species (see Terhorst et al. 2017). In both
MSMC and SMC+ +, the mutation rate was
set at u = 3.7 *x 1078, based on the closest
relative for which the value was known (Liu
et al., 2016). Generation times (that is, the
mean age of successfully reproducing individ-
uals) for hamlets are uncertain, but likely fall
between 1 and 3 years based on size, taxon-
omy, and habitat. Due to the resultant un-
certainty, time is presented in terms of gen-
erations, with potential years on a secondary

axis.

To complement estimates of past effective
population size (IV.), we used a novel whole-
genome implementation of recent N, esti-
mation based on linkage disequilibrium (Hill,
1981; Waples, 2006). We first used GATK to
subset the biallelic SNP set by species, then
selected sites with no missing genotype calls

Suppl. Figure 4.3: Density
of Hypoplectrus spp. on
Florida Keys coral reefs,
2000-2017. 2017 data

Hamlet species

B other were collected through lin-
H- gemma ear transects by the au-
. H. nigricans
H. puella thors. All other data (2002—

2016) gathered from sta-
tionary counts in the Florida

H. unicolor

Keys Reef Visual Census.
Note the decline in relative
abundance of H. gemma.

and minor allele counts > 2 (i.e. minor al-
lele frequency > 0.1 in H. maya). Each SNP
set was then randomly subset into 100 non-
overlapping sets, to which N, estimations were
applied independently. We utilized a new fea-
ture of the LD method in NeEstimator v2.1 (re-
leased December 2017), calculating N, based
on only interchromosomal comparisons (Do
et al., 2014). Confidence intervals were ob-
tained from the per-individual jackknife of
Jones et al. (2016), as well as the distribu-
tion of N. across the 100 SNP subsets. This
analysis was applied to all species except for
H. gemma due to the low sample size for this
species.

All scripts to reproduce our results from the
raw data are available at https://github.

com/benmoranll/hamlets_endemism.git.
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Suppl. Figure 4.4: Non-metric multidimensional scaling (NMDS) of Hypoplectrus spp. densities in the
Florida Keys, 2002-2017. Comparisons were drawn between surveys from 2002-2008 (blue circles) and 2009-
2017 (orange triangles). Species abbreviations (gray text) indicate directions in which each species drives the

ordination.

Field Surveys

Only two Maya hamlets were sighted in the
Pelican Cays and surrounding Rhomboidal
Cays where H. maya was described as “com-
mon and abundant” by Smith et al. (2003).
One individual was a juvenile found on the
reef flat adjacent to Little Cat Cay at a depth
of 1.5 m next to an Orbicella coral head.
The other individual was found in proximity
to a barrel sponge surrounded by Acropora
cervicornis rubble at a depth of 3 m in "Tu-
nicate Cove”, a honeycomb of coral ridges
adjacent to Cat Cay where Lobel (2011) col-
lected the holotype and eight paratypes over
seven years. In contrast, H. maya was the
most abundant hamlet species in the shallow
(1-5 m) A. cervicornis patch reefs near Laugh-
ing Bird Cay National Park, where the majority
of samples were collected for this study. Two
individuals were also sighted at a depth of 2
m on an Orbicella-dominated fringing reef in
Bread and Butter Cay (Suppl. Fig. 4.1).

In Florida, 27 non-overlapping transects were

conducted between Geiger Key and French
Reef, encompassing the majority of the range
surveyed by the FL Reef Visual Census (Key
Fig. 4.2). Total
mean density of hamlets in 2017 was 4.8 +
1.0 (SE) fish 1000 m2, while RVC estimates
in 2002-2016 fell between 2.5 and 4.5 fish
1000 m? (Suppl. Fig. 4.3).
munity composition changed significantly be-

West to Key Largo; Suppl.

Hamlet com-

tween the first and second half of the tempo-
Fig. 4.4, PERMANOVA
P = 0.002), with H. unicolor increasing in rel-

ral data set (Suppl.

ative abundance at the expense of H. gemma.
Between the two periods, mean H. gemma

densities declined by more than 50%, from

0.41 + 0.03 (SE) to 0.18 + 0.03 (SE) fish 1000

m'2.

Population Genomics

Our linkage analysis indicates that physical
linkage decays rapidly within 5 kb (Suppl.
Fig. 2). Genome-wide PCA showed clear clus-
tering of H. maya, H. gemma, and H. nigri-
cans, with partial overlap between H. puella

and H. unicolor (Figure 4.2a). Similar pat-
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Suppl. Figure 4.5: Decay in linkage disequilibrium with physical distance, estimated from 200 randomly
placed windows of 30 kb each. a) Location of the windows along the genome (note that for visualization pur-
poses the triangles exceed the actual extent of the windows). b) The shading of the hexagonal bins indicates the
log1o count for each combination of distance and r 2 values. Orange line: LOWESS (Locally Weighted Scatterplot
Smoothing) regression of a subset of the original data (the 5.9 - 10° pairwise comparisons were divided into 1.5
kb bins and 1000 pairwise LD values were sampled within each bin, providing a subset of 20 - 10® pairwise
comparisons that were used for smoothing). Physical linkage decays rapidly within 5 kb.

terns were obtained when considering only
SNPs > 15 kb apart to minimize physical link-
age (Suppl. Fig. 4.6).
ferentiation was greatest between H. maya

Genome-wide dif-

and H. gemma (Fs; = 0.060), lowest be-
tween H. puella and H. unicolor, (Fst = 0.004),
and intermediate for the other species pairs
(Fst 0.014 — 0.040; Table 4.1). Sliding-
window analysis revealed heterogeneous pat-

terns of differentiation between H. maya and
the four other species, with an accumu-

lation of differentiation on linkage groups
(LGs) 8 and 9 (likely due to large inver-
sions, Hench et al. 2019) and a number
of sharp peaks, some of which were re-
peated across different species comparisons
(Suppl. Fig. 4.7q).
above the 99.99%" Fs; percentile in compar-

The genomic regions

isons involving H. maya are highlighted in
Suppl. Fig. 4.7 and the genes found within
these regions are listed in Suppl. Tab. 4.3.

Table 4.1: Estimates of genome-wide differentiation and divergence among the Hypoplectrus species considered

in this study; Fst above the diagonal, and dyy below.

Species | H. gemma H. maya H. nigricans H. puella  H. unicolor
H. gemma — 0.060 0.040 0.037 0.033
H. maya | 0.00379 — 0.039 0.026 0.028
H. nigricans | 0.00378 0.00360 — 0.016 0.014
H. puella | 0.00379 0.00357  0.00360 — 0.004
H. unicolor | 0.00379 0.00360  0.00361 0.00359 —
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Figure 4.2: Population genomics of five Hypoplectrus species. a) Principal Component Analysis (PCA) based
on whole genome data from all individuals in this study. Proportion of explained variance for the first two PCs
listed on axes. b) Runs of Homozygosity (ROH) > 150 kb in each individual. The total number of ROH with length
> 150 kb is plotted against the summed length of those ROH. ¢) Genome-wide Maximum Likelihood Estimation
(MLE) of relatedness between all pairs of samples. d) Heterozygosity, calculated genome-wide for each individual.
e) Inbreeding coefficient F, calculated genome-wide for each individual. Central bars represent median values,
and boxes 25™ — 75™ percentile intervals. Whiskers show data within 1.5 x interquartile range, and dots are
outliers beyond this range.
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Suppl. Figure 4.6: Principal Component Analysis (PCA) based on whole genome data from Belize sam-

ples only (i.e. excluding H. gemma). Proportion of explained variance for the first two PCs listed on axes. a)
PCA based on the entire data set. b) PCA based on filtered SNP set with a miniumim distance of 15 kb between

individual SNPs to limit the effect of linkage.

Heterozygosity was depressed in H. maya
0.162) relative to other Be-
0.169 - 0.173)
0.181; Fig-
ure 4.2d). Nucleotide diversity was also low-
est in H. maya (median 7 = 0.0047 versus
0.0049 — 0.0053 in other species), but the
difference was small relative to the variation

(median

lizean hamlets (median

and to H. gemma (median

among 10 kb windows (Suppl. Fig. 4.8). For
both maximum likelihood estimates and Ay,
mean relatedness was highest in H. gemma
(mean MLEr =0.012, A;;, = 0.054), followed
by H. maya (mean MLE r = 0.008, A;;, =
0.032) and the other Belizean hamlet species
(mean MLE » =0, A, = -0.011 - 0.003 Fig-
Fig. 4.9).
lier was observed between two H. maya indi-

ure 4.2¢, Suppl. A positive out-
viduals, suggesting inbreeding beyond back-
ground relatedness (MLE » = 0.041, A, =
0.093; Figure 4.2¢, Suppl. Fig. 4.9).
breeding in H. maya was also suggested by

In-

the higher inbreeding coefficients observed in
this species (median F' = 0.068) relative to
the other Belizean species (median F' = 0.008
— 0.030, Figure 4.2¢, note that this includes
H. unicolor which is rare in Belize) as well as
the markedly higher number of runs of ho-
mozygosity > 150 kb in H. maya relative to
other species (Figure 4.2b). The ROH were
located all over the genome, indicating that
the higher prevalence of ROH in H. maya is
a genome-wide phenomenon. Nevertheless,
ROH were disproportionately represented on
LG2, LG9 and LG12, matching the Fsr pat-
terns (Suppl. Fig. 4.7b). This result was con-
firmed by the integrated haplotype homozy-
gosity pooled (iHH12, Torres et al. 2018,
Suppl. Fig. 4.7¢c), which is often used to detect
signs of recent positive selection and thereby
suggests that selection is also playing a role

in these regions. The blue hamlet showed

negative inbreeding coefficients (median
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0.040), yet this result should be interpreted
with caution due to the low sample size for this
species (n = 5).

Demographic Inference

We used MSMC to identify demographic
trends leading to current biogeographic pat-
terns. The most ancient and two most re-
cent time segments provided highly incon-
sistent N, estimates within species (Suppl.
Fig. 4.10) and were therefore not consid-
ered, since this suggests unreliable inference
All

species presented very similar trends earlier

(S. Schiffels, personal communication).

than 3000 generations before present (gbp),
suggesting that they diverged only recently
(Figure 4.3).
2000 gbp, H. maya N, decreased continu-

Following an expansion until

ously to a minimum of 12000 at 290 gbp
(Figure 4.3). The H. gemma and H. nigricans

Years

1-3 kya

i

l

Effective Population Size

10-

populations also decreased beginning 2000
gbp, but rebounded to a final N, of 50000
and 100000 + 15000 (mean + SE across
H. nigricans runs), respectively. In contrast,
H. puella and H. unicolor N, increased to fi-
nal values of 120000 + 18000 and 110000
+ 13000, respectively (Figure 4.3). SMC+ +
analysis, which does not rely on phasing, con-
firmed that these general trends were not due
Fig. 4.12).
Though the heuristic calculation of time points
limited SMC++ inference to 103-10° gbp,
we nonetheless observed a population ex-

to phasing switch errors (Suppl.

pansion beginning 10* gbp in all species,
a sharp decline in H. maya, and a limited
decline in H. gemma (Suppl. Fig. 4.12).
The most notable differences in the SMC+ +
results were large N, fluctuations between
10° and 10 gbp and a shift towards older
times for the beginning of the declines in
H. maya and H. gemma (Suppl. Fig. 4.12).

Before Present

30 kya 100-300 kya

H. gemma == H. maya w—— H. nigricans

H. puella H. unicolor

104 10°

Generations Before Present

Figure 4.3: MSMC inference of effective population size over time in the five species. Each analysis is

based on 3-4 genomes and each genome is used in only one analysis. All estimates are scaled with a per-site

mutation rate = 3.7-1078. The most ancient and two most recent time segments are omitted due to unreliable

inference (see text).
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0.015

0.010 Suppl. Figure 4.8: Distribution of nucleotide di-
versity (7) in the five species considered in this
= study, calculated in non-overlapping 10 kb win-

0.005 dows across all individuals in a population. Outlier
windows are not shown. Central bars represent me-
dian values, and boxes 25" — 75! percentile intervals.

0.000 . & . Whiskers show data within 1.5 x interquartile range.
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Suppl. Figure 4.10: Raw MSMC estimates of effective population size over time in the five species considered

in this study.
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Suppl. Figure 4.11: MSMC estimates without masking of 99.90" percentile Fgy peaks, as identified in Hench
et al. (2019).
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For both analyses, results were qualitatively
identical with and without the most diverged
genomic regions that are likely under selection
(Suppl. Fig. 4.10; Suppl. Fig. 4.11; Suppl.
Fig. 4.12).

The cross-coalescence results indicate that
H. gemma diverged from the other species
within ~ 6000 gbp, followed by H. nigricans
(~ 5000 gbp) and H. maya (~ 3000 gbp,
Figure 4.4). The barred and butter ham-
lets appear to have diverged even more re-
cently (~ 2000 gbp), yet these results should
be interpreted with caution due to ongoing
gene flow between these two species in Be-
lize (Hench et al. 2019, which may explain
the observed cross-coalescence rates > 1.0).
Relative cross-coalescence was > 0.01 in all
comparisons until < 500 gbp, and remained
> 0.05 throughout inference in two H. puella—
H. unicolor runs (Figure 4.4). As such, MSMC
relative cross-coalescence supports other evi-
dence of ongoing gene flow within the genus,
especially between H. puella and H. unicolor.

For the estimation of recent N, quality fil-
ters left 3,296,967 suitable variant sites in
H. maya, which were split into 100 non-
overlapping data sets. Median estimated N,
was 1584 individuals, with a minimum of
1002, and a maximum of 9478 (Figure 4.5).
Based on the Jones et al. (2016) jackknife
variance method, NeEstimator estimated that
the effective degrees of freedom associated
with the 100 subsets ranged from 229647
to 532857; jackknife 95% confidence inter-
vals had lower bounds between 277 and 528,
and a consistent upper bound of infinity (Fig-
ure 4.5). In contrast, the 100 replicates pro-
vided an empirical 95% Cl of 1073 — 4426 ef-
fective individuals (Figure 4.5). All 100 analy-

ses for H. puella, H. unicolor and H. nigricans
produced N, point estimates, as well as lower
and upper confidence bounds, of infinity.

Our data confirm that H. maya represents a
rare case of microendemism in reef fishes.
From the moment of its scientific documenta-
tion, this species was confused with the phe-
notypically similar H. gemma of the northern
Caribbean (Domeier, 1994). The diagnostic
color pattern used to describe the new species
and distinguish it from H. gemma (absence of
black margins on the caudal fin, Lobel 2011)
is only found within the MBRS; however, such
characteristics are strained as taxonomic iden-
tifiers in the hamlets, where intermediate phe-
notypes, polymorphism, and regional vari-
ants of described species are frequently ob-
served. In particular, black margins on the
caudal fin are polymorphic within other ham-
let species and populations (O. Puebla, per-
sonal observation). As such, we sought first
to establish the status of H. maya as a distinct
evolutionary unit. Our analyses demonstrate
that H. maya and H. gemma are distinct evo-
lutionary lineages, despite their phenotypic
similarity. In fact, whole-genome differenti-
ation between these two species is markedly
higher than any other allopatric or sympatric
comparison within this study, and H. maya is
also differentiated from the other three sym-
patric pan-Caribbean hamlets (Table 4.1; Fig-
ure 4.2). The Maya hamlet can therefore be
considered a separate species, so far as the
biological species concept applies to the low
differentiation and ongoing gene flow regime
within Hypoplectrus.

~ 104 -



Chapter 4

=~
D a ~
—
/ N' 2
104 —— A= 8%
o
— = o
©
z
[
N
n
c
.2
599
>
Q
o
- /—\\
2 S ,, ™~
g / 7 /
2L g
= — /,’X_\,/ c
4 3
10 a
N 3
o
H. gemma = H. maya = H. nigricans
H. puella H. unicolor
10°
10° 10* 10°

Generations Before Present

Suppl. Figure 4.12: SMC++ estimates of effective population sizes over time in the five Hypoplectrus
species considered in this study. Inference was repeated with (top) and without (bottom) masking of 99.90"

percentile Fg7 peaks, as identified in Hench et al. (2019).

Years Before Present ( X 103)

2-6 4-12 6-18 2-6 4-12 6-18
H. gemma H. maya

2.5

0 — H. maya H. puella H. puella

’ = H. nigricans H. unicolor H. unicolor

1.5

1.0
° ——
Bos —
g —_

=

qc) 0.0
@
o} H. nigricans H. puella
0 25
S
é = H. maya H. unicolor H. unicolor
o 20 H. puell
2
S . puella

1.5

1.0

— 1
0.5 E
0.0 —
2000 4000 6000 2000 4000 6000

Generations Before Present

Figure 4.4: MSMC cross-coalescence inference of divergence times between all pairs of species. Each
line represents an independent run including 2 individuals from each species. Panel headers identify the
first species in the comparison, and colors the second. All estimates are scaled with a per-site mutation rate
p = 3.7+ 1078, In a given time interval, a relative cross-coalescence rate of 1 (dashed line) indicates totally

shared ancestry, and a rate of 0 indicates no shared ancestry.

- 105 -



Chapter 4

10000 N

30

<

[ )
* ot
3000 ° ® e o 3
o0 <
..0. .. (] .. o .‘00
g °° . % % o ‘ 0o *° ~.O°'00 *
z R UAF IR S ) *."" . -
~00. 0.0.'... &> 4 ° —_
1000 > ® e ° ‘et X
)
<

300

The Evolution of Microendemism

Considering the restricted distribution of
H. maya and its recent divergence, it provides
a rare window into the evolution of marine mi-
croendemism. The heterogeneous landscape
of genomic differentiation between H. maya
and other Hypoplectrus species suggests that
H. maya evolved under the effect of selection
and may be locally adapted (Suppl. Fig. 4.7).
Some of the highly differentiated regions evi-
denced here have been previously identified,
and include genes involved in vision (rorb) and
pigmentation (sox10) that may play a role in
reproductive isolation through visually-based
assortative mating (Hench et al., 2019). We
also note the presence of a sharp peak of
differentiation on LGO7 centered on the an-
drogen receptor (AR) gene, which, although
not above the 99.99™ Fs percentile, is con-
sistently and exclusively observed in compar-
isons involving H. maya (Suppl. Fig. 4.7q). A
iHH12 signal was also observed at this locus
(Suppl. Fig. 4.7c), suggesting that it is under
positive selection. Androgens are involved in
the development of sex-specific traits, includ-
ing vision (Shao et al., 2014) and pigmenta-
tion (Lindsay et al., 2011). It remains to be
shown whether this is the case in the ham-

Figure 4.5: Estimates of H. maya recent effective

population size from inter-chromosomal LD among

100 non-overlapping SNP subsets. N. point esti-

mates (black points) are ordered by effective degrees
of freedom (blue line) inferred from the individual-wise
jackknife procedure of Jones et al. (2016). Correspond-
ing N, 95% Cls (orange shading) extend to positive
infinity in all estimates. Empirical 95% Cl is denoted
by dashed horizontal lines. Both vertical axes are log-
scaled.

lets, which have a very specific simultaneously
hermaphroditic mating system whereby indi-
viduals reciprocally trade eggs for fertilization
(Fischer, 1980).

All measures point to reduced genomic di-
versity and increased inbreeding in H. maya
relative to pan-Caribbean congeners (Fig-
ure 4.2). The Maya hamlet shows decreased
heterozygosity, higher inbreeding coefficients,
and more runs of homozygosity than sym-
patric congeners, as expected following a bot-
tleneck or ongoing population decline (Nei
et al., 1975; Frankham, 1998).
to the three pan-Caribbean species, back-

In contrast

ground levels of relatedness are also > 0
in H. maya. Furthermore, we identified one
pair of Maya hamlets that are much more
related than background levels (r = 0.041,
which corresponds to the level of relatedness
that is expected between second cousins with
a most recent common ancestor 3 genera-
tions ago; Wright 1922; Figure 4.2). These
individuals were collected 34 km apart, at
opposite ends of the sampling area, which
is within the estimated dispersal potential of
Belizean hamlets across three generations
(Puebla et al., 2012b). Median nucleotide di-
versity was also 4-12% lower in H. maya than
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congeners (Suppl. Fig. 4.8). This difference
may appear small, particularly in compari-
son to observed 7 in other taxa: H. maya
nucleotide diversity is ~ 2 times higher than
that observed in Ficedula flycatchers, and ~ 6
times higher than that in humans (Primmer
et al., 2002; International SNP Map Work-
ing Group, 2001). This high diversity is ex-
pected within the framework of high marine
effective population sizes, and is concordant
with our inferred demographies: the ham-
lets experienced a pre-divergence bottleneck
of N, =~ 30 x 10* (Figure 4.3), as opposed
to 20 x 10* and 1 x 10* in flycatchers and
humans, respectively (Nadachowska-Brzyska
et al., 2016; Li and Durbin, 2011).

We note that H. gemma presents striking pop-
ulation genomic patterns, with higher levels
of heterozygosity and background related-
ness, and lower (negative) inbreeding coeffi-
cients relative to the four other species (Fig-
ure 4.2). We suggest that the high heterozy-
gosity and apparent outbreeding observed in
this species may be associated with the mix-
ing of two lineages, from the Gulf of Mexico
and Caribbean, in the Florida Keys (Ramon
et al., 2003). As for the high levels of relat-
edness, they may be due to the ongoing de-
cline of H. gemma populations in the Florida
Keys documented by the transect data (Suppl.
Fig. 4.3; Suppl. Fig. 4.4). We nevertheless
reiterate caution with these hypotheses since
they rely on only five H. gemma.

The analysis of present-day diversity and di-
vergence is complemented by an understand-
ing of the historical population dynamics in
which they arose. Our approach allowed us to
infer Hypoplectrus demographic histories up
to < 300 generations before present, with a
likely historical range of ~ 300 — 900 years

ago (Figure 4.3). Regardless of uncertainty
in Hypoplectrus generation times, inference
provided clear support for widely divergent
demographic trends in H. maya, beginning
near the last glacial maximum. While pan-
Caribbean species began a growth trajectory
ending with effective population sizes around
100000, H. maya began a monotonic de-
crease to N, = 12000. In contrast, H. gemma
N, declined to ~ 30000, and rebounded to
~ 50000. The divergent trajectories of these
taxa provide further support for their evolu-
tionary distinction. Cross-coalescence rates,
too, support the developing picture of Hy-
poplectrus as an ongoing speciation event.
Our analyses suggest four independent di-
vergence windows, all falling during or after
Ex-
tended gene flow is also suggested by this

the last glacial maximum (Figure 4.4).

coalescent approach, with gene flow continu-
ing into the current millennium in all lineages,
and ongoing between H. puella and H. uni-
color, the species pair between which high-
probability hybrid and back-crossed individ-
uals have been previously identified (Hench
et al., 2019). An explicit analysis of the his-
tory of gene flow—which may be complex—is
beyond the scope of this study, and we note
that the decrease in N, inferred in H. maya
may also be interpreted in terms of a decrease
in gene flow from other hamlet species and
populations. Regardless, given the recent di-
vergence of H. maya, it is likely that it arose
within the MBRS and is thereby neoendemic
to this area.

Recent Effective Population Size

The estimation of recent effective population
size from linkage disequilibrium using whole-

- 107 -



Chapter 4

genome data has been limited by the compu-
tational scale of the necessary number of pair-
wise comparisons, as well as physical linkage,
which decreases the effective degrees of free-
dom presented by each pair of loci (Waples
et al., 2016). To eliminate bias due to physi-
cal linkage, we considered only interchromo-
somal comparisons. The remaining effects of
non-independence among pairwise compar-
isons of loci were accounted for by the per-
individual jackknife procedure of Jones et al.
(2016), which calculates "effective degrees of
freedom” and corresponding confidence in-
tervals. In addition, we leveraged the scale
of our data set to calculate N, estimates from
100 non-overlapping sets of markers, allow-
ing an empirical evaluation of uncertainty in
our estimate. These replicates display much
less uncertainty than the jackknife confidence
intervals would suggest; though no finite up-
per bounds could be placed on the jackknife
Cls, 95% of our estimates fell between ~ 1000
to 4500 (Figure 4.5). Simulation-based analy-
sis of pseudo-replication in genomic-scale LD
data sets suggests that the Jones et al. (2016)
jackknife confidence interval generally under-
estimates precision in LDNe, and that subset-
ting loci provides a more realistic assessment.
On the other hand, genetic indices (like 72
for unlinked loci) that reflect very recent de-
mography are sensitive to the pedigree struc-
ture of the individuals in the sample. Replicat-
ing across many subsets of loci, all generated
by the same pedigree, will not capture uncer-
tainty associated with differences between the
pedigree structure of the sample and the pedi-
gree structure of the population as a whole
(King et al., 2018). This argues for some cau-
tion in interpreting Cls for estimates of Ne for
the hamlets, all of which are based on small

samples of individuals. Nonetheless, given

the order of magnitude of the IV, estimates,
this does not change our interpretation of the
H. maya population as orders of magnitude
smaller than its size at the beginning of speci-
ation, including a tenfold reduction within the
last few hundred generations.

Our recent N, estimate of ~ 1600 contrasts
with the rarity of H. maya in the field and its
restricted distribution. Considering the dra-
matic decline of H. maya in the Pelican and
surrounding Rhomboidal Cays within the last
two decades documented here, this number
may nevertheless be inflated by much higher
effective population sizes just a few genera-
tions ago. It is also possible that H. maya
N, is still affected by gene flow from pan-
Caribbean hamlets, or that the population
center of H. maya may not be in the Peli-
can and surrounding Rhomboidal Cays but
around Laughing Bird Cay and further south,
beyond the area surveyed here. Though effec-
tive population sizes as low as 500 were origi-
nally theorized as stable from a mutation-drift
equilibrium perspective, the body of empirical
evidence suggests that sizes of 1000-5000 are
likely necessary to maintain fitness in perpetu-
ity (Lande, 1995; Frankham et al., 2014). As
such, we suggest that the past and present ef-
fective population size of H. maya is by itself
sufficient cause for concern regarding its long-

term survival.

Our data also support the disparity in effec-
tive population size between H. maya and its
congeners. N, estimation for H. gemma was
not possible due to the low sample size for
this species (n=>5, which is below the validated
range for LD-based estimation). Such a lim-
itation is unfortunate given the recent decline
in H. gemma census population reported here,
and a renewed effort to estimate this species’
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N, is advised. In other species, though, infi-
nite N, estimates were obtained with a larger
sample size (n = 12) than in H. maya (n =
10), which indicates that the pan-Caribbean
species’ N, can be reliably inferred as ‘'much
larger’ than that of H. maya. This is com-
patible with a previous Approximate Bayesian
Computation estimate of N, of ~ 15000 for
H. nigricans on the BBR, an order of magni-
tude higher than our H. maya estimate (Puebla
et al., 2012b).

Microendemism in the MBRS

While the case of the Maya hamlet is remark-
able, it is not unique. Twelve fish species are
known to be endemic to the Belize section
of the MBRS and the adjacent Honduran Bay
Islands, representing over 20% of those en-
demic to the continental Caribbean (Floeter
et al. 2008; Robertson and Van Tassell 2015;
Suppl. Tab. 4.1). Similar levels of microen-
demism are found among invertebrates (RUt-
zler et al., 2000; Miloslavich et al., 2010). In
the MBRS, the endemic fishes are distributed
variably between the landward lagoon, the
seaward barrier wall, and the associated atolls
(Lobel et al., 2009). This high level of mi-
croendemism may be due in part to the in-
tense sampling and exploration of the south-
ern MBRS (Miloslavich et al., 2010). Yet anal-
ogous cases of microendemism have been
documented in the less intensively sampled
Indo-Pacific (Allen et al., 2018b,a), suggest-
ing that such patterns may be more prevalent
among reef-fish communities than previously
recognized. Should broader sampling reveal
similar concentrations of microendemics else-
where in the Caribbean, in particular among
small cryptobenthic fishes or in the mesophotic

zone, the question of the underlying evolution-

ary processes will become even more press-

ing.

In accordance with the recognition of ocean
currents as a limiting factor in marine disper-
sal (Jones et al., 2009), we suggest that lo-
cal oceanography may be a primary cause
of high microendemism in the MBRS. Drifters
and numerical models have identified a sys-
tem of temporally varioble eddies that oc-
cur along the Belizean MBRS. Areas south of
Glover’s Reef (~ 16.75° N) experience slow,
invariant transport to the south, while those
found at or north of this point experience
variable transport dependent on the season:
transport may be rapidly southward, or weakly
northwestward (Ezer et al., 2005; Tang et al.,
2006). Particles (e.g. planktonic larvae) which
are transported southward either encounter
the interior MBRS lagoon and the Honduran
Bay Islands, or are carried into a gyre within
the Gulf of Honduras (Richardson, 2005; Paris
et al., 2007). Of the 12 species endemic to
the MBRS and southward Honduran islands,
ten have northward boundaries at Carrie Bow
Cay and Glover’s Reef (Floeter et al., 2008;
Robertson and Van Tassell, 2015). D’Aloia
et al. (2015) estimated the dispersal kernel
of one of these endemics (Elacatinus lori) at
the proposed oceanographic divide, and re-
covered an isotropic kernel of extremely small
dispersal range. Such a pattern is consistent
with an oceanographic limitation to range ex-
pansion, so long as these species originated in
the southern MBRS under the current oceano-
graphic regime. Multiple independent esti-
mates of these species kernels across their en-
tire range, extending the work of D’Aloia et al.
(2015), could shed further light on this hypoth-

esis.
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The case of the Maya hamlet is remarkable
in that it is currently sympatric with congeners
in terms of both distribution and microhab-
itat.
croendemism in reef fishes, which show either

This contrasts with other cases of mi-

allopatry or habitat divergence (Allen et al.,
2018b,a). Though H. maya overlaps in habi-
tat with sympatric congeners, it may differ
in its habitat specificity. Our qualitative ob-
servations indicate that H. maya is strongly
associated with shallow (1-3 m) reef habi-
tat.
from the Pelican Cays as of 2017, coinciding

The Maya hamlet was nearly extirpated

with the degradation of shallow coral com-
munities on the Cays’ characteristics polyg-
onal ridges (O. Puebla and B. Moran, per-
sonal observation). In contrast, H. maya was
the dominant hamlet species on the shallow
reefs west of Laughing Bird Cay, which har-
bored high coverage of A. cervicornis (O.
Puebla and B. Moran, personal observation).
Specialist adaptation to shallow A. cervicornis
reefs would provide another explanation for
the long-term N, decline of H. maya inferred
by our MSMC analyses, given the geological
history of their range. The cays of the south-
ern MBRS lagoon began as Pleistocene lime-
stone surfaces, which were submerged by sea-
level rise after the last glacial maximum (Mac-
intyre et al., 2000). Acropora cervicornis colo-
nized this substrate, growing towards the sur-
face at a rate of up to 8 m/1000 years (West-
phall, 1986; Macintyre et al., 2000; Aron-
son et al., 2002). Where reef accretion out-
paced sea level rise, the reef crest was colo-
nized by the shallow-specialist coral Porites di-
varicata, and later red mangrove (Rhizophora
mangle) trees (Neumann, 1985; Macintyre
et al., 2000). The MBRS lagoon thus repre-
sents a non-equilibrium habitat in relative iso-

lation, presenting the exceptional opportunity

for reduced gene flow with outside popula-
tions, unfilled niches, and founder effects. If
H. maya is indeed an A. cervicornis special-
ist that appeared in the mid-Holocene as in-
ferred by our MSMC analyses, ecological suc-
cession after the last glacial maximum would
have created a long-term natural decline in
habitat availability throughout its existence.
This, combined with a relatively short PLD of
14-22 days (Domeier, 1994) and the afore-
mentioned oceanographic characteristics of
the southern MBRS, may explain this case of
micro-endemism and a long-term decline of
H. maya. The generality of such forces could
be tested in other cases of microendemism,
both in geographically distinct cases within
Hypoplectrus (Victor and Marks, 2018) and
in phylogenetically distinct cases within the
MBRS.

Microendemism and Extinction

Species with small ranges are particularly vul-
nerable to extinction, due to a combination
of low total population size and increased
threat presented by local extirpations (Gaston,
1998). This risk is further elevated in the case
of ecological specialists, which exhibit a syn-
ergistic combination of lower population den-
sities and lower tolerance to change (Munday,
2004). While H. maya population declines
predated human influence, the reduction in
habitat available to H. maya was likely accel-
erated in the last century by the drastic decline
in Caribbean corals, and acroporids in partic-
ular. This trend of reef degradation is largely
attributable to coral disease outbreaks (Aron-
son and Precht, 2001), coastal development
(Murray, 2007), decline of herbivorous fishes
and invertebrates (Hughes, 1994), and ocean
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warming (Aronson et al., 2000). The MBRS
lagoon, in particular, is currently threatened
by clear-cutting of mangroves and dredging
of shallow patch reefs to increase land val-
ues for real estate and touristic development
(McKee and Vervaeke, 2009). Furthermore,
the invasive lionfish constitutes a direct threat
to the Maya hamlet and other Caribbean mi-
croendemic fishes (Rocha et al., 2015). Such
a combination of stressors provides a plausi-
ble explanation for the recent reduction of the
H. maya population evidenced here by both
genetic data and field surveys. Likewise, the
recent decline in H. gemma evidenced by tran-
sect surveys (Suppl. Fig. 4.3) coincides with
the loss of Florida Keys reef communities to
disease and warming (Precht et al., 2016).
Collection by the aquarium trade may also
play a role in the case of H. gemma, given the
popularity of this species among public and
private aquarists (O. Puebla and B. Moran,
personal observation). Given the exception-
ally small range of H. maya, its rarity, its long-
term and recent decline in population size, its
strong association with A. cervicornis and the
ongoing degradation of its habitat, the per-
sistence of this recently-diverged species is in
jeopardy. The case of the Maya hamlet shows
that the evolution of marine microendemism
can be a fast and dynamic process, with ex-
tinction possibly occurring before speciation is
complete.
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Suppl. Table 4.1: List of species considered endemic to the Belize Barrier Reef (BBR) System and Honduran
Bay Islands (HBI). All data retrieved from IUCN Red List website on 14 November 2018. CBC = Carrie Bow
Cay, AOO = estimated Area of Occupancy (km?), DD = Data Deficient, LC = Least Concern, VU = Vulnerable,

EN = Endangered.

Species Family Known Range AOO Status
Cathorops belizensis Ariidae Mangroves near Belize City 2.5 DD
Sanopus astrifer Batrachoididae  Turneffe Atoll and Glover’s Reef 700 VU
Sanopus greenfieldorum  Batrachoididae CBC to South Water Cay 705 VU
Vladicthys gloverensis  Batrachoididae Turneffe Atoll to HBI 813 VU
Hypoplectrus maya Serranidae South Water Cay to Sapodilla Cays 1483 VU
Halichoeres socialis Labridae BBR Lagoon, esp. Pelican Cays 24 EN
Emblemariopsis dianae  Chaenopsidae Pelican Cays 2 DD
Emblemariopsis pricei  Chaenopsidae BBR to HBI [ \
Tomicodon clarkei Gobiesocidae Carrie Bow Cay 2 DD
Tomicodon lavettsmithi ~ Gobiesocidae Pelican Cays and Twin Cays 2234 DD
Elacatinus lori Gobiidae CBC to HBI 3341 LC
Psilotris amblyrhynchus Gobiidae CBC to Puerto Cortes, HN 2037 DD
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Suppl. Table 4.2: Metadata and accession numbers of the new samples considered in this study. Mean genome-

wide coverage assessed from BAM files prior to GATK genotyping. Accession numbers presented for raw reads in

European Nucleotide Archive (ENA), for tissue samples in the Smithsonian National Museum of Natural History

Biorepository (Tissue), and for voucher specimens deposited in the NMNH vertebrate collection (Voucher).

ID Species Site Date Lat. Lon. Cov. ENA Tissue Voucher
PL17_89 H. maya Belize 2017-04-07 16.660 -88.185 19.845 ERS2899590 AHOSC11 446507
PL17_95 H. maya Belize 2017-04-08 16.771 -88.164 24.183 ERS2899591 AHOSC16 446512
PL17_101 H. maya Belize 2017-04-06 16.771 -88.164 17.290 ERS2899592 AHOSC09 446518
PL17_119  H. maya Belize 2017-04-13 16.487 -88.272 20.625 ERS2899593 AHOSC38 446535
PL17_ 120  H. maya Belize 2017-04-14 16.487 -88.272 19.317 ERS2899594 AHOSC39 446536
PL17 121 H. maya Belize 2017-04-15 16.487 -88.272 18.465 ERS2899595 AHOSC40 446537
PL17_122  H. maya Belize 2017-04-16 16.487 -88.272 26.143  ERS2899596 AHOSC41 446538
PL17_123  H. maya Belize 2017-04-17 16.510 -88.255 20.546  ERS2899597 AHOSC42 446539
PL17_124  H. maya Belize 2017-04-18 16.510 -88.255 21.769  ERS2899598 AHOSC43 446540
PL17 126  H. maya Belize 2017-04-19 16.510 -88.255 21.336 ERS2899599 AHOSC45 446542
PL17_142 H.gemma Florida 2017-07-08 24.806 -80.677 22.668 ERS2899137 AHOSC97 446558
PL17_144 H.gemma Florida 2017-07-09 24.812 -80.670 26.630 ERS2899138 AHOSC99 446560
PL17_145 H.gemma Florida 2017-07-09 24.812 -80.670 21.917 ERS2899139 AHOSDOO 446561
PL17_148 H.gemma Florida 2017-07-11 24.769 -80.728 21.157 ERS2899140 AHOSD03 446564
PL17_153 H.gemma Florida 2017-07-13 24.807 -80.677 24.3975 ERS2899141 AHOSDO7 446568

Suppl. Table 4.3: Fs1 outlier regions (above 99.99" Fyr percentile) across all pairwise species comparisons

that include H. maya. Start and End correspond to the positions along linkage groups (chromsomomes) in bp,

Comparisons to the number of pairwise comparisons in which this interval is identified as an outlier (above

99.99" Fgr percentile), and Genes fo the number of annotated genes found within these regions (listed in the

rightmost column).

LG Nr Start End .Compar- Genes Genes
isons (n) (n) (names)
hbegf, rufy1, hnrnph1, ankhd1,
LG04 1 8780001 8845000 1 7 higd2a, cha, pdlim7
LGO8 1 12980001 13040000 1 2 rorb, semaéb
ssbp3, tkbp8, ell2, dot1l,
LGO8 2 13545001 13660000 1 9 amh, hpvlg...11406, oazlaq,
pragl, hpvlg...11409
LGO9 1 17835001 17915000 1 5 hpv1g...12847, kenj12, sox10,
rnaseh2a, mast]
ren, csf1, hpvlg...15947,
LG12 1 15045001 15130000 2 5 eif2d, slc]2a5
slc12a5, rhbg-a, rbm39, epabp-a,
LG12 2 15140001 15215000 2 12 143b1, ogn, smim4, kctd6, hpvlg...15957,
abhdé, slmap, cers5
LG12 3 20190001 20255000 2 1 casz1
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Suppl. Table 4.4: Sample ID and coverage for all effective popu-
lation size (MSMC) and cross-coalescence (CC) analyses.

Species MSMCRun CCRun ID Coverage

PL17 119  18.2060
PL17_120 17.0390
PL17 122 23.1169
PL17 123 18.0826
PL17 121  16.0652

H. maya PLI7 124  19.2426
PL17 126 18.8595
PL17 89  17.6444
PL17 95  21.5546
PL17 101 15.2245
PLT7 142 21.3610
PL17 144  25.3755

H. gemma -

PL17 145 20.5592
PL17_153 22.8527

18159 20.0515
18162 16.5132
18165 20.955
18187 22.5938
18151 19.7292
18157 21.0023
18158 19.5513
18185 23.2919
18153 20.9889
18155 19.3689
18156 23.5517
18171 23.8413

H. nigricans

18161 16.5969
18166 21.6082
18174 22.5343
18179 20.1783
18152 21.1712
18176 25.2119

H. puella 18178 19.7819
18180 19.5115
18154 22.2604
18169 17.7687
18172 20.8912
18175 20.2601
19881 20.7515
20120 27.3212
20128 19.9119
20135 19.0213
18163 21.4329
. 18267 25.1234
H. unicolor

18276 21.1962
20126 20.0994
18261 19.7475
18274 22.0874
20092 21.4006
20149 20.5865

QO OWNIAMOOCNRAE—=W—=0O0OO0NWWRAR—=00ONAE—="=DNNOCWWLWORIAOO—_OUON—==N=-="NMAMMWNOGO—=WWL

WWWWNNNN—=—=—==IWDWOWWNDNNN—=—=—==WDWWWNNNN—=—= === =2 =2 a9 WQWWNDNN—=—= = —
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Suppl. Table 4.5: Software versions used in this study.

Software Version
bcftools 1.9
bedtools 2.26.0-148-gd1953bb
BWA 0.7.12-r1039
extractPIRs 1.r68.x86_64
FastQC 0.11.7
GATK 3.8.0-ge9d806836
htslib 1.9
MSMC 2.0.0
msmc-tools  12758d9283f47fee173eab840c3ce3b64cbeb3495
NeEstimator 2.1
NextFlow 0.31.1
PGDSpider 2.1.1.3
Picard Tools 2.11.0-SNAPSHOT
PLINK v1.90b4 64-bit
R 3.5.1
samtools 1.9
SHAPEIT 2.r837
SMC+ + 1.14.0
vcftools 0.1.15
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Chapter 5

Adaptive radiation, the evolutionary process whereby a lineage diversifies over a short pe-
riod of time, is an important source of biological diversity (Schluter, 2000). While substan-
tial progress has been made in our understanding of the ecological contexts that provide
opportunity for radiation, how this potential is realized from a genetic perspective remains
largely unknown (Berner and Salzburger, 2015). The hamlets, a group of reef fishes from the
wider Caribbean that radiated into a stunning diversity of color patterns, provide a compelling
backdrop to investigate how genomes diverge during the earliest stages of adaptive radiation.
Cross-coalescence analyses based on a dataset of 170 genomes representing 28 species pairs
suggest that the radiation is very recent. At the lowest levels of genome-wide differentiation,
genetic differentiation (Fsr) is restricted to a few narrow genomic intervals. Contrary to a
central prediction of the genic view of speciation (Wu, 2001; Wu and Ting, 2004), these inter-
vals do not expand as species differentiate. Background levels of differentiation rise instead.
Genetic divergence (dxy) remains largely dominated by ancestral variation, except again at
a few narrow genomic regions. These genomic intervals are associated with specific compo-
nents of color pattern variation (bars, marks, color) that form the basis of phenotypic variation
in the group. Together our data reveal a modular genetic basis of radiation whereby phe-
notypic diversity is generated by different combinations of ancestral alleles at these loci. We
suggest that such a modular genetic basis of diversification may underlie a variety of adaptive
radiations on land, in freshwater and in the sea.

Keywords: adaptive radiation, genomic bases, genetic differentiation, genetic divergence,
genomic architecture, Hypoplectrus.

ation develops, and to do so at much shal-

lower levels of differentiation than previous

studies (in e.g. sunflowers (Renaut et al.,
The Genomic Architecture of Differ- 2013), Heliconius butterflies (Kronforst et al.,
2013), Ficedula flycatchers (Burrietal., 2015),
Darwin’s finches (Han et al., 2017) or mon-
keyflowers (Stankowski et al., 2019), Suppl.
Caribbean hamlets encompass extremely low Fig. 5.1). In line with previous analyses of
levels of genetic differentiation, with genome-  three hamlet species (Hench et al., 2019),
wide Fsr between pairs of sympatric species sharp peaks (so-called ‘islands’ (Turner et al.,
ranging from < 0.003 to 0.1 (Figure 5.1, 2005)) of differentiation are observed at the
Suppl. Tab. 5.7). This low and continuous |owest levels of genome-wide differentiation
range of differentiation provides a rare win- (Syppl.  Fig. 5.2). Yet contrary to a cen-
dow into the earliest genomic stages of adap-  tral prediction of the genic view of speciation
tive radiation. It notably allows us to describe (W, 2001; Wu and Ting, 2004), these peaks

how the genomic architecture of species dif- do not expand as species differentiate. Their
ferences evolves as genome-wide differenti-

entiation and Divergence
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Figure 5.1: Genome-wide differentiation (Fs7) and divergence (dxy) among pairs of sympatric species.

a, the 28 pairs of sympatric species considered in this study, numbered in order of increasing genome-wide

differentiation. N = 10-13 genomes per species and location. b, genetic differentiation (weighted mean Fsr,

dark colors) and divergence (mean dxvy, light colors) between species pairs, averaged over non-overlapping

50 kb windows along the genome. dot: mean, bar: median, box: quartiles, vertical line: outermost data points

within 1.5 x the interquartile range from the quartiles.

number does not increase substantially either,
with <6 peaks with Fis7>0.7 per species pair
throughout the entire continuum. What hap-
pens instead is that background levels of dif-

Hamlets I]]— n: 28 *
Heliconius! —EI]— n: 3 w
Finches T ——— n: 14 4
Flycatchers —:D— n: 8 &
oid,
Monkeyflowers —:I:'— n: 36 <A
\J‘ )
2
Sunflowers?2 —ED— n: 4 §%&

0.0 0.5 1.0
Genome-wide differentiation (mean Fgy)

1: median of 5kb windows on autosomes
2: based on transcriptomes

ferentiation rise. This process can be dissected
by considering the genomic regions that ex-
ceed arbitrarily chosen Fgp thresholds in the
28 species pairs (Figure 5.2). The number and

Suppl. Figure 5.1: Fsr range covered by this ver-
sus previous studies on the evolution of genomic ar-
chitecture. From top to bottom: this study (Hypoplec-
trus), Heliconius butterflies (Kronforst et al., 2013),
Darwin’s finches (Camarhynchus, Geospiza, Pinarolox-
ias and Platyspiza)(Han et al., 2017), Ficedula fly-
catchers (Burri et al., 2015), monkeyflowers (Mimu-
lus)(Stankowski et al., 2019) and wild sunflowers (He-
lianthus) (Renaut et al., 2013). Bar: median, box: quar-
tiles, horizontal line: outermost data points within 1.5 x
the interquartile range from the quartiles. n: number of
species pairs considered.
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Suppl. Figure 5.2: Genetic differentiation (Fs7) between pairs of sympatric species. The 28 pairs of sym-
patric species are shown, in order of increasing genome-wide differentiation. Vertical lines delineate the 24
linkage groups (chromosomes). The grey bar in the background indicates the genome-wide (weighted mean)
Fsr of the respective pairwise comparison (scale at the bottom).
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Suppl. Figure 5.3: Genetic differentiation (Fs1) vs. population recombination rate (p). Relationship be-
tween differentiation and population recombination rate in the 28 pairs of sympatric species, in order of increas-
ing whole-genome differentiation. The slope and correlation coefficient (R?) between the two variables tend
to increase (in absolute value) as species get more differentiated, with higher differentiation in regions of low
recombination. Analysis based on 50-kb windows.
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Suppl. Figure 5.4: Whole-genome patterns. The alternating white and grey blocks represent the 24 linkage
groups (chromosomes). All statistics are calculated over 50 kb sliding-windows with 5 kb increments unless
stated otherwise. a, joint differentiation (Fs7) among the 14 samples (species/location). The red vertical lines
highlight regions above the 99.8!" Fs1 percentile. b, divergence (dxy) between one pair of sympatric species (H.
nigricans-H. puella from Panama). A similar pattern is observed in all species pairs (Suppl. Fig. 5.5). ¢, diversity
(m) of one sample (H. unicolor from Panama). A similar pattern is observed in all species (Suppl. Fig. 5.6). d,
population recombination rate (p), calculated over non-overlapping 50 kb windows (loess smoothing in red).
e, A dxy (maz(dxy) — min(dxy) among the 28 pairs). f, g, topology weighting for Belize and Honduras,
respectively, along non-overlapping 200 SNP windows. The different colors correspond to different topologies
and the white horizontal line indicates the null weighting (i.e. all topologies equally likely). h, i, j, Genotype x
Phenotype association for bars, dark saddle on the caudal peduncle and spot on the snout, respectively.

average length of these regions initially in- this process is initiated from low Fsr values
crease as species differentiate. As they keep (i.e. from the left in Figure 5.2), indicating
expanding they start fusing with each other, that it is really background levels of differen-
resulting in a reduction in their number, un- tiation that increase. The fact that differentia-
til they span entire chromosomes. Importantly tion peaks do not expand as species differenti-
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ate indicates that divergence hitchhiking (Via,
2009; Feder and Nosil, 2010) does not play
the prominent role implied by the genic view
of speciation in the hamlets. This finding is
consistent with the rapid decay of genetic link-
age along chromosomes that is observed in
this group (Hench et al., 2019; Moran et al.,
2019).

It is also noteworthy that at the lower end
of the differentiation continuum, differentia-
tion is largely independent from recombina-
tion rate (Suppl. Fig. 5.3 a, top row). In
particular, highly differentiated regions are
not located in low recombining regions. We
nonetheless capture the onset of the effect of
recombination, with differentiation accumu-
lating disproportionately in regions of low re-
combination as species differentiate (Suppl.
Fig. 5.3). This effect is particularly strong in
a large section of linkage group (chromo-
some) 8, which we had previously identified
as a low-recombining region on the basis of
high-density linkage mapping and de novo
genome assembly (Theodosiou et al., 2016;
Hench et al., 2019) (Suppl. Fig. 5.4 a, d).

Genetic differentiation captures changes in
allele frequency but not sequence diver-
gence specifically. Caribbean hamlets also
present low levels of genetic divergence, with
genome-wide dxy between pairs of sym-
Tab. 5.1).
Yet genome-wide divergence does not in-

patric species <0.005 (Suppl.

crease along the differentiation continuum
(Figure 5.1, Suppl. Fig. 5.5), indicating that
divergence is largely driven by ancestral vari-
ation. This interpretation is supported by the
observation that divergence between species
pairs is almost exactly equal to diversity within
species (R? of the linear regression between

the two = 0.955 - 0.996 across all species
pairs, Suppl. Fig. 5.4 b, ¢). Considering the
theoretical expectation for divergence (Gille-
spie and Langley, 1979)

E(dxy) = Tane + 20T (5.1)
where 74,. is ancestral diversity, 1 mutation
rate and T divergence time, dxy reduces to
m when T approaches zero. Divergence is
also generally elevated in the chromosome
peripheries where recombination rate tends
to be higher (Suppl. Fig. 5.4 b, d). This is
likely an effect of the recombination landscape
that shaped ancestral variation, resulting in
higher diversity in regions of high recombina-
tion (Suppl. Fig. 5.4 d, Suppl. Fig. 5.7). In
order to filter out the effect of ancestral di-
versity from the divergence signal, we con-
sidered the range of variation in divergence
among species pairs, which we defined as
A dxy = max(dxy) — min(dxy) among the
28 pairs. This statistic varied markedly along
the genome (Suppl. Fig. 5.4 €), paralleling in
large parts patterns of genetic differentiation
(Suppl. Fig. 5.4 a) and indicating that the se-
lection regime varies among species at these
loci.

In sum, the genomic origins of adaptive ra-
diation in the hamlets are characterized by
low levels of differentiation and divergence ex-
cept at a few narrow genomic intervals, an in-
crease in background levels of differentiation
but not divergence, and an effect of recombi-
nation that is clear on diversity (and thereby
divergence) but still weak on differentiation.
In this latter respect our results contrast with
previous studies conducted across higher lev-
Fig. 5.1) that
report a marked effect of recombination on

els of differentiation (Suppl.
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Suppl. Figure 5.5: Genetic divergence (dxy) between pairs of sympatric species. The 28 pairs of sympatric
species (Figure 5.1 a) are shown. The grey bar in the background indicates the genome-wide mean dxy of
the respective pairwise comparison (scale at the bottom). The genome-wide patterns are similar in all pairs of
sympatric species. Analysis based on 50-kb windows.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Genomic position/ Genome wide Tt

Suppl. Figure 5.6: Genetic diversity (7). Genome-wide patterns of diversity in the 14 samples (species/popu-
lations). The grey bar in the background indicates the genome-wide (mean) 7 of the respective sample (scale at
the bottom). The genome-wide patterns are similar in all species/populations.
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Suppl. Figure 5.7: Genetic diversity (7) vs. population recombination rate (p). Relationship between diver-

sity and population recombination rate in the 14 samples (species/population). The patterns are similar in all

species/populations, with an increase in diversity in regions of high recombination. Analysis based on 50-kb

windows.

differentiation (Renaut et al., 2013; Kronforst
et al., 2013; Burri et al., 2015; Han et al.,
2017; Stankowski et al., 2019).
less, the accumulation of differentiation in

Neverthe-

low-recombining regions builds up quickly.
Differentiation peaks that stand out clearly
at the lowest levels of differentiation become
swamped when genome-wide differentiation

is still below 0.1 and before any genome-wide
divergence develops.

Recent Radiation, old Variation

In order to get a broader perspective on the
process of adaptive radiation in the ham-
lets, we inferred the demographic histories
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of all samples (species/populations) using
the multiple sequentially Markovian coales-
cent (MSMC) (Schiffels and Durbin, 2014).
The results suggest that hamlets started to di-
verge less than 10,000 generations ago (Fig-
ure 5.3). The MSMC analyses also indicate
that historical effective population sizes are
high in the hamlets (in the order of 10* —
105, Figure 5.3a), which provides the oppor-
tunity for the accumulation of standing ge-
netic variation though mutation. Furthermore,
the genus Hypoplectrus appears much older
than the radiation (McCartney et al., 2003).
An old lineage/recent radiation scenario is
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consistent with the stronger effect of recom-
bination rate on diversity and divergence than
on differentiation that we report here. Alter-
natively, gene flow among sympatric species
may have been high enough to erase the sig-
nature of older demographic events through-
out the genome, except at a few narrow ge-
nomic intervals that would be resistant to gene
flow. Such demographic events could be com-
plex and involve several cycles of ‘fission-
fusion-fission’ (Marques et al., 2019). It would
nonetheless take extensive gene flow to com-
pletely obliterate the mark of such older de-
mographic events considering that our MSMC

————
H. gummigutta == H. indigo H. maya
H. puella H. randallorum H. unicolor
Global weighted Fsr
[
0.025 0.050 0.075
10* 10°

Generations Before Present

Figure 5.3: Demographic inference. a, inferred history of effective population size. Each line is based on 3-4

genomes from one species/population, with each genome used in only one analysis. b, cross-coalescence rates

for the 28 pairs of sympatric species, colour-coded by genome-wide Fsr. Each line represents an independent

run based on two genomes from two sympatric species (total four), with each genome used in only one analysis.

A cross-coalescence rate of 1 indicates completely shared ancestry, and a rate of 0 indicates no shared ancestry.

All estimates are scaled with a per-site mutation rate ;1 = 3.7 x 1078, The most ancient and two most recent time

segments are omitted due to unreliable inference at these extremes.
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analyses are based on blocks of common an-
cestry along the entire genome (Schiffels and
Durbin, 2014).

Genetic Bases of Phenotypic Diver-

sification

The young age of the hamlet radiation pro-
vides a backdrop to identify the genomic in-
tervals associated with phenotypic diversifi-
cation before the signal gets swamped by
the accumulation of differentiation in low-
recombining regions. Given the low levels
of divergence and ongoing gene flow ob-
served in the Caribbean hamlets (Hench et al.,
2019), the phylogeny of the group is not ex-
pected to be well resolved and this is exactly
what we observe (Suppl. Fig. 5.8). Neverthe-

less, a whole-genome bifurcating tree is not

an appropriate representation of the data at
these early genomic stages of adaptive radi-
ation that are highly reticulated (Mallet et al.,
2016). Yet if the phylogenies of specific ge-
nomic intervals do sort individuals by pheno-
type, these are likely to be functionally sig-
nificant. We used topology weighting by it-
erative sampling of subtrees (Martin and Van
Belleghem, 2017) to dissect the phylogenetic
signal along the genome. As expected, this
approach failed to identify a leading topol-
ogy at most 200 SNP (Single Nucleotide Poly-
morphism) windows throughout the genome.
Nevertheless, it revealed a number of topol-
ogy weighting peaks that match peaks of dif-
ferentiation and A dxy (Suppl. Fig. 5.4 1, g).
For example, in Belize, the topologies in which
H. indigo and H. maya - the two blue hamlet
species - are sister species dominate a nar-

row region on linkage group 4 (Figure 5.4 a),

Species
H. aberrans —— H. nigricans
H. floridae —— H. puella
H. gummigutta H. randallorum
—— H. indigo H. unicolor
H. maya
Location
. Belize . Panama
. Honduras . Florida
Node support
0.00 0.25 0.50 0.75 1.00

Suppl. Figure 5.8: Whole-genome phylogeny. The phylogeny is rooted with H. floridae from Florida, which is

part of the Gulf of Mexico clade. The tips are color-coded by species and the internal nodes are color-coded with

respect to bootstrap support. Note that although the phylogeny is sorted with respect to geography, the three

locations Belize, Honduras and Panama do not represent monophyletic groups.
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Figure 5.4: Close-up on three genomic regions of interest. The a, b, ¢ panels correspond to the A, B, C

regions highlighted in Suppl.

Fig. 5.4. The x axis shows the position on the respective linkage group (in Mb),

with regions above the 99.8"" Fg7 percentile highlighted in light grey. The sub-panels correspond (from top to
bottom) to the gene annotation, the log-transformed p value of the Genotype X Phenotype association, genetic

differentiation (Fsr), genetic divergence (dxy) and A dxy (max(dxy)

—min(dxy) among the 28 pairs of sym-

patric species), color-coded by genome-wide Fsr. All these statistics are calculated in 50 kb sliding-windows
with 5 kb increments. The last three sub-panels show the topology weighting for Belize, with particular sets of
topologies highlighted. These correspond to the topologies in which the two blue species (H. indigo and H. maya)
are sister species (blue), in which the two species with vertical bars (H. indigo and H. puella) are sister species
(red), and in which H. unicolor is singled out without a sister species (yellow). Note that the y scale varies between
panels for Genotype X Phenotype association, Fsr, dxy and A dxy.

while two other regions on linkage group 12
are dominated by topologies grouping the two
hamlet species that display vertical bars (H. in-
digo and H. puella, Figure 5.4 b, c).

In order to further explore the association be-
tween genetic variation and specific compo-
nents of color pattern, we scored all individual
samples for the presence or absence of verti-

cal bars, saddle mark on the caudal peduncle
and spot on the snout (Suppl. Fig. 5.9). These
traits were chosen because they are poly-
morphic and can be scored unambiguously.
Genotype x Phenotype (G x P) association
analysis revealed a strong association be-
tween the presence or absence of vertical bars

and genetic variation in a narrow genomic in-
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H.aberrans

Species -
P H. floridae |:| H.indigo

Trait
Peduncle
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H.gummigutta

H.maya H.unicolor

D H.puella
. H.nigricans

H.randallorum

Suppl. Figure 5.9: Phenotype overview. Distribution of the three binary phenotypes: vertical bars, saddle on

caudal peduncle and spot on the snout. Note that these traits can also be polymorphic within species.

terval on linkage group 12 that is also a major
differentiation, A dyxy and topology weighting
peak (Suppl. Fig. 5.4 h). Associations with the
other two traits were more diffuse, but here
again association peaks emerged, notably on
linkage group 12 for the saddle mark and
on linkage group 4 for the snout spot (Suppl.
Fig. 5.4 1,j).

The combination of differentiation, A dxy,
topology weighting and G x P analysis al-
lows us to start dissecting the genetic bases
of phenotypic diversification in the hamlets.
The clearest signal was observed in a nar-
row region of linkage group 12 that shows
a strong association with the presence or ab-
sence of vertical bars (B in Suppl. Fig. 5.4).
The 13 pairs of sympatric species that include
one species with vertical bars and one without
present high differentiation and divergence at
this locus, while the 15 species pairs that in-
clude two species with bars or two species

without bars do not (Figure 5.4 b). In line

with this pattern, the region is dominated by
topologies in which the two hamlets with ver-
tical bars are sister species. This locus, which
we had previously identified (Hench et al.,
2019), is centered on caszl (Figure 5.4 b).
This gene encodes a castor zinc finger tran-
scription factor that is involved in a number of
processes through development, including the
development of photoreceptors in mice (Mat-
tar et al., 2015, 2018). A role in vision is
also likely in the hamlets since casz1 is strongly
and consistently expressed in the retinal tissue
(Hench et al., 2019). The strong association
with vertical bars that we report here suggests
that casz1, or a locus in close proximity, might
also be involved in patterning. This possibility
is significant from an evolutionary perspective
as it would result in a genetic coupling be-
tween vision and pigmentation, which would
facilitate the evolution of reproductive isola-
tion though visually-based assortative mating
that we observe in the hamlets. This is remi-
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niscent of the optix locus in Heliconius butter-
flies that controls red wing pattern variation
(Reed et al., 2011), is expressed in the optic
lobe of pupal Heliconius (Martin et al., 2014),
and falls within a major quantitative trait locus
responsible for visually-based assortative mat-
ing (Merrill et al., 2019). Alternatively, casz1
may be involved in vision only and the associ-
ation with vertical bars may be a by-product of
differences among species in their perception.

Our data also provide new insights into the
hoxca gene cluster on linkage group 12.
In line with our preliminary analyses (Hench
et al.,, 2019), we observe a strong associa-
tion between variation at the hoxc13a locus
and the presence or absence of a saddle mark
on the caudal peduncle (Figure 5.4 c), which
is characteristic of the butter hamlet (H. uni-
color). The pairs of sympatric species that are
most differentiated at this locus include H. uni-
color, and the region is dominated by topolo-
gies that single out the butter hamlet. In addi-
tion, we observe a secondary association with
vertical bars between hoxc8a and hoxclla.
Hox genes play an important role in pattern-
ing tissues along the body axis, and have been
shown to be involved in color pattern devel-
opment in insects (Jeong et al., 2006; Saenko
et al., 2011) and vertebrates (Poelstra et al.,
2015). They are arranged and expressed in
a sequence that follows the body axis, with 3’
genes expressed anteriorly and 5’ genes pos-
teriorly (Carroll et al., 2005). This pattern is
consistent with our results as hoxc13a is the
most 5’ gene of the hoxca cluster, the sad-
dle on the caudal peduncle is the most pos-
terior mark in the hamlets, and hoxc13a is
known to be expressed in the caudal peduncle
and at the pigment appearance stage in fishes
(Thummel et al., 2004; Jakovli¢ and Wang,

2016). Vertical bars, on the other hand, are
anterior to the saddle mark and the hoxc8-
11a genes are on the 3’ side of hoxc13a.

Other loci are associated with color variation.
This is for example the case for a narrow re-
gion of linkage group 4 that is centered on
the cdx1 gene and dominated by topologies
grouping together the two species that are
blue (Figure 5.4 ¢). Similarly, we have pre-
viously shown that black hamlets are differ-
entiated at the sox10 gene on linkage group
9 that is involved in melanism in zebrafish
(Dutton et al., 20071; Elworthy et al., 2003;
Hench et al., 2019). A list of all the genes
found in the 18 genomic regions above the
99.8" Fgr percentile is presented in Suppl.
Tab. 5.2 and includes a number of genes
that are involved in pigmentation/skin devel-
tmem79, mafb, kitlg) and vi-
sion/ photoreceptor development (e.g. grk7a,
rab8a, slc12a5).

opment (e.g.

The genomic origins of adaptive radiation ap-
pear largely independent from genomic archi-
tecture in the hamlets. Different loci through-
out the genome are associated with different
components of color pattern variation (bars,
marks, color) that form the basis of phenotypic
variation in the group. This suggests a modu-
lar genetic basis of radiation whereby pheno-
typic diversity is generated by different combi-
nations of alleles at these loci. Such a mod-
ular genetic basis of diversification has been
documented in Heliconius butterflies (Van Bel-
leghem et al., 2017) and may underlie a va-
riety of adaptive radiations generally.
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The Origins of Adaptive Radiation

The buildup of standing genetic variation
through a history of high effective popula-
tion size provides the genomic substrate for
phenotypic diversification. Hamlets live on
coral reefs, a highly visual environment. They
are predators that feed on small invertebrates
and fishes (Randall, 1967; Whiteman et al.,
2007) but are not particularly specialized and
compete with a number of other specialized
and generalist fishes on the reef (Thresher,
1978). Furthermore, they are themselves prey
to larger visual predators such as groupers. In
this context, any variation in color pattern that
contributes to improve their hunting efficiency
or survival is expected to be strongly selected
for. Several hamlets have been proposed to
be aggressive mimics, whereby their resem-
blance in color pattern with other reef fishes
that are more abundant and non-predatory
improve their ability to approach and attack
their prey (Randall, 1968; Thresher, 1978;
Puebla et al.,, 2007, 2018). The vertical
bars of the barred and indigo hamlets have
also been suggested to be cryptic in spe-
cific reef environments (Thresher, 1978; Fis-
cher, 1980aq).
is the evolution of reproductive isolation be-

The other important aspect
tween color types. In this respect the si-
multaneously hermaphroditic mating system
of the hamlets (Fischer, 1980b) provides a
strong source of sexual selection through mu-
tual mate choice that is expected to facilitate
the evolution of assortative mating (Puebla
et al., 2012). We suggest that adaptive radi-
ation in the hamlets is driven by the combina-
tion of high standing genetic variation, strong
selection on color pattern, a modular genetic
basis of this trait and a mating system that is
conducive to the evolution of reproductive iso-

lation between color morphs, and that these
conditions may be common denominators to
a variety of adaptive radiations on land, in
freshwater and in the sea.

Conceptualization, K.H., O.P and W.O.M,;
Methodology, K.H. and O.P; Investigation,
K.H. and O.P; Software, K.H; Data Curation,
K.H.; Visualization, K.H.; Writing — Original
Draft, K.H. and O.P; Writing — Review & Edit-
ing, K.H. and O.P; Funding Acquisition, O.P.
and W.O.M.; Resources, O.P; Supervision,
O.P

The authors declare they have no competing
interests.

All raw sequencing data are deposited at the
European Nucleotide Archive (ENA, project
accession number PRIEB35459), individual
sample accession numbers are provided in
Suppl. Tab. 5.3. Genotypes, phenotypes and
population genetic results are deposited on
dryad (doi: 10.5061/dryad.280gb5mmt).

- 139 -


https://www.ebi.ac.uk/ena/data/search?query=PRJEB35459
https://doi.org/10.5061/dryad.280gb5mmt

Chapter 5

Software Versions, Parameter Set-
tings and Scripts

Software versions and parameter settings
were omitted from the text for readability; soft-
ware versions are instead listed at the end
of the Methods section.

managed using nextflow (Di Tommaso ef al.,

Data analysis was

2017). The workflows used to produce our re-
sults from raw data to figures are provided in
the accompanying repository (accessible from
the links highlighted in grey, repository, doc-
umentation, hereafter git).

Sequencing

This study is based on a total of 170 genomes
that include 167 hamlets and three outgroups
(2 x Serranus tortugarum and 1 x Serranus
tabacarius). Fifty genomes are new to this
study, 110 are from (Hench et al., 2019) and
10 from (Moran et al., 2019). All new tissue
samples were available from previous studies
(Puebla et al., 2007, 2012), except for sam-
ple #28393 which was collected in 2017 in Bo-
cas del Toro (Panama) under the Smithsonian
Tropcial Research Institute IACUC protocol
2017-0101-2020-2, the Panamanian Min-
istry of Environment permits SC/A-53-16 and
SEX/A-35-17, and the Access and Benefit-
sharing Clearing-House identifier ABSCH-
IRCC-PA-241203-1.
tracted from gill tissue using Qiagen MagA-
ttract High Molecular Weight kits.
were prepared and sequenced by Novogene

Genomic DNA was ex-
Libraries

and the Institute of Clinical Molecular Biology
(Kiel University) on an lllumina HiSeq 4000

(PE, 2x151) to a mean sequencing depth of
17 x.

Variant Calling

All the samples considered in this study were
genotyped jointly and anew. The variant call-
ing procedure was adapted from the best
practice recommendations for the GATK work-
flow (McKenna et al., 2010) provided by the
Broad Institute (DePristo et al., 2011; Van der
Auwera ef al., 2013). The general workflow
is presented below and the exact parameters
used for each step are provided in git 1.1 -
1.17 & 2.1 - 2.7. GATK was used to trans-
form the sequences from fq to uBAM for-
mat, assign read groups and mark adapters
(git 1.2 — 1.4).
back-transformed to fq format using GATK,

The sequences were then

mapped to the hamlet reference genome us-
ing BWA (Li and Durbin, 2009) and merged
with the uBAM files containing the read group
information again with GATK (git 1.5). Dupli-
cated reads were removed (git 1.6) and geno-
type likelihoods were called for each individ-
val (git 1.9) and then merged for all sam-
ples (git 1.10).
type likelihoods from all samples, all individ-

Then, based on the geno-

uals were genotyped jointly. This step was
duplicated to create two variants of the data
set (git 1.11/2.4): a lightweight version with
variant sites only (SNPs only, git 1.10) and
a full version including every callable site -
even invariant ones - to calculate m and dyy
(all BP, git 2.4).
the raw genotypes and hard-filtered with re-

SNPs were extracted from

spect to quality and missing data (git 1.14/2.6
& 2.7). The SNPs only data set was also fil-
tered for a minor allele count > 2 and reduced
to bialleic SNPs only using VCFtools (Danecek
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et al., 2011) (git 1.14). In preparation of the
phasing, the SNPs only data set was subset
by LG and phase-informative reads were ex-
tracted based on the original alignments and
the SNPs (git 1.15). Finally, genotypes were
phased with SHAPEIT (Delaneau et al., 2012)
(git 1.16 & 1.17).

Population Genetic Statistics

Unless stated otherwise, statistics were com-
puted over 50 kb sliding-windows with 5 kb in-
crements for genome-wide displays and over
10 kb windows with 1 kb increments for close-
up plots. These two resolutions are referred to
as broad scale and fine scale, respectively.

Fsr. Genetic differentiation was computed
from the SNPs only data set with VCFtools, fol-
lowing Weir & Cockerham (Weir and Cock-
erham, 1984) and using the weighted mean.
It was calculated at both resolutions for each
species pair within each location (git 3.9), as
well as among all samples (species/ location)
jointly (git 3.7).

dxy. Genetic divergence (Nei, 1987) was
computed from the all BP data set at both
resolutions. The data were reformatted to a
custom genotype format and divergence was
computed using popgenWindows.py (Martin,

2016) (git 4.3 - 4.9).

A dxy. This statistic, computed at both resolu-
tions, was defined as the range of divergence
among pairs of sympatric species: A dyy =
mazx(dxy) — min(dxy) among the 28 pairs.

. Nucleotide diversity was based on the all
BP data set and computed with VCFiools. It
was calculated for each population at both
resolutions (git 4.19).

G Xx P. Genotype x Phenotype associ-
ations were based on the SNPs only data
set and estimated using a linear model with
GEMMA (Zhou and Stephens, 2012). The
data set was transformed to the plink for-
mat using VCFtools and plink (Purcell et al.,
2007) (git 3.11 & 3.12). G x P association
was calculated on a SNP basis for the pres-
ence/ absence of three phenotypic traits: ver-
tical bars, saddle mark on the caudal pedun-
cle and sport on the snout (git 3.17). The re-
sults were averaged over windows at both res-
olutions (git 3.20). Note that Wald-test p val-
ues were —logy transformed before averag-
ing, so —logio(p) is reported for every window.
GEMMA was also run under the linear mixed
model, which provided similar results.

p. Population recombination rate was esti-
mated using the machine learning R package
FastEPRR (Gao ef al., 2016). It was based on
the SNPs only data set considering all sam-
ples (except outgroups) and calculated within
non-overlapping windows of 50 kb using 250

parallel jobs (git 6.4 - 6.11).

H,. Observed heterozygosity was estimated
from the all BP data set on an individual basis.
For each genome, allele counts were recorded
using VCFtools and re-coded as (0 = homozy-
gous, 1 = heterozygous) using bash (git 7.2).
Heterozygosity was then averaged over non-
overlapping 50 kb windows using R (git 7.3).

De-
mographic history was inferred using the

N. and cross-coalescence rate.

multiple sequentially Markovian coalescent
method implemented in MSMC2 (Schiffels
and Durbin, 2014). This analysis was based
on the phased SNPs only data set, which was
prepared following the MSMC2 authors rec-
ommendations (Schiffels, 2014) as detailed in
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(Moran et al., 2019). This included mask-
ing the data on the basis of mappability to
the reference genome and the occurrence of
indels. The data were also filtered with re-
spect to coverage for each individual (between
10x and twice the individual mean cover-
age, git 8.10). Individuals from each species
and location were randomly grouped into sets
of 4 or 3, with each individual included in
only one set (git 8.12), and individual masks
were combined to create the MSMC2 input
files (git 8.16 & 8.21). Individuals were also
grouped for the cross-coalescence rate anal-
ysis, with each group containing two individ-
uals of each species for all pairs of sympatric
species. Here, each individual was assigned
to only one group for each species pair, but re-
used across species pairs. All MSMC2 analy-
ses were run with a time segmentation pattern
of 1-2+425-1+1-2+1-3, and the average
of Watterson’s estimator across input data sets
() =2.55-1073, git 8.18 & 8.23).

The whole-
genome phylogeny was based on the SNPs

Whole-genome phylogeny.

only data set, which was filtered to in-
clude only SNPs with a minor allele count
> 3 (git 5.6).
from vcf to a custom genotype format us-

The data were transformed

ing parseVCFEpy (Martin, 2016) and con-
catenated to generate two whole-genome
pseudo-haplotypes per sample in fasta format
(git 5.7). The phylogeny was constructed from
the pseudo-haplotypes using fasttree with de-
fault settings (git 5.8).

Topology weighting. Topology weighting
was conducted for the Belize and Honduras
samples independently. The SNPs only data
set was subsetted to include only hamlets from
the respective location, and filtered to include

only SNPs with a minor allele count > 3

(git 5.12). The data were then split by LG
and converted to a custom genotype format
(git 5.14). Using phyml sliding windows.py
(Martin, 2016), we applied PhyML (Guindon
et al., 2010) to build phylogenies within 200
SNP. non-overlapping sliding-windows along
all LGs (git 5.17).
conducted on the resulting phylogenies us-
ing twisst (Martin and Van Belleghem, 2017)
(git 5.18).

Topology weighting was

Visualisation

All results were plotted using R (git 9). The
details of the visualisation are provided in the
R scripts and their documentation (git doc-
s/index.html).
github repository, the visualisation relied on

Besides the scripts within the

the three custom R packages (hypogen, hy-
poimg and GenomicOriginsScripts) which can
also be accessed via github (link). The follow-
ing R packages (including their dependen-
cies) were used: ape (Paradis and Schliep,
2018) (5.3), FastEPRR (Hao and Gao, 2019)
(1.0), furrr (Vaughan and Dancho, 2019)
(0.1.0.9002), GenomicOriginsScripts (Hench,
2019a) (0.0.0.9000), geomfactory (Hench,
2019b) (0.0.3.1), ggalluvial (Brunson, 2019)
(0.10.0.1), ggrepel (Slowikowski, 2019)
(0.8.1), ggtree (Yu et al., 2018) (1.16.5), hy-
pogen (Hench, 2019¢) (1.0.0.0), hypoimg
(Hench, 2019d) (1.0.0.5), igraph (Csardi and
Nepusz, 2006) (1.2.4.1), logisticPCA (Land-
graf and Lee, 2015) (0.2.9000), patchwork
(Pedersen, 2019) (1.0.0.9000), phytools (Rev-
ell, 2012) (0.6.99), tidyverse (Wickham et al.,
2019) (1.2.1.9000) and vroom (Hester and
Wickham, 2019) (1.0.2.9000).
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Software Versions (408]), gemma (098), msmsc2 (200),
nextflow (0.31.1.4886), plink (v1.90b4),

Python (2.7.15), R (3.5.2, for analysis), R
The following software versions were used: (3.6.1, for visualisation), samtools (1.9),
bwa (0.7.17-r1188), Fasttree (2.1.10), gatk shapeit (v2.r837) and vcftools (0.1.15).

Suppl. Table 5.1: Genome-wide Fs7 and dxy between pairs of sympatric species. Fsr values are
displayed below the diagonal and dxy above. The first three letters of each population indicates the species
(H. aberrans (abe), H. gummigutta (gum), H. indigo (ind), H. maya (may), H. nigricans (nig), H. puella (pue),
H. randallorum (ran), H. unicolor (uni) and the last three letters the location (Belize (bel), Honduras (hon)
and Panama (pan)). Note that the Fsr values differ slightly from Figure 5.1 since the table shows the
genome-wide average over all SNPs while Figure 5.1 is based on 50 kb sliding-windows.

a) Belize

Population | ind|bel may|bel nig|bel pue|bel  uni|bel

ind | bel - 0.00472 0.00472 0.00469 0.00473
may |bel | 0.09590 - 0.00474 0.00471 0.00473
nig|bel | 0.08276 0.04136 - 0.00473 0.00475

pue|bel | 0.06527 0.02812 0.01701

- 0.00468
uni|bel | 0.07009 0.03069 0.01548 0.00471

b) Honduras
Population | abe|hon gum|hon niglhon pue|lhon ran|hon uni|hon
abe|hon - 0.00471 0.00472 0.00470 0.00470 0.00473
gum|hon | 0.04446 - 0.00472 0.00473 0.00474 0.00470
nig|hon | 0.00334 0.04845 - 0.00472 0.00469 0.00468
pue|hon | 0.00297 0.04952 0.00327 - 0.00471 0.00469
ran|hon | 0.00391 0.04957 0.00499 0.00477 - 0.00471
uni|hon | 0.00569 0.05159 0.00502 0.00293 0.00755 -

¢) Panama

Population | nig|pan pue|pan  uni|pan
nig|pan - 0.00465 0.00473
pue|pan | 0.02799 - 0.00468
uni|pan | 0.03552 0.01277
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Suppl. Table 5.2: Genes located in the 50 kb windows that are above the 99.8'" Fs; percentile.

LG Id Start End n Genes
grk7a, atp1b3, gk5, hp...06295
LGO3 LGO03 1 7575001 7645000 6
- hp...06296, hp...06297
hp...07427, ndst1, cd74, kif16b
LG0O4 LGO4 1 11540001 11670000 9 slc35a4, hmgxb3, csfirl, pdgfrb
cdx1
LGO7 LGO7 1 18215001 18315000 4  dpysl3, jokmip2, slcéal3, p4ha2
120, hp...11291, slc1 tax1
LG08 LGOS 1 11355001 11440000 g  CC20:hp-..11291,slcTa3, tax1bp3
- hsh2d, rab8a, rps271, tom1
d, sh3gl1, hp...11382, rorb
LGO8 LGO8 2 12955001 13060000 5  oncSnogil,np ror
- semabb
LG08 LG0O8 3 14805001 14890000 4 arid3a, ctdspl2a, tmem79, ndufs7
LGOS LGOS 4 14955001 15070000 5  <@nk3:hp-11472, pik3r2, ifi30
- pdedd
LGO9 LGO9 1 14535001 14815000 2 ctnna2, Irrtm1
dt1, triobp, hp... 12847, kenj12
LGO9 LGO9 2 17820001 17925000 7 ot !MOP.AP cnl
- sox10, rnaseh2a, mast]1
LGO9 LG0O9 3 21005001 21080000 3 rnf24, smox, fbxo41
hp...15944, ,csfl, hp...15947
LG12 LG12_1 15030001 15140000 6  © (Ten et P
- eif2d, slc12a5
rbm39, epabp-a, 143b1, ogn, smim4
LG12 LG12 2 15160001 15210000 9
- kctdé, hp...15957, abhdé, simap
LG12 LG12 .3 20135001 20300000 3 tardbp, clorf127, casz1
LG12 1G12.4 22170001 22280000 7  |0xc8@shoxc? hoxciOa, hoxcTia
- hoxc12a, hoxc13a, calcocol
mafb, deptor, adnp, gata2
rab7, hcfcl, sws2af, sws2aa
LG17 LG17_1 22505001 22645000 17 sws2b, Iws, gnl3l, tfe3
mdfic2, cxxc1, mbd1, ccdc120
srpk3
LG19 LG19 1 2360001 2445000 2 kitlg, slc23a2
LG23 LG23. 1 14635001 14685000 2 hp...26758, nxpe3
2, krr1, glipr1l1
LG23 LG23 2 15455001 15530000 5 IS, gp<, KT, GIpT

st3gall
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Suppl. Table 5.3: New samples sequenced for this study. Locations correspond to Belize (bel), Hon-

duras (hon) and Panama (pan) and species to H. aberrans (abe), H. gummigutta (gum), H. indigo (ind),

H. randallorum (ran), S. tabacarius (tab) and S. tortugarum (tor).

Nr ID Species  Location Date Latitude  Longitude  Accession Number
1 17996 ind bel 2004-07-27 16.8008 -88.0789 ERS4141229
2 17997 ind bel 2004-07-27 16.8008 -88.0789 ERS4141230
3 17998 ind bel 2004-07-27 16.8008 -88.0789 ERS4141231
4 17999 ind bel 2004-07-27 16.8008 -88.0789 ERS4141232
5 18000 ind bel 2004-07-27 16.8008 -88.0789 ERS4141233
6 18195 ind bel 2004-07-26 16.8058 -88.0792 ERS4141234
7 18222 ind bel 2004-07-27 16.8008 -88.0789 ERS4141235
8 18225 ind bel 2004-07-27 16.8008 -88.0789 ERS4141236
9 18226 ind bel 2004-07-27 16.7839  -88.0767 ERS4141237
10 18227 ind bel 2004-07-27 16.7839 -88.0767 ERS4141238
11 18237 ind bel 2004-07-27 16.7839  -88.0767 ERS4141239
12 18238 ind bel 2004-07-27 16.7839  -88.0767 ERS4141240
13 20418 gum hon 2006-06-03 16.03 -83.3286 ERS4141241
14 20419 gum hon 2006-06-03 16.03 -83.3286 ERS4141242
15 20420 gum hon 2006-06-03 16.03 -83.3286 ERS4141243
16 20421 ran hon 2006-06-03 16.03 -83.3286 ERS4141244
17 20425 abe hon 2006-06-03 16.03 -83.3286 ERS4141245
18 20426 gum hon 2006-06-04 15.9558  -83.2931 ERS4141246
19 20427 gum hon 2006-06-04 15.9558 -83.2931 ERS4141247
20 20428 gum hon 2006-06-04 15.9558  -83.2931 ERS4141248
21 20429 ran hon 2006-06-04 15.9558  -83.2931 ERS4141249
22 20430 ran hon 2006-06-04 15.9558  -83.2931 ERS4141250
23 20433 abe hon 2006-06-04 15.9558 -83.2931 ERS4141251
24 20478 tab hon 2006-06-06 - - ERS4141252
25 20613 ran hon 2006-06-05 15.9558  -83.2931 ERS4141253
26 20615 gum hon 2006-06-05 15.9558 -83.2931 ERS4141254
27 20617 gum hon 2006-06-05 15.9558 -83.2931 ERS4141255
28 20641 gum hon 2006-06-05 15.9558  -83.2931 ERS4141256
29 20642 gum hon 2006-06-05 15.9558 -83.2931 ERS4141257
30 20643 gum hon 2006-06-05 15.9558 -83.2931 ERS4141258
31 20644 abe hon 2006-06-05 15.9558 -83.2931 ERS4141259
32 20696 ran hon 2006-06-12  16.1103  -86.9539 ERS4141260
33 20759 abe hon 2006-06-06 15.25 -82.6167 ERS4141261
34 20761 abe hon 2006-06-06 15.25 -82.6167 ERS4141262
35 20762 abe hon 2006-06-06 15.25 -82.6167 ERS4141263
36 20861 abe hon 2006-06-07 15.25 -82.6167 ERS4141264
37 20862 abe hon 2006-06-07 15.25 -82.6167 ERS4141265
38 20864 abe hon 2006-06-07 15.25 -82.6167 ERS4141266
39 20866 abe hon 2006-06-07 15.25 -82.6167 ERS4141267
40 20867 abe hon 2006-06-07 15.25 -82.6167 ERS4141268
41 20892 ran hon 2006-06-08 16.445 -85.875 ERS4141269
42 20893 ran hon 2006-06-08 16.445 -85.875 ERS4141270
43 20894 ran hon 2006-06-08  16.445 -85.875 ERS4141271
44 20896 ran hon 2006-06-08  16.445 -85.875 ERS4141272
45 20922 ran hon 2006-06-09 16.4736 -85.9239 ERS4141273
46 20923 ran hon 2006-06-09 16.4736 -85.9239 ERS4141274
47 20980 ran hon 2006-06-10 16.4975 -85.9028 ERS4141275
48 28393 tor pan 2017-02-07 9.3014 -82.2941 ERS4141276
49  PL17_160 flo flo 2017-07-07 24.5077 -81.5714 ERS4141277
50 s_tort 3 tor pan 2016 - ERS4141278
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Synthesis and Perspective

Speciation in the Hamlets

The presented studies show that the transi-
tion from genetics to genomics has helped
to improve our understanding of the pro-

This be-
comes clear when considering the studies di-

cess of speciation in the hamlets.

rectly preceding manuscript 2: Puebla ef al.
(2014) and Picq et al. (2016). Compared to
these studies (both of which had a very simi-
lar sampling design), the spatial context pro-
vided by the hamlet reference genome and the
increased resolution of whole genome rese-
guencing (compared to RAD sequencing) al-
lowed for much more nuanced conclusions.
Based on the distribution of Fgr values from
Puebla et al. (2014), it was expected that the
genome wide baseline of differentiation would

fall onto the low end of the differentiation con-
tinuum and that only a small fraction of the
genome would display elevated differentiation
levels. Still, the small number of very dis-
tinct Fsr peaks against a genome wide back-
ground of basically no differentiation discov-

ered in manuscript 2 was striking.

The most pronounced result that emerged
from the presented studies was that specia-
tion in hamlets appears to be largely driven
by a very small number of genes which are
directly linked to color and vision and thus
can interfere with the assortative mating sys-
tems in hamlets. While manuscript 2 showed
that combinations of vision and pigmenta-
tion genes appear to be co-selected lead-
ing to linkage disequilibrium across chromo-
somes, manuscript 4 found that these ex-
act regions are also phylogenetically discor-
dant with the genome wide background for
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a large cross section of the hamlet radiation.
The available whole genome data also en-
abled the detection of several high probabil-
ity hybrids within our samples, confirming on-
going gene flow between species. This was
Puebla et al. 2012),
based on hybrid spawning observations and

assumed before (eg.

experimental crosses, but the detection of F1
and F2 hybrids indicates that hybrids are ac-
tually viable and gene flow between different
species appears to be possible. The popula-
tion genetic and phylogenetic results demon-
strate that throughout the major share of the
genome this gene flow is rampant, but it also
points to those areas where gene flow seems
to be restricted. These area harbour differen-
tiated genes, which apparently act as barrier
genes.

The young history of the hamlet radiation and
the amount of diversification pose a paradox
because of the slow pace of mutation. It thus
seems necessary that diversity in the genus
Hypoplectus is fueled by additional sources.
Two mechanisms that both seem to contribute
are standing genetic variation and hybridiza-
tion. Both result in a large pan-hamlet gene
pool except for a small number of genes that
are either acting as barrier genes, or that
are those segments of the gene pool where
The
results are most pronounced in manuscript

lineage sorting has advanced furthest.

4, which shows that those population genetic
statistics that are based on allele frequency
(like Fsr or G x P) show strong signals, while
those that rely on changes in nucleotide diver-
sity (like 7, dxy or phylogentic approaches like
twisst) show either little variation between the
different species or are discordant across the
genome. Again, this reflects that the different
hamlet species have only faced a very limited

amount of time (if any) as independent evolu-
tionary lineages. This hypothesis is futher sup-
ported by the results of analysis of the ham-
lets demographic history in manuscript 3 and
manuscript 4.

In terms of the ecological differences between
the hamlet species (regarding the adapted-
ness of the radiation), manuscript 1 and
manuscript 3 are both pointing to a potential
habitat specificity within the hamlets (contrast-
ing to the assumed ecological uniformity). Dif-
ferences in hamlet communities across coral
reef types, association of particular hamlet
species with specific coral species like Acrop-
ora cervicornis, visual water conditions and lo-
cal endemism indicate that the different ham-
let species might actually not be ecologically
uniform. Yet, this remains rather anecdotal
and the question of the influence of natural se-
lection within the diversification of Hypoplec-
tus still begs for a more thorough and system-
atic effort.

In a nutshell, the forces that seem to drive
hamlet diversification appear to be those that
are linked to the hamlets color assortative
mating system resulting in genomic signals
that bear a strong signature of sexual selec-

tion.

The Hamlets in a Broader Context

As mentioned in the introduction, the hamlets
represent a somewhat exotic marine genus
forming a rare example of a marine species
flock. Thus comparable systems within speci-
ation genomics research are found rather out-
side of the ocean. Three systems that seem to
be of particular relevance are the Heliconius
butterflies (Van Belleghem et al., 2017) and
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the avian genera Lonchura (Faust Stryjewski
and Sorenson, 2017) and Sporophila (Cam-
pagna et al., 2017). All of these systems are
young radiations of roughly comparable size
(species numbers) and are characterized by a
diversity in color patterns. Furthermore, assor-
tative mating is of relevance in both Heliconius
(Merrill et al., 2019) and Sporophila (Repen-
ning and Fontana, 2019).

The comparison to the bird systems is striking
for their similarity in population genetic pat-
terns as well as for the fact that a large fraction
of the color genes involved in the diversifica-
tion of these systems is shared with the hamlet
radiation. Both Lonchura and Sporophila have
extreme shallow genome wide background
levels of differentiation with only a hand full of
very pronounced Fsr peaks — a pattern that
is remarkably similar to the hamlets. What
is even more fascinating is that these peaks
among others cover the pigmentation genes
kitl/ kitlg in Lonchura (Faust Stryjewski and
Sorenson, 2017) and kitl/ kitlg and sox10 in
The
same genes were fond under the differentia-

Sporophila (Campagna et al., 2017).

tion peaks in hamlets in mauseript 2, 3 and
4. The emerging picture is that a similar set
of pigmentation genes facilitates rapid pheno-
typic diversification across distant vertebrate
groups through rapid modulation of color pat-
terns.

The comparison to Heliconius butterflies is
interesting because of the similarity in as-
sortative mating, the coupling of vision and
color pattern genes and the modular nature in
which pattern gene interactions create pheno-
typic diversity (Van Belleghem et al., 2017). As
an example of how closely the perception and
expression of color patterns are interlocked,
the optix gene in Heliconius is know to con-

trol prominent elements of wing patterning
(red band) while being in close genetic link-
age with a major effect quantitative trait locus
for mate preference (Merrill et al., 2019). Sim-
ilar evolutionary mechanisms could be at work
in the hamlets, with regard to the genomic
area around the gene casz1. In manuscript 2
and 4 we found this gene to be closely as-
sociated with a bared phenotype in hamlets
and in manuscript 2 it is also expressed in
the hamlet retina. The repurposing of genes
in multiple selected traits (or the formation of
super-genes by several linked genes under se-
lection) might be a common mechanism to
create magic traits that can effectively pro-
mote speciation (Thibert-Plante and Gavrilets,
2013). In both, the Heliconius butterflies and
the hamlets, the assortative mating behav-
ior might increase the effectiveness of such a
color-based magic trait. Furthermore, both
systems share a genomic pattern of few large
effect loci which seem to create a modular sys-
tem that can quickly give rise to a large di-
versity of phenotypes by shuffling the genetic
basis of the individual color pattern elements.
The redundancy of individual pattern elements
across the hamlet (Figure 1.3) and the Heli-
conius radiation (e.g. Figure 6 in Van Bel-
leghem et al. 2017) are a quite visual illustra-
tion of this modularity. Genetically, this mod-
ularity is recovered in the sharp G x P asso-
ciation peaks and the accompanying phylo-
genetic discordances seen in manuscript 4.
Evolutionary, this modular system could be
a conceivable method through which hybrid
speciation can boost a radiation by quickly
multiplying phenotypic diversity though a re-
arrangement of discrete phenotypic elements
previously evolved in independent lineages
(Mérot et al., 2020).
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All in all, the comparison of the hamlet radia-
tion with Heliconius, Lonchura and Sporophila
is a fascinating demonstration of repeatabil-
ity in evolution. The comparison with the
avian systems shows how individual genes
can repeatedly impact phenotypic diversifica-
tion throughout distant vertebrate lineages. In
contrast, the comparison with Heliconius il-
lustrates how a similar genomic architecture
characterized by the coupling of multiple traits
under selection and the arrangement of large
effect loci underlying discrete traits within a
modular system can facilitate rapid diversifi-
cation within an evolutionary radiation across
the tree of life — ironically involving reticu-
lated and thus less tree-like phylogenetic re-
lationships within these radiations.

While genomic approaches have certainly
helped to advance our understanding of the
hamlet radiation, much remains to be discov-
ered. In a way the findings of this thesis cre-
ated the foundation to address new and ex-
citing questions much rather than solving the
hamlet speciation mystery.

First of all, the question about the adaptive-
ness of the radiation remains. All studies in-
vestigating ecological differences in hamlets
(including manuscript 1) have so far pro-
duced only subtle, suggestive results while
lacking enough clarity to really justify solid
conclusions (Thresher 1978; Holt et al. 2008
Whiteman et al. 2007; Aguilar-Perera
2003). More extensive and far reaching stud-

VS.

ies describing and comparing the ecology
of the separate hamlet species are needed
to clarify the degree of niche divergence

across the radiation. Thus far, the eco-
logical assessment has almost exclusively fo-
cused on a group of the most abundant and
widely distributed hamlet species (H. aberrans,
H. chlorurus, H. gummigutta, H. indigo, H. ni-
gricans, H. puella and H. unicolor) and have
been restricted to the ecological factors of
depth distribution, turbidity and diet (Thresher,
1978; Aguilar-Perera, 2003; Whiteman et al.,
2007; Holt et al., 2008; Bejarano and Ap-
peldoorn, 2013). There are many more fac-
tors that could be adaptive — the most promi-
nent example in hamlets being the potential
for aggressive mimicry (which has also been
assessed thoroughly in Randall and Randall
1960; Puebla et al. 2007, 2018; Picq et al.
2019). Yet, we need a more complete im-
age of the ecology of hamlets including factors
like preferences in micro-habitat and territo-
riality or predation upon hamlets. Most im-
portantly we need an ecological assessment
specifically of the rare and endemic hamlet
species. Species that are limited to specific
locations or habitats might be comparably in-
dependent in terms of gene flow and thus they
harbor most pronounced niche divergence as
well.

Further exploration of ecological divergence
might be informed by genetic differentiation
found at loci that conceivable to be under nat-
ural selection (eg. tpm4, discussed in Picq
et al. 2016).

an extension in sampling both across rare

Naturally, this also calls for

species and geographic ranges. Much of the
recent genetic and genomic work in hamlets
has focused on three species (H. nigricans,
H. puella and H. unicolor) from the continental
Caribbean coast. To investigate local adap-
tation, more remote areas of the Caribbean
Antilles as well as from the Gulf of Mexico
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need to be sequenced. Previous work based
on mtDNA indicates that especially compar-
isons including the Gulf of Mexico might pro-
vide new insights, as hamlets from that re-
gion could cover a more advanced stretch
of the speciation continuum (Ramon et al.,
2003).
fort would also provide important context for

Such an expansion of sampling ef-

the findings of this thesis, since the results
of manuscript 2 indicate that divergence in
hamlets is likely both influenced by speciation
and local adaptation, as differentiation also
accumulates between different populations of
the same species.

Another interesting direction for further re-
search is a more structured approach to un-
ravel the connection of hamlet pheno- and
genotypes. There are up-and-coming ap-
proaches to quantify both coloration and pat-
terning in a more systematic and objective
manner (eg. Akkaynak et al. 2014; Van
Belleghem et al. 2017). The G x P re-
sults of manuscript 4 are already promising,
but if whole genome sequencing was com-
bined with a more advanced way of pheno-
typing than a simple binary scoring, more ge-
netic components of the hamlets diversifica-
tion toolkit might be exposed. This would also
help to investigate the inner-specific variation
in phenotypes (Suppl. Fig. 5.9) and maybe
uncover cryptic species boundaries that are
currently obscured by poor phenotyping. As
an example of this, based on the results of
manuscript 2, it is likely that the individual
populations of H. nigricans might actually be
quite differentiated — a finding that corre-
sponds well with subtle differences in pheno-
type across different H. nigricans populations

reported in manuscript 1.

Also, it should be acknowledged that to this

point the genomic findings are rather descrip-
tive. To ultimately confirm the connection of
the differentiated genotypes and their pheno-
typic effect, the genomic findings should be
functionally validated. This could be done in
a comparable way to Lin et al. (2016), who
used a CRISPR-Cas9 knockout approach to
demonstrate the effect of the tbx4 gene loss,
which triggered the characteristic loss of the
pelvic fin in seahorses. Currently, such an ap-
proach would be difficult in hamlets though,
as the breeding of hamlets in captivity and es-
pecially the rearing until the adult stage (which
is when the species specific phenotyes form)
remains a major hurdle (Domeier, 1994). Yet,
if this hurdle could be overcome, the entire hy-
bridization complex of Hypoplectrus could be
dissected as well. This could include the inher-
itance of phenotypes, dominance effects and
fertility of hybrids, which could be assessed
much more thoroughly using a hamlet rearing
program coupled with genomic approaches.
Another remaining technical obstacle for func-
tional validation of the population genomic
findings is the current state of the annotation
of the hamlet reference genome. At this stage,
the genome annotation still mainly resembles
the output of a highly automatized annota-
tion pipeline. While this is sufficient for broad
statements about the genes behind differenti-
ation peaks, functional validation asks for a
more precise representation of the underly-
ing genes. Thus, much manual work in cu-
rating the hamlet genome annotation would
be needed before any functional validation is
imaginable (Yandell and Ence, 2012).

Finally, the exceptional position of the hamlets
as a rare marine species flock should be con-
sidered (Bowen et al., 2020). This somewhat
exoftic setting limits the extent to which speci-
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ation in the hamlets can stand as a represen-
tative for marine speciation in general. Other
marine evolutionary genomic model species
are currently still rare and dominated by tem-
perate and cold water fishes like the Antarc-
tic notothenioid ice fishes (another marine
species flock, Ceballos et al. 2019), the At-
lantic cod (Gadus morhua, Kess et al. 2020) or
the European seabass (Dicentrarchus labrax,
Duranton et al. 2018), while tropic model sys-
tems are scarce. Hence, to put the popu-
lation genomic findings from this thesis into
perspective and to get a more general under-
standing of marine speciation, other tropical,
non-radiating marine speciation systems are
needed. Only in the light of this context can
be determined, which signatures of the speci-
ation witnessed in hamlets are a marine phe-
nomenon, which ones are the signature of the
radiation within species flocks and which ele-
ments are rather typical of speciation driven
by sexual selection and assortative mating.
At the current state, comparisons across the
available marine model systems vary over too

many factors to produce distinct conclusions.

The work presented within this thesis has re-
fined our understanding of the hamlet radia-
tion. It has shown in a conceivable way how
the hamlets’ mating system is linked to ge-
nomic constraints in inter-specific gene flow
within the genus Hypoplectrus. In uncover-
ing this connection, parallels to other model
systems emerged, highlighting that genomic
modularity can quickly generate phenotypic
diversity by shuffling of discrete phenotypic
traits.  We also learned that the suite of

genes underlying phenotypic diversity has a

large overlap among distant vertebrate sys-
tems. This work lays the foundation for fur-
ther research on the connection of the geno-
type and the phenotype in a reef fish genus
which is characterized by a stunning diver-
sity of color patterns — a characteristic that
is shared among many reef fishes, that is
iconic for biodiversity on coral reef systems
and that also marks one of the major reasons
these fishes are regarded as interesting and
fascinating by researchers (and many others)
around the world.

Yet, it is clear that transition of speciation re-
search in hamlets towards genomics can serve
only as an entry point for the study of marine
speciation by providing a first exemplary case
study of the genomic signature of a young ma-
rine species flock. In future research, this can
serve as a reference or contrast for other ma-
rine non-radiating speciation processes. As
population genomic approaches mature and
become more commonplace in other marine
systems, we can expect to uncover more thor-
oughly the genomic mechanisms of specia-
tion within the largest and oldest habitat on
earth.

encing evolutionary dynamics between ma-

Many fundamental conditions influ-

rine and terrestrial systems differ — maybe
the peculiar position of the hamlets as ma-
rine species flock might then also serve as a
bridge, given its similarities with terrestrial sys-
tems which have been uncovered.
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