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The origins of the extraordinary diversity of life on Earth have long intrigued sci-
entists. Evolutionary radiations, where species emerge from increased diversification
rates, play an instrumental role in generating biodiversity. These events are often char-
acterized and shaped by remarkable level of phenotypic diversity. At their early stages,
phenotypic variation provides a substrate for selection and a means for further diver-
sification. While the genomic underpinnings of speciation have been extensively inves-
tigated, phenotypic studies have been limited by analytical power, despite advances in
data acquisition. The advent of computer vision now enables systematic, multivariate
analyses of phenotypes, transforming our ability to examine their eco-evolutionary rel-
evance. This thesis aims to investigate the evolution of color pattern phenotypes in
the early stages of a reef fish radiation. I focus on the genus Hypoplectrus (hamlets),
a group of 18+ species that exhibit striking color pattern differences and represent
one of the most recent marine radiations. Color patterns in hamlets are implicated in
visually based assortative mating, acting as prezygotic barriers, and may also play eco-
logical roles through mimicry, thereby subjecting this trait to selection pressures. By
integrating phenotypic and genomic approaches, I aim to characterize color pattern
variation and explore its contribution to reproductive isolation at the onset of specia-
tion. The genic view of speciation posits that at early stages a few loci can dispropor-
tionately contribute to reproductive isolation. By characterizing color pattern variation
and its genomic basis in hamlets, I explore how this perspective aligns with patterns
of speciation in this radiation. I first develop a quantitative pipeline for the analysis
of standardized in situ photographs, providing the first multivariate, pixel-scale pheno-
typic dataset for reef fishes. Coupled with genomic association studies, this approach
reveals three genomic regions of large effect that underlie color pattern variation. This
modular genetic and phenotypic architecture suggests that hamlet diversity arises from
different allele combinations at these loci. Expanding on this, I leverage a dataset of
571 photographs and genomic data from 327 individuals to examine interspecific and
intraspecific variation. While phenotypic and genomic clusters of sympatric species are
locally retrieved, these clusters become largely continuous at the scale of the whole
radiation. This pattern, driven by intraspecific variation, suggests contributions from
ancestral variation and hybridization, and underscores the role of local processes in
sympatric speciation. Finally, I assess the genic view by integrating both whole-genome
data and color pattern-associated genomic regions in a phylogenetic analysis. I find that
reproductive isolation in hamlets does not translate into a phylogenetic signal, whether
using whole-genome datasets or specific regions. As predicted under the genic view,
these findings suggest that reproductive isolation can occur first without a detectable
genomic signature. Taken together, my results support the view that speciation is a con-
tinuous and multidimensional process, where divergence accumulates along genetic
and phenotypic axes, ultimately mediating reproductive isolation and diversification.
These insights advance our comprehension of the complex interplay between genetics,
phenotypes, and speciation, particularly in the early stages of evolutionary radiations.



Die Urspringe der bemerkenswerten Vielfalt des Lebens auf der Erde sind seit
langem ein zentrales wissenschaftliches Thema. Evolutionare Radiationen, bei denen
Arten durch zunehmende Diversifizierung hervorgehen, spielen eine entscheidende Rolle
bei der Entstehung der biologischen Vielfalt. Aullergewohnliche phanotypische Vielfalt
kennzeichnet und pragt oft solche Episoden, bietet in ihren frihen Stadien ein Substrat
fir die Selektion und ermoglicht eine weitere Diversifizierung. Wahrend die genomis-
chen Grundlagen der Artbildung zuletzt verstarkt Gegenstand der Forschung waren,
blieben phanotypische Studien trotz der Fortschritte bei der Datenerfassung durch die
analytischen Moglichkeiten begrenzt. Das Aufkommen der Computervision ermoglicht
nun systematische, multivariate Analysen von Phanotypen, wodurch sich unsere Moglich-
keiten zur Untersuchung ihrer okoevolutionaren Bedeutung verandern. Das Ziel dieser
Arbeit ist es, die Evolution von Farbmuster-Phanotypen in den fruhen Stadien einer
Rifffisch-Radiation zu untersuchen. Ich konzentriere mich auf die Gattung Hypoplectrus
(Hamletbarsche), eine Gruppe von mehr als 18 Arten, die auffallige Farbmusterunter-
schiede aufweisen und eine der jingsten marinen Radiationen darstellen. Die Farb-
muster der Hamletbarsche sind an der visuellen assortativen Paarung beteiligt, die
als prazygotische Barriere wirkt, und konnen durch Mimikry eine okologische Rolle
spielen, wodurch dieses Merkmal neben sexuellem auch unter natiurlichem Selektions-
druck steht. Mit phanotypischen und genomischen Ansatzen charakterisiere ich die
Farbmuster und ihren Einfluss auf die reproduktive Isolation in frithen Stadien der Art-
bildung. Laut der “genic view of species” konnen wenige Gene dabei eine zentrale Rolle
spielen. Ich untersuche, wie Farbmustervariationen und ihre genetische Grundlage die
Artbildung bei Hamletbarschen beeinflussen. Ich entwickle eine Pipeline, die erstmals
multivariate phanotypische Daten auf Pixelebene aus standardisierten in situ-Fotos von
Rifffischen liefert. In Verbindung mit einer genomischen Assoziationsstudie enthullt
dieser Ansatz drei genomische Regionen mit grofSer Auswirkung auf die Variation der
Farbmuster. Diese genetische und phanotypische Architektur lasst vermuten, dass die
Vielfalt der Hamletbarsche aus verschiedenen Allelkombinationen an diesen Loci re-
sultiert. Darauf aufbauend nutze ich einen Datensatz von 571 Fotos und genomische
Daten von 327 Individuen, um inter- und intraspezifische Variation zu untersuchen.
Sympatrische Arten zeigen lokal klare phanotypische und genetische Cluster, die auf
der Ebene der gesamten Radiation jedoch zu einem Kontinuum verschwimmen. Dieses
Muster, gepragt durch intraspezifische Variation, weist auf hohe anzestrale Variation
und Hybridisierung hin und betont die Bedeutung lokaler Prozesse fur die sympatrische
Artbildung. SchlielSlich bewerte ich die “genic view” auf die Arten, indem ich sowohl
Daten aus dem gesamten Genom, als auch Farbmuster-assoziierte genomische Regio-
nen in eine phylogenetische Analyse integriere. Diese Ergebnisse deuten darauf hin,
dass reproduktive Isolation zunachst ohne nachweisbare genomische Signatur entste-
hen kann, wie es die “genic view”. Meine Ergebnisse zeigen, dass Artbildung ein kon-
tinuierlicher, mehrdimensionaler Prozess ist, bei dem genetische und phanotypische
Divergenz zur reproduktiven Isolation und Diversifizierung fithren.



Los origenes de la increible diversidad de la vida en la Tierra son una vieja incognita
cientifica. Las radiaciones evolutivas, en las que surgen varias especies a partir de
un evento de diversificacion, juegan un papel central en la generacion de biodiversi-
dad. Estos episodios suelen caracterizarse y configurarse por una notable diversidad
fenotipica. En sus primeras fases, la variacion fenotipica proporciona una base en la
cual seleccion actua y da paso a procesos evolutivos que incrementan la diversificacion.
Mientras que los bases geneticas de la especiacion se han investigado ampliamente,
los estudios fenotipicos se han visto limitados por la capacidad analitica, a pesar de los
avances en la automatizacion y tecnologia usada en la adquisicién de datos. La llegada
de la visién por ordenador permite ahora realizar analisis sistematicos y multivariados
a caracteristicas fenotipicas, transformando nuestra capacidad para examinar su rel-
evancia en procesos ecoevolutivos. El objetivo de esta tesis es investigar la evolucién
de los fenotipos de patrones de color en las primeras etapas de la radiacién de un pez
de arrecife. Me centro en el género Hypoplectrus (vacas), un grupo de mas de 18+ es-
pecies que exhiben diferencias contrastantes en los patrones de color y representan una
de las radiaciones marinas mas recientes. Los patrones de color de los hamlets estan
asociados a el apareamiento selectivo, actuando como barreras precigoticas, y también
desempenan funciones ecoldgicas a través del mimetismo, sometiendo este rasgo a la
presion de seleccion. Mediante la integracion de metodos fenotipicos y genémicos, mi
objetivo es caracterizar la variacion en los patrones de color y explorar su contribucion
al aislamiento reproductivo en el inicio de la especiacién. En primer lugar, desarrollo
un proceso cuantitativo estandarizado para el andlisis de fotografias in situ, propor-
cionando el primer conjunto de datos fenotipicos multivariados para peces de arrecife
basado en una escala de pixeles. En conjunto con estudios de asociacion gendémica,
identifico tres regiones gendmicas de gran efecto asociadas con la variacién del patron
de color. Esta arquitectura genética y fenotipica modular sugiere que la diversidad en
coloracion de las vacas surge de diferentes combinaciones de alelos en estos loci. A par-
tir de ahi, expando los analisis de este estudio usando un conjunto de 571 fotografias y
datos gendémicos de 327 individuos para examinar la variacion inter e intraespecifica.
Aunque se recuperan agrupaciones fenotipicas y gendmicas de especies simpdatricas a
escalas locales, estas agrupaciones se vuelven en gran medida continuas a lo largo de
toda la radiacion. Este patron, incentivado por la variacion intraespecifica, sugiere la
existencia de una variacion ancestral y de procesos de hibridacion, enfatizando a la vez
el papel de los procesos locales en la especiacion simpatrica. Por ultimo evaluo geno-
mas completo y las regiones gendmicas asociadas a patrones de color en un analisis
filogenético. Tal y como predice el “genic view of species”, encuentro que el aislamiento
reproductivo puede ocurrir en primer lugar sin una senal genémica detectable. En con-
junto, mis resultados apoyan la opinién de que la especiacién es un proceso continuo
y multidimensional, en el que la divergencia se acumula a lo largo de bases genéticas
y fenotipicas, mediando en ultima instancia el aislamiento reproductivo y la diversifi-
cacion.



Les origines de l'incroyable diversité de la vie sur Terre fascinent les chercheurs
depuis longtemps. Les radiations évolutives sont essentielles a I’augmentation de cette
biodiversité et sont souvent accompagnées d’une diversité phénotypique remarquable.
A leurs débuts, cette variation offre un substrat pour la sélection et favorise une diversi-
fication accrue. Bien que les bases génomiques de la spéciation aient été largement ex-
plorées, les études sur les phénotypes ont longtemps été freinées par des limites analy-
tiques, malgré les progres technologiques d’acquisition de données. Aujourd’hui, grace
a la vision numérique, il est possible d’analyser les phénotypes de maniere systématique
et multivariée, ouvrant de nouvelles perspectives pour comprendre leur role éco-évolutif.
Cette these a pour objectif d’étudier 1’évolution des phénotypes liés aux motifs de col-
oration au cours des premieres étapes de la radiation d’un poisson de récifs. Pour cela,
j'évalue les hamlets (Hypoplectrus), un groupe de 18 especes qui se caractérise par
d’incroyables motifs de coloration et qui représente I’'une des radiations marines les plus
récentes. Les motifs de coloration chez les hamlets interviennent lors de ’accouplement
assortatif visuel, jouant un role de barriere prézygotique, et pourraient également jouer
un role écologique via le mimétisme, ce qui les place sous pression de sélection. En
combinant des approches phénotypiques et génomiques, je cherche a examiner la vari-
ation des motifs de coloration et leur role dans l’isolement reproductif au début de la
spéciation. Selon la théorie de la “genic view of species”, quelques genes clés peuvent
fortement influencer l'isolement reproductif. En étudiant la variation des motifs de col-
oration et leurs bases génomiques, j'explore comment cette idée se reflete chez les
hamlets. Je développe d’abord une méthode d’analyse quantitative de photographies
prises in situ, ce qui constitue la premiere étude de pixels multivariés d’informations
phénotypiques sur des poissons de coraux. En les utilisants dans une étude d’association
génomique, je révele trois loci ayant un effet majeur sur la variation des motifs de col-
oration. Cette architecture génétique et phénotypique modulaire suggere que la di-
versité des hamlets résulte de différentes combinaisons alléliques a ces loci. J’analyse
ensuite 571 photographies et les génomes de 327 individus pour étudier la variation
inter- et intraspécifique. Des clusters phénotypiques et génomiques sont visibles lo-
calement, mais deviennent continus a 1’échelle de la radiation, reflétant I'influence de
la variation ancestrale, de I’hybridation et des processus locaux dans la spéciation sym-
patrique. Enfin, j'évalue la “genic view” au niveau de génomes entiers et au régions
sous-jacentes des motifs de coloration dans une perspective phylogénétique. Je constate
que l'isolement reproductif chez les hamlets ne se traduit par un signal phylogénétique
ni au niveau du génome entier, ni aux régions spécifiques. Ces résultats, conformes
a la “genic view”, suggerent que l'isolement reproductif peut se manifester avant que
ne se détecte une signature génomique. Mes résultats montrent que la spéciation est
un processus continu et complexe, ou la divergence génétique et phénotypique con-
duit a I'isolement reproductif et a la diversification. Cette these éclaire les liens entre
génétique, phénotypes et spéciation, enrichissant notre compréhension des radiations
évolutives.



Ol

INTRODUCTION




Introduction

“Again, we have many slight differences which may be called individual differ-

ences, [...]. No one supposes that all the individuals of the same species are cast in the
very same mold. These individual differences are highly important for us, as they afford
materials for natural selection to accumulate, [...]. That varieties of this doubtful nature
are far from uncommon cannot be disputed.”

Life on our planet and its diversity
have fascinated biologists for centuries.
Understanding how this diversity arises
is valuable because biodiversity plays a
central role in the functioning of ecosys-
tems, which provide essential resources
to the planet and valuable services to hu-
mans (Barbier et al.,, 2011). In coastal
and marine ecosystems, the study of bio-
diversity enables better fisheries manage-
ment, ensuring a sustainable food supply
for people, while protecting the biological
communities that live in these ecosystems.
This biodiversity supports critical ecosys-
tem functions such as water purification
and climate regulation, which in turn ben-
efit human well-being (Millennium ecosys-
tem assessment, 2005). Loss of biodiver-
sity negatively affects ecosystem health
and services, and contributes to human
health and social problems. These issues
have been exacerbated by the acceler-
ated loss of biodiversity over the last 50
years (Millennium ecosystem assessment,
2005). Understanding the origins of bio-
diversity and how its units (i.e. species)
change over time is therefore valuable, as
it can have a significant impact on human
and planetary health.

Most of the biodiversity we observe on the
planet has been attributed to processes
of evolutionary radiation (Schluter, 2000),
whereby an increase in diversity occurs
within a given group of living organisms.
Examples of evolutionary radiations can
be found in different taxa ranging from
plants to birds and fish. The radiation
of flowering plants (angiosperms) during
the Cretaceous period generated extraor-
dinary biodiversity, accounting for ~90%
of the 300,000 known land plant species
(Hernandez-Hernandez and Wiens, 2020).
Studying the origins and eco-evolutionary
drivers of these radiations enhances our
general understanding of the processes
that shape present-day biodiversity.

Most studies of biodiversity have focused
on adaptive radiations, where ecological
opportunity and the evolution of novel key
traits allow rapid diversification (Schluter,
2000; Stroud and Losos, 2020).
emerging species adapt to divergent eco-

Here,

logical niches, generating variation for
natural selection to act upon and thereby
driving further differences between lin-
eages (Schluter, 2000). Darwin’s finches
on the Galdpagos Islands are a classic
example of an adaptive radiation, where
innovations in beak shape allowed them
to exploit new feeding niches, leading
to their diversification into 15 species

- 9_
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Marine Fish (1721 spp)
P s -

Figure 1.1 —
corals based on 842 species (right).
5895520056135.

(Grant and Grant, 2002).
tion is another process that can gener-
ate biodiversity, operating independently
of ecological divergence (natural selec-
tion), and instead driven by factors that
are largely related to mate choice (Shuker
When both natu-
ral and sexual selection act on the same

Sexual selec-

and Kvarnemo, 2021).

trait, it is called a magic trait (Wagner
et al., 2012). Such traits are thought to
play a significant role in fostering biodiver-
sity, as reproductive isolation may develop
more rapidly when a trait involved in mate
choice is also subject to ecological selec-
tion (Thibert-Plante and Gavrilets, 2013).
For example, in Timema stick insects, body
color contributes to ecological adaptation
through camouflage and to mating suc-
cess through mate choice, bridging natu-
ral and sexual selection (Nosil et al., 2002;
Comeault et al., 2016).

A bias in the study of evolutionary ra-
diation is the longstanding underestima-
tion of the emergence of new species
in the ocean. This is surprising given
that the ocean covers 70.8% of Earth’s
surface (Costello et al.,, 2013; Costello
and Chaudhary, 2017), is thought to be
where life itself originated (Martin et al.,
2008; Lane and Xavier, 2024), and its
vast seafloors represent the most exten-

Global biodiversity distribution of marine fishes based on 1721 species (left) and
Modified from Jenkins and Van Houtan (2016), Elsevier license

sive habitat on Earth (Snelgrove, 1999).
As with terrestrial habitats, marine biodi-
versity hotspots are found in the tropics
(Briggs, 2003; Bowen et al., 2013; Jenk-
ins and Van Houtan, 2016). The Coral
Triangle in the Indo-West Pacific is the
major hotspot and is considered a ma-
rine center of diversity (Figure 1.1; Bowen
et al., 2013).
sity are located in the Caribbean, Antarc-
tica and the northern Pacific, based on the
high levels of endemism within these ar-
eas (Briggs, 2003). Because marine biodi-
versity is greater in these hotspots, they
have a large influence on the global bio-
diversity (Briggs, 2003), highlighting the
importance of understanding marine bio-
diversity to better comprehend global bio-

Other centers of biodiver-

diversity.

Fragmented terrestrial habitats
thought to largely facilitate species di-
versification through reproductive isola-
tion, however the ocean is a largely open
area (Palumbi, 1994). Furthermore, in
the complex life histories of marine or-
ganisms, there is often a pelagic larval
stage, and this is believed to facilitate
the oceans high connectivity (Kinlan and
Gaines, 2003; Kokko and Lopez-Sepulcre,
2006; Hernandez et al., 2023). However,

the paradigm of unlimited dispersal in the

are
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ocean has been widely questioned (Bar-
ber et al., 2000) - we now know that an-
cient glacial events have repeatedly sep-
arated and merged marine habitats due
to sea-level changes, meaning that frag-
mentation is also present in marine habi-
tats (Palumbi, 1994).
Isthmus of Panama facilitated the Great

The closure of the

American Interchange, while at the same
time separating the eastern Pacific from
the Caribbean, enabling the independent
evolutionary trajectories of previously
connected populations (Palumbi, 1994;
Knowlton and Weigt, 1998). Because both
biogeographic and reproductive barriers
are not necessarily apparent in the ocean,
many cryptic species have been mistak-
enly considered to be a single species (Vic-
tor, 2015). Consequently, the claim that
one-third of the world’s marine fish biodi-
versity is found on coral reefs is likely an
underestimate, given the cryptic nature
of many coral reef fish families, such as
the Gobiidae (Brandl et al., 2018; Spald-
ing and Grenfell, 1997; Robertson et al.,
2022). Intrinsic biogeographic and habi-
tat differences between terrestrial and ma-
rine environments mean that they differ in
modes of reproductive isolation and evolu-
tion. Therefore, studying marine systems
is crucial for a complete understanding of
evolutionary radiation mechanisms.

* Biodiversity is the variety of life
forms on Earth

* In adaptive radiations, biodiversity
is rapidly generated

* Natural selection acts on ecologi-
cally relevant traits

» Sexual selection acts on traits in-
volved in mating success

* A magic trait is a phenotypic char-

acteristic of a species that is under
both natural and sexual selection

* >30% of the world’s biodiversity is
found in the ocean

 Intrinsic biogeographic and habitat
differences between land and sea
mean that they differ in modes of re-
productive isolation and evolution

Classifying biodiversity is a complex
challenge, as it involves understanding di-
verse life forms and their genetic diversity
in ever-evolving ecosystems. The diver-
sity of individual organisms reveals differ-
ences in size, habitat choice, communica-
tion, reproduction, and other morpholog-
ical, behavioral, and physiological traits.
It is the relative similarities in these fac-
tors, especially morphology, that first led
naturalists to group individuals together.
Carl Linnaeus proposed a classification
system with five ranks, from top to bot-
tom: kingdom, class, order, genus and
species (Linné, 1788). Later, Darwin pro-
posed to tackle the species problem with
an evolutionary model. In his view, species
gradually accumulate small changes over
time that may be favored by natural se-
lection, meaning that populations eventu-
ally diverge to become two distinct species
(Darwin’s, 1859).
great breadth of evolutionary studies in
the XIX"" and XX'* centuries. Soon, con-
cerns were raised about when to define
different populations as different species,
if the process, as Darwin described it,

His work inspired a

was gradual. Morphological classifica-
tions proved to be problematic, since sex-
ual dissimilarities between females and

males of the same species would lead

- 11 -
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to them being classified as two separate
species. This was the case for female and
male cuttlefish, which differ drastically in
size and body coloration, and were later
reclassified as a single species by genetic
approaches (Ponder et al.,, 2019). These
early attempts to describe species and the
dawn of the genetic era revealed the ex-
tent of the challenges in classifying biodi-
versity.

A multitude of species definitions and
concepts currently exists, and no broad
consensus has been reached. The Bio-
logical Species Concept (BSC) describes
species as “groups of interbreeding nat-
ural populations that are reproductively
isolated from other such groups” (Mayr,
1963).
cept, introduced by Cracraft (1983), re-

The Phylogenetic Species Con-

lies on monophyly, where a species is de-
fined as the smallest group of individuals
that can be identified by a common pat-
tern of ancestry and descent. The Evolu-
tionary Species Concept defines species as
“a single lineage of ancestral descendant
populations of organisms which maintains
its identity from other such lineages and
which has its own evolutionary tenden-
cies and historical fate” (Simpson, 1961).
The Ecological Species Concept defines a
lineage as a species by its use of a dis-
tinct ecological niche, an adaptive zone
in which the lineage evolves separately
from others (Van Valen, 1976). In a recent
review, Stankowski and Ravinet (2021b)
show that different definitions are used de-
pending on the field of research or the
organisms studied. Among those who
study genetics and genomics, the BSC pre-
vails (Stankowski and Ravinet, 2021b). A
shared aspect across all these definitions
is that lineages diverge over the course
of evolution, undergo distinct evolution-

ary processes, develop different ecologi-
cal strategies, and exhibit morphological
differences that eventually lead to com-
plete reproductive isolation. This process
of speciation, in which a single species
splits into two distinct lineages, is particu-
larly important for the study of evolution-
ary radiations and the origin of biodiver-
sity units: species.

Seehausen et al. (2014) placed the BSC in
a temporal context and described specia-
tion as the “origin of reproductive barriers
among populations that permit the main-
tenance of genetic and phenotypic distinc-
tiveness of these populations in geograph-
ical proximity”. In these views, barri-
ers that prevent the exchange of genetic
material, so called gene flow, between
two heterospecific individuals are central
to achieve reproductive isolation. Barri-
ers to gene flow can be caused by inter-
nal (intrinsic) or external (extrinsic) fac-
tors and can occur either before (prezy-
gotic) or after (postzygotic) fertilization.
Extrinsic prezygotic isolation mechanisms
manifest as premating isolation, such as
body color influencing mate choice in ci-
chlids (Rometsch et al., 2020).
prezygotic isolation may involve gametic

Intrinsic

incompatibility or isolation leading to re-
moval of heterospecific sperm as observed
in Trinidadian guppies, Poecilia reticulata
(Ludlow and Magurran, 2006).
sic postzygotic barriers manifest as hy-

Intrin-

brid inviability, reduced egg number or hy-
brid sterility (Coughlan and Matute, 2020;
Haldane, 1922; Dobzhansky, 1936). Ex-
amples range from embryonic lethality in
hybrid whitefish, Coregonus clupeaformis
(Rogers and Bernatchez, 2006), to the dis-
ruptive sexual selection against F1 hybrids
of Heliconius melpomene lineages (Nais-

bit et al.,, 2001). Extrinsic postzygotic

- 12 -



Introduction

barriers result from environmental factors
that affect the fitness of hybrids. These
extrinsic barriers can interact with intrin-
sic postzygotic isolation, as shown by the
accentuated negative effect of tempera-
ture on Drosophila hybrids carrying dele-
terious allelic combinations compared to
pure strains (Coughlan and Matute, 2020;
Miller and Matute, 2017).

* ¥ Polyploid hybrid

.Spe ies 2

Phenotype

Figure 1.2 — Hybrid speciation in an adaptive
landscape. Optima are shown in blue, dots rep-
resent individuals. Hybrids that are far from phe-
notypic optima are represented by solid arrows,
and hybrids that are close to an optima are repre-
sented by dotted arrows. Figure from Mallet (2007),
Springer Nature license 5895520635167 .

Reproductive isolation can also depend on
Al-
lopatric speciation occurs when a geo-

biogeography (Butlin et al., 2008).

graphic barrier physically separates in-
cipient species and prevents gene flow
between them, as for anole lizards that
evolved separately on different Caribbean
islands (Stroud and Losos, 2020) or for
shrimps that speciated after the Isthmus
of Panama land bridge formed (Alves et al.,
2024). This mode of speciation, although
important and once thought to be preva-
lent (Coyne and Orr, 2004), is not nec-
essarily the most common (Bolnick and

Fitzpatrick, 2007). Sympatric speciation,
where reproductive isolation occurs with-
out such geographic constraints, is an al-
ternative mode of evolution (Bolnick and
Fitzpatrick, 2007). Gene flow and hy-
bridization processes can contribute to
sympatric speciation, thus discrediting the
view that complete reproductive isolation
is the best definition of what a species
is. Rather, it places hybridization and
gene flow as a potential mechanism for
evolutionary radiation (Figure 1.2; Mallet,
2001a, 2007).

Hybrid speciation provides a means of
avoiding long neutral processes, the accu-
mulation of mutations and drift, by provid-
ing excess ancestral diversity for selection
to act upon (Marques et al., 2019). Hybrid
speciation boosts genetic variation by pro-
viding new genotypes with the potential to
colonize new ecological niches, therefore
generating new species of hybrid origin
(Figure 1.2; Kronforst et al., 2013). Hybrid
speciation thus challenges the BSC. An-
other aspect of hybridization that contra-
dicts the BSC is introgression, where hy-
brids do not form a new species, but rather
backcross to their parental line, causing
gene flow to blur the defining differences
between two populations (Figure 1.3; Har-
rison and Larson, 2014). At early stages
of speciation, interspecific gene flow con-
tributes to the Incomplete Lineage Sort-
ing (ILS) of radiating lineages (Figure 1.3;
Mallet et al., 2016). Because ancestral al-
lele polymorphisms persist in descendant
species due to gene flow at early stages of
divergence, the gene tree will not be con-
gruent with the actual species tree (Figure
1.3).
tween ILS and introgression (Figure 1.3)

The difficulty in distinguishing be-

poses further challenges to species clas-
sification and understanding the origins
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of biodiversity (Guerrero and Hahn, 2017;
Cruickshank and Hahn, 2014). Overall, hy-
brid speciation sheds light on the intricate
mechanisms that can occur during specia-
tion, confronting the BSC and highlighting
the role of gene flow in gradual speciation
processes.

It is now recognized that reproductive iso-
lation is achieved gradually over time and
need not to be absolute. Stankowski and
Ravinet (2021a) formally defined the spe-
ciation continuum as a continuum of re-
productive isolation. The view that there
is a gradient of differentiation between
sister lineages through time is supported
and makes it difficult to pinpoint the exact
separation between two lineages (Shaw
and Mullen, 2014). For example, evidence
for multiple introgression events between
spotted whiptail lizard lineages of the A.
gularis complex complicates the under-
standing of their evolutionary history (Bar-
ley et al., 2024).
nuity can also be extended to genomes
and phenotypes (Bolnick et al., 2023). Ev-

This concept of conti-

idence for gene tranfer between closely
related Drosophila species shows that re-
productive isolation varies along genomes
(Wang et al., 1997). Some loci within the
same genome can become genealogically
distinct, either because they contribute di-
rectly to selection against hybrids, or be-
cause they are trapped in parts of the
genome that are subjected to such se-
lection (Wu, 2001).
been described as islands of speciation
in the genic view of species formulated

These regions have

by Wu (2001). The recurrence of a sim-
ilar polymorphism across a species radi-
ation raises questions about the mecha-
nisms that maintain it throughout speci-
ation and blurs the distinctiveness of dif-
ferent species (Jamie and Meier, 2020).

Examples range from the shared major
histocompatibility complex (MHC) anti-
gens across all 70,000 vertebrate species
(Figueroa et al., 1988; Piertney and Oliver,
2006), to the blotch pattern on females of
five out of 15 species of Lake Victoria cich-
lid Neochromis spp. (Dijkstra et al., 2008),
and the body chiral dimorphism in 30 out
of 35 species of Southeast Asian camaenid
tree snails of the subgenus Amphidro-
mus (Schilthuizen et al., 2007; Jamie and
Meier, 2020). This multivariate gradient
of speciation is now referred to as the spe-
ciation hypercube (Bolnick et al., 2023),
highlighting the importance of combina-
torial approaches to understanding evo-
lutionary processes behind the origin of
species (Mallet, 2001Db).
ing evolutionary radiations, one can iden-
tify genotypic clusters across multiple loci
or phenotypic clusters to determine which
substrates selection is acting on. This ap-

When examin-

proach also helps determine whether the
radiation is in its early or late stages (Mal-
let, 2001D).

» The BSC’s view of complete re-
productive isolation has been chal-
lenged

* Speciation is the process by which
two lineages become distinct over
evolutionary time

* Gene flow is the exchange of genetic
material between groups

* Hybrid speciation is an alternative
to neutral processes for the rapid
creation of diversity

* Speciation continuum views Speci-
ation as a gradual process rather
than a discrete event

* The genic view of species suggests
that few genomic regions underlie
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species identity at early stages of di-
vergence

Evolutionary processes involved in
speciation leave detectable footprints in
the genomes (Tajima, 1989). Evaluating
such patterns at the DNA level through
statistical inference can reveal which evo-
lutionary or demographic forces are acting
on populations (Gagnaire, 2020). Molec-
ular markers such as mitochondrial DNA
and microsatellites have made it possi-
ble to measure differentiation and disper-
sal during speciation (Salzburger et al.,
2002; Natoli et al., 2004).

these methods are limited to a few loci

However,

and provide less information about vari-
ation across the genome. In contrast,
RAD-seq (restriction-site-associated DNA
sequencing) and transcriptome sequenc-
ing have identified thousands of genomic
loci and Single Nucleotide Polymorphisms

(SNPs). The large amount of genome-

wide data from these techniques has en-
abled the description of genome semiper-
meability, highlighting variation in ge-
netic differentiation, divergence, and gene
flow (Hohenlohe et al., 2010; Gagnaire
et al., 2013). Both the advent of next-
generation sequencing and the drop in se-
quencing costs marked the shift from ge-
netics to genomics. The Human Genome
Project (Lander, 2001) and the sequenc-
ing of medical model organisms, such as
Drosophila (Adams et al., 2000) and mice
(Waterston et al., 2002), paved the way
for genome assembly and re-sequencing
projects. These technologies were first ap-
plied to model systems in speciation re-
search, such as Darwin’s finches (Lamich-
haney et al.,, 2015) and the African cich-
lids (Hulsey and Renn, 2009), and later
became available to other study systems,
including Heliconius butterflies (Martin
et al., 2013), the three-spined stickle-
back Gasterosteus (Ravinet et al., 2018)
and Helianthus sunflowers (Todesco et al.,
2020).
and genome semipermeability in these
taxa, along with the analysis of contigu-
ous haplotype blocks, provided insights

Studies of reproductive isolation

W WG 0 W

timareta (tim) amaryllis (ama) aglaope (agl)

\\\>/

timareta (tim) amaryllis (ama) aglaope (agl)

Ancestrav
polymorphism

Figure 1.3 — Introgression (left) and ILS (right) in Heliconius butterflies. Modified from Smith and Kro-
nforst (2013), The Royal Society (UK.) license 1539377-1.
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into introgression, demography, and se-
lection (Duranton et al., 2018; Harris and
Nielsen, 2013; Garud et al., 2021). Such
genome-scale information provides valu-
able insights into the mechanisms that in-
teract to facilitate evolutionary radiations
and the origins of biodiversity.

A major challenge in studying speciation
is that it occurs over long time frames,
making it impossible to observe an en-
tire speciation process from its onset to
the achievement of complete reproduc-
Due to the difficulty of
examining all stages along the specia-

tive isolation.

tion continuum, past evolutionary pro-
cesses are often inferred from current bio-
diversity patterns and their phylogenetic
relationships (Stroud and Losos, 2020).
Typically, well-established radiations are
studied and historical processes are in-
ferred from DNA sequences of their ex-
tant species (Stroud and Losos, 2020).
For example, Brawand et al. (2014) used
present-day cichlid species to understand
how neutral (non-adaptive) and adaptive
processes contributed to their extraordi-
nary diversity. They showed that neu-
tral processes were crucial in amassing
the genomic variation that selection sub-
sequently sorted, and that the interaction
of both processes was likely necessary to
generate many and diverse new species in
a very short time at the onset of the cichlid
radiation (Brawand et al., 2014). An alter-
native approach to studying radiations is
to examine pairs of species that represent
different stages along the speciation con-
tinuum and reflect various levels of repro-
ductive isolation (Kisel and Barraclough,
2010; Shaw and Gillespie, 2016). By as-
sessing demographic and selective pres-
sures or quantifying reproductive barri-
ers across these species, it becomes possi-

ble to infer the evolutionary forces driving
speciation. This approach focuses on more
recent radiations that may still be under-
going differentiation, providing a window
into the early processes where natural and
sexual selection can be observed “in ac-
Zhou et al. (2018) assembled a
genome of finless porpoises (Neophocaena
spp.)
They showed that natural selection acting

tion”.

and re-sequenced 48 individuals.

on osmotic stress responses to oceans and
rivers reproductively isolated the Yangtze
finless porpoise from other porpoise popu-
lations. Unique genetic adaptations define
the Yangtze finless porpoise as a distinct
species (Zhou et al., 2018). It is therefore
necessary to look for DNA signatures at
both macro- and microevolutionary scales
to understand the drivers and processes
that shape speciation and evolutionary ra-
diations.

Evolutionary radiations can also be char-
acterized by remarkable phenotypic diver-
sification, and its eco-evolutionary signif-
icance has been well documented (Kron-
forst and Papa, 2015). Scientists have al-
ways used images such as drawings, paint-
ings, and photographs to record and quan-
tify the shapes, patterns, and colors of
life (Brumm et al., 2021; Meriam, 2017;
Robertson and Van Tassell, 2019). With
the advent of digital imaging, an incredible
amount of phenotypic data has been ac-
cumulated, but challenges in the analysis
capacity have limited the outputs (Lirig
et al., 2021; Akkaynak et al., 2014). Man-
ual image analysis is difficult to reproduce
and time consuming, typically measures
only a few traits at a time, and is subject
to human bias (Lurig et al., 2021). Recent
improvements in computer vision have ac-
celerated the shift from phenetics to phe-
nomics: the multivariate and comprehen-
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Figure 1.4 — Effect of a genetic locus on wing color variation in Heliconius butterflies. Modified from
Jay et al. (2022), The Royal Society (UK.) license 1539379-1.

sive study of phenotypes (Houle et al.,
2010). Computer vision refers to modern
methods of both digital image acquisition
and its processing (Weinstein, 2018). With
computer vision, we can automatically ex-
tract meaningful information from images
and thus collect phenotypic information
on a very large scale (Houle et al., 2010;
Lurig et al.,, 2021). Pixel data is high-
dimensional, continuous, and captures the
entire phenotypic variation, which is valu-
able for understanding the interplay be-
tween phenotypes, their genetic underpin-
nings, and the environment (Figure 1.4;
Jiggins et al., 2017; Cuthill et al., 2017).
Image analysis has been used to quantify
external and internal phenotypes, behav-
iors, and biochemical properties at the or-
ganism level (Houle et al., 2010). Artificial
Intelligence (Al), particularly computer vi-
sion, machine learning, and deep learn-
ing, has been successfully integrated with
non-invasive imaging techniques to enable
sensor-based monitoring and taxonomic
identification (Hoye et al., 2021; Guisande
et al., 2010; Waldchen and Mader, 2018).

Phenotypes in evolution have been inves-
tigated for a wide range of organisms
(plants, insects, fish, humans) and at both
the macro- and microevolutionary scales
(Houle et al., 2010). Navalon et al. (2020)

showed that a tight beak-skull morphol-
ogy is linked to the rapid diversification
of Hawaiian honeycreepers and Darwin’s
finches, compared to other land birds. In
more recent radiations, specific traits such
as the jaw morphology, body coloration,
and blotch patterning of cichlids have
been studied (Darrin Hulsey, 2006; Urban
etal., 2022; Gerwin et al., 2021; Streelman
et al.,, 2003). A growing number of stud-
ies focus on color patterns because they
are among the most diverse and variable
traits in nature (Cuthill et al., 2017). In
highly visual environments such as coral
reefs, the importance of color patterns is
amplified, as evidenced by the stunning
variation in color patterns observed in reef
fishes. This variation in color patterns ap-
pears to be central to the recent diver-
sification of reef fishes, with the major-
ity of species having emerged within the
last 5.3 million years and closely related
species differing primarily in color pat-
terns (Bellwood et al., 2015, 2017). Color
patterns are involved in camouflage and
mimicry behaviors (Phillips et al., 2017;
Randall, 2005), mate choice (McMillan
et al., 1999), and vision (Gruber et al.,
2016), which are likely to influence specia-
tion dynamics by being under direct natu-
ral and sexual selection pressures (Cortesi
etal., 2015; Salis et al., 2019; Puebla et al.,
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2007; Hench et al., 2022). The analysis of
reef fish color patterns provides a unique
opportunity to address ecological and evo-
lutionary questions, especially when con-
sidered in the context of evolutionary ra-
diations.

* Genomics developed with the ad-
vent of next-generation sequencing

* Macroevolution is the study of evo-
lution above species level

* Microevolution studies evolution at
the species or population level

* Phenomics is the multivariate and
comprehensive study of phenotypes

* Color pattern is a multivariate bi-
ologically relevant phenotype, es-
pecially in reef fishes that inhabit
highly visual coral reef environ-
ments

The genus Hypoplectrus provides a
key case study of a recent reef fish radi-
ation, characterized by remarkable phe-
notypic diversity in color patterns. This
group of coral reef fishes is found in the
wider Caribbean, with a distribution range
extending from Tobago through the entire
Caribbean and Gulf of Mexico to Florida,
and further on to Bermuda (Figure 1.5;
Robertson and Van Tassell, 2019). There
are currently 18 described species in this
genus, most of which have been recog-
nized in the last 15 years (Figure 1.6; Flo-
res et al., 2011; Lobel, 2011; Victor, 2012;
Taveral and Acero, 2013; Puebla et al.,
2022). Some species are endemic to spe-
cific regions, e.g. H. liberte is found solely
in Haiti’s northeastern coast (Victor and
Marks, 2018), while H. maya is found only

on the reef barrier of Belize (L.obel, 2011).
Some species such as H. atlahua, H. cas-
troaguirrei and H. ecosur are found only in
the Gulf of Mexico. However, most hamlet
species span the entire distribution range
and up to nine species can be found co-
occurring on the same reefs (Thresher,
1978; Puebla et al., 2012). Because of this
wide sympatry and the fact that hamlets
have small differences in ecology, mor-
phology, and early genetic markers, their
status as a single or separate species has
long been debated (Randall and Randall,
1960; Thresher, 1978; Graves and Rosen-
blatt, 1980). The existence of their very
diverse color variants has been acknowl-
edged since the very first hamlet descrip-
tion:

“...we find ourselves driven to the
conclusion that all the common
forms of Hypoplectrus probably con-
stitute but a single species, sub-
ject to almost endless variations in
color.”

Jordan (1890)

The different hamlets are easily distin-
guished by their distinctive color patterns
(Puebla et al., 2022). The color patterns
of hamlets are biologically relevant and
are involved in both their predatory and
mate choice behavior (Randall and Ran-
dall, 1960; Puebla et al., 2007, 2018). It
has therefore been suggested that color
pattern in hamlets is a magic trait subject
to natural and sexual selection that drives
the hamlet radiation (Puebla et al., 2007;
Hench et al., 2019, 2022).

Hamlets are predatory and solitary coral
reef fishes. They feed primarily on benthic
invertebrates at shallow to mid-depths.
Some non-significant differences in diet
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Figure 1.5 — Distribution range of hamlets. Each point is an individual hamlet with a total of 6,424

records. Data from Robertson and Van Tassell (2019).

are observed, notably with H. indigo,
which is the only hamlet that eats Chromis
cyanea (Whiteman et al., 2007; Holt et al.,
2008).
sidered to be aggressive mimics, increas-
ing their predation success by imitating
a more abundant and non-predatory fish
species (Thresher, 1978; Randall and Ran-
dall, 1960; Puebla et al., 2007). Putative
sympatric models have been suggested for
the blue hamlet H. gemma and the but-

Several hamlet species are con-

ter hamlet H. unicolor (Randall and Ran-
dall, 1960; Puebla et al., 2007). Increased
predation success was only demonstrated
for H. unicolor (Puebla et al., 2007, 2018).
The aggressive mimicry hypothesis in-
volves both color patterns and behavior
suggesting that these traits are under nat-
ural selection in hamlets. However, while
this may be true for some hamlet species,
this hypothesis cannot be extended to the
entire radiation. Another axis for natural

selection on hamlet color patterns would
be camouflage, whereby disruptive verti-
cal body bars would promote advantages
in complex reef habitats (Phillips et al,,
2017). This second hypothesis cannot be
extended to the whole radiation either,
since not all hamlets have bars. The com-
plex reef habitat offers a multitude of eco-
logical niches for fish to adapt to, and
no single ecological driver appears to be
solely responsible for the hamlet radiation.

While the role of natural selection in the
hamlet radiation is uncertain, sexual se-
lection on color pattern has been doc-
umented. Hamlets are simultaneously
hermaphrodites and egg traders, meaning
that mate choice must be reciprocal (Fis-
cher, 1980). Each day at dawn, hamlets
find and choose a reciprocal partner on the
reef to mate with. This, combined with the
widespread sympatry of hamlet species,
leads to complex pairing dynamics (Puebla
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Figure 1.6 — The 18 described hamlet species. Modified from Puebla et al. (2022) with authors’ permis-

sion.

et al.,, 2012). Mate choice in hamlets is
highly assortative, visually based, and may
act as a prezygotic barrier to reproduc-
tion, limiting gene flow between species
(Puebla et al., 2007). However, field sur-
veys have shown that hybrids represent
no more than 2.05% of observations, sug-
gesting a low frequency of non-assortative
matings in hamlets (Domeier, 1994). Ham-
let hybrids have also been bred in captiv-
ity (Domeier, 1994). Puebla et al. (2012)
showed that although mating with con-
specifics is preferred, hybridization is pos-
sible when conspecifics are not available.
Although sexual selection on color pattern
limits gene flow through mate choice, it is
likely that hamlets are not completely re-
productively isolated.

In addition to the direct hybrid observa-
tions, genetic analyses have identified hy-
brids and backcrosses in natural popula-
tions, confirming that hybridization and in-
trogression are ongoing in hamlets (Hench
et al., 2019, 2022). Hamlet species are
highly genetically similar, congruent with
the occurrence of gene flow. The very low
levels of genetic differentiation and diver-
gence among hamlet species fall within a
range typically found among populations
within species (Garcia-Machado et al,,
2004; Puebla et al., 2007; Barreto and Mc-

Cartney, 2008; Puebla et al., 2008, 2012,
2014). They also generally do not sort into
distinct mitochondrial haplogroups (Mc-
Cartney et al., 2003).
differentiation stand out against a back-

Sharp peaks of

ground of low differentiation, and compar-
isons between species pairs reveal vary-
ing degrees of divergence (Puebla et al,,
2012; Hench et al., 2019, 2022). Both the
widespread hybridization and the pattern
of differentiation among hamlets are typ-
ical of early radiation stages (Figure 1.7;
Wu, 2001).

While I will adopt the view that hamlets
are separate species for this work, I rec-
ognize that hamlets may portray an early
window of the speciation continuum (Fig-
ure 1.7; Puebla et al., 2012). Indeed, the
hamlet radiation is estimated to have be-
gun diverging very recently, < 10,000 gen-
erations (Hench et al., 2022), and remains
largely unresolved phylogenetically (Mc-
Cartney et al., 2003; Ramon et al., 2003;
Garcia-Machado et al., 2004; Taveral and
Acero, 2013; Hench et al., 2022).
let fishes, with their diverse color patterns

Ham-

and their recent origin, provide a unique
opportunity to study substrates for selec-
tion during the early stages of a radiation.
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Figure 1.7 — Serraninae subfamily tree recon-
structed from the Fish Tree of Life (Rabosky et al.,
2018). Short and red branches indicate that ham-
lets underwent a recent diversification burst not ob-
served in related lineages. Modified from Hench
et al. (2022), license CC BY-NC-ND 4.0.

* Hypolectrus is a reef fish radiation

» Hamlets have striking variation in
their color patterns

* Color pattern in hamlet is poten-
tially a magic trait, strongly involved
in sexual selection

e The hamlet radiation is recent and
rather at the beginning of the speci-
ation continuum

This thesis expands both genomic
and phenomic hamlet data from the lo-
cal scale to the scale of their entire geo-
graphic range.
comprehensive and standardized dataset
of hamlet photographs, marking a shift

It also presents the first

from human-biased qualitative phenotypic
analysis to quantitative phenotypic anal-
ysis. It thus further supports hamlets

as a model system to investigate specia-

tion mechanisms at the microevolutionary
scale. The main objective of my thesis was
to characterize the phenotypic and genetic
variation of an evolutionary radiation. The
incredible color pattern diversity observed
in the hamlet radiation, coupled with its
recent origin, provides an ideal foundation
for this investigation. In this context, I an-
alyzed color pattern variation, uncovered
its genomic basis, and evaluated its role
in reproductive isolation between hamlet
I first developed a quantitative
pipeline for color pattern analysis from in
situ photographs, quantified color pattern
variation across hamlet species, and iden-

species.

tified genes underlying such variation. I
then assessed interspecific and intraspe-
cific phenotypic and genomic variation to
investigate the substrates of selection dur-
ing the early stages of a radiation. Fi-
nally, I examined the hamlet radiation in
a phylogenetic context, using both whole
genomes and regions associated with phe-
notypic variation, according to the genic
view of species.

The work within this thesis consists of the
following chapters:

Phenotypic and ge-
nomic dissection of color pattern vari-
ation in a reef fish radiation.

Floriane Coulmance, Derya Akkaynak,
Yann Le Poul, Marc P. Hoppner, W. Owen
McMillan, Oscar Puebla

The first manuscript quantifies color pat-
tern variation in hamlets and identifies its
genomic basis. I developed and imple-
mented a novel quantitative pipeline for
the analysis of in situ fish photographs. By

combining this newly developed method
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with a multivariate genome-wide associa-
tion approach, I was able to identify three
highly associated regions underlying ham-
let phenotypic variation. This method
also allows modeling the effect of specific
loci on the hamlet body at a pixel resolu-
tion. The presented framework provides
a quantitative support for the study of the
eco-evolutionary significance of color pat-
tern in reef fishes.

This work is published:

Coulmance, F.,, Akkaynak, D., Le Poul, Y., HOppner,
M. P, McMillan, W. O. and Puebla, O. (2024). Phe-
notypic and genomic dissection of colour pattern
variation in a reef fish radiation. Molecular Ecology

33, e17047.

Phenotypic variation
within and between species during the
early stages of radiation

Floriane Coulmance, Melanie J. Heck-
wolf, Jakob Gismann, Tane Kafle, Omar
Dominguez-Dominguez, Karim Awhida,
Martin Helmkampf, W. Owen McMillan,
Oscar Puebla.

The second manuscript introduces the
most extensive phenotypic dataset to date
for hamlets, with 571 in situ photographs
collected over seven fieldwork efforts, rep-
resenting seven sites across their en-
tire distribution range and 14 hamlet
species. I leveraged the previously devel-
oped quantitative image analysis pipeline
to investigate interspecific and intraspe-
cific phenotypic variation. @ Combining
this with genomic data from 327 ham-
let individuals representing 18+ species,
I showed that phenotypic and genomic
clusters of local sympatric species show
a substantial amount of overlap and be-

come largely continuous at the scale of
the whole radiation, highlighting the im-
portance of local evolutionary processes in
shaping radiations.

Work in prep, planned submission to:

Coulmance, F., Heckwolf, M. ],
Kafle, T., Dominguez-Dominguez, O., Awhida, K.,

Helmkampf, M., McMillan, W. O. and Puebla, O.

Gismann, ],

(in prep). Phenotypic variation within and between
species during the early stages of radiation. Pro-
ceedings of the Royal Society B: Biological Sci-

ences.

Radiation with repro-
ductive isolation in the near-absence
of phylogenetic signal

Floriane Coulmance*, Martin Helmkampf*,

Melanie J. Heckwolf, Arturo Acero P, Al-
ice Balard, Iliana Bista, Omar Dominguez-
Dominguez, Paul B. Frandsen, Montser-
rat Torres-Oliva, Aintzane Santaquiteria,
Jose Tavera, Benjamin C. Victor, D. Ross
Robertson, Ricardo Betancur-R., W. Owen
McMillan, Oscar Puebla

This manuscript explores the hamlet ra-
diation from a phylogenetic perspective.
Using a genomic dataset of 335 genomes
from 18+ hamlet species, sampled across
their entire geographic range, the first
comprehensive phylogeny of the hamlet
was constructed. I assessed the genic
view of species by examining phylogenetic
relationships at genomic regions under-
lying species divergence and color pat-
Phylogenies constructed
using these regions or the whole genome

tern variation.

failed to resolve the hamlet phylogeny
at the species level, suggesting that re-
productive isolation may unfold without
a detectable genomic signature at early
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stages.

Work in review in:

Coulmance, F.*, Helmkampf, M.*, Heckwolf, M. ].,
Acero, P. A, Balard, A., Bista, I., Dominguez-
Dominguez, O., Frandsen, P. B., Torres-Oliva, M.,
Santaquiteria, A., Tavera, J., Victor, B. C., Robert-
son, D. R., Betancur-R., R., McMillan, W. O. and
Puebla, O. (in review). Radiation with reproductive
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Coral reefs rank among the most diverse species assemblages on Earth. A particularly
striking aspect of coral reef communities is the variety of color patterns displayed by
reef fishes. Color pattern is known to play a central role in the ecology and evolution
of reef fishes through, for example, signaling or camouflage. Nevertheless, color pat-
tern is a complex trait in reef fishes—actually a collection of traits—that is difficult to
analyze in a quantitative and standardized way. This is the challenge that we address
in this study using the hamlets (Hypoplectrus spp., Serranidae) as a model system. Our
approach involves a custom underwater camera system to take orientation- and size-
standardized photographs in situ, color correction, alignment of the fish images with a
combination of landmarks and Bézier curves, and principal component analysis on the
color value of each pixel of each aligned fish. This approach identifies the major color
pattern elements that contribute to phenotypic variation in the group. Furthermore,
we complement the image analysis with whole-genome sequencing to run a multivari-
ate genome-wide association study for color pattern variation. This second layer of
analysis reveals sharp association peaks along the hamlet genome for each color pat-
tern element and allows to characterize the phenotypic effect of the single nucleotide
polymorphisms that are most strongly associated with color pattern variation at each
association peak. Our results suggest that the diversity of color patterns displayed by
the hamlets is generated by a modular genomic and phenotypic architecture.

color pattern, genome-wide association, Hypoplectrus, modularity, radiation, reef fishes
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The color patterns displayed by reef
fishes are among the most visually stun-
ning traits in animals.
highly visual environments and color pat-
tern plays an important ecological and
evolutionary role in reef fishes (Thayer,
1909; Cott, 1940; Lorenz, 1962; Marshall,
1998; Marshall et al., 2019).
tern is for example involved in signaling
(Cheney et al., 2009), camouflage (Phillips
et al.,, 2017), mimicry (Randall, 2005) and
mate choice (McMillan et al., 1999). Al-
though the origin of coral reef fish fami-
lies and functional groups goes back to the

Coral reefs are

Color pat-

Paleocene (66 million years ago), the ma-
jority of species arose within the last 5.3
million years, with sister species often dif-
fering primarily in terms of color pattern
(Bellwood et al. 2015, 2017). The analysis
of reef fish color pattern provides there-
fore the opportunity to address a num-
ber of fundamental ecological and evolu-
tionary processes (Salis et al., 2019) that
include adaptation (Cortesi et al., 2015),
speciation (Puebla et al., 2007) and adap-
tive radiation (Hench et al., 2022).

Nonetheless, color pattern is a complex
trait in reef fishes.
lection of traits rather than a single trait.
Structurally, color pattern involves all as-

It is actually a col-

pects of color (e.g. hue, saturation, irides-
cence) as well as a diversity of patterns
such as bars, stripes, bands, lines, gradi-
ents, speckles, blotches, spots and many
more that can occur in many combina-
tions. Developmentally, reef fishes present
a diversity of pigment cell types (chro-
matophores) that goes well beyond the few
types that are present in model species
such as zebrafish (Salis et al. 2019; Parichy
2021). Genetically, tens of patterning

genes have been identified in fishes, but
mostly in model fishes (Salis et al., 2019;
Parichy, 2021), and we are only starting
to unveil the genetic bases of color pat-
tern variation in reef fishes (Hench et al.,
2019, 2022). These new insights have
been facilitated by next-generation DNA
sequencing technologies that now allow
to routinely assemble and sequence entire
fish genomes. Genotyping capacity has in-
creased by six orders of magnitude, from
about ten loci with classic genetic mark-
ers to about ten million loci with whole
genomes, in less than two decades. As
a consequence, progress starts to be hin-
dered by phenotyping power, i.e. the abil-
ity to describe phenotypic variation in de-
tail, rather than genotpying power.

Reef fishes provide a good illustration of
this situation. Studies of reef fish color
pattern have typically relied on manual
scoring (e.g. Kelley et al., 2013; Heming-
son et al., 2020; Hench et al., 2022), which
is appropriate for discrete color pattern
elements (e.g. bars or eyespots).

ertheless, manual scoring reduces color

Nev-

pattern variation to a few predefined el-
ements and is hardly applicable to com-
plex and/or continuous variation. With re-
cent advances in computer vision and deep
learning, pre-trained convolutional neural
networks provide an interesting avenue to
analyze reef fish color patterns. Neverthe-
less, variation in body shape can confound
the analysis of color pattern with this ap-
proach (Alfaro et al.,, 2019). An alterna-
tive avenue consists in aligning fish im-
ages and analyzing the color of each pixel
of each aligned fish with Principal Com-
ponent Analysis (PCA). Hemingson et al.
(2019) applied this approach to Chaetodon
butterflyfishes reducing color to four dis-
crete categories, (‘yellow’, ‘black’, ‘white’
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and ‘other’), and evidenced an effect of ge-
ographic range overlap and symmetry on
color pattern. Color-standardized images
would allow to analyze quantitatively the
color value of each pixel and thereby cap-
ture more subtle variation (e.g. gradients).
Here, we develop an approach to do ex-
actly that using the hamlets (Hypoplectrus
spp., Serranidae) as a reef fish model sys-
tem.

The hamlets are a genus of small preda-
tory sea basses from the wider Caribbean.
They are characterized by striking vari-
ation in color pattern that delineates 18
recognized species (Lobel 2011; Puebla
et al. 2022).
sympatric and very similar ecologically
(Whiteman et al., 2007; Holt et al., 2008).
Color pattern is an important cue for mate
choice and the hamlets show strong as-
sortative mating both in the field and in

The hamlets are highly

experimental conditions (Fischer, 1980;
Domeier, 1994; Barreto and McCartney,
2008; Puebla et al., 2012). Inter-specific
spawning occur at low frequency in nat-
ural populations (<2% of observations).
There are no apparent postzygotic barri-
ers between species (Whiteman and Gage,
2007) and genetic data indicate that gene
flow is ongoing among species (Hench
et al., 2019, 2022). Color pattern also
likely plays an ecological role through
aggressive mimicry and crypsis (Randall
and Randall, 1960; Thresher, 1978; Fis-
cher, 1980; Puebla et al., 2007, 2018).
Color pattern may therefore constitute
a link between natural selection and re-
productive isolation (Puebla et al., 2007),
which would contribute to explain why
the hamlets present the highest speciation
rates documented in reef fishes (Siqueira
et al., 2020).
tern is a complex trait in the hamlets, in-

Nevertheless, color pat-

volving all aspects of color variation (e.g.
hue, saturation) as well as a diversity of
patterns (bars, dots, lines, spots, gradi-
ents, ...).
highly variable, not only among species
but also within, both within and among
locations (Thresher, 1978; Aguilar-Perera,
2004; Robertson et al., 2019), which com-
plicates species delineation.

In addition, color pattern is

1. IMAGE
a CAPTURE
b Fish ID
information
bl
7 - -
’ _-
J PVC
Color background
Checker -—=
ziplock bag
2.COLOR
C CORRECTION
d 3. ALIGNMENT
e 3. MASKING

Figure 2.1 — Overview of the image capture and
standardization procedure. The fishes are captured
in situ, photographed against a neutral background
next to a color checker and an ID label at a stan-
dardized distance and orientation from the camera
lens. The fish images are then color-standardized,
aligned and masked.
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The hamlets are also very closely related
genetically. They show low levels of ge-
netic differentiation and divergence (Holt
etal., 2011; Barreto and McCartney, 2008;
Puebla et al., 2012, 2014; Hench et al.,
2022) and do generally not sort into dis-
tinct mitochondrial haplogroups (McCart-
ney et al.,, 2003; Ramon et al.,, 2003;
Garcia-Machado et al., 2004). These low
levels of genetic differentiation and di-
vergence, combined with the diversity of
color patterns displayed by the group, pro-
vide a backdrop that is well suited for a
Genome-Wide Association Study (GWAS)
for color pattern variation. Previous
work has identified genetic associations
with three color pattern elements [vertical
bars, saddle on the caudal peduncle and
spot on the snout (Hench et al.,, 2022)].
Nevertheless, this analysis was limited to
these three predefined traits and by the
fact that they were scored manually.

The objective of this study is to character-
ize color pattern variation in the Hypoplec-
trus radiation and its genomic bases. To
this aim we develop a protocol to take stan-
dardized photographs in situ, and gener-
ate a largely new dataset that includes
both standardized photographs and whole
genomes of the same individuals for 13
hamlet species. We analyze color pattern
variation quantitatively and with minimal
human intervention, i.e. without manual
scoring of predefined color pattern ele-
ments. We then use this quantified color
pattern variation as trait for a GWAS. We
hypothesize that this approach will allow
to identify the major color pattern ele-
ments that contribute to phenotypic vari-
ation in the group, and to identify genetic
associations with each color pattern ele-
ment.
identified color pattern elements such as

We expect to recover previously

vertical bars. We also expect to recover
new color pattern elements, color ele-
ments in particular since color varies con-
tinuously in the hamlets and could there-
fore not be scored manually in previous
analyses.

2.2.1 Fieldwork

Fieldwork was conducted at four loca-
tions in 2017 with the objective to collect
standardized photographs and tissue sam-
ples that cover a large part of the ham-
lets color pattern diversity and geographic
range.
and is largely new, with all images and
101 of the 113 genomes presented here

This dataset includes 13 species

for the first time. It notably includes five
species (H. floridae, H. gemma, H. gut-
tavarius, H. chlorurus and an undescribed
species) as well as two locations (Florida
and Puerto Rico) that were not considered
in the previous manually-scored GWAS
(Hench et al., 2022).
are the vicinity of the Keys Marine Labo-
ratory in the Florida Keys (July 2017), of
the Carrie Bow Cay field station in Belize
(May 2017), of the Bocas del Toro field
station in Panama (February 2017), and
of the La Parguera field station in Puerto
Rico (March 2017). All fieldwork was
conducted under Smithsonian Tropical Re-
search Institute (STRI) Institutional Ani-
mal Care and Use Committee (IACUC) pro-
tocol 2017-0101-2020-2 and Northeast-
ern University IACUC protocol 17-0206R.
Sampling was conducted under NOAA
ONMS permit 2017-042 and FWCC permit
SAL-17-1890A-SR (Florida), Fisheries De-
partment permit 000026-17 (Belize), Min-
isterio de Ambiente permits SC/A-53-16
and SEX/A-35-17 and Access and Benefit-

The four locations
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Sharing Clearing-House identifier ABSCH-
IRCC-PA-241203-1 (Panama), and Depar-
tamento de Recursos Naturales y Ambi-
entales research permit #2016-I1C-127 (E)
(Puerto Rico).

2.2.2 Sampling procedure

Previous experience with the hamlets in-
dicates that color pattern is not well pre-
served in voucher specimens and often
altered beyond the variation that is ob-
served in the wild (Robertson et al., 2019)
when hamlets are speared, manipulated,
stressed for more than a few minutes,
brought to the surface, taken out of the
water, kept in captivity or euthanized (O.
Puebla, personal observation). In this per-
spective, photographs of live individuals
in their natural environment are ideal to
capture color pattern variation within and
among species [e.g. Robertson et al,
2019; Puebla et al., 2022]. Nevertheless,
such photographs are not suited for quan-
titative analysis due to their lack of stan-
dardization in terms of size, color and ori-
entation. In order to address these limi-
tations, we developed a protocol to take
standardized photographs of live speci-
mens in situ (Figure 2.1).

Briefly, the camera system consisted of a
mirrorless Canon EOS M3 camera with an
Ikelite underwater housing and two Ike-
lite DS51 strobes with white diffusers. A
PVC frame held the camera at fixed dis-
tance and orientation from a neutral PVC
background that included a color checker
(X-Rite Mini ColorChecker Classic) with a
size standard. Hamlets were collected on
scuba at depths ranging between 13 and
65 feet.
line, using small hooks whose barbels had
been sanded to minimize injuries. Upon

This was done with hook-and-

capture the fish were transferred to a zi-
plock bag and held against the PVC back-
ground with an ID label while the other
diver took the photographs. The ziplock
bag was then turned and the other side of
the fish photographed. Photographs were
initially taken with strobe lightning, and
then both with and without strobe light-
ning as we started to suspect that strobe
lightning may do more harm than good in
terms of image analysis. All photographs
were shot in CR2 raw format since jpg for-
mat alters true colors irreversibly. A fin
clip was taken and the fish was either re-
leased or collected as voucher. The entire
operation took just a few (typically three)
minutes per fish. Tissue samples were
preserved in salt-saturated DMSO solution
immediately after the dive. This method is
efficient, highly selective and does not af-
fect the reef (no chemicals or nets used).
Photographs of a few selected individuals
taken before, during and after the sam-
pling procedure indicate that color pattern
is not affected beyond the variation that is
observed in the wild (Figure S2.1). Fur-
thermore, observations of tagged individ-
uals over two years indicate that this pro-
cedure does not noticeably alter their sur-
vival (O. Puebla, unpublished data).

2.2.3 Image analysis

Pre-processing

The image analysis was restricted to 113
samples for which we also sequenced full
The
image analysis was also restricted to one

genomes (Figure 2.2, Table S2.1).

photograph (the best one) of the left
side of each fish, except for one sample
(PL17_138uniflo) for which we only had
the right side that we mirrored. The first
step consisted in color-correcting the im-
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Figure 2.2 — Sampling design. The dataset consisted of 113 samples spanning 13 species and 4 locations

(Panama, Belize, Puerto Rico and Florida).

ages to standardize colors across the en-
tire dataset. Raw CRZ2 images were de-
mosaicked with Adobe DNG converter and
output as dng images for compatibility
with MATLAB. Photographs were color-
corrected using the color checker that was
captured aside of the fish in each image
and a MATLAB procedure derived from
Akkaynak et al. (2014). The output of the
color correction was a new raster image
(three-layer matrix) in mat format and a
png image compressed in 8-bit. The sec-
ond step consisted in creating a first rough
mask to delimit the fish contour in all im-
ages. A MATLAB script was used to open
the color-corrected images and place out-
line landmarks around the fish body. This
step resulted in a mat file containing the
rough mask as a raster object for each
fish.

Alignment

Alignment of the fish images is necessary
to ensure that each pixel position is as ho-
mologous as possible across all images. A
first rough alignment was performed us-
ing the color-corrected png images and

the mat mask files to center and orient the
fish images. A more precise alignment was
then conducted using a two-dimensional
structure made of landmarks and Bézier
curves following Le Poul et al. (2014). This
structure was applied to each fish image,
corrected manually when needed and used
for the alignment of all fish images. Note
that this procedure may involve slight de-
formations of the images. Aligned images
were output in png format. In order to re-
move the background, an average image
was created from the 113 aligned images.
The outline of the fish body was drawn
from the average image in Python. A tif
mask was then created from the outline
with the GNU Image Manipulation Pro-
gram (GIMP). This resulted in a mask in
tiff format in which the mask is white and
the background black. The mask was ap-
plied to each fish image to remove the
background. The images were then very
slightly blurred with a 5-by-5 pixel con-
volution to remove fine-scale texture, and
converted to the LAB format where the
L channel contains luminosity information
and the A and B channels color informa-
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tion. Finally, each image was flattened
into a long one-dimensional image vector
to be used as input for Principal Compo-

nent Analysis (PCA).

PCA on color pattern variation

PCA is an appropriate tool for the anal-
ysis of color pattern because it allows to
dissect color pattern variation into a num-
ber of dimensions (Principal Components,
PCs) that can be analyzed either individ-
ually or altogether. PCA was conducted in
Python using the sklearn PCA function and
limiting the number of PCs to 15. In or-
der to visualize the different elements of
color pattern variation, heatmaps that dis-
play the contribution of each pixel to the
variation of each PC were created using
the PC eigenvectors.

2.2.4 Genotyping

A total of 101 samples were sequenced
anew for this study. Fifteen additional
samples were available from Moran et al.
(2019) and one from Hench et al. (2019).
For the new samples, genomic DNA was
extracted from tissue samples using Qi-
agen MagAttract High Molecular Weight
kits.
quenced at the Institute of Clinical Molec-
ular Biology (Kiel University) on an Illu-
mina NovaSeq 6000 at a mean raw se-
quencing depth of 27x. Four samples with

Libraries were prepared and se-

a mean raw coverage <15x were removed
from the analysis. After this filtering, our
study consisted of 113 samples spanning
A list of
all samples with metadata and accession

13 species and four locations.

numbers is provided in Table S2.1 and a
summary of the sampling design is pre-
sented Figure 2.2.

All the samples considered in this study

were genotyped jointly and anew. The
variant calling procedure was adapted
from the best practice recommendations
for the GATK workflow (McKenna et al.,
2010) provided by the Broad Institute (De-
Pristo et al., 2011; Van der Auwera et al.,
2013).
sequences from fastq to uBAM format, as-

GATK was used to transform the

sign read groups and mark adapters. The
sequences were then back-transformed to
fastq format using GATK, mapped to the
hamlet reference genome (Hench et al,,
2019) using BWA (Li and Durbin, 2009)
and merged with the uBAM files contain-
ing read groups information with GATK.
Duplicated reads were removed, genotype
likelihoods were called for each individ-
ual and merged for all samples. All indi-
viduals were then genotyped jointly based
on the genotype likelihoods from all sam-
ples. The dataset was filtered for a minor
allele count > 2 and reduced to biallelic
SNPs only using VCFtools (Danecek et al.,
2011).

2.2.5 Population genetic analyses
Genetic structure

Genetic differentiation between

(Fst)
pairs of samples (species/populations)
was computed with VCFtools following
Weir and Cockerham (1984),
ing the genome-wide weighted mean.
This
species/populations for which we had at

consider-

analysis was restricted to the
least seven samples. The same approach
was used to estimate the joint Fsr among
all species/populations for which we had

at least seven samples.

A PCA was run on all samples using the
R package SNPRelate (Zheng et al., 2012)
to also explore genetic structure at the
individual level. Linkage Disequilibrium
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(LD) among SNPs was limited by pruning
SNPs with a LD threshold of 0.2 using a
recursive sliding-window approach. The
LD-pruned dataset consisted of 289,515
SNPs.

Identification of hybrids and backcrosses

In order to identify potential hybrids and
backcrosses in our dataset, we used the
approach based on Mendelian inheritance
of highly differentiated loci implemented
in NewHybrids (Anderson and Thompson,
2002). This analysis was restricted to the
species/populations for which we had at
least six samples. For each pair of sym-
patric species, 800 of the most differen-
tiated SNPs were selected and then fil-
tered for a minimum physical distance of
5 kb with VCFtools to reduce physical link-
age among them. 80 SNPs were then ran-
domly selected from the filtered set using
bash scripting to ensure that all analyses
are based on the same number of mark-
ers, and converted to the NewHybrids in-
put format using PGDSpider (Lischer and
Excoffier, 2012). The assignment to hy-
brid classes with NewHybrids was imple-
mented in the R package parallelnewhy-
brid (Wringe et al., 2016), which was run
with a burn-in of 10° iterations and 107
Individuals that were assigned
to one hybrid class (first-generation hy-
brid, second-generation hybrid or back-
cross) with a posterior probability > 0.99
were considered high-probability hybrids
or backcrosses.

sweeps.

2.2.6 Genome-Wide Association

Study

In order to identify genomic regions as-
sociated with color pattern variation, a
multivariate GWAS was implemented us-
ing the PCs of the color pattern PCA as

traits. Specifically, the multivariate associ-
ation test implemented in PLINK (Purcell
et al., 2007) was used (Ferreira and Pur-
cell, 2009) with the first five PCs of the
color pattern PCA as traits (considering
more than five PCs did neither reveal ad-
ditional association peaks nor noticeably
change the multivariate GWAS results).
This multivariate approach provides more
statistical power than a univariate method
that would consider each PC individually
(Ferreira and Purcell, 2009).
less, it has the drawback of not account-
ing for population structure. Furthermore,
it is also relevant to consider the associa-

Neverthe-

tions of individuals PCs to single out the
genetic associations for specific color pat-
tern elements. The GWAS was therefore
repeated with i. the univariate approach
implemented in PLINK that does account
for population structure, ii. the univariate
approach implemented in GEMMA (Zhou
and Stephens, 2012) that also accounts for
population structure, and iii. the multi-
variate approach used above but consid-

ering each PC individually.

Multivariate and univariate associations
were first considered along the genome
using the mean association -log(p-value)
over 50-kb windows with 5-kb increments,
which revealed a number of sharp asso-
ciation peaks. The strongest multivari-
ate association peaks were identified us-
ing an arbitrary mean association -log(p-

value) cutoff value of 2.5.

The strongest association peaks were then
examined in more detail considering in-
dividual SNPs and the reference genome
annotation. For each association peak,
the multivariate phenotypic effect of the
SNP showing the strongest association

was characterized with a heatmap display-
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ing the weighted effect of the five PCs on
this SNP for each pixel using the PC eigen-
vectors.

2.3.1 Image analysis

The first five PCs of the color pattern PCA
explained 85.7% of the variation among
the standardized images, and the PCs be-
yond PC5 accounted for less than 3% of
The PCA
showing PC1 versus PC5 is presented in

variation each (Figure S2.2).

Figure 2.3a, the PCA showing PC2 versus
PC4 is presented in Figure 2.4a, and the
PCA showing PC1 versus PC3 is presented
in Figure S2.3a.

PC1 accounted for 58.0% of the variation
and broadly discriminated samples from
the darkest colored ones (H. nigricans, on
the left of the PCA) to the lightest col-
ored ones (H. unicolor, on the right, Fig-
ure 2.3a). The heatmap indicated that the
pixels whose variation contributed most
to PC1 were located on the ventral part
and on the caudal and anal fins (Figure
2.3d).

PC5 accounted for only 3.5% of the vari-
ation but broadly discriminated the sam-
ples that have vertical bars (H. puella, H.
indigo and H. floridae, in the upper half
of the PCA) from the samples that do not
have vertical bars (in the lower half, Fig-
In agreement with this pat-
tern, the heatmap indicated that the pixels

ure 2.3a).

whose variation contributed most to PC5
were located on the vertical bars and cau-
dal peduncle mark (Figure 2.3e). Thus, the
heatmaps for PC1 (Figure 2.3d) and PC5
(Figure 2.3e) were broadly the negative of
each other.

PC4 accounted for 5.6% of the variation

and broadly discriminated the samples
that have a plain blue-colored face and
body (H. maya and H. gemma, in the up-
per half of the PCA) from the other sam-
ples (in the lower half, Figure 2.4a). In
agreement with this pattern, the heatmap
indicated that the pixels whose variation
contributed most to PC4 were uniformly
distributed over the face and body (Figure
2.4e).

Patterns were more diffuse for PC2 al-
though it accounted for 10.6% of the vari-
ation. This PC broadly discriminated the
samples that have a yellow color compo-
nent, in particular a yellow caudal fin (H.
guttavarius, H. chlorurus, H. aberrans and
H. gummigutta, on the right of the PCA)
from the other samples (on the left, Figure
2.4a). In agreement with this pattern, the
heatmap indicated that the pixels whose
variation contributed most to PC2 were lo-
cated on the caudal fin (Figure 2.4d).

PC3 accounted for 8.0% of the variation
but did not appear to discriminate any
color pattern element in particular (Figure
S2.3a).
indicated that the images that are in the
upper part of the PCA in Figure S2.3a were
characterized by over-exposure of the ven-
tral anterior part of the body due to strobe
lightning, which was used for 59 of the
113 images (52%). This is reflected in
the heatmap for PC3 (Figure S2.3e), which
highlights this part of the body. PC3 ap-
pears therefore to capture variation that
is in large part artefactual.

Examination of the photographs

2.3.2 Population genetic analyses
Genetic structure

Genetic structure was low to moderate,
with pairwise Fgr estimates ranging be-
tween 0.002 (H. chlorurus versus H. puella

- 39 -



Manuscript 1

-40 k

PC1, var = 58.0 %

-20 k 0k 20 k

—log(p-value)
1 2

60 k p

10k

0k

PC5, var =3.5 %

-10k

L

Linkage Group

N

—log(p-value)

0

LR~

Figure 2.3 —

H. nigricans H. aberrans H. gummigutta
B
y ‘ s
H. chlorurus H. guttavarius H. randallorum

H. gemma

d

H. maya

[
>
=
QO
«Q
@
(@)
IS
c
©
d
E > 5
.
-
| ]
0.000 0.002 0.004 0.006

3P 3D s ),

H. indigo H. floridae H. unicolor

E‘ 3

W

H. puella Hypoplectrus sp.

a. Principal Component (PC) 1 versus PC5 of the color pattern PCA. b. association -

log(p-value) of the univariate GWAS for PC5 along the hamlet genome. c. association -log(p-value) of the
univariate GWAS for PC1 along the hamlet genome. d. heatmap showing the contribution of each pixel to

PC1. e. heatmap showing the contribution of each pixel to PC5.

- 40 -



Manuscript 1

a PC2, var = 10.6 % p —log(p-value)
-20k -10k 0k 10k 20k 1 2 3
20k
\‘\ )
2 N -
© 5
W 10k 3
1 Q
— (U]
g o
S 2
8 ]
o 3P
\
\\
0k N N
Je =54 .
- \\| * ’th
- A Z
o - - O
JONNG o
1‘2'-;;-. ]
-10k
c Linkage Group d
3 N
4
.
I~ —
Q2
3
;i
2
>
L
[ =
o 0.000 0.002 0.004 0.006
*( 7 B > < 3P Qo T 2w
H. nigricans H. aberrans H. gummigutta H. gemma H. indigo H. floridae H. unicolor
B g <
- s o &_ o 1Y .
—— —— —— ——
H. chlorurus H. guttavarius H. randallorum H. maya H. puella Hypoplectrus sp.

Figure 2.4 —

a. Principal Component (PC) 2 versus PC4 of the color pattern PCA. b. association -

log(p-value) of the univariate GWAS for PC4 along the hamlet genome. c. association -log(p-value) of the
univariate GWAS for PC2 along the hamlet genome. d. heatmap showing the contribution of each pixel to
PC2. e. heatmap showing the contribution of each pixel to PC4.

- 41 -



Manuscript 1

in Puerto Rico) and 0.097 (H. nigricans
from Panama versus H. indigo from Be-
lize, Table 52.2), and a joint Fsy estimate
among all species/populations of 0.034. It
is to be noted that these results are based
on relatively small samples sizes (between
7 and 10 samples per species/population),
which is expected to result in relatively
low precision of Fyr estimates.

Princpal Component 1 of the whole-
genome PCA accounted for 1.5% of the ge-
netic variation and discriminated the only
H. floridae sample from the rest of the
samples (Figure S2.4a, b). Principal Com-
ponent 2 accounted for 1.3% of the genetic
variation and discriminated H. indigo, one
H. puella sample from Florida, and the H.
floridae sample. PC3 accounted for 1.1%
of the genetic variation and discriminated
the samples from Puerto Rico, the H. ni-
gricans samples and the H. gemma sam-
ples.

Identification of hybrids and backcrosses

One individual out of the 80 included in the
NewHybrids analyzes (1.25%) was identi-
fied as a high-probability (posterior prob-
ability >0.99) backcross.
tion is broadly in line with the low occur-
rence (<2%) of inter-specific spawnings
reported in wild populations, including the
populations from Florida, Belize and Bocas

This propor-

del Toro considered in this study (Fischer,
1980; Puebla et al., 2007; Barreto and Mc-
Cartney, 2008; Puebla et al., 2012). This
sample was a H. chlorurus individual from
Puerto Rico (PL_17.40), which had a typi-
cal H. chlorurus phenotype but came out
as a H. unicolor/H. chlorurus backcross
(Figure S2.5).

Two other samples provided notable re-
sults. The first one was a H. puella indi-

vidual from Belize (PL_17_.107), which had
a typical H. puella color pattern phenotype
but came out as a hybrid (posterior proba-
bility 0.20) or backcross (posterior proba-
bility 0.80) between H. puella and H. nigri-
cans. The second sample was a H. puella
individual from Puerto Rico (PL17_.17_.53),
which came out as a H. chlorurus/H. puella
backcross with a posterior probability of
0.92. This individual was atypical, with
vertical bars but a dark body and a bright
yellow caudal fin, i.e.
termediate between H. chlorurus and H.
puella. These two samples are considered
possible hybrids or backcrosses, although

a phenotypic in-

not high-probability ones since the assign-
ment posterior probability to any category
is <0.99%.

2.3.3 Genome-Wide Association

Study

Principal Components 1 and 5 showed
sharp univariate association peaks along
c). Princi-
pal Component 5 (which is associated

the genome (Figure 2.3b,

with vertical bars and caudal peduncle
mark) presented a particularly clear pat-
tern, with an outstanding association peak
on Linkage Group (LG, putative chromo-
some) 12 (Figure 2.3b). Principal Compo-
nent 1 (which is associated with dark to
clear ventral part, caudal fin and anal fin)
showed more association peaks than PC5,
distributed over several LGs (LG02, LGO03,
LG04, LGO08, LG09, LG12, LG23), with a
major peak on LG04 (Figure 2.3c). Asso-
ciation peaks were lower for PC4 (which
is associated with plain blue face and
body) but a few peaks emerged, notably
on LG04, LGO8 and LG12 (Figure 2.4b).
Principal Component 2 (which is associ-
ated with yellow caudal fin) showed a
large number of relatively low association
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peaks distributed all over the genome (Fig-
ure 2.4c). Principal Component 3 (which
appears to capture artefactual variation)
showed the fewest and lowest association
peaks (Figure S2.3b).
one was in a region of LGO6 where a
small inversion had been previously identi-
fied (K. Hench & O. Puebla, unpublished).
Higher levels of association were observed
in LGO8 for most PCs, particularly for PC2.
This is likely due to a large (>20 Mb)
low-recombining region—presumably an

The most notable

inversion—that has been previously iden-
tified in this LG (Theodosiou et al., 2016;
Hench et al., 2019).

The multivariate GWAS considering the
first five PCs altogether retrieved the same
association peaks that were identified by
the univariate analyzes, and the same
higher levels of association in the low-
recombining region of LG08 (Figure 2.5a).
When considering each PC individually,
the multivariate approach provided simi-
lar association patterns as the univariate
analyzes (Figure S2.6). Three major asso-
ciation peaks stood out in the multivariate
GWAS. A close-up on these peaks allows
to explore association patterns in relation
to the gene annotation, identify the SNP
that is most strongly associated with color
pattern variation for each peak, and char-
acterize the multivariate phenotypic effect
of this SNP (Figure 2.5b, ¢, d).

The association peak on LGO04 is located
in a gene-dense region. The most strongly
associated SNP is upstream of the Solute
Carrier Family 35 Member A4 (slc35a4)
gene. It shows a positive association with
most of the body, notably the head, the
central bar and the saddle on the caudal
peduncle, and a negative association with
the caudal fin (Figure 2.5b). It is to be

noted that the direction of the association
for each SNP—positive or negative—is ar-
bitrary (it depends on which allele was
considered the reference allele).

The first association peak on LG12 is
located in an intron of caszl, a castor
zinc finger transcription factor. The most
strongly associated SNP is associated with
the seven vertical bars and, to a lesser ex-
tent, with the anterior part of the dorsal
fin, the anal fin and the margins of the cau-
dal fin (Figure 2.5c).

The second association peak on LG12 is lo-
cated on the hoxca gene cluster and the
most strongly associated SNP is in an exon
of the hoxc13a gene. It is positively associ-
ated with the saddle on the caudal pedun-
cle, the central bar and the eye bar, and
negatively associated with a large part of
the rest of the body, the caudal fin in par-
ticular (Figure 2.5d).

Smaller association peaks identify a num-
ber of additional genes (atpl3a3, znf711,
glplr, elovl5, sox10, smox, pard6b, fmod,
tango6, tmem245, nxpe3, sersl, vit, matk,
sin3b, naaladl2, tgml1, kit), some of which
are known to play a role in pigmentation
(e.g. sox10, smox). These are not analyzed
in detail due to the limited power provided
by our sample size to characterize small-
effect loci.

Principal Component Analysis of the stan-
dardized images dissects color pattern
variation into broadly interpretable color
patterns elements: dark to light ventral
part, caudal and anal fin on PC1, yellow
caudal fin on PC2, blue face and body
on PC4, and vertical bars and caudal pe-

duncle mark on PC5. As expected, we
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recover previously identified pattern el-
ements (vertical bars and caudal pedun-
cle mark), but also new specific color ele-
ments that could not be scored manually in
previous analyses. The univariate GWAS
allows then to dissect the genetic associ-
ations with each color pattern element in-
dependently. The color pattern elements
identified differ in terms of what aspect of
color pattern variation they capture, the
proportion of color pattern variation they
explain, and also in terms of genetic asso-
ciations. For example, PC5 explains only
3.5% of color pattern variation but is as-
sociated with discrete and specific color
pattern elements (vertical bars and cau-
dal peduncle mark), and presents one out-
standing association peak on LG12. On the
other hand, PC1 explains 58% of color pat-
tern variation, is associated with a more
continuous color pattern element (dark to
light ventral part, caudal fin and anal fin),
and shows several associations peaks on
different LGs.

The color pattern elements identified are
independent from each other from an im-
age analysis perspective, but this doesn’t
necessarily imply that they are indepen-
dent from a genetic perspective. On the
contrary, the observation that the same as-
sociation peaks emerge for different PCs
(e.g. on LGO4 for PC1 and PC4) suggests
that some genomic regions may play a role
in several color pattern elements. This
is where the multivariate GWAS is rele-
vant because it allows to explore genetic
associations—and characterize the pheno-
typic effect of the most strongly associated
SNPs—across all PCs.

The multivariate GWAS identifies three
major association peaks on LG04 and
LG12. It is to be noted that although the

two major peaks on LG12 appear close to
each other on a whole-genome scale, they
are separated by two megabases, which
is well beyond physical linkage distance
in the hamlets (Moran et al., 2019; Hench
et al., 2019). Thus, these two association
peaks are not physically linked. The most
strongly associated SNP in each genomic
region show strong associations (in the or-
der of 1e-20) and distinct phenotypic ef-
fects.

The first association peak on LG12 is par-
ticularly striking as it identifies the seven
vertical bars that are characteristic of
the barred hamlet (H. puella), the Florida
hamlet (H. floridae) and the indigo ham-
let (H. indigo) in our dataset. This re-
sult is consistent with the univariate anal-
ysis for PC5, which captures the verti-
cal bars and reveals the same outstand-
This re-
sult is also consistent with our previous
GWAS (based on a different dataset) where
the presence/absence of vertical bars was
scored manually,

ing association peak on LG12.

revealing here again
the same outstanding association peak on
LG12 (Hench et al., 2022). This validates
both this specific result for the vertical
bars and our new GWAS approach more
generally. The fundamental difference is
that the vertical bars now emerge from the
analysis without having been identified a
priori and scored manually, and represent
just one among several color pattern el-
Indeed, although the
vertical bars are a conspicuous element
of color pattern variation in the hamlets
and show an outstanding association peak,
they represent only 3.5% of variation in

ements identified.

the color pattern PCA. In terms of gene
annotation, this association peak points to
a castor zinc finger transcription factor
(caszl). Interestingly this gene has been
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Figure 2.5 — Results of the multivariate GWAS on the first five PCs of the PCA on color pattern varia-
tion. a. Manhattan plot showing the association -log(p-value) along the hamlet genome. The three major
association peaks are highlighted in red. b-d. Close-ups on the three major association peaks (in the same
order from left to right as in the Manhattan plot). Each panel shows, from top to bottom, the position along
the genome (in Mb), the gene annotation, the association -log(p-value) on a SNP-basis (most strongly as-
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(green line, scale on the right axis), and a fish heatmap showing the phenotypic effect of the most strongly
associated SNP. Note that the direction of the association (positive or negative) is arbitrary for each plot
(it depends on which allele was considered the reference allele).

shown to be expressed in the photorecep-
tors of mice (Mattaretal., 2015, 2018) and
zebrafish (Ogawa and Corbo, 2021), and
is also consistently expressed in the ham-
let retina (Hench et al., 2019). This sug-
gests a possible pleiotropic effect of this
locus on vision and pigmentation, or tight
physical coupling between vision and pig-
mentation loci as in Heliconius butterflies
(Rossi et al., 2020). Either of these situ-
ations would contribute to explain the ex-
plosive radiation of the hamlets.

The second association peak on LG12 iden-
tifies, among others, the saddle on the
caudal peduncle that is characteristic of
the butter hamlet (H. unicolor). This re-
sult is consistent with the univariate anal-
yses for PC1 and PC5, which discriminate

the butter hamlet from the other species
and reveal the same association peak on
LG12. This result is also consistent with
our previous GWAS analysis where we had
scored the presence/absence of the sad-
dle on the caudal peduncle manually, re-
vealing here again the same association
peak on LG12 (Hench et al., 2022). Nev-
ertheless, the results are less clear-cut for
the saddle on the caudal peduncle than for
vertical bars because other color pattern
elements are also identified by this asso-
ciation peak (eye bar, central bar, caudal
fin), and because other association peaks
also emerged when the saddle on the cau-
dal peduncle was scored manually (Hench
et al., 2022). Furthermore, the saddle on
the caudal peduncle is characteristic of
the butter hamlet, and although it is poly-
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morphic within this species (O. Puebla,
personal observation), this variation was
not captured in our samples. All butter
hamlets in our dataset have a saddle on
the caudal peduncle and none of the other
samples have one (note that the saddle on
the caudal peduncle differs from the most
posterior vertical bar in terms of shape
and its melanic nature). We therefore have
limited power to disentangle the genetic
associations with this specific color pat-
tern element from other color pattern ele-
ments that are characteristic of the butter
hamlet. In terms of gene annotation, the
second association peak on LG12 points
to hoxcl3a, another transcription factor.
Hox genes are well-known for their role
in the patterning of tissues along the body
axis and their 3’ to 5’ organisation in tight
genomic clusters that reflects their ante-
rior to posterior expression during devel-
opment (Carroll et al., 2005). They have
also been shown to be involved in pigmen-
tation, notably in Drosophila (Jeong et al.,
2006), Nymphalidae butterflies (Saenko
et al., 2011), bumble bees (Tian et al.,
2019) and crows (Poelstra et al., 2015).
hoxc13a in particular is the most 5’ gene
of the hoxca gene cluster and has been
shown to be expressed at the caudal bud
and pigment appearance stages in fishes
(Thummel et al., 2004; Jakovli¢ and Wang,
2016). This is is consistent with the pos-
sibility that hoxcl3a may be involved in
the development of the saddle on the cau-
dal peduncle in the hamlets. Functional
analyses are needed to test this hypothe-
sis.

The association peak on LGO04 is the
strongest multivariate association peak. It
is also the most pervasive association peak
as it emerges in the univariate analyses
for PC1, PC2, PC4 and PC5. This ge-

nomic region appears therefore to play a
prominent role in color pattern variation.
In the univariate analyses this association
peak is strongest for PC1, which is as-
sociated with light to dark color. It is
also the strongest association peak for PC4
that discriminates the Maya hamlet (H.
maya) and the blue hamlet (H. gemma),
the two species with a plain blue face and
body, from the other samples. This ge-
nomic region, which is gene-dense, ap-
pears therefore to be involved in body col-
oration. Accordingly, the phenotypic effect
of the most strongly associated SNP recov-
ers most of the body. Yet it also recov-
ers specific color pattern elements (sad-
dle on the caudal peduncle, central bar,
spot on the snout), suggesting that this ge-
nomic region may also be involved in pat-
terning.

The fact that the low-recombining region
on LGO8 presents noticeably higher levels
of association for most PCs suggests that
this region may also be involved in color
patterning. This is particularly true for
PC2, which shows the highest associations
on LG08. Chromosomal inversions have
been shown to be associated with color
pattern variation in a variety of taxa in-
cluding Drosophila (Hatadani et al., 2004),
horses (Brooks et al., 2007), stick in-
sects (Lindtke et al., 2017), redpoll finches
(Funk et al., 2021) and deer mice (Hager
2022).
recombining region on LGO08 is extensive
(about 20 Mb, 75% of the LG) and distinct
association peaks can be identified within
this region. This suggests that it may act
as a supergene that captures specific com-

et al., Furthermore, the low-

binations of alleles at several loci associ-
ated with different color pattern elements,
as reported in Heliconius butterflies (Jay
et al.,, 2022). Nevertheless, larger sam-
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ple sizes will be needed to identify the
specific color pattern elements associated
with the different peaks on LGO08 since
the signal is weaker than the three major
peaks in the multivariate GWAS. Further-
more, extensive analyses on both previous
and this dataset failed to identify distinct
groups corresponding to the non-inverted
homozygotes, non-inverted/inverted het-
erozygotes and inverted homozygotes at
the putative inversion on LG08 (K. Hench,
F. Coulmance, unpublished). This sug-
gests that if the low-recombining region is
indeed an inversion (or a cluster of several
inversions), then it is a recent one.

2.4.1 Phenotypic and genetic mod-
ularity

A striking aspect of the color pattern el-
ements identified by the PCA (color of the
face, body, ventral part, caudal fin and anal
fin, vertical bars and saddle on the cau-
dal peduncle) is that they constitute the
basic ”building blocks” of color pattern
variation in the whole radiation. Indeed,
the color patterns displayed by the differ-
ent species are broadly different combi-
nations of these basic elements. Further-
more, the GWAS indicates that each color
pattern element is associated with a rel-
atively small number of large-effect loci.
This suggests a modular [or combinato-
rial (Marques et al., 2019)] genetic and
phenotypic architecture, whereby the va-
riety of color patterns displayed by the
hamlets is generated by different combi-
nation of alleles at these loci. In addi-
tion, the high levels of sympatry of the
hamlets and the occurrence of hybridisa-
tion and introgression in the group (Fis-
cher 1980; Domeier 1994; Barreto and Mc-
Cartney 2008; Puebla et al. 2012; Hench
et al. 2019, 2022, this study) can con-

tribute to generate new phenotypic diver-
sity rapidly. This would provide a mecha-
nism for the exceptionally rapid radiation
of the hamlets, as suggested for other ra-
diations in tropical butterflies and finches
where color pattern also plays a prominent
role (Van Belleghem et al., 2017; Stryjew-
ski and Sorenson, 2017; Campagna et al.,
2017). Such a modular genetic architec-
ture appears to also involve pleiotropic ef-
fects in the hamlets since, as also docu-
mented in Heliconius butterflies (Morris
et al.,, 2019), some genomic regions are
associated with several color pattern ele-
ments.

2.4.2 Advantages and limitations

The major advantage of our approach is
that it considers color pattern variation
in its entirety, without a priori identifi-
cation of color pattern elements, manual
scoring, or clustering of pixel color val-
ues into discrete color categories. Fur-
thermore, it generates results that are in-
terpretable from both a color pattern and
a genetic perspective. The PCA dissects
color pattern variation into its major el-
ements, and the univariate GWAS identi-
fies associations with each element inde-
pendently. The multivariate GWAS then
identifies associations across all these ele-
ments and allows to characterize the phe-
notypic effect of the most strongly associ-
ated SNPs.

Nevertheless, our study remains limited
by several factors. While our sample size
of 113 allows to identify major color pat-
tern elements and large-effect loci, it is
too low to characterize more subtle ele-
ments of color pattern variation and small-
effect loci. Such small-effect loci appear to
also contribute to color pattern variation,
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as suggested by a number of smaller asso-
ciation peaks throughout the genome and
the signal at the low-recombining region of
LGO08. Alarger sample size is warranted to
achieve higher resolution.

Furthermore, the multivariate GWAS im-
plemented here does not account for pop-
ulation structure. Yet the consistency
of the results with the univariate GWAS,
which does account for population struc-
ture, suggests that our results are not
strongly affected by population structure.
This may result from i. the relatively low
levels of genetic structure within hamlets
species (Puebla et al. 2008, 2009, this
study), ii. the exceptionally low levels
of genetic differentiation among hamlet
species (Holt et al. 2011; Barreto and Mc-
Cartney 2008; Puebla et al. 2012, 2014;
Hench et al. 2022, this study) and iii. the
fact that most major color pattern ele-
ments (dark to light ventral part, caudal
fin and anal fin, yellow caudal fin, blue
face and body, vertical bars) were cap-
tured in different genomic backgrounds,
i.e. in different species and/or locations,
by our sampling design. In this regard we
note that the major reason why we could
not correct for genetic structure in the
multivariate GWAS is sample size. Thus,
a higher sample size would not only allow
to identify more subtle color pattern ele-
ments and small-effect loci, but also cor-
rect for genetic structure in the multivari-
ate GWAS.

Another limitation of our study is the
artefactual variation introduced by strobe
lighting, which appears to generate about
8% of the variation in the image anal-
ysis. Strobe lighting was meant to
standardize images by providing homo-

geneous and constant illumination, but

it ultimately provided inconsistent light-
ing, even among repeated photographs of
the same fish taken seconds apart. The
strobes also generated under-exposure,
over-exposure and reflection artefacts.
Considering that light was not strongly
limiting at the depths at which the pic-
tures were taken and that the color stan-
dard allows to correct for differences in
light conditions between photographs, we
advise to not use strobes. Exploration of
our data with strobed versus non-strobed
images suggests that species should clus-
ter better in the color pattern PCA when
non-strobed images only are used.

Our approach is also limited to the visi-
ble spectrum, while it is known that pat-
terns outside of the visible spectrum, e.g.
in the UV (Siebeck et al., 2010; Mitchell
etal.,2022), can be important in some reef
fishes. This limitation may be addressed
by using a hyperspectral camera instead
of a commercial off-the-shelf camera and
underwater housing.

Finally, it is important to note that our
approach is meant to describe colour
pattern variation per se, as opposed
to how color patterns are perceived by
e.g. conspecifics, congeners, predators
or preys, which requires visual modeling
(e.g. Pierottiet al. 2020). In this regard we
note that the GWAS did not identify associ-
ations with short- and long-wave sensitive
opsin genes (sws2aa, sws2aj3, sws2b and
Iws), which are characterized by a sharp
peak of differentiation between species on
LG17 (Hench et al., 2019). This confirms
that our approach singles out the effect of
color pattern from other traits that may
also differ among species.
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2.4.3 Perspectives

This study constitutes a proof-of-concept
for the quantitative analysis of color pat-
tern variation in reef fishes. The results
illustrate the potential of our approach to
dissect color pattern variation into inter-
pretable color pattern elements and de-
tect genetic associations with these color
pattern elements, both independently with
a univariate GWAS and altogether with
a multivariate GWAS. The method may
by further refined by using larger sam-
ple sizes, non-strobed images only, a mul-
tivariate GWAS that accounts for popu-
lation genetic structure or a hyperspec-
These improvements pro-
vide potential to identify and character-
ize subtle color pattern variation, not only
among species but also within, providing

tral camera.

a quantitative basis for study of the eco-
evolutionary significance of color pattern
in reef fishes.
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2.5 Supplementary Information

BEFORE

c

AFTER

Figure S2.1 — Image of the same individual taken a. just before the sampling procedure, b. during the
sampling procedure, and c. just after the sampling procedure. Note that this fish was tagged on the caudal
fin, which was not the case in this study, and the early version of the background and color standard, which
were not used in this study either.

Table S2.1 — List of samples used in this study. Locations correspond to Belize (bel), Panama (boc),
Puerto Rico (pue) and Florida (flo) and species to H. aberrans (abe), H. chlorurus (chl), H. floridae (flo),
H. gemma (gem), H. gummigutta (gum), H. guttavarius (gut), H. indigo (ind), H. maya (may), H. nigricans

(nig), H. puella (pue), H. randallorum (ran), undescribed (sp.) and H. unicolor (uni).

CONDOAWN =2

32

34
35
36
37
38
39
40

42
43
44
45
46
47
48
49
50

52
53
54
55
56
57

ID
28366
28377
28384
28386
28387
28388
28390
28391
28392
28394
28399

AGORX_46
AG9RX_48
AG9RX_49
AG9RX_50
AG9RX_51
AG9RX_53
PL17_01
PL17_02
PL17_04
PL17_05
PL17_103
PL17_100
PL17_104
PL17_105
PL17_106
PL17_107
PL17_108
PL17_109
PL17_110
PL17_111
PL17_112
PL17_125
PL17_117
PL17_127
PL17_128
PL17_132
PL17_134
PL17_135
PL17_136
PL17_137
PL17_138
PL17_139
PL17_140
PL17_141
PL17_143
PL17_149
PL17_155
PL17_157
PL17_159
PL17_23
PL17_35
PL17_37
PL17_38
PL17_39
PL17_40
PL17_41

Species Location

gum
uni
pue
nig
nig
uni
nig
uni
uni
nig
nig
nig
pue
nig
nig
pue
pue
uni
pue
pue
pue
pue
ind
nig
pue
nig
pue
nig
pue
pue
ind
nig
ran
pue
ind
ind
ind
uni
uni
uni
uni
uni
pue
uni
uni
uni
nig
pue
pue
pue
sp.
ind
chl
chl
chl
chl
chl

boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
boc
bel
bel
bel
bel
bel
bel
bel
bel
bel
bel
bel
bel
bel
bel
bel
bel
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
pue
pue
pue
pue
pue
pue
pue

Date
2017-02-04
2017-02-05
2017-02-06
2017-02-06
2017-02-06
2017-02-06
2017-02-06
2017-02-07
2017-02-07
2017-02-07
2017-02-07
2017-02-06
2017-02-07
2017-02-07
2017-02-07
2017-02-07
2017-02-07
2017-02-07
2017-02-07
2017-02-07 9.332778
2017-02-07 9.332778
2017-10-04 16.765278
2017-09-04 16.765278
2017-10-04 16.765278
2017-10-04 16.765278
2017-10-04 16.765278
2017-10-04 16.765278
2017-10-04 16.765278
2017-10-04 16.765278
2017-10-04 16.765278
2017-11-04 16.765278
2017-11-04 16.765278
2017-13-04 16.765278
2017-12-04 16.765278
2017-14-04 16.765278
2017-14-04 16.765278
2017-14-04 16.765278
2017-05-07 24.752580
2017-06-07 24.752580
2017-06-07 24.752580
2017-07-07 24.752580
2017-07-07 24.752580
2017-08-07 24.752580
2017-08-07 24.752580
2017-08-07 24.752580
2017-09-07 24.752580
2017-12-07 24.752580
2017-14-07 24.752580
2017-15-08 24.752580
2017-16-08 24.752580
2017-03-13 17.952820
2017-03-15 17.952820
2017-03-15 17.952820
2017-03-15 17.952820
2017-03-15 17.952820
2017-03-15 17.952820
2017-03-15 17.952820

Latitude

9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778
9.332778

L g Number
-82.25472  20.9 ERS8632035
-82.25472 19.6 ERS14948427
-82.25472  34.2 ERS14948442
-82.25472  26.9 ERS14948430
-82.25472 35 ERS14948426
-82.25472 33 ERS14948436
-82.25472  34.2 ERS14948425
-82.25472  35.7 ERS14948444
-82.25472  28.2 ERS14948440
—82.25472 37.3 ERS14948432
-82.25472  27.8 ERS14948433
-82.25472 315 ERS14948429
-82.25472  29.9 ERS14948431
-82.25472  30.2 ERS14948424
-82.25472  33.9 ERS14948437
-82.25472  31.1 ERS14948434
-82.256472  28.7 ERS14948435
-82.25472  23.9 ERS14948439
-82.25472  26.5 ERS14948428
-82.25472  28.6 ERS14948438
-82.25472 245 ERS14948441
-88.14417 27 ERS14948415
-88.14417  29.2 ERS14948407
-88.14417  21.9 ERS14948408
-88.14417  37.8 ERS14948419
-88.14417  21.9 ERS14948401
-88.14417 315 ERS14948420
-88.14417  24.6 ERS14948411
-88.14417  25.3 ERS14948417
-88.14417  23.6 ERS14948422
-88.14417  26.4 ERS14948399
-88.14417 18.8 ERS14948405
-88.14417  30.7 ERS14948421
-88.14417 245 ERS14948404
-88.14417  25.4 ERS14948402
-88.14417 211 ERS14948406
-88.14417 243 ERS14948416
-80.76065 21.8 ERS14948448
-80.76065 25.8 ERS14948455
-80.76065  38.4 ERS14948452
-80.76065  34.5 ERS14948453
-80.76065  24.9 ERS14948451
-80.76065 29.5 ERS14948450
-80.76065 25 ERS14948456
-80.76065 32 ERS14948457
-80.76065 30 ERS14948454
-80.76065  30.6 ERS14948447
-80.76065 29.6 ERS14948449
-80.76065 24.9 ERS14948446
-80.76065  26.7 ERS14948445
-67.05643  26.6 ERS14948480
-67.05643 285 ERS14948482
-67.05643  29.7 ERS14948469
-67.05643  32.7 ERS14948464
-67.05643  23.4 ERS14948460
-67.05643  31.4 ERS14948466
-67.05643  27.6 ERS14948462

58
59
60
61
62
63
64
65
66
67
68
69
70
7
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
929
100
101
102
103
104
105
106
107
108
109
110
11
112
113

ID
PL17_42
PL17_43
PL17_44
PL17_50
PL17_53
PL17_55
PL17_54
PL17_56
PL17_57
PL17_60
PL17_62
PL17_63
PL17_64
PL17_65
PL17_67
PL17_68
PL17_69
PL17_70
PL17_71
PL17_72
PL17_73
PL17_74
PL17_93
PL17_91
PL17_90
PL17_88
PL17_86
PL17_87
PL17_75
PL17_76
PL17_77
PL17_82
PL17_85
PL17_97
PL17_94
PL17_96
PL17_99

28383
28385
28389
PL17_66
PL17_89
PL17_95
PL17_119
PL17_120
PL17_121
PL17_122
PL17_123
PL17_124
PL17_126
PL17_142
PL17_144
PL17_145
PL17_148
PL17_153
PL17_160
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Species Location

chl
chl
chl
pue
pue
uni
pue
sp.
pue
pue
chl
uni
ind
pue
uni
gut
pue
uni
sp.
sp.
uni
uni
nig
nig
pue
abe
chl
nig
abe
sp.
uni
pue
ind
ind
pue
nig
ind
uni
nig
abe
uni
may
may
may
may
may
may
may
may
may
gem
gem
gem
gem
gem
flo

pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
pue
bel
bel
bel
bel
pue
bel
pue
pue
pue
pue
pue
bel
bel
bel
bel
boc
boc
boc
pue
bel
bel
bel
bel
bel
bel
bel
bel
bel
flo
flo
flo
flo
flo
flo

Date Latitude
2017-03-15 17.952820
2017-03-15 17.952820
2017-03-15 17.952820
2017-03-16 17.952820
2017-03-16 17.952820
2017-03-16 17.952820
2017-03-16 17.952820
2017-03-17 17.952820
2017-03-17 17.952820
2017-03-17 17.952820
2017-03-17 17.952820
2017-03-18 17.952820
2017-03-18 17.952820
2017-03-18 17.952820
2017-03-18 17.952820
2017-03-20 17.952820
2017-03-21 17.952820
2017-03-21 17.952820
2017-03-21 17.952820
2017-03-21 17.952820
2017-03-21 17.952820
2017-03-21 17.952820
2017-08-04 16.765278
2017-08-04 16.765278
2017-08-04 16.765278
2017-07-04 16.765278
2017-03-24 17.952820
2017-05-04 16.765278
2017-03-22 17.952820
2017-03-22 17.952820
2017-03-22 17.952820
2017-03-23 17.952820
2017-03-24 17.952820
2017-09-04 16.765278
2017-08-04 16.765278
2017-09-04 16.765278
2017-09-04 16.765278
2017-02-06 9.332778
2017-02-06 9.332778
2017-02-06 9.332778
2017-03-18 17.952820
2017-07-04 16.765278
2017-08-04 16.765278
2017-13-04 16.765278
2017-13-04 16.765278
2017-13-04 16.765278
2017-13-04 16.765278
2017-13-04 16.765278
2017-13-04 16.765278
2017-13-04 16.765278
2017-08-07 24.752580
2017-09-07 24.752580
2017-09-07 24.752580
2017-11-07 24.752580
2017-13-07 24.752580

24.752580

Number

-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
—-88.14417
-88.14417
-88.14417
-88.14417
-67.05643
—-88.14417
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-88.14417
-88.14417
-88.14417
-88.14417
—-82.25472
—-82.25472
-82.25472
-67.05643
-88.14417
-88.14417
-88.14417
-88.14417
-88.14417
-88.14417
-88.14417
-88.14417
-88.14417
-80.76065
-80.76065
-80.76065
-80.76065
-80.76065
-80.76065

24.3
19.6
17.7
21.9
19.6

ERS14948467
ERS14948461
ERS14948463
ERS14948475
ERS14948476
ERS14948485
ERS14948483
ERS14948484
ERS14948479
ERS14948481
ERS14948465
ERS14948487
ERS14948471
ERS14948490
ERS14948493
ERS14948470
ERS14948486
ERS14948489
ERS14948478
ERS14948472
ERS14948491
ERS14948492
ERS14948412
ERS14948400
ERS14948418
ERS14948398
ERS14948468
ERS14948413
ERS14948458
ERS14948477
ERS14948488
ERS14948473
ERS14948474
ERS14948409
ERS14948410
ERS14948414
ERS14948403
ERS14948443
ERS14948423
ERS8632036
ERS14948459
ERS2899590
ERS2899591
ERS2899593
ERS2899594
ERS2899595
ERS2899596
ERS2899597
ERS2899598
ERS2899599
ERS2899137
ERS2899138
ERS2899139
ERS2899140
ERS2899141
ERS4141277
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Figure S2.2 — Percentage of variance explained by each individual Principal Component (PC) in the PCA
on color pattern variation.

Table S2.2 — Whole-genome Fsr estimates between all pairs of samples (species/population) that have
a sample size of at least seven individuals. Population names are composed of species (first 3 digits) and
location (last 3 digits). Locations correspond to Belize (bel), Panama (boc), Puerto Rico (pue) and Florida
(flo) and species to H. chlorurus (chl), H. indigo (ind), H. maya (may), H. nigricans (nig), H. puella (pue)
and H. unicolor (uni).

POPULATIONS puebel nigbel indbel maybel pueboc nigboc puepue unipue chipue uniflo

puebel _ _ _ _ _ _ _ _ _ _
nigbel 0.007 _ _ _ _ _ _ _ _ _
indbel 0.059 0.072 _ _ _ _ _ _ _ _
maybel 0.027 0.034 0.089 _ _ _ _ _ _ _
pueboc 0.009 0.015 0.076 0.033 _ _ _ _ _ _
nigboc 0.028 0.023 0.097 0.052 0.026 _ _ _ _ _
puepue 0.015 0.019 0.08 0.037 0.019 0.039 _ _ _
unipue 0.015 0.019 0.077 0.037 0.02 0.04 0.003 _ _
chlpue 0.017 0.021 0.083 0.038 0.021 0.04 0.002  0.009 _ _
uniflo 0.015 0.02 0.072 0.038 0.02 0.04 0.015 0.014 0.021
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Figure S2.3 — a. Principal Component (PC) 1 versus PC3 of the color pattern PCA. b. association -
log(p-value) of the univariate GWAS for PC3 along the hamlet genome. c. association -log(p-value) of the
univariate GWAS for PC1 along the hamlet genome. d. heatmap showing the contribution of each pixel to
PC1. e. heatmap showing the contribution of each pixel to PC3.
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Figure S2.4 — Principal Component Analysis (PCA) on 289,515 biallelic Single Nucleotide Polymorphism
(SNP) markers from 113 Hypoplectrus samples spanning 13 species and four locations a. Principal Com-
ponent (PC) 1 vs. PC2, b. PC1 vs. PC3, c. PC2 vs. PC3
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generation hybrids, respectively, bc: backcrosses. One individual, highlighted in bold, was identified as
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with each line corresponding to one pair of sympatric species. P: parental, F1 and F2: first- and second-
high-probability backcross (posterior probability >0.99).

Figure S2.5 — Identification of putative hybrids and backcrosses in Panama (a), Belize (b) and Puerto Rico
(c). Bars indicate the posterior probability of assignment of each individual to the different hybrid classes,
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Figure S2.6 — Comparison of results provided by the two univariate and the multivariate Genome-Wide
Association Study (GWAS) methods for each Principal Component (PC) of the image Principal Component
Analysis (PCA). Top: PLINK univariate, middle: GEMMA univariate, bottom PLINK multivariate (consider-
ing one PC at a time).
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Recent radiations provide rare windows into the early stages of diversification. With the
advent of second- and third-generation DNA sequencing technologies, it is now possible
to study this process at the whole-genome level. However, few studies have taken a sim-
ilarly comprehensive approach at the phenotypic level. This is what we do here, using
the hamlets (Hypoplectrus spp.) as a model system. These reef fishes from the Greater
Caribbean have diversified rapidly into 18+ species that differ essentially in terms of
color pattern. Using a recently developed workflow, we analyzed in situ photographs of
571 fishes from 14 species at pixel resolution with a fully standardized and automated
procedure. The results show that sympatric species form phenotypic clusters that are
significantly different from each other, but still exhibit substantial within-species vari-
ation and between-species overlap. At the scale of the Greater Caribbean, geographic
variation within species further contributes to this overlap, resulting in nearly contin-
uous variation across the entire radiation. A complementary dataset of 327 genomes
from 18+ species indicates that similar patterns are observed at the population genomic
level. These results demonstrate that sympatric clusters are maintained by selection
on a phenotypic and genomic substrate that is largely continuous and shared across
species.

phenotypes, variation, genomic, sympatry, Hypoplectrus, diversification

, MJH, JG, TK, ODD, KA, WOM and OP coordinated and performed sample collection. , MH and
OP conducted laboratory work. WOM and OP provided funds for sequencing. , MH and OP analyzed
the data and visualized the results. and OP wrote the manuscript with input and feedback from all
co-authors.

61



Manuscript 2

Evolutionary radiations play an in-
strumental role in generating biodiversity,
and can sometimes unfold rapidly in evolu-
tionary terms (Schluter, 2000). An iconic
example is Darwin’s finches, which diver-
sified into 15 different species in 2-3 mil-
lion years on the Galapagos Islands (Grant
and Grant, 2002).
historical and rather slow radiation, the

In contrast to this

Lake Victoria cichlids recently and explo-
sively diverged into ~500 species in the
last 15,000-100,000 years (Santos et al.,
2023; McGee et al., 2020). They have col-
onized several distinct ecological niches
and make up most of the fish biodiver-
sity in these lakes, representing 5% of all
teleost fishes (Santos et al., 2023; McGee
et al., 2020). Studying the origins and
drivers of such rapid and recent evolution-
ary radiations therefore contributes to our
general understanding of the diversifica-
tion processes that shape present-day bio-
diversity.

Advances in the field of sequencing and
the accessibility of genomic data have al-
lowed scientists to study diversification
mechanisms at the DNA level (Stroud and
Losos, 2020). McGee et al. (2020) an-
alyzed DNA sequences of all extant ci-
chlid species using phylogenetics to in-
They
showed that genetic variation consisting

fer past diversification processes.

of many ancient haplotypes in Lake Vic-
toria cichlids was responsible for their ex-
plosive radiation when combined with eco-
logical opportunity and sexual selection
(McGee et al., 2020). On a smaller scale,
species and populations of three-spined
sticklebacks have been used to understand
the accumulation of reproductive isolation
in speciation processes, providing insights

into early diversification stages (Hendry
et al., 2009; Reid et al., 2021).
studies, genetics is the primary approach
to the understanding of radiations, while
the phenotypic perspective is often over-
looked.

In these

Phenotypes have been extensively stud-
ied in established radiations, allowing the
phenotypic variation to be characterized
at the family level. For example, Navalon
et al. (2020) looked at the craniofacial
morphology of 128 land bird families that
diverged ~67 Ma (Jarvis et al.,, 2014),
by subsampling one to a few species per
family. They showed that radiating lin-
eages such as honeycreepers and Dar-
win’s finches had a tighter beak-skull mor-
phology (Navalon et al., 2020). In the more
recent East African cichlid radiations,
multi-species studies have described vari-
ation and characterized the genetic ba-
sis of the repeated melanin stripes (Ur-
ban et al.,, 2022), the orange blotch pat-
tern (Streelman et al., 2003), body and
jaw morphology (Muschick et al.,, 2012)
phenotypes. Studies on multi-species and
intraspecific variation of early radiation
stages are very limited. Goren and Kay-
mak (2024) showed intraspecific variation
in body shape and size between carp pop-
ulations of a Turkish river, but this was re-
stricted to two species. Overall, we lack a
comprehensive understanding of the phe-
notypic variation substrate for selection at
early diversification stages. In this study,
we propose to characterize the inter- and
intra-specific phenotypic variation of the
entire and recently diverged hamlet (Hy-
poplectrus spp.) radiation.

The hamlets provide a rare opportunity
to evaluate phenotypic variation in early
radiation stages. This genus of small
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seabasses from the wider Caribbean has
18 currently described species character-
ized by their striking variation in color pat-
terns (Lobel, 2011; Puebla et al., 2022;
Coulmance et al.,, 2024). They form an
exceptionally recent radiation that has di-
verged ~10,000 generations ago (Hench
et al.,

2022; Coulmance et al., in re-

view). With up to nine species found
in sympatry (Puebla et al., 2022), color
patterns play a strong role in the ham-
let assortative and visually based mating
system and have been suggested to play
a role in mimicry and camouflage (Ran-
dall and Randall, 1960; Thresher, 1978;
Fischer, 1980; Domeier, 1994; Puebla
etal., 2007; Barreto and McCartney, 2008;
Puebla et al., 2012, 2018; Heckwolf et
Consistent with high
levels of sympatry and the occurrence
of gene flow, hamlets are highly similar
genetically, morphologically and ecologi-
cally (Whiteman et al., 2007; Holt et al.,
2008).
tion among species fall within the range
that is typically found among populations
within species (Puebla et al., 2007; Barreto
and McCartney, 2008; McCartney et al.,
2003; Puebla et al., 2008; Holt et al., 2011;
Puebla et al., 2014). The hamlet genomic
architecture shows sharp peaks of differ-

al., in review).

The levels of genetic differentia-

entiation that stand out against a back-
ground of low differentiation (Hench et al.,
2019, 2022). The same patterns underlie
phenotypic diversity with a few large ef-
fect loci responsible for each color pattern
element (Coulmance et al., 2024). This fol-
lows what is predicted at the early stages
of speciation (Wu, 2001; Wu and Ting,
2004), suggesting that hamlets may still
be diverging and rather in the very first
stages of radiation.

We evaluate the intra- and inter-specific

color pattern variation in hamlets using
an extensive dataset of 571 in situ pho-
tographs and leveraging our newly de-
veloped pipeline for quantitative analysis
of fish color patterns (Coulmance et al.,
2024). We show that although sympatric
species can form phenotypic clusters, vari-
ation is largely continuous at the scale of
the entire radiation. We complement our
study with a genomic dataset of 327 ham-
lets and show that similar patterns are ob-
served at the genetic level.

3.2.1 Phenotyping

The phenotypic analyses are based on 571
hamlet photographs collected in situ over
the course of eight fieldwork efforts in
2017, 2022 and 2023. Hamlets were col-
lected at seven sites across their entire
distribution range in Panama, the US Vir-
gin Islands, Tobago, Mexico, Belize and
S3.1).
Each photograph represents an individual,
and a total of 14 hamlet species are repre-
sented in our dataset (Figures 3.1a, S3.1
and Table S3.1).
constitutes a major improvement with ~5x

the Florida Keys (Figures 3.1aq,

This extensive dataset

more photographs than before, hamlets
from the small clade and the Gulf of Mexico
that were previously missing (Coulmance
et al., 2024; Coulmance et al., in review),
as well as an increase in sample size for
each species, allowing the investigation of
within-species variation across the whole
radiation.

3.2.1.1 Collection sites

The seven sites are: the Keys Marine Lab-
oratory in the Florida Keys (July 2017), the
Carrie Bow Cay field station in Belize (May
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2017), the Bocas del Toro field station
in Panama (February 2017, 2022, 2023),
the La Parguera field station in Puerto
Rico (March 2017), the Tobago Pigeon
Point Fish Facility in Trinidad and Tobago
(November 2022), the Virgin Islands of
the United States (Saint John, May 2023)
All
field work was conducted under Smithso-

and Mexico (Veracruz, June 2023).

nian Tropical Research Institute (STRI) In-
stitutional Animal Care and Use Commit-
tee (IACUC) protocols 2017-0101-2020-2
and SI-22010 and Northeastern Univer-
sity IJACUC protocol 17-0206R. Sampling
was conducted under NOAA ONMS per-
mit 2017-042 and FWCC permit SAL-17-
1890A-SR (Florida), Fisheries Department
permit 000026-17 (Belize), Ministerio de
Ambiente permits SC/A-53-16, SEX/A-35-
17 and ARG-0051-2022 and Access and
Benefit-Sharing Clearing-House identifier
ABSCH-IRCC-PA-241203-1 (Panama), De-
partamento de Recursos Naturales y Am-
bientales research permit #2016-I1C-127
(E) (Puerto Rico), Division of Food Se-
curity Natural Resources the Environ-
ment and Sustainable Development permit
#_005/2022 (Trinidad and Tobago), United
States Department of the Interior National
Park Service Virgin Islands study #VIIS-
23015 and permit #VIIS-2023-SCI-0011
and Department of Planning and Natural
Resources permit DFW23026U (US Vir-
gin Islands) and Direccién General de Or-
denamiento Pesquero y Acuicola permit
PPF/DGOPA-025/23 (Mexico).

3.2.1.2 Photographs collection

Following the procedure and using the
same equipment described in (Coulmance
etal., 2024), live hamlet photographs were
collected in situ maximizing distance, an-
gle, and color standardization. Briefly, a

color checker (X-Rite Mini ColorChecker
Classic) was included with each photo-
graph to allow for color correction. Pho-
tographs were shot at a fixed distance and
angle to allow for further image alignment.
All photographs were taken in .CR2 raw
format to prevent the irreversible alter-
ation of true colors from .jpg. The process
takes only a few minutes (typically three
minutes) from the time the fish is caught
on scuba to the time it is released. It is
a highly selective method that does not
affect the reef, does not affect the color
patterns of the fish or their survival (O.
Puebla, unpublished observations).

3.2.1.3 Image processing

Following the image processing steps from
(2024), photographs
were first color corrected in MATLAB,

Coulmance et al.

then pre-aligned using a custom Python
script, and finally aligned in an alignment
software using a two-dimensional struc-
ture made of landmarks and Bézier curves
(Le Poul et al.,, 2014; Coulmance et al.,
2024). Aligned images were output in .png
format. All image processing code is avail-
able in Coulmance et al. (2024) github
folder. Since all images were aligned,
a common fish body mask was created
in the GNU Image Manipulation Program
(GIMP) to remove background pixels. The
images were slightly blurred with a 5-by-
5 pixel convolution to remove fine-scale
texture and converted to the LAB chan-
nels color space (L for luminosity, A and B
for color). Each image was then flattened
into a long one-dimensional vector. The
resulting table has 571 rows correspond-
ing to hamlet individuals and 1,030,452
columns containing color information from
each LAB channels and corresponding to

343,484 pixels. This table was further
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used for statistical analyses.

3.2.1.4 Statistical analyses

In addition to the dataset with all 571 ham-
lets, two types of data were extracted for
further statistical analyses: subsets per
site for which =29 individuals were avail-
able (excluding Puerto Rico) and subsets
per species for which 25 individuals were
available in at least two sites (H. puella,
H. nigricans, H. unicolor, H. chlorurus,
H. aberrans and H. indigo; Figures 3.1q,
S3.1).

Principal Component Analysis (PCA)
was performed to reduce and visualize
the hamlet phenotypic space into inter-
pretable axes of phenotypic variation, the
principal components (PC). PCA was per-
formed using sklearn in Python (Pedregosa
et al.,, 2011) and PCs were limited to
15.
dimension plots in R v4.2.2 using ggplot
v3.5.1 and related packages.

Results were visualized in two PC

Ellipses
were drawn with stat_ellipse (Fox and Weis-
berg, 2018; Friendly et al., 2013) assum-
ing a multivariate t-distribution for groups
with >4 individuals and at a 0.95 confi-
dence level.
the presence of phenotypic clusters of
species across the whole hamlet radiation.

This allowed us to assess

Heatmaps showing the contribution of pix-
els to variation along PC were generated
using a custom Python script. This fa-
cilitates the interpretation of variation in
color and pattern elements on the hamlet
body.

Permutational multivariate analysis of
variance (PERMANOVA)
test the overlap between phenotypic clus-

was used to

ters of species for the entire dataset and
per-site subsets. For per-specie subsets,

phenotypic clusters were compared be-
tween sites. Over all groups and pairwise
PERMANOVA were performed with adonis2
(Oksanen et al., 2024) and pairwise.adonis
respectively (Martinez Arbizu, 2020). Eu-
clidean distance matrices were computed
between points taking into account the 15
PCs and, the number of permutations was
set to 10,000. Groups with <5 individuals
were excluded.

Hierarchical clustering was used to
assess the presence of phenotypic clusters
for >2 axes of phenotypic variation. Eu-
clidean pairwise distance matrices were
computed using the 15 PCs and then
used to perform clustering with the Ward
method.

3.2.2 Population genetics

The population genetic analyses are based
on a partially overlapping dataset of 327
individual hamlet genomes gathered for a
previous study (Coulmance et al., in re-
view). The dataset covers 15 sites across
the entire hamlet distribution range (Fig-
ure 3.1b; Coulmance et al., in review).
It represents 18+ hamlet species (Figure
3.1b; Puebla et al., 2022; Puebla et al.,
submitted). All subsequent computational
analyses were performed on the high per-
formance computing cluster ROSA (Uni-
versity of Oldenburg) using Linux shell
scripts and Slurm v23.02.4. Results were
visualized locally in R v4.2.2 using ggplot
v3.5.1 and related packages.

3.2.2.1 Genotyping

Genomic DNA extraction, sequencing and
genotyping were available from previ-
ous studies (Hench et al., 2019; Puebla
et al., 2022; Hench et al., 2022; Coul-
mance et al., 2024; Coulmance et al., in
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Figure 3.1 — Map of the sampling design for (a) the phenotypic dataset with n=571 hamlet individuals
collected at 7 sites: Panama, the US Virgin Islands, Tobago, Mexico, Belize and the Florida Keys, and (b)
the genetic dataset with n=327 hamlet individuals collected at 15 sites covering the Gulf of Mexico [Tami-
ahua (tam), Antén Lizardo (liz), Cayos Arcas (arc), Cayo Arenas (are), Alacranes Reef (ala) and the Florida
Keys (flk)], the Western Caribbean [Quintana Roo (qui), Belize (bel), Honduras (hon), San Andrés (san),
Bocas del Toro (boc) and Guna Yala (gun)], and the Eastern Caribbean [Haiti (hai), Puerto Rico (pri) and
Barbados (bar)].
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review). Briefly, genomic DNA was ex-
tracted from fin clips and gills stored in
100% ethanol at -20°C with the MagAt-
tract high-molecular-weight DNA extrac-
tion kit (Qiagen). Illumina DNA Prep li-
braries were prepared and sequenced on
three NovaSeq6000 S4 lanes (2 x 151 bp)
at the Institute of Clinical Molecular Biol-
ogy (IKMB, Kiel University). Genotyping
was performed jointly using GATK v4.1.9
and following its best practice guidelines
(McKenna et al.,, 2010), and the proce-
dure described in Coulmance et al. (sub-
mitted). The resulting genotyping file
was filtered for minimum allele count =2
and reduced to retain only bialleic Sin-
gle Nucleotide Polymorphisms (SNP) us-
ing VCFtools (Danecek et al., 2011).

3.2.2.2 PCA

The SNP dataset was retrieved from Coul-
mance et al. (submitted) and used in a PCA
to assess the presence of genetic clusters
of species across the entire hamlet radi-
ation and in sympatry at sites for which
=40 individuals were available (Honduras,
Belize, Panama and Puerto Rico; Figures
3.1b, S4.1).
accounted for in the PCAs by recursively
removing SNPs within a sliding window for
which the pairwise correlation >1 (Zheng
et al., 2012).

Linkage disequilibrium was

3.3.1 Phenotypic PCA

3.3.1.1 Sympatric cluster of species

We first evaluate the presence of species
clusters in the phenotypic space at each
site separately. The PC combinations with
the best species clustering are shown (Fig-
ure 3.2).

In Panama, PC1 and PC3 account for
68.4% and 5.7% of the phenotypic vari-
ation, and show clusters
of H. unicolor, H. puella, and H. ni-
Further PCs al-
low the significant separation of H. uni-
color, H. puella, H. nigricans and H. aber-
rans clusters with pairwise PERMANOVA
p-value=0.0006 for all pairs except for
H. aberrans vs. H. puella, where p-
value=0.0012 (Figures S3.2a, S3.3a and
Table S3.2).

respectively,

gricans (Figure 3.2a).

In the US Virgin Islands, PC1 and PC4
account for 62.9% and 2.8% of the color
pattern variation, respectively. The com-
bination of PC1 and PC4 and the hierar-
chical clustering reveal phenotypic clus-
ters of species (Figures 3.2b and S3.2b),
and the pairwise PERMANOVA confirms
that these clusters are significantly non-
overlapping (p-value=0.0015; Table S3.2,
Figure S3.3b).

In Tobago, PC1 and PC3 explain 40.8%
and 17.5% of the phenotypic variation in
color patterns, respectively. H. puella, H.
chlorurus and H. gummigutta form dis-
tinct phenotypic clusters and are signifi-
cantly separated (pairwise PERMANOVA
p-value=0.0003; Figures 3.2c¢c, S3.2¢,
S3.3c and Table S3.2).

In Mexico, PC1 and PC2 account for 80.6%
and 11.5% of the phenotypic variation,
respectively, and show distinct clusters
corresponding to H. atlahua and H. cas-
troaguirrei (Figure 3.2d). These clus-
ters are further confirmed by hierarchical
clustering and pairwise PERMANOVA (p-
value=9.9e-05; Figures S3.2d, S3.3d and

Table S3.2).

In Belize, PC1 and PC2 represent 67.8%
and 14.0% of the color pattern variation,
respectively, and cluster H. indigo, H.
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maya, H. nigricans, and H. puella (Fig-
ure 3.2e). While the hierarchical cluster-
ing over 15 PCs shows a mixture of clus-
ters with some individuals of H. puella
and H. maya scattered throughout the
tree (Figure S3.2¢), the pairwise PER-
MANOVA significantly separates these
species (p-value=0.0006; Table S3.2, Fig-
ure S3.3e).

In the Florida Keys, PC1 and PC4 ac-
count for 66.7% and 5.6% of the phe-
notypic variation, respectively, and show
clusters of H. gemma and H. unicolor
(Figure 3.2f).
ing over 15 PCs shows a mixture of H.

The hierarchical cluster-

gemma, H. puella and H. unicolor (Figure
S53.2f). The pairwise PERMANOVA signifi-
cantly separates H. gemma from H. puella
(p-value=0.0264), H. puella from H. uni-
color (p-value=0.00024), and H. gemma
from H. unicolor (p-value=0.0006; Table

S3.2, Figure S3.3f). The over all groups
PERMANOVA shows a higher significant
separation of species (p-value=9.9e-05) as
compared to the pairwise results between
sympatric species (Table S3.2).

3.3.1.2 The whole hamlet radiation

Considering the entire hamlet phenotypic
dataset (n=571, 14 species and 7 sites),
PC1 and PC4 best visualized species clus-
ters, explaining 62.1% and 4.6% of the
color pattern variation, respectively (Fig-
ure 3.3a). While the hierarchical clus-
tering seems to show phenotypic clus-
ters of species (Figure 3.3b), we observe
large overlap between species in the phe-
notypic space (Figure 3.3a).
wise comparisons show significant non-
overlap between species clusters with a p-
value=0.0055. H. castroaguirrei vs. H.

gemma (p-value=0.011), H. castroaguir-

Most pair-
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Figure 3.3 — Phenotype PCA over all sites (a) PCA clusters of phenotypes grouped by species, x-axis
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based on 15 PCs and colored by species.
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rei vs. H. gummigutta (p-value=0.039), H.
gemma vs. H. indigo (p-value=0.022), and
H. gemma vs. H. puella (p-value=0.022)
cluster significantly less than other pairs
(Table S3.3, Figure S3.5). H. gemma vs.
H. maya (p-value=0.071) do not signifi-
cantly separate into distinct clusters (Ta-
ble S3.3, Figure S3.5). The PERMANOVA
on all confounded groups shows a signifi-
cant species separation (p-value=9.9e-05;
Table S3.3).

3.3.2 Genetic PCA
3.3.2.1 Sympatric cluster of species

We evaluate the presence of species clus-
ters in the genetic space at each site sep-
arately. The combination of PCs showing
the best species grouping is shown (Fig-
ure 3.4).

In Honduras, PC1 and PC2 explain 1.7%
and 1.5% of the genetic variation, respec-
tively, and separate H. gummigutta and H.
indigo from the other hamlet species (Fig-
ure 3.4a). PC3 further separates H. provi-
dencianus and accounts for 1.4% of the ge-
netic variation (Figure 3.4b).

In Belize, PC1 and PC2 account for 2.0%
and 1.8% of the variation in genomes,
respectively, and separate H. indigo, H.
maya, and H. nigricans from the other
species (Figure 3.4c¢). PC3 and PC4, which
explain 1.7% and 1.6% of the genetic vari-
ation, respectively, confirm these clusters
(Figure 3.4d), but do not allow the separa-
tion of other hamlet species.

In Panama, PC1 and PC2 represent 2.5%
and 2.4% of the genetic variation, respec-
tively, and separate most of the species:
H. gummigutta, H. affinis, H. nigricans, H.
puella, and H. unicolor (Figure 3.4e).

In Puerto Rico, H. indigo is the only

species separated from the others by PC1
(variance=2.8%; Figure 3.49).

3.3.2.2 The whole hamlet radiation

Considering the entire hamlet genetic
dataset (n=327, 18+ species and 15 sites),
the first six PCs allow the separation of dif-
ferent hamlet species (Figure 3.5). PC1,
which accounts for 1.1% of the genetic
variation, separates species of the small
clade (H. atlahua, H. ecosur, and H. flori-
dae) from the rest of the hamlet species
(Figure 3.5a; Coulmance et al., in review).
PC2, which accounts for 0.9% of the ge-
netic variation, clusters individuals of H.
indigo together (Figure 3.5a). PC3 with
0.7% of the genetic variation separates in-
dividuals of H. gummigutta (Figure 3.5b).
PC4 (variance=0.6%) clusters the Pana-
manian population of H. nigricans away
from the rest of the dataset (Figure 3.5b).
PC5 separates H. maya from the rest with
0.5% of genetic variation explained (Fig-
ure 3.5¢).

The large phenotypic (n=571) and ge-
nomic (n=327) datasets in this study al-
lowed us to examine the substrate of vari-
ation across the entire hamlet radiation,
spanning both local and their whole distri-
bution range. We found that hamlets form
phenotypic clusters of sympatric species
at the local scale, with substantial overlap
between species due to intraspecific vari-
ation. Our population genetic analyses re-
vealed similar patterns, where there were
sympatric clusters of species with varying
degrees of overlap. At the scale of the
entire radiation, these patterns were par-
tially lost for both phenotypes and geno-

types.
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3.4.1 Phenotypic and genetic varia-
tion depends on scale

Hamlets form phenotypic clusters in sym-
patry (Figures 3.2, S3.2, S3.3 and Table
S3.2).
ters may be due to the interaction of both
sexual and natural selection on hamlet
color patterns at the local scale.
pattern is involved in the visual mating

The maintenance of these clus-

Color

system of hamlets (Barreto and McCart-
ney, 2008; Puebla et al.,, 2012) and has
been suggested to play a role in their
predatory behavior (Puebla et al., 2007).
While little to no ecological differences
have been recorded in hamlets (White-
man et al., 2007; Holt et al., 2008), dif-
ferences in ecological niche and preda-
tory behavior could represent potential
for divergence. In Mexico, H. atlahua
and H. castroaguirrei occupy shallower
rocky reef plateau (10 meters) and deeper
colder reefs (10-20 meters), respectively
(observations by F. Coulmance), suggest-
ing subtle habitat differences in sympa-
try.
revision) showed that H. puella and H. ni-

In Panama, Heckwolf et al. (under
gricans have different behavioral response
to predators and that this response is re-
lated to camouflage. Such selective forces
have been highlighted as driving multiple
adaptive radiations ranging from birds to
fish (Grant and Grant, 2007; Wagner et al.,
2012).
lection on beak size and shape, driven by

In Darwin’s finches, natural se-

food constraints, has contributed to their
divergence across different islands (Grant
and Grant, 2007). The interaction of sex-
ual and natural selection with ecological
opportunity was also key to the diversifi-
cation of the African lake cichlids (Wag-
ner et al.,, 2012). While the adaptive as-
pect of the hamlet radiation remains spec-
ulative (Picg et al.,, 2016; Hench et al,,

2017), its recent origin and speciation rate
(Hench et al.,, 2022; Coulmance et al.,
in review) suggest that phenotypic diver-
sity in the hamlets was generated rather
rapidly. Given the estimates of large effec-
tive population sizes in the hamlets (Coul-
mance et al.,, in review), it is unlikely
that long neutral processes, such as muta-
tion accumulation and genetic drift could
explain the observed diversity (Marques
et al., 2019). Therefore, the role of selec-
tion in maintaining local divergence dur-
ing the early stages of the hamlet rapid ra-
diation cannot be ignored.

While clusters of sympatric species are
maintained locally, we found a substan-
tial amount of within-species variation and
overlap between species. The degree
of overlap varied, depending on site and
species. This result is consistent with pre-
viously reported spatial variation within
species (Thresher, 1978; Aguilar-Perera,
2003).

notypic clusters were lost and there was

At the global scale, most phe-

an increased amount of overlap between
species (Figures 3.3a, S3.5b and Table
53.3). The varying degrees of spatial vari-
ation at local scales add to the within-
species variation and contribute to the in-
creasing overlap between species at the
global scale. Jordan and Evermann (1896)
noted that “nearly all the forms of Hy-
poplectrus constitute but a single species,
subject to almost endless variations in
color”. This is true at the whole radia-
tion level, where clusters are lost, but false
at the sympatric level, where clusters are
maintained. The species with the largest
overlap always involved a hamlet with a
vertical barred phenotype - H. puella or
H. indigo (Figure S3.3). This is consistent
with both the ancestral hamlet species
being barred (Coulmance et al., in re-
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view), and H. puella being the most abun-
dant species (Aguilar-Perera, 2003) and
therefore the most phenotypically vari-
able.
ation in introduced and common carp of
Turkish rivers has been shown to be a re-
sult of rapid local adaptation (Goren and
Kaymak, 2024).

Similar spatial within-species vari-

At the population genetic level, some well-
defined clusters of sympatric species were
recovered - H. indigo and H. gummigutta
- and other species tended to overlap
greatly. Again, within-species spatial vari-
ation can contribute to these overlaps.
Within H. nigricans, spatial genetic varia-
tion has been reported (Figure 3.5b; Coul-
mance et al., in review). In fishes such
as Atlantic killifish, sockeye salmon, and
rainbow trout, intraspecific genetic and
phenotypic variation related to warming
temperature tolerance is heterogeneous
among sites (McKenzie et al., 2021). One
observation is that species from the large
clade and small clade, such as H. nigri-
cans and H. atlahua, were not clearly sep-
arated in the phenotypic space (Figure
3.3), whereas they were in the genetic
space (Figure 3.5; Coulmance et al., in
review). Similar patterns have been ob-
served in Heliconius butterflies with their
Millerian mimicry, where genetically di-
vergent species have converged on sim-
ilar wing patterns (Kronforst and Papa,
2015). Overall, these results suggest that
local processes have shaped the observed
phenotypic and genetic variation in ham-
lets.

3.4.2 The substrate for selection
and species concepts

In the context of speciation, our results
describe in detail how phenotypic and

genetic variation serve as substrates on
which selection can act upon during early
stages of a radiation. While we have diver-
gence between sympatric species, within-
species variation contributes to species
overlap on a broader scale.
tral variation (standing genetic variation)
and hybridization are mechanisms that

Ances-

have been shown to influence phenotypic
and genetic variation in Hawaiian silver-
swords, African lake cichlids, and Dar-
win’s finches (Barrier et al., 1999; Meier
et al., 2017; Selz et al.,, 2014; Marques
et al., 2019). In African lake cichlids, such
processes increased genetic and pheno-
typic diversity, allowing new species to
emerge and fueling their explosive radia-
tion, especially combined with new ecolog-
ical opportunities (Meier et al., 2017; Selz
et al., 2014; Marques et al., 2019) . Ham-
lets have a recent origin and their demo-
graphic history shows both ancestral and
ongoing gene flow (Coulmance et al., in re-
view). Combined with the modular archi-
tecture of color patterns at both the ge-
netic and trait levels, such similar mech-
anisms may be driving the hamlet radia-
tion.

Our results indicate the importance of
local processes in generating variation
rapidly at the scale of an entire radia-
tion. Variation between sites contributes
to within-species variation (Figure S3.6).
Hamlets have a pelagic larval stage that
allows them to disperse. However, disper-
sal is limited and constrained by oceanic
factors,
lations of the same species are com-
pletely homogenized at such large scales

making it unlikely that popu-

(Salzburger, 2008). In this respect, ham-
lets can be compared to species of Dar-
win’s finches present on different islands,
which have evolved separately and ex-
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hibit intra-specific variation. Another im-
plication of local processes is the conver-
gent evolution of similar phenotypes. It is
possible that the barred phenotypes—H.
puella, H. floridae, H. ecosur and H. lib-
erte— or the butter phenotypes—H. uni-
color, H. castroaguirrei and H. sp2— have
convergently evolved across sites (Coul-
mance et al., in review; Puebla et al., sub-
mitted).
ation, repeated phenotypic evolution be-
tween the large clade and small clade has re-
sulted in similar black phenotypes in H. ni-
gricans and H. atlahua (Figures 3.3, 3.5;
Coulmance et al., in review). The conver-

At the scale of the entire radi-

gent evolution of melanin stripes in cich-
lids or wing patterns in Heliconius butter-
flies are examples where local processes
have shaped sympatric speciation, while
contributing to variation at the scale of an
entire radiation (Urban et al., 2021; Kron-
forst and Papa, 2015).

Our results provide a clear example of how
species concepts that make sense at the
local scale can become irrelevant when
considered at a larger geographic scale
(Mallet, 2001). While both the pheno-
typic (Sokal and Crovello, 1970) and ge-
netic cluster view of species (Mallet, 1995)
hold in the case of sympatric speciation,
they do not hold at the larger scale for
hamlets. Similarly, the Phylogenetic Con-
cept of Species (Cracraft, 1983) does not
apply to hamlets at the scale of the en-
tire radiation (Coulmance et al., in review;
Losos and Glor, 2003; Hahn and Nakhleh,
2016). In general, hamlets represent an
extremely early stage along the specia-
tion continuum (Stankowski and Ravinet,
2021; Bolnick et al., 2023), and fill a pre-
viously unoccupied spot among radiations,
being characterized by little genetic diver-
gence but with marked reproductive iso-

lation and phenotypic divergence (Mallet,
2001; Losos and Glor, 2003; Salzburger,
2008; Puebla et al., 2008).

Using a comprehensive and high-
resolution approach, we showed that the
phenotypic variation basis for selection at
early radiation stages is largely continu-
ous in hamlets, and that this continuum is
driven by within-species variation. Simi-
lar patterns were observed at the popula-
tion genetic level. Despite the presence of
sympatric species clusters, the phenotypic
and genetic variation substrates remain
rather continuous. Our results highlight
the importance of local processes in main-
taining phenotypic and genetic clusters of

species.
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Table S3.1 — Metadata for the phenotypic dataset (n=571). Due to large size, the table was deposited in
the chapter3/metadata/ github folder.

Table S3.2 — Statistics from pairwise PERMANOVA of phenotypes between hamlet species of each indi-
vidual site. Significance is indicated by . for p.adjusted < 0.05, * for p.adjusted < 0.01, ** for p.adjusted < 0.001
and *** for p.adjusted < 0.0001. The overall PERMANOVA for each site is reported in the first row.

PANAMA R2 F p-value p-adjusted
# group = 3 0.58 103.7 9.9e-05%**

H. aberrans vs. H. nigri- 0.26 28.90 0.0001 0.0006**
cans

H. aberrans vs. H. puella 0.08 9.71 0.0002 0.0012*
H. aberrans vs. H. uni- 0.51 44.73 0.0001 0.0006%**
color

H. nigricans vs. H. puella 0.45 144.11 0.0001 0.0006**
H. nigricans vs. H. uni- 0.78 388.21 0.0001 0.0006**
color

H. puella vs. H. unicolor  0.32 64.45 0.0001 0.0006**
USVI R2 F p-value p-adjusted
# group = 5 0.68 56.06 9.9e-05%**

H. aberrans vs. H. chloru- 0.62 61.02 9.9e-05 0.0015%
rus

H. aberrans vs. H. indigo 0.44 30.17 9.9e-05 0.0015%*
H. aberrans vs. H. nigri- 0.51 42.00 9.9e-05 0.0015%*
cans

H. aberrans vs. H. puella 0.40 32.06 9.9e-05 0.0015*
H. aberrans vs. H. uni- 0.52 43.00 9.9e-05 0.0015%*
color

H. chlorurus vs. H. indigo 0.61 60.36 9.9e-05 0.0015*
H. chlorurus vs. H. nigri- 0.51 42.53 9.9e-05 0.0015%*
cans

H. chlorurus vs. H. puella 0.70 112.02 9.9e-05 0.0015*
H. chlorurus vs. H. uni- 0.75 117.62 9.9e-05 0.0015*
color

H. indigo vs. H. nigricans 0.50 41.03 9.9e-05 0.0015%*
H. indigo vs. H. puella 0.40 33.19 9.9e-05 0.0015%*
H. indigo vs. H. unicolor 0.54 44.97 9.9e-05 0.0015%*
H. nigricans vs. H. puella 0.64 93.66 9.9e-05 0.0015*
H. nigricans vs. H. uni- 0.71 100.87 9.9e-05 0.0015%*
color

H. puella vs. H. unicolor  0.19 11.58 9.9e-05 0.0015*
TOBAGO R2 F p-value p-adjusted
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# group = 2 0.50 32.52 9.9e-05***

H. chlorurus vs. H. gum- 0.57 47.82 9.9e-05 0.0003**
migutta

H. chlorurus vs. H. puella 0.49 38.85 9.9e-05 0.0003**
H. gummigutta vs. H. 0.29 21.31 9.9e-05 0.0003**
puella

MEXICO R2 F p-value p-adjusted
# group =1 0.69 127.47 9.9e-05%**

H. atlahua vs. H. cas- 0.69 127.47 9.9e-05 9.9e-05%**
troaguirrei

BELIZE R2 F p-value p-adjusted
# group = 3 0.80 53.42 9.9e-05***

H. indigo vs. H. maya 0.51 16.68 9.9e-05 0.0006**
H. indigo vs. H. nigricans 0.56 23.73 9.9e-05 0.0006**
H. indigo vs. H. puella 0.59 27.00 9.9e-05 0.0006**
H. maya vs. H. nigricans 0.70 49.00 9.9e-05 0.0006**
H. maya vs. H. puella 0.79 77.05 9.9e-05 0.0006**
H. nigricans vs. H. puella 0.81 100.18 9.9e-05 0.0006**
FLORIDA KEYS R2 F p-value p-adjusted
# group = 2 0.54 14.18 9.9e-05***

H. gemma vs. H. puella 0.48 7.51 0.0088 0.0264 .
H. gemma vs. H. unicolor 0.54 23.67 0.0002 0.0006**
H. puella vs. H. unicolor 0.29 8.02 0.0008 0.0024*

Table S3.3 — Statistics from pairwise PERMANOVA of phenotypes between hamlet species at the scale
of the whole radiation, including all confounded sites. Significance is indicated by . for p.adjusted < 0.05,
* for p.adjusted < 0.01, ** for p.adjusted < 0.001 and *** for p.adjusted < 0.0001. The overall PERMANOVA is
reported in the first row.

ALL HAMLETS & SITES R2 F p-value p-adjusted
# group = 10 0.63 93.91 9.9e-05***

H. aberrans vs. H. at- 0.64 103.49 0.0001 0.0055%
lahua

H. aberrans vs. H. cas- 0.31 26.15 0.0001 0.0055%
troaguirrei

H. aberrans vs. H. chloru- 0.49 59.24 0.0001 0.0055*
rus
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0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

0.0001

0.0055%*

0.0055%*
0.0055*
0.0055*

0.0055*
0.0055%*

0.0055%*

0.022 .
0.071
0.0055*

0.022 .
0.0055%*
0.0055*

0.0055%*

0.0055%*

0.0055%*

0.0055%*

0.0055*
0.0055%*
0.0055*
0.0055%*
0.0055*
0.0055%*
0.0055*
0.0055*
0.0055%*

0.0055%*
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Table S3.4 — Statistics from pairwise PERMANOVA of phenotypes between different sites for each in-
dividual hamlet species. Significance is indicated by . for p.adjusted < 0.05, * for p.adjusted < 0.01, ** for
p.adjusted < 0.001 and *** for p.adjusted < 0.0001. The overall PERMANOVA for each species is reported in

the first row.

H. puella R2 F p-value p-adjusted
# group = 5 0.18 9.80 9.9e-05***

Belize vs. Panama 0.17 23.78 0.0001 0.001**
Belize vs. Florida Keys 0.16 3.26 0.0096 0.096
Belize vs. Tobago 0.37 23.75 0.0001 0.001**
Belize vs. US Virgin Is- 0.22 12.17 0.0001 0.001**
lands

Panama vs. Florida Keys 0.03 3.26 0.0309 0.309
Panama vs. Tobago 0.03 3.95 0.0120 0.120
Panama vs. US Virgin Is- 0.07 9.92 0.0002 0.002*
lands

Florida Keys vs. Tobago 0.10 3.76 0.0148 0.148
Florida Keys vs. US Vir- 0.06 2.40 0.0779 0.779

gin Islands

Tobago vs. US Virgin Is- 0.09 6.00 0.0026 0.026 .
lands

H. nigricans R2 F p-value p-adjusted
# group = 2 0.06 3.27 0.009*

Belize vs. Panama 0.03 2.31 0.0804 0.241
Belize vs. US Virgin Is- 0.11 4.18 0.0070 0.021 .
lands

Panama vs. US Virgin Is- 0.04 3.95 0.0163 0.049 .
lands

H. unicolor R2 F p-value p-adjusted
# group = 2 0.14 5.86 9.9e-05***

Panama vs. Florida Keys 0.14 7.98 0.0002 0.0006**
Panama vs. US Virgin Is- 0.04 2.19 0.0870 0.2607
lands

Florida Keys vs. US Vir- 0.19 8.54 0.0008 0.0024*
gin Islands

H. chlorurus R2 F p-value p-adjusted
# group =1 0.35 16.84 9.9e-05***

Tobago vs. US Virgin Is- 0.35 16.84 9.9e-05 9.9e-05%**

lands
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H. aberrans R2 F p-value p-adjusted
# group =1 0.07 2.00 0.1208

Panama vs. US Virgin Is- 0.07 2.01 0.1145 0.1145
lands

H. indigo R2 F p-value p-adjusted
# group = 1 0.06 1.79 0.08659

Belize vs. US Virgin Is- 0.06 1.79 0.0911 0.0911

lands
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According to the genic view, species are characterized by the genes that underlie func-
tional divergence. Here, we take a phylogenomic approach to assess this view at the
scale of a whole radiation. The hamlets (Hypoplectrus spp.) represent a recent radia-
tion of reef fishes from the Greater Caribbean that are reproductively isolated through
assortative mating. A total of 335 genomes from 15 locations revealed a single well-
supported phylogenetic split among species, with a large share of the radiation un-
resolved. The polytomic nature of the hamlet radiation is extreme compared to other
recent radiations such as Lake Victoria cichlids. At the gene-tree level we identified just
one genomic region, centered around the casz1 transcription factor, with a topology that
reflects species differences. These results show that phenotypic diversification and re-
productive isolation—two major attributes of species—may unfold in the near-absence
of phylogenetic signal, both genome-wide and at the gene-tree level.
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Species are the foundational units of
biodiversity, but how they form and what
exactly characterizes them remain open
Furthermore, few theoretical
frameworks and empirical systems pro-
vide the opportunity to address these two
questions jointly. In this regard the genic

questions.

view of species and speciation (hereafter
“genic view”) is of particular interest. This
framework was articulated by Wu with a
specific focus on animals (Wu, 2001; Wu
and Ting, 2004). However, the idea pre-
dates Wu (Mallet, 1995; Feder, 1998), also
applies to plants (Rieseberg and Burke,
2001), and is not necessarily incompati-
ble with alternative views of species and
speciation (Rieseberg and Burke, 2001;
Mayr, 2001; De Queiroz, 2007). A fun-
damental tenet of the genic view is that
species are essentially formed and charac-
terized by the genes that underlie adap-
tation to ecological and sexual environ-
ments, with reproductive isolation emerg-
ing as a by-product of this functional di-
vergence. From a genomic perspective, it
is in the presence of gene flow that the
genic view manifests itself most clearly be-
cause gene flow tends to reveal the ge-
nomic regions underlying functional diver-
gence by homogenizing genetic variation
throughout the rest of the genome. Nev-
ertheless, an understanding of the nature
and origin of species requires more than
just a genomic perspective. It also entails
knowledge of the traits that underlie adap-
tation, how they relate to ecological and
sexual environments, and how this func-
tional divergence results in reproductive
isolation.

The hamlets (Hypoplectrus spp., Ser-

ranidae) provide a rare opportunity to em-

pirically assess the genic view. These reef
fishes from the Greater Caribbean differ
mainly in terms of color pattern (Puebla
et al., 2022), which is ecologically rele-
vant for camouflage and mimicry (Randall
and Randall, 1960; Thresher, 1978; Fis-
cher, 1980; Puebla et al., 2007, 2018), but
are otherwise morphologically and ecolog-
ically very similar (Whiteman et al., 2007;
Holt et al., 2008). They also differ in terms
of distribution and abundance (Domeier,
1994; Aguilar-Perera, 2003; Holt et al.,
2010; Aguilar-Perera and Gonzalez-Salas,
2010; Hench et al.,, 2017) but are highly
sympatric, with up to nine species encoun-
tered on a single dive survey (Puebla et al.,
2022).
behavior can be observed on a daily ba-
sis throughout the year, which provides a
direct window on prezygotic reproductive
isolation. Different species are commonly
observed spawning at the same time and

Hamlet courtship and spawning

in the same area, but spawning is strongly
assortative with respect to color pattern
(Fischer, 1980; Domeier, 1994; Puebla
etal., 2007; Barreto and McCartney, 2008;
Puebla et al., 2012).
choice is maintained in experimental con-
ditions and also when fishes are kept in

Assortative mate

different compartments without water ex-
change (Domeier, 1994), indicating that
it relies heavily on visual cues. Interspe-
cific spawnings are nonetheless observed
at a low frequency (< 2 %) in natural pop-
ulations (Fischer, 1980; Domeier, 1994,
Puebla et al., 2007; Barreto and McCart-
ney, 2008; Puebla et al., 2012). There are
no barriers to fertilization among species
(Whiteman and Gage, 2007) and the avail-
able evidence indicates that hybrids de-
velop normally.
hybrids were raised to the adult stage,
they developed color patterns that were

In the few cases where
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intermediate between the two parental
species (Domeier, 1994). Furthermore,
high-probability hybrids and backcrosses
have been identified in natural populations
through genetic analysis (Hench et al,,
2019, 2022; Coulmance et al., 2024), in-
dicating that hybridization and introgres-

sion are ongoing.

In agreement with the occurrence of gene
flow, hamlet species are genetically highly
similar. Levels of genetic differentiation
among species fall within the range that is
typically encountered among populations
within species (Mccartney et al., 2003;
Puebla et al., 2007, 2008; Holt et al., 2011;
Puebla et al., 2012, 2014). The genomic
architecture of species differences is char-
acterized by sharp peaks of differentiation
that stand out against a background of low
differentiation (Hench et al., 2019, 2022),
exactly as envisioned by the genic view
during the early stages of speciation (Wu,
2001; Wu and Ting, 2004). As a group,
the hamlets form an exceptionally shallow
radiation of 18 described species (Figure
4.1A) that appear to have diverged very re-
cently [<10,000 generations (Hench et al.,
2022)], and is largely unresolved from a
phylogenetic perspective (Ramon et al,,
2003; Mccartney et al.,, 2003; Garcia-
Machado et al., 2004; Victor, 2012; Tavera
and Acero, 2013; Hench et al., 2022). This
raises the question whether phenotypic
diversification and reproductive isolation,
two major attributes of species, may un-
fold in the absence of phylogenetic signal.
Following the genic view, a small part of
the genome—the genomic regions under-
lying functional divergence—are expected
to show an evolutionary history that re-
lates to species differences. Neverthe-
less, previous phylogenetic studies of the
hamlet radiation were based on a small

number of markers and/or a limited sub-
set of the species collected at few loca-
tions (Ramon et al., 2003; Mccartney et al.,
2003; Garcia-Machado et al., 2004; Vic-
tor, 2012; Tavera and Acero, 2013; Hench
et al., 2022).

Here, we use genome-wide data to i. pro-
vide a first comprehensive phylogenomic
perspective of the hamlet radiation, ii.
explore whether diversification may de-
velop in a genomic context that is over-
whelmingly dominated by incomplete lin-
eage sorting and introgression, and iii.
provide an illustration of what species can
be minimally (i.e. in a backdrop of mini-
mal genetic divergence) and how they may
arise and persist in this context. Following
the genic view, we hypothesized that spe-
cific genomic regions may exhibit a phylo-
genetic signal that relates to species dif-
ferences, and that these genomic regions
may point to the genomic basis of func-
tional divergence among species.

The hamlet radiation is characterized
by a single deep phylogenetic split

To test our hypothesis, we compiled a
dataset of 335 genomes including all rec-
ognized hamlet species from 15 locations
across their geographical range (Figures
4.1B, S4.1 and Table S4.1), and generated
genome-wide phylogenies using three Ser-
ranus species as outgroup. Multiple phylo-
genetic reconstruction methods based on
different datasets identified just one con-
sistent and well-supported phylogenetic
split among species in the whole radiation.
This split separated three species from
the Gulf of Mexico (H. floridae, H. ecosur
and H. atlahua, hereafter small clade) from
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Serranus scriba

Serranus cabrilla

Paralabrax nebulifer

Paralabrax humeralis
Paralabrax loro

Paralabrax dewegeri

Epinephelus maculatus

Centropristis striata
—| [— Chelidoperca pleurospilus

Chelidoperca occipitalis
Chelidoperca investigatoris
Serranus hepatus
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Figure 4.1 — Phylogenetic context of the hamlet radiation and sampling design. (A) Maximum-likelihood

phylogeny of the Serraninae subfamily based on 23 nuc

lear and mitochondrial genes. The hamlet radia-

tion (genus Hypoplectrus) is highlighted in red and the species considered in this study are marked with
an asterisk. Gene sequences for the other species were obtained from the Fish Tree of Life (Rabosky
et al., 2018). Node point size and fill represent node support derived from 200 nonparametric bootstrap
replicates. (B) Sampling design. The dataset consists of 327 hamlet (Hypoplectrus) and eight Serranus
outgroup genomes that include all described hamlet species from 15 locations covering the Gulf of Mexico

[Tamiahua (tam), Antén Lizardo (liz), Cayos Arcas (arc),
Florida Keys (flk)], the Western Caribbean [Quintana Ro

Cayo Arenas (are), Alacranes Reef (ala) and the
o (qui), Belize (bel), Honduras (hon), San Andrés

(san), Bocas del Toro (boc) and Guna Yala (gun)], and the Eastern Caribbean [Haiti (hai), Puerto Rico (pri)

and Barbados (bar)].
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the rest of the radiation (hereafter large
clade; Figures 4.2A, S4.2, S4.3; also appar-
ent in Figure 4.1A). Using the multiple se-
quentially Markovian coalescent [MSMC2,
(Schiffels and Durbin, 2014)],
mated that these two lineages started to
diverge 60,000 generations ago (Figure
54.4). The three species constituting the

we esti-

small clade are largely restricted to the Gulf
of Mexico, but the phylogenetic split does
not reflect complete geographic isolation.
Indeed, several species from the large clade
are also present in the Gulf of Mexico, of-
ten in sympatry with members of the small
clade (Figures 4.2A, 4.2C).

The phylogenetic split between the two
clades was also recovered in the mito-
chondrial genome (Figure S4.5). However,
we identified two individuals with a nu-
clear genome from the large clade and
a mitochondrial genome from the small
clade, and two individuals with the oppo-
site pattern.
dances suggest that mitonuclear incom-
patibilities do not play a major role in

These mitonuclear discor-

the isolation of the two clades and more
generally in reproductive isolation. They
also point to introgression between the
two clades. Analyses of SNP-derived an-
cestry proportions (Alexander et al., 2009)
and chromosome-scale ancestral recombi-
nation graphs (Kelleher et al.,, 2019) in-
dicate that the two clades are admixed
(Figure S4.6). Admixture is largely re-
stricted to the Gulf of Mexico, where the
two clades are found in sympatry. Further-
more, the species from the small clade that
exhibits the least admixture with the large
clade is H. atlahua, which is restricted to
the western-most part of the Gulf of Mex-
ico. These two geographic patterns sug-
gest that gene flow and introgression, not
just incomplete lineage sorting, contribute

to admixture. The D statistic and related
estimates (Patterson et al., 2012) confirm
that introgression occurred between the
two clades (Figure S4.7).
demographic inference with linked selec-
tion using Approximate Bayesian Compu-

Furthermore,

tation (Fraisse et al., 2021) indicates that
the genomic data are more consistent with
a scenario of continuous gene flow be-
tween the two clades—i.e. non-allopatric
divergence—than scenarios without gene
flow or with secondary contact (Table
S4.4).

Thus, the hamlet radiation is character-
ized by a single deep phylogenetic split
that distinguishes three species from the
Gulf of Mexico from the rest of the radi-
ation, but these two clades are not com-
pletely geographically and genetically iso-
lated. Another striking aspect of this split
is that the species forming the small clade,
in particular H. floridae and H. ecosur,
present the highest levels of nucleotide
diversity () in the whole radiation (Fig-
ure 4.2B). This suggests that the hamlet
radiation originated in the Gulf of Mex-
ico from a hamlet population similar to
H. floridae and H. ecosur. Furthermore,
maximum likelihood biogeographic analy-
sis indicates that despite the lack of phylo-
genetic signal for species boundaries, the
dataset is well-structured biogeographi-
cally (Gulf of Mexico, Western Caribbean
and Eastern Caribbean), and that the large
clade originated in the Gulf of Mexico (Fig-
ure S4.8 and Table S4.5). The emerging
picture is therefore an origin of the ham-
let radiation in the Gulf of Mexico, where
two major lineages diverged with continu-
ous gene flow, followed by expansion and
further diversification of the large clade in
the Caribbean.
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Figure 4.2 — Phylogeny and nucleotide diversity of the hamlet radiation. (A) IQ-TREE phylogeny based
on approximately 110,000 Single Nucleotide Polymorphism (SNP) markers distributed across the genome.
Branch and tip point colors indicate the hamlet species as shown by the icons surrounding the tree, and
outer ring colors correspond to the three biogeographic regions depicted in panel C. Node point size and
fill represent node support. The eight Serranus outgroup individuals are shown in gray and the length of
their branches, represented with dashed lines, are reduced to 5% of their actual length to improve the
visualization of the hamlet radiation. (B) Nucleotide diversity («) of the 71 populations (species / location
combinations) considered in this study. Bar colors correspond to the three biogeographic regions depicted
in panel C, and x-axis labels indicate species as in panel A. Small clade species are additionally highlighted
with a hatched pattern. Bar height and errors bars represent mean and standard deviation, respectively,
across the 24 linkage groups, for each of which (7) was calculated separately. (C) Map showing the group-
ing of the 15 locations into three biogeographic regions: Gulf of Mexico (orange), Western Caribbean (blue)
and Eastern Caribbean (green).
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A large share of the radiation is unre-
solved at the genome-wide level

In contrast to the major phylogenetic
split described above, none of the other
deep nodes of the radiation were highly
supported or consistently recovered by
the different phylogenetic reconstruction
methods that we implemented. Even at the
shallow levels of the radiation, just six or
seven of the 18 described species were re-
covered as strictly monophyletic lineages
with high support by the different methods
applied to the nuclear genome (and this
number may have been inflated by small
samples size for some of these species),
and none according to the mitochondrial
genome. The species recovered as strictly
monophyletic with high support include
members of both clades, with a high pro-
portion of microendemic species (H. at-
lahua, H. castroaguirrei, H. maya and H.
liberte).
specific areas (Moran et al., 2019; Tavera
and Acero, 2013; Flores et al., 2011; Lo-
bel, 2011), a single bay in the extreme
case of H. liberte (Victor, 2012). This sug-
gests that increased genetic drift and lin-

These species are endemic to

eage sorting due to low population size
contributed to their divergence. The same
may be said about geographic isolation,
but to a limited extent since similar to
the small clade in the Gulf of Mexico, the
microendemic species are often found in
sympatry with other hamlets.

On the other hand, H. indigo and H. gum-
migutta, two species that are extensively
distributed across the Greater Caribbean,
were often recovered as monophyletic and
were the most diverged species of the
large clade (Figure 4.2A, S4.2, S4.3). These
two species are characterized by bright
blue and yellow/orange color, respectively,

which are thought to be particularly effec-
tive for camouflage and communication in
reef fishes (Marshall, 2000). It is tempting
to speculate that stronger natural and sex-
ual selection contributed to the increased
divergence of these two species, but they
do not show stronger prezygotic isola-
tion than the other hamlets (Puebla et al.,
2007, 2012).
tions were also recovered as monophyletic

Interestingly, five popula-

lineages. These include a tan-colored ham-
let from Barbados whose taxonomic sta-
tus is unclear [Hypoplectrus sp. 1 (Puebla
et al., 2022)], H. nigricans from Bocas del
Toro in Panama, H. randallorum from Cayo
Arcas in the Gulf of Mexico, another ham-
let from Cayo Arcas whose taxonomic sta-
tus is unclear (Hypoplectrus sp. 2), and
H. gemma from the Florida Keys. Some of
these populations are phenotypically dis-
tinct and may represent undescribed mi-
croendemic species.

All in all, at best just seven of the 18
currently recognized species were recov-
ered as monophyletic lineages, and even
then their phylogenetic relationships are
largely unresolved since the deeper nodes
of the radiation have low support val-
Phylogenetic resolution did not no-
ticeably improve as we considered more
SNPs or genomic windows, and the gen-
eral outcome was robust to all the SNP and

ues.

genomic window selection strategies we
tried for phylogenetic reconstruction. This
leaves at least 11 species that are phyloge-
netically unresolved at the whole-genome
level, and notably include H. puella, H. ni-
gricans and H. unicolor, the three most
abundant and widely distributed species in
the whole radiation. In fact, as illustrated
by the SVDQuartets tree (Figure 54.3), the
hamlet phylogeny is in large part a poly-
tomy. Ancient polytomies are well doc-
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umented (Suh, 2016; Braun et al., 2019;
Scherz et al., 2022), but the hamlet poly-
tomy extends largely until present. Fol-
lowing the genic view of species and spe-
ciation, we hypothesized that specific ge-
nomic regions may be characterized by a
phylogenetic signal that relates to species
differences, and that these genomic re-
gions may point to the genomic basis of
functional divergence.

A single genomic region relates to
species differences

In order to explore the phylogeny of
specific genomic regions, we first exam-
ined the 2,000 regions considered for
the window-based phylogenetic inference
(Figure S4.2). We hypothesized that win-
dows with higher mean support might
resolve species better, but this was not
All the species were mixed
and none were resolved in the local phy-
logeny with highest mean support (Fig-
ure S4.9), illustrating the complexity of

the case.

local phylogenies.
pled with the large number of possi-
ble species/location topologies and the
fact that a large proportion of the lo-
cal phylogenies that we examined did
not align with species/location boundaries,
precluded the use of a topology-based
approach to analyze the local phyloge-

This complexity, cou-

nies.

We then posited that if a genomic region
resolves species or groups of species bet-
ter than the rest of the genome, it is ex-
pected to show an increased association
with species identity. Based on this princi-
ple, we conducted a Genome-Wide Associ-
ation Study (GWAS) on species identity to
uncover such regions. In agreement with
previous association studies on a subset

of the radiation (Hench et al., 2022; Coul-
mance et al., 2024), the results revealed
sharp association peaks along the genome
(Figure 4.3A). The number of association
peaks recovered by the GWAS is remark-
ably small considering that this analysis in-
tegrates the differences among all the de-
scribed species. This confirms that a small
number of large-effect loci contribute to
the hamlet radiation.

In particular, one major association peak
was recovered in the caszl gene region
of Linkage Group (LG, putative chromo-
some) 12 (Figure 4.3B). The phylogeny
of this region failed to resolve any of
the species with high bootstrap support,
but it distinguishes the species that have
brown vertical bars (H. floridae, H. eco-
sur, H. puella and H. liberte), blue ver-
tical bars (H.indigo) and no vertical bars
(Figure 4.3C). The same pattern was ob-
tained when considering the caszl gene
only (Figure S4.10), but it faded away
when only exons were considered (Figure
S4.11), indicating that this signal is essen-
tially non-coding. The branching pattern
suggests a scenario in which the ances-
tral hamlets had brown vertical bars, from
which blue-barred and non-barred color
patterns evolved and diversified rapidly.
This is consistent with the high levels of
nucleotide diversity of H. floridae and H.
ecosur, which have brown vertical bars
(Figure 4.2B), and with the observation
that most members of the subfamily Ser-
raninae display cryptic color patterns such
as brown vertical bars.

While the gene genealogy of the caszl re-
gion is striking, it is nonetheless charac-
terized by moderate to low bootstrap sup-
port values and it is not perfectly clear-
cut, with seven H. puella and two H.
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pattern. Node point size and fill represent node support. The eight Serranus outgroup samples are shown
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ering the caszl gene only (Figure S4.10). The phylogenies of the other major association peaks are shown
in Figures S4.12-54.18.
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floridae samples grouping with non-barred
samples (Figure 4.3C). The phylogenies
of the other major association peaks are
even more diffuse (Figures S4.12-54.18).
Some of these local phylogenies recover
the small and large clades or the most di-
verged species, but beyond that they do
not clearly relate to species, geography
or color pattern except for a few trends.
For example, the association peak on LG04
tends to group samples from the species
that are blue together (H. indigo, H. maya
This is
consistent with previous analyses showing

and H. gemma; Figure S4.12).

that this genomic region is associated with
body color (Coulmance et al., 2024). One
genomic region on LGO08 tends to cluster
H. unicolor and Hypoplectrus sp. 2 indi-
viduals, which are white (Figure S4.13),
and two genomic regions on LG19 and
23 tend to group H. nigricans samples,
which are black (Figures S4.17, S4.18).
Some regions also show reduced genetic
variation, with almost the same haplotype
shared by several individuals from differ-
ent species and locations (e.g. the associ-
ation peak on LG17, which contains short-
and long-wave sensitive opsin genes; Fig-
ure S4.16).
likely to be the cause of the association

In these cases, selection is

peak. Species are broadly better recov-
ered when considering the eight high-
association regions jointly (Figure S4.19),
but here again the deep nodes have low
support values. Just four species are re-
covered as monophyletic in this tree (H.
guttavarius, H. maya, H. gemma, and H.
liberte), and among these only H. gemma
with high bootstrap support.

In sum, we identified a single genomic in-
terval with a phylogenetic signal that re-
lates to species differences. This region
is centered around the caszl gene and its

tree topology is linked to color pattern,
the major functional and ecological trait of
the radiation. Caszl encodes a zinc-finger
transcription factor that orchestrates cell
differentiation in retinal and neural pro-
genitors, T helper cells and during car-
diac morphogenesis (Mattar et al., 2018,
2021; Bhaskaran et al., 2018; Liu et al.,
2014), suggesting a role as a housekeep-
ing gene. In line with this, we found casz1
to be co-expressed with a large number
of genes in the skin, retina and brain,
three tissues that relate to the forma-
tion and perception of color pattern (Fig-
ure S4.20).
sion was orders of magnitude higher in

Interestingly, caszl expres-

the retina than in the skin and brain (Fig-
ure S4.21).
fact that caszl plays a role in photore-
ceptor development (Mattar et al., 2015,
2018, 2021), and that the visual system
of fishes grows continuously and therefore

This is consistent with the

expresses developmental genes. The role
of caszl for the establishment and main-
tenance of photoreceptor gene expression
profiles (Mattar et al., 2015, 2018, 2021)
led us to look into the genes involved
in the phototransduction cascade specif-
ically, and we found that a large share
of them were co-expressed with caszl in
the retina (Figure S4.22).
some of these genes, such as PDE6 and
RDH, were also co-expressed in the skin
and brain in non-visual contexts (Figure
S4.272), suggesting possible pleiotropic ef-
fects of caszl1 in different tissues. Consid-

Furthermore,

ering that the association peak is centered
around the caszl transcription start site
(Figure 4.3B), we further tested for dif-
ferential expression and splicing of casz1
among species and found no differences
(Figure S4.21, S4.23). We also examined
the expression of transposable elements in
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the caszl region and found neither differ-
ential expression among species (Figure
S54.24) nor elevated transposon expression
compared to the rest of the genome (Fig-
ure S4.25). Finally, we assembled ham-
let genomes de novo using long-read se-
quencing to look into structural variation
in the casz1 region and identified no major
structural differences among species (Fig-
ure S4.26).
the association of caszl with color pattern
and its strong expression in the retina, we
speculate that it might pleiotropically reg-
ulate both color pattern and mate choice.
This would provide a mechanism for the

Taken together, considering

explosive radiation of the hamlets, paral-
leling the situation in Heliconius butter-
flies where a gene linked to male approach
behavior is in close proximity to a gene
that modulates color pattern (Kronforst
et al., 2006; Rossi et al., 2024).

We took a phylogenomic perspective to ad-
dress the genic view of species and spe-
ciation at the scale of a whole radiation
and uncovered just one well-supported
phylogenetic split among species,
few unequivocally monophyletic species.
Thus, a large share of the hamlet radia-
tion is phylogenetically unresolved, even

and

with genome-wide data and state-of-the-
art phylogenetic reconstruction methods.
This lack of phylogenetic signal is striking
considering that the hamlets present clear
phenotypic differences among species and
are reproductively isolated to a large ex-
tent through assortative mating. In com-
parison, the cichlids from Lake Victoria,
the most rapid east African cichlid radia-
tion and one of the few other systems that
compare to the hamlets in terms of spe-

ciation rate, can be phylogenetically re-
solved with a fraction of the amount of
data that we used (Wagner et al., 2013).
However, the observation that genome-
wide data do not resolve species well
should not come as a surprise under the
view that species are essentially formed
and characterized by the genes that un-
derlie adaptation to ecological and sex-
ual environments, which may represent a
small fraction of the genome. This was re-
cently illustrated by another striking case,
an instance of homoploid hybrid specia-
tion in Heliconius butterflies where one
of the two parental species contributed
just 1% of the genome that includes ge-
nomic regions linked to functional diver-
gence (Rosser et al., 2024).

Following the genic view, we hypothe-
sized that the genomic regions underly-
ing functional divergence would show a
phylogenetic signal that relates to species
differences, and this is exactly what we
found for the caszl region that distin-
guishes brown-barred, blue-barred and
non-barred species. Nevertheless, this
was less clearly or not the case at all for
the other genomic regions that we iden-
tified. These results are consistent with
a recent high-resolution analysis of color
pattern variation in a subset of the radi-
ation (Coulmance et al., 2024), which in-
dicates that the presence/absence of ver-
tical bars is essentially a discrete trait
that associates almost exclusively with the
caszl region, while other traits such as
body color vary more continuously and
associate with several genomic regions.
Many of the regions that associate with
body color were identified by our GWAS
on species identity, but did not show a
phylogenetic signal that clearly reflects
species differences. The fact that the pres-
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ence/absence of vertical bars is a discrete
trait that is essentially governed by a sin-
gle locus explains why this is the only
genomic region that exhibits a phyloge-
netic signal that reflects species differ-
ences. Under polygenic control, as seems
to be the case for body color and other
species differences, phylogenetic patterns
are expected to be diffuse at each indi-
vidual genomic region since variation at
other loci may also affect the trait, ei-
ther individually or in interaction. Thus,
our results are consistent with the genic
view but they illustrate that while phylo-
genetic patterns are clear-cut when func-
tional divergence is controlled by a single
locus, they erode when the traits underly-
ing functional divergence have a polygenic
basis. This aligns with the observation that
species are broadly better recovered when
considering the eight high-association re-
gions jointly, but the fact that this phy-
logeny still poorly recovers species sug-
gests that large-effect genes are only part
of the story. Considering that many func-
tional traits may have a polygenic ba-
sis (Rockman, 2012), the near-absence of
phylogenetic signal at the gene-tree level
should not come as a surprise either, and
an even more extreme situation in which
phenotypic diversification and reproduc-
tive isolation develop in the total absence
of any phylogenetic signal, both genome-
wide and at the gene-tree level, does not
seem far-fetched. In this respect our re-
sults highlight the limits of the phyloge-
nomic approach to address adaptation,
speciation and rapid radiation at both the
species and trait levels.

An in-depth discussion as to whether the
hamlets should be considered species is
provided in the latest taxonomic review

of the group (Puebla et al., 2022). For

all practical purposes they are recognized
as species by the ichthyological commu-
nity and beyond, but this ultimately de-
pends on the species definition that is
In light of our results one
may be tempted to conclude that there
are just two hamlet species correspond-
ing to the two lineages that we identi-

considered.

fied, but this view would be completely
at odds with the patterns of assortative
mating and color variation in the group.
In this regard it is worth noting that al-
though the genic view is not a species def-
inition, the genomic regions that underlie
functional divergence and the occurrence
of linkage disequilibrium among these re-
gions (Hench et al.,, 2019) may be used
to identify species, which relates to the
genotypic cluster species definition (Mal-
let, 1995). Anyhow, the hamlet radiation
is characterized by phenotypic differen-
tiation and strong reproductive isolation,
two fundamental attributes of species. We
show herein that these attributes may un-
fold and persist in the near-absence of
phylogenetic signal, and this conclusion
remains valid regardless of the species
This implies that
the phylogenetic signal that we observe in

status of the hamlets.

older radiations may have largely devel-
oped after phenotypic diversification and
prezygotic reproductive isolation, with lit-
tle relation to the initial evolution of these
traits.

Sample collection and sequencing

This study is based on a total of 335
genomes from 327 hamlet (Hypoplectrus
spp.) and eight outgroup (Serranus spp.)
samples (Table S4.1). This constitutes a
major improvement over the last genome-
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wide phylogenetic analysis of the ham-
lets that included just eight species from
three Western Caribbean locations (Hench
et al.,, 2022). The samples were col-
lected between 2004 and 2017 across
15 locations that cover nearly the en-
tire range of the hamlet radiation and in-
clude the 18 currently recognized ham-
let species (Figures 4.1B, S4.1 and Table
S4.1). Part of these genomes were avail-
able from previous studies (Hench et al.,
2019; Puebla et al., 2022; Hench et al.,
2022; Coulmance et al., 2024), three had
been sequenced previously but were un-
published, and 104 were sequenced anew
for this study. Genomic DNA of these
was extracted from fin clips stored in
100% ethanol at -20°C with the MagAt-
tract high-molecular-weight DNA extrac-
tion kit (Qiagen). Illumina DNA Prep li-
braries were prepared and sequenced on
three NovaSeq6000 S4 lanes (2 x 151 bp)
at the Institute of Clinical Molecular Biol-
ogy (IKMB, Kiel University).

In addition, genomes of three hamlet
species were assembled de novo to look
into structural variation within the casz1
region (Table 54.2).
weight genomic DNA was extracted from
gill tissue using a Qiagen genomic tip DNA
extraction kit. DNA was sheared to 18 kb
using a Diagenode Megaruptor and size-
selected for fragments >10 kb on a SAGE
BluePippin.
prepared according to the SMRTbell Ex-
press Template Prep Kit 2.0.
were then sequenced at the IKMB on a
single 30-hour SMRT cell on the PacBio
Sequel II instrument in CCS mode (Table
S4.2).

High-molecular-

PacBio CCS libraries were

Libraries

Finally,
from 99 tissue samples.

gene expression was analyzed
These include

24 previously published retina samples
(Hench et al., 2019), as well as 54 and
21 new brain and skin samples, respec-
tively (Table S54.3).
cluded three hamlet species (H. puella,
H. nigricans and H. unicolor), collected in
reefs around Isla Colon (Bocas del Toro,
Panama).

These samples in-

The collection and dissection
procedures were randomized and stan-
For the skin,
a1l x 1 cm square was dissected from the
area where the barred species have their
central bar, with the upper edge parallel to

dardized to minimize bias.

the lateral line. The brain was dissected
into three brain regions (telencephalon,
diencephalon and optic tectum), which
were individually stored, extracted and se-
quenced, resulting in three brain samples
per individual.
brain and skin tissue using the PureLink
RNA Mini Kit with an additional TRIzol
lysis step (Invitrogen by Thermo Fisher).

RNA was extracted from

Sequencing libraries were prepared using
the Illumina TruSeq Stranded mRNA HT
Sample Prep Kit Illumina, which includes
a ployA enrichment step for mRNA purifi-
cation, and sequenced on a Illumina No-
vaSeq platform (2 x 100 bp) at the IKMB
(Table S4.3).

Computational analyses

The following data processing steps and
analyses were performed on the high-
performance computing cluster ROSA
(University of Oldenburg) using Linux
shell or Python scripts and Slurm v23.02 .4,
unless noted otherwise. Results were visu-
alized locally in R v3.4.1 using ggplot v3.4.4
and related packages.

Genotyping

Previously available and new datasets
were genotyped together using GATK
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v4.1.9 (McKenna et al., 2010). After mark-
ing adapters for removal, datasets were
individually mapped to the H. puella ref-
erence genome assembly (Hench et al.,
2019) with bwa v0.7.17. Read data of the
same sample sequenced across multiple
lanes were merged, duplicates marked,
and samples with a mean coverage of less
than 10x removed from further analysis
(the coverage of all samples after filter-
ing averaged 22x). After calculating hap-
lotype likelihoods, per-sample VCF files
were combined into a single cohort GVCF
file, and genotypes called jointly on all
24 reference linkage groups (LG, putative
chromosomes). During this step, the work-
flow was split into parallel tracks includ-
ing all samples (phylo) and hamlet sam-
ples only (phyps). In both cases, only
variant sites were called (snp), in ad-
dition to all callable sites except indels
(all). These four datasets were then hard-
filtered based on missing data (10% cut-
off) and various quality metrics as rec-
ommended by the Broad Institute for
germline short variants. Finally, the SNP
datasets were limited to bi-allelic sites
with a minor allele count of at least 2 using
VCFtools v0.1.16 (Danecek et al., 2011).
Where applicable, linked sites were re-
moved by either applying a physical dis-
tance filter of 5 kb, beyond which very lit-
tle physical linkage remains in the hamlets
(Hench et al., 2019; Moran et al., 2019),
or by accepting a maximum correlation co-
efficient of 0.5 along 50 kb windows by
a combination of VCFtools and BCFtools.
A phased version of the phylo-snp dataset
(without minor allele count filter) was pro-
duced based on phase-informative reads
with extractPIRs vl and SHAPEIT v2 (De-
laneau et al., 2013).

4.4.0.1 Phylogenetic context

Before examining our whole-genome data
in detail, we put the radiation into a
broader taxonomic and phylogenetic con-
First, we extracted the sequences
of 23 nuclear and mitochondrial genes
used by Fish Tree of Life (Rabosky et al.,
2018) from the phylo-all dataset (or re-

text.

genotyped contigs where necessary). For
each of the 18 described hamlet species,
the sample with the highest coverage was
chosen. These sequences were then com-
bined with the corresponding sequences
of the Serraninae subfamily represented
in FToL. Alignment and phylogenetic infer-
ence followed (Hench et al., 2022), with
the exception of employing 200 nonpara-
metric bootstrap replicates.

Species tree inference

Multiple genome-wide, conventional and
coalescent-aware approaches were pur-
sued to reconstruct the phylogeny of
the hamlet radiation itself. First, 110
k genome-wide SNPs - the phylo-snp
dataset filtered by physical linkage - were
converted to Fasta format and treated
as a conventional alignment containing
70,505 parsimony-informative sites. A
thorough Nearest Neighbor Interchange
(NNTI) search was conducted with IQ-TREE
v2.2.2.7 (Minh et al.,, 2020) under the
GTR+ASC model for ascertainment bias
correction (Lewis, 2001). Branch support
values were obtained by ultrafast boot-
strap approximation (Hoang et al., 2018)
with 1000 NNI-optimized replicates.

Second, the same dataset was con-
verted to Nexus format and subjected to
an SVDQuartets (Chifman and Kubatko,
2014) analysis implemented in PAUP v4.0a

(Swofford and et al., 2002). The optimal
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quartet-based tree was identified by con-
sidering 490 million quartets (95% of the
total number of distinct quartets). In the
case of heterozygous (ambiguous) sites,
counts were distributed over all compat-
ible site patterns. A 50% majority con-
sensus tree was calculated from 200 boot-
strap replicates each considering 5 million

(1%) quartets.

Third, 2000 non-overlapping windows of
5 kb near-continuous genomic sequence
were randomly extracted from the phylo-
all dataset. A window size of 5 kb was
considered because very little linkage re-
mains beyond this distance in the hamlets
(Hench et al., 2019; Moran et al., 2019).
Extracted sites were converted to Fasta
format using a custom Perl script (github.
com/JinfengChen/vcf-tab-to-fasta),
and aligned with MAFFT v7 (Katoh and
Standley, 2013). Genes trees correspond-
ing to each window were inferred using
IQ-TREE v2.1.2 based on the best-fit model
according to the built-in ModelFinder. A
summary tree was computed from these
gene trees using ASTRAL v5.15.5 (Zhang
et al., 2018).
gene trees were obtained by 1000 ultra-
fast bootstrap replicates.

Branch support values for

Mitochondrial tree

To investigate the phylogeny of the ham-
let mitochondrial genome, we called the
genotypes mapping to reference linkage
group M, the mitochondrial genome iden-
tified in (Hench et al.,, 2019), from the
GVCF above (see Genotyping). Only
hamlet samples were considered, and all
callable sites taken into account except
indels (16,998 bp in total). The result-
ing VCF files were converted to near-
continuous sequences in Fasta format as
above. Sequences were checked for equal

length to ensure alignment, and then sub-
jected to a combined maximum likeli-
hood tree search and nonparametric boot-
strap analysis in RAXML-NG v1.0.3 (Kozlov
etal., 2019). Settings included the GTR+G
substitution model, 20 each of random and
parsimony starting trees, and 200 boot-
strap replicates.

Admixture analysis

Admixture between the large and small
clades was first assessed with Admixture
v1.3.0 using a version of the phyps dataset
without missing data, filtered by genetic
linkage (see above) and converted to BED
format with PLINK v1.90b. The number of
clusters k was set to 2 and the clustering
unsupervised, i.e. without assigning the
samples to the two clades a priori.

Nucleotide diversity (7r) and genealogical
nearest neighbors (GNN)

We wused an ancestral recombination
graph-based approach to estimate nu-
cleotide diversity and GNN proportions
(Kelleher et al., 2019). The latter quanti-
fies the amount of shared ancestry among
individuals with respect to a priori defined
groups using local topologies. For this we
relied on the unfiltered and phased ver-
sion of the phylo-snp dataset. Ancestral
alleles were identified with est-sfs v2.04
(Keightley and Jackson, 2018) based on
VCFtools-derived raw allele counts and
the allele identities in all three outgroup
Sites with missing data in any
samples were removed with VCFtools, the

species.

data were converted from VCF to tsinfer
samples file format in Python v3.11.4, and
tree sequences inferred with tsinfer v0.3.1
(Kelleher et al., 2019).
diversity (Nei and Li, 1979) was then cal-
culated for each linkage group (LG, puta-

Nei’s nucleotide
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tive chromosomes) with the tskit library
(v0.5.5) and averaged across LGs. GNN
proportions were computed with respect
to clade identity (small and large), also us-
ing tskit(Kelleher et al., 2019), and taken
as averages across LG02 and both haplo-

types.

History of effective population size (1V,)
and divergence

The demographic history of effective popu-
lation size and divergence among species
was inferred with MSMC2 (Schiffels and
Durbin, 2014). This analysis was executed
through a Nextflow v20.10.0 pipeline and
based on the phased version of the SNP
dataset (phylo-snp). After removing the
outgroup species, the density of heterozy-
gous sites was extracted for each indi-
vidual, taking into account individual se-
quencing depth and mapping quality to
the H. puella reference genome assem-
bly [masking files were obtained from de-
duplicated BAM files and with the help of
a calling script adapted by (Hench et al,,
2022)]. For N., individuals were randomly
placed into groups of three or four samples
from the same species and location using a
custom R script (without replacement; H.
castroaguirrei was excluded because only
two samples were available). For species
divergence, the analysis was restricted to
the Gulf of Mexico where species from
the two clades co-occur. For each pair
of species, two individuals were randomly
chosen per species (with replacement be-
tween comparisons). In both cases, MSMC
input files were created for each group,
and MSMC run with a time segmenta-
tion pattern of 1 x 2 + 25 x 1 +1 x 2 +
1 x 3 and the average of Watterson’s es-
timator across input datasets (§ = 2.55 x
107%). In the case of population diver-

gence, within- and between-species coa-
lescence rates were estimated separately
and then combined into a single output
file. Times and rates were interpreted as-
suming a mutation rate of ; = 3.7x 1078 (es-
timated in the threespine stickleback by
Liu et al., 2016).

D-statistics

We used Patterson’s D and the f4-ratio
statistic (Patterson et al., 2012) to quan-
tify gene flow among species / locations.
Linked sites were first removed with the
correlation coefficient threshold described
above from a version of the phylo-snp
dataset containing no missing data (936
k sites). D was then calculated with
Dtrios in the Dsuite package (Malinsky
etal., 2021) from all 67,525 possible trios,
with the Serranus samples serving as out-
group. Both BBAA and Dmin topologies
were considered, and P values were cor-
rected for multiple testing using Bonfer-
roni’s method. For each pair of popula-
tions, the highest D- and f4-values as well
as associated p-values were retrieved from
all trios with these populations in the P2
and P3 positions.

Demographic inference with linked se-
lection

For this analysis, 935 non-coding, un-
linked windows were selected out of the
2000 windows of 5 kb near-continuous ge-
This

was accomplished by removing windows

nomic sequence described above.

that overlapped with coding sequence of
gene models identified in the reference
genome by MAKER (Hench et al., 2019).
Two pseudo-haplotypes were generated
for each window with VCFtools, SAMtools
and BCFtools without relying on phase in-
formation. All windows with both haplo-
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types were then concatenated and used
as input for the Demographic Inferences
with Linked Selection software v1.0 [DILS
(Fraisse et al., 2021)].
cused on the history of divergence be-
tween the small and large clades identi-
fied by the phylogenetic analyses. DILS
was run with default parameters consid-

The analysis fo-

ering a per-site mutation rate p of 3.7
x10~% following (Liu et al., 2016). Migra-
tion vs. isolation models were compared
first. Next, submodels of the best model
(here migration) were compared, includ-
ing secondary contact (SC, the daugh-
ter populations evolve initially in isolation
and exchange alleles upon secondary con-
tact) and isolation with migration (IM, the
two daughter populations continuously ex-
change alleles). Then, models with ho-
mogeneous (Nhomo) vs.
(Nhetero) effective population size were
compared, and finally with homogeneous

heterogeneous

(Mhomo) vs. heterogeneous (Mhetero) mi-
gration. The posterior probability corre-
sponded to 1 - error rate, which is based
on 140,000 simulations.

Biogeographic analysis

We estimated ancestral ranges for the
hamlet species using the R package Bio-
GeoBEARS (Matzke, 2013), considering
three regions: Gulf of Mexico, Western
Caribbean, and Eastern Caribbean (Fig-
ure 4.2B). The author of this program
recommends that: (i) operational taxo-
nomic units (OTUs) should ideally be phy-
logenetic lineages (i.e., genetically iso-
lated populations), and (ii) an ultrametric
tree should be used as input. To satisfy
the first requirement, we used two alter-
native pruning schemes: first, by keep-
ing only one individual per monophyletic

species/region (Scheme 1, 169 OTUs),

and second, by keeping only one indi-
vidual per monophyletic region (Scheme
2, 58 OTUs).
quirement, we estimated relative ages

To meet the second re-

for the ancestral nodes in the SNP-based
whole-genome tree (Figure 4.2A) using
the least-square method implemented in
IQ-TREE [LSD2; (To et al.,, 2016)]. We
built a presence/absence matrix by cod-
ing each individual based on the region
where they were collected, and evalu-
ated six biogeographic models including
DEC (Ree and Smith, 2008), DIVA (Ron-
quist, 1997), and BAYAREA (Landis et al.,
2013), with and without jump-dispersal
or founder-speciation event (j) (Matzke,
2014).
Akaike weights as estimated with Akaike

We then assessed their fit using

Information Criterion scores corrected for
small sample size (AICc). As all three mod-
els incorporating the j parameter demon-
strate equivalent best fits (AICc weights
= 0.33) for both schemes (Table S4.5), we
provide results for six competing analyses
(three models per scheme).

Genome-wide association study (GWAS)
for species identity

Association between gene variants and
species identity was examined based on
the phyps-snp dataset using a linear mixed
model with GEMMA (Zhou and Stephens,
2012).
structure into account by considering a

This approach takes population

matrix of relatedness among individuals.
In order to remove the effect of the ma-
jor phylogenetic split, this GWAS was first
conducted on the large clade only, which
contains 15 of the 18 named species. The
dataset was transformed to PLINK format
using VCFtools and PLINK. G x P asso-
ciation was calculated on a per-SNP ba-
sis for species identity, coded from 1 to
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17 and corresponding to the 15 named
hamlet species and 2 undescribed species
from the large clade. The association be-
tween genotype and species identity was
tested with a Wald test for each SNP with
GEMMA. The results were averaged over
50 kb windows (note that Wald test P val-
ues were — log 10 transformed before aver-
aging, so —log10(p) is reported for every
window). The analysis was then repeated
with all species and identified the same ge-
nomic regions of high association.

Region-specific trees

Nuclear genomic sequences character-
ized by a significant association with
species identity (50 kb window average
—log(pvalue) > 1.5) were extracted from
the phylo-all dataset using VCFtools. Files
were converted to Fasta format as above,
and a combined maximum likelihood tree
search and nonparametric bootstrap anal-
ysis was conducted using RAxXML-NG
v1.0.3 (Kozlov et al., 2019). Settings in-
cluded the GTR+G substitution model, 20
each of random and parsimony starting
trees, and 100 bootstrap replicates. This
analysis was repeated with the eight high-
association regions concatenated.

Genome assembly

Following sequencing, HiFi reads with a
minimum quality score of Q = 20 were
extracted using PacBio SMRT Link. HiFi
reads were then assembled with Hifiasm
v.0.19.5 (Cheng et al., 2021) into primary
and haplotype assemblies. The initial as-
semblies (v1) were screened for contami-
nation using the following approach: For
each contig, the putative source organ-
ism was identified with BLAST+ (Cama-
cho et al.,, 2009) according to the Na-
tional Center for Biotechnology Informa-

tion’s (NCBI) nt database downloaded on
Apr 04, 2022. Mean coverage per contig
was determined by mapping HiFi reads to
the contigs with minimap v2.22 (Li, 2018)
and SAMtools v1.9 (Danecek et al., 2021).
Results were visualized using BlobToolKit
v3.3.4 (Laetsch and Blaxter, 2017), and
contigs identified as anything other than
”Chordata” or "no hit” removed from the
assemblies. The filtered primary assem-
blies were anchored with the help of
two RAD-tag based H. nigricans recom-
bination maps (Hench et al.,, 2019) using
ALLMAPS (Tang et al., 2015), creating ver-
sion 2 of the assemblies.

RNA read filtering, alignment and count-
ing

De-multiplexed and converted Fastq files
were quality-checked with FastQC v0.11.5
(Andrews et al., 2010; Table S4.6). II-
lumina adapters were removed and low-
quality reads were trimmed with Trimmo-
matic v0.36 (Bolger et al.,, 2014) using a
sliding-window procedure. Filtered reads
were aligned to the H. puella reference
genome (Hench et al., 2019) using HISAT2
v2.1.0 (Kim et al., 2015). HTSeq v0.13.5
(Anders et al.,, 2015) was used to quan-
tify the number of reads unambiguously
mapped per gene, and read counts were
filtered and normalized using the stan-
dard DESeq?2 v1.42 analysis pipeline (Love
et al., 2014). A sample clustering analy-
sis on regularized log-transformed expres-
sion values identified two outliers samples
(one H. puella retina and one H. nigricans
brain), which were removed from subse-
quent analyses.

Co-expression network analysis

Co-expression networks were constructed
for each tissue with WGCNA (Langfelder
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and Horvath, 2008).
expression counts

variance-stabilizing transformation was
carried out with DESEq2 (Love et al,
2014). A total of 22,046, 18,249 and
18,423 genes remained after filtering in
the brain, retina and skin tissue, respec-
tivley. A soft thresholding power was cho-

Genes with low
were filtered and

sen for each tissue (4 for brain, 3 for
retina and 6 for skin) based on the cri-
terion of approximate scale-free topology
(Zhang and Horvath, 2005). Based on this
power, a weighted correlation network
was constructed for each tissue. Modules,
i.e. clusters of genes whose expression
correlates highly with each other, were
identified, as well as the genes belonging
to the same module as caszl. We then
identified over-represented biological pro-
cesses, molecular functions and cellular
components of genes co-expressed with
caszl in at least two tissues with GOstats
v2.68 (Falcon and Gentleman, 2007) and
GSEABase v1.64 (Morgan et al., 2023). To
correct for multiple testing, we used the
false discovery rate method implemented
in goEnrichment v1.0 (Hallab, 2015).

casz1 splicing analysis

Considering that the strongest association
signal within the caszl transcription fac-
tor was located in the region between the
first and the fifth exon, which harbours
large introns, we tested for differential
splicing of caszl among species (H. puella,
H. nigricans and H. unicolor) across the
skin, brain and retina tissues. Exon-
specific reads were counted and tested for
differential exon usage with DEXseq v1.48
(Anders et al., 2012).

Annotation and analysis of transposable
elements

Repeat libraries were generated de novo
for the H. puella reference genome.
This was achieved with RepeatModeler
v.2.0 (Flynn et al.,, 2020), relying on the
LTRharvest (Ellinghaus et al., 2008) and
LTR retriever (Ou and Jiang, 2018) op-
The
libraries were then used to annotate

tions to enhance LTR detection.

the genome with RepeatMasker v.4.0.1
(Smit et al.,, 2013). The resulting re-
peat annotation and a curated version of
the reference gene annotation were used
to build a genome index and map our
RNA-sequencing reads with STAR v2.7.10
(Dobin and Gingeras, 2015). Reads were
then counted and normalized, and tested
for differential expression in transpos-
able elements among species with TEtran-
scripts v2.2.1 (Jin et al., 2015).

Structural variation in the casz1 region

We extracted the caszl region from the
H. puella reference genome, from the
start of the association region (LG12 po-
sition 20,135,000) until the end of the
caszl gene (LG12 position 20,347,811).
We then retrieved this same region from
our six PacBio haplotype assemblies us-
ing the megablast function in BLAST+
v2.14.1 (Camacho et al., 2009) and SAM-
tools v1.18 faidx (Danecek et al., 2021).
Finally, pairwise alignments were con-
structed using Minimap2 v2.26 (Li, 2018)
and checked for structural rearrange-
ments with SyRI v1.6.3 (Goel et al,
2019).
plotsr v1.1.1 (Goel and Schneeberger,
2022).

The results were visualized with

This study builds on
a sampling effort conducted over 18 years
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(2004-2022) at 15 locations across the
Greater Caribbean region. It was devel-
oped and conducted in collaboration with
local institutions and scientists, follow-
ing specific Institutional Animal Care and
Use Committee (IACUC) protocols (no-
tably STRI 2013-0301-2016, 2017-0101-
2020-2, SI-21007, NU 17-0206 and UPR
01009-02-16-2015). It includes co-authors
who are or were permanently based in
Mexico, Panama, Colombia and Puerto
Rico.

* Supplementary Figures S4.1 to S4.26

* Supplementary Tables S4.1 to S4.6
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Newly sequenced raw data were deposited
in the European Nucleotide Archive (ENA)
under project accession numbers PR-
JEB75494 (resequenced genomes and
PacBio assemblies), PRJEB74501 (skin
RNA-sequencing) and PRJEB76552 (brain
RNA-sequencing). Individual sample ac-
cession numbers are listed in Tables S4.1-
S4.3. VCEF files and other large datasets
were deposited at the European Variation

Archive (EVA).

All workflows and
detailed script parameters are avail-
able on GitHub at https://github.com/
mhelmkampf/hamlet phylogeny.
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Figure S4.1 — Overview of the sampling design, comprising 327 samples of all described hamlet
species. pue: Hypoplectrus puella, uni: Hypoplectrus unicolor, nig: Hypoplectrus nigricans, abe: Hy-
poplectrus aberrans, ind: Hypoplectrus indigo, ran: Hypoplectrus randallorum, chl: Hypoplectrus chloru-
rus, gum: Hypoplectrus gummigutta, gut: Hypoplectrus guttavarius, may: Hypoplectrus maya, gem: Hy-
poplectrus gemma, spl: Hypoplectrus sp. 1, atl: Hypoplectrus atlahua, aff: Hypoplectrus affinis, flo:
Hypoplectrus floridae, pro: Hypoplectrus providencianus, eco: Hypoplectrus ecosur, sp2: Hypoplectrus
sp. 2, lib: Hypoplectrus liberte, cas: Hypoplectrus castroaguirrei. In addition, three outgroup species
were included - tor: Serranus tortugarum, tab: Serranus tabacarius and tig: Serranus tigrinus. Samples
were collected at 15 locations covering the Gulf of Mexico [Tamiahua (tam), Antén Lizardo (liz), Cayos
Arcas (arc), Cayo Arenas (are), Alacranes Reef (ala) and the Florida Keys (flk)], the Western Caribbean
[Quintana Roo (qui), Belize (bel), Honduras (hon), San Andrés (san), Bocas del Toro (boc) and Guna Yala
(gun)], and the Eastern Caribbean [Haiti (hai), Puerto Rico (pri) and Barbados (bar)].
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Figure S4.2 — Summary tree inferred with ASTRAL-III from 2000 local trees. Each local tree was
based on a randomly chosen 5 kb genomic window. Local trees were reconstructed using IQ-TREE v2,
the best-fit substitution model according to ModelFinder, and 1000 ultrafast bootstrap replicates. Internal
branches reflect concordance among local trees (measured in coalescent units; terminal branches were
set to an arbitrary constant). Dashed branches are displayed at 5% of their original value to improve
visualization. Values at the nodes denote quartet (as opposed to bipartition) support, expressed in local
posterior probabilities. Branch colors indicate species as defined in Figures 4.1 and S4.1. The last six
letters of the sample names refer to the species (first three letters) and location (last three letters) as in
Figure S4.1.
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Figure S4.3 — SVDQuartets 50% majority consensus tree based on approximately 110 k SNPs.
The consensus was derived from 200 bootstrap replicates each considering 5 million quartets (1% of all
possible quartets). Branch colors indicate species as defined in Figures 4.1 and S4.1. The last six letters
of the sample names refer to the species (first three letters) and location (last three letters) as in Figure
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Figure S4.4 — Effective population size and divergence history as inferred by MSMC2. (A) Ef-
fective population size over time, with each line representing a set of three or four genomes of the same
species (randomly chosen without replacement) H. castroaguirrei was excluded from this analysis because
only two genomes were available for this species. (B) Cross-coalescence rates between pairs of species
from the Gulf of Mexico, where species from the two clades co-occur. Each line represents an independent
comparison of two genomes each from two species of the same location within the Gulf of Mexico. Compar-
isons between small and large clade species are shown in green, within large clade comparisons in orange,
and within small clade comparisons in purple. Rates of one and zero indicate completely shared and no
shared ancestry, respectively. Time in generations was based on a per-site mutation rate of u = 3.7 x 1073,
The four most recent and most ancient time segments were considered unreliable and excluded from plot-
ting. The results suggest that the small and large clades separated between 50,000 and 70,000 generations
ago (corresponding to 50,000-210,000 years on the basis of an estimated generation time of 1-3 years).
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Figure S4.5 — Mitochondrial genome phylogeny generated with RAXML-NG. The analysis is based
on the hamlet-only dataset including all mitochondrial sites (approximately 17 kb), the GTR+G model and
thorough search parameters. Support values at the nodes were obtained from 200 nonparametric boot-
strap replicates. Dashed branches are displayed at 10% of their original value to improve visualization.
Branch colors indicate species as defined in Figures 4.1 and S4.1. The last six letters of the sample names
refer to the species (first three letters) and location (last three letters) as in Figure S4.1. Colored arrows
highlight individuals with mitonuclear discordance (nuclear genome from the large clade and mitochon-
drial genome from the small clade, in orange, and vice versa, in purple).
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Figure S4.6 — Admixture between the large and small clades. (A) Admixture plot for k (number
of ancestral components) = 2 based on the genome-wide SNP dataset (phyps-snp). Each individual is
represented by a vertical bar broken up into two colored segments whose lengths are proportional to
the contributions of the two ancestral components to the genome of the individual. The two ancestral
components match the two clades identified by the phylogeny, with evidence of admixture between the two.
(B) Average genealogical nearest neighbors (GNN) proportions for all individuals. Purple and orange bar
segments indicate GNN proportions with respect to the small and large clade, respectively. This analysis
is based on both haplotypes of putative chromosome LG02 and was performed with tskit. Individuals are
arranged in the same order as in the admixture plot above. Assuming that LG02 is representative of the
whole genome, the plot reflect the amount of shared ancestry among individual haplotypes with respect
to the two clades. Here again there is evidence of admixture between the two clades. The colored bars
below the plots indicate species and region following Figures 4.1, 4.2 and S4.1.
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Figure S4.7 — Introgression between the two clades. f;-ratios calculated by Dtrios (Dsuite package)
between all population pairs, considering (A) BBAA and (B) Dmin topologies. The x- and y-axes represent
positions P2 and P3, respectively. For each pair, only the trio with the lowest Bonferroni-corrected p-
value regarding D is considered (same-pair trios differ at the P1 position). Tile colors indicate f-ratios
corresponding to D-values that were significant at the 0.05 level, with white tiles representing pairs without
significant D-values. The analysis was based on 936 k SNPs (phyps-snp dataset with linked sites removed
and containing no missing data), and the Serranus samples serving as outgroup. The f-ratio estimates
the proportion of introgressed DNA in admixed populations. Thus, gene flow between populations seems
to be widespread among hamlets, including between clades, and affect substantial parts of the genome.
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Figure S4.8 — Inference of ancestral ranges. This analysis was conducted with BioGeoBEARS based
on the ultrametric whole-genome tree generated with IQ-TREE, pruned to retain only one individual per
monophyletic species/region (Scheme 1) or only one individual per monophyletic region (Scheme 2). Re-
sults shown depict ancestral ranges according to three competing models (see Table S4.5). Branch lengths
are relative ages from 0 at the root to 1 at the tips, estimated by the least-square method implemented in
IQ-TREE based on the ancestral nodes in the SNP-based whole-genome tree (Figure 4.2A).
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Figure S4.9 — Local phylogeny with highest mean support. The highest mean support is calculated
across nodes among the 2000 genomic windows of 5 kb length that were considered. Support values
were obtained by ultrafast bootstrap approximation with 1000 replicates implemented in IQ-TREE. Dashed
branches are displayed at 5% of their original value to improve visualization. Branch colors signify species
as defined in Figures 4.1 and S4.1. The last six letters of the sample names refer to the species (first three
letters) and location (last three letters) as in Figure S4.1.
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Figure S4.10 — Phylogeny of the casz1l gene including both introns and exons, spanning >152
kb. The rings, branch and tip point colors indicate hamlet species as shown by the icons below the tree.
The outer ring corresponds to species that have a barred color pattern and the inner ring the species that
have a non-barred color pattern. Node point size and color represent node support. The eight Serranus
outgroup individuals are shown in gray and the length of their branches, represented with dashed lines,
are reduced to 5% of their actual length to improve the visualization of the hamlet radiation.
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Figure S4.11 — Phylogeny of the caszl gene including exons only, spanning 6689 bp. The outer
ring, branch and tip point colors indicate hamlet species as shown by the icons below the tree. Node point
size and color represent node support. The eight Serranus outgroup individuals are shown in gray and
the length of their branches, represented with dashed lines, are reduced to 5% of their actual length to

improve the visualization of the hamlet radiation.
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Figure S4.12 — GWAS for species identity and phylogeny of the LG04 association peak. (A) Results
of the genome-wide association study (GWAS) for species identity. The gray and white blocks represent
the 24 linkage groups (LG, putative chromosomes) and the black dots are averages of the log-transformed
p-value of the GWAS association over 50 kb windows with 5 kb increments. (B) Close-up on the LG04
association peak. The x-axis shows the position on LG04 (in bp) and the orange rectangle highlights the
region that shows an association >1.5 considering 50 kb windows. Grey dots represent the GWAS log-
transformed p value for each individual SNP, and the orange line its average over 10 kb windows. (C)
Phylogeny of the L.G04 region, covering 91,382 bp centered on the GWAS association peak highlighted
in orange in B. The outer ring, branch and tip point colors indicate hamlet species as shown by the icons
below the tree. Node point size and color represent node support. The eight Serranus outgroup individuals
are shown in gray and the length of their branches, represented with dashed lines, are reduced to 5% of
their actual length to improve the visualization of the hamlet radiation.
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Figure S4.13 — GWAS for species identity and phylogeny of the first LG08 association peak.
(A) Results of the genome-wide association study (GWAS) for species identity. The gray and white blocks
represent the 24 linkage groups (LG, putative chromosomes) and the black dots are averages of the log-
transformed p-value of the GWAS association over 50 kb windows with 5 kb increments. (B) Close-up on
the first LG08 association peak. The x-axis shows the position on LG08 (in bp) and the orange rectangle
highlights the region that shows an association >1.5 considering 50 kb windows. Grey dots represent
the GWAS log-transformed p value for each individual SNP, and the orange line its average over 10 kb
windows. (C) Phylogeny of the LG08 region, covering 55,355 bp centered on the GWAS association peak
highlighted in orange in B. The outer ring, branch and tip point colors indicate hamlet species as shown by
the icons below the tree. Node point size and color represent node support. The eight Serranus outgroup
individuals are shown in gray and the length of their branches, represented with dashed lines, are reduced
to 2% of their actual length to improve the visualization of the hamlet radiation.
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Figure S4.14 — GWAS for species identity and phylogeny of the second LG08 association peak.
(A) Results of the genome-wide association study (GWAS) for species identity. The gray and white blocks
represent the 24 linkage groups (LG, putative chromosomes) and the black dots are averages of the log-
transformed p-value of the GWAS association over 50 kb windows with 5 kb increments. (B) Close-up on
the second LG08 association peak. The x-axis shows the position on LG08 (in bp) and the orange rectangle
highlights the region that shows an association >1.5 considering 50 kb windows. Grey dots represent
the GWAS log-transformed p value for each individual SNP, and the orange line its average over 10 kb
windows. (C) Phylogeny of the second LG08 region, covering 67,783 bp centered on the GWAS association
peak highlighted in orange in B. The outer ring, branch and tip point colors indicate hamlet species as
shown by the icons below the tree. Node point size and color represent node support. The eight Serranus
outgroup individuals are shown in gray and the length of their branches, represented with dashed lines,
are reduced to 5% of their actual length to improve the visualization of the hamlet radiation.
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Figure S4.15 — GWAS for species identity and phylogeny of the second LG12 association peak.
(A) Results of the genome-wide association study (GWAS) for species identity. The gray and white blocks
represent the 24 linkage groups (LG, putative chromosomes) and the black dots are averages of the log-
transformed p-value of the GWAS association over 50 kb windows with 5 kb increments. (B) Close-up on
the second L.G12 association peak. The x-axis shows the position on LG12 (in bp) and the orange rectangle
highlights the region that shows an association >1.5 considering 50 kb windows. Grey dots represent
the GWAS log-transformed p value for each individual SNP, and the orange line its average over 10 kb
windows. (C) Phylogeny of the second LG12 region, covering 88,334 bp centered on the GWAS association
peak highlighted in orange in B. The outer ring, branch and tip point colors indicate hamlet species as
shown by the icons below the tree. Node point size and color represent node support. The eight Serranus
outgroup individuals are shown in gray and the length of their branches, represented with dashed lines,
are reduced to 5% of their actual length to improve the visualization of the hamlet radiation.
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Figure S4.16 — GWAS for species identity and phylogeny of the LG17 association peak. (A) Results
of the genome-wide association study (GWAS) for species identity. The gray and white blocks represent
the 24 linkage groups (LG, putative chromosomes) and the black dots are averages of the log-transformed
p-value of the GWAS association over 50 kb windows with 5 kb increments. (B) Close-up on the LG17
association peak. The x-axis shows the position on LG17 (in bp) and the orange rectangle highlights the
region that shows an association >1.5 considering 50 kb windows. Grey dots represent the GWAS log-
transformed p value for each individual SNP, and the orange line its average over 10 kb windows. (C)
Phylogeny of the LG17 region, covering 146,194 bp centered on the GWAS association peak highlighted
in orange in B. The outer ring, branch and tip point colors indicate hamlet species as shown by the icons
below the tree. Node point size and color represent node support. The eight Serranus outgroup individuals
are shown in gray and the length of their branches, represented with dashed lines, are reduced to 5% of
their actual length to improve the visualization of the hamlet radiation.

- 128 -



Manuscript 3

A Linkage Groups
é] . PO T ..J.L. - Y . b
B
slc23a2

_ kitlg
330
1 20
=210
_?’ 0 2375000 2425000

LG19

L

==
/
——— “ —
Support 5
—_
(0.50] T e
o (50,70] —
o (70,90] )
—_— e (90,100]
§
- ~
/

y
f | " \\\"

LW @<V P T . N 0 g @™ ... -
v
H. puella H. floridae H. ecosur H. liberte H. affinis Hypoplectrus sp. 1 H. providencianus  H. unicolor H. castroaguirrei  Hypoplectrus sp. 2
- ;
<o <o} ‘o> = . AL 9B 04 P

H. atlahua H. nigricans H. chlorurus H. guttavarius H. aberrans H. gummigutta H. randallorum H. indigo H. maya H. gemma

Figure S4.17 — GWAS for species identity and phylogeny of the LG19 association peak. (A) Results
of the genome-wide association study (GWAS) for species identity. The gray and white blocks represent
the 24 linkage groups (LG, putative chromosomes) and the black dots are averages of the log-transformed
p-value of the GWAS association over 50 kb windows with 5 kb increments. (B) Close-up on the LG19
association peak. The x-axis shows the position on LG19 (in bp) and the orange rectangle highlights the
region that shows an association >1.5 considering 50 kb windows. Grey dots represent the GWAS log-
transformed p value for each individual SNP, and the orange line its average over 10 kb windows. (C)
Phylogeny of the LG19 region, covering 44,506 bp centered on the GWAS association peak highlighted
in orange in B. The outer ring, branch and tip point colors indicate hamlet species as shown by the icons
below the tree. Node point size and color represent node support. The eight Serranus outgroup individuals
are shown in gray and the length of their branches, represented with dashed lines, are reduced to 5% of
their actual length to improve the visualization of the hamlet radiation.
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Figure S4.18 — GWAS for species identity and phylogeny of the LG23 association peak. (A) Results
of the genome-wide association study (GWAS) for species identity. The gray and white blocks represent
the 24 linkage groups (LG, putative chromosomes) and the black dots are averages of the log-transformed
p-value of the GWAS association over 50 kb windows with 5 kb increments. (B) Close-up on the LG23
association peak. The x-axis shows the position on LG23 (in bp) and the orange rectangle highlights the
region that shows an association >1.5 considering 50 kb windows. Grey dots represent the GWAS log-
transformed p value for each individual SNP, and the orange line its average over 10 kb windows. (C)
Phylogeny of the L.G23 region, covering 75,943 bp centered on the GWAS association peak highlighted
in orange in B. The outer ring, branch and tip point colors indicate hamlet species as shown by the icons
below the tree. Node point size and color represent node support. The eight Serranus outgroup individuals
are shown in gray and the length of their branches, represented with dashed lines, are reduced to 5% of
their actual length to improve the visualization of the hamlet radiation.
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Figure S4.19 — Phylogeny of the eight concatenated regions with high association to species
identity. These are the eight genomic regions with an association -log(pvalue) >1.5 considering 50 kb
windows (Figures S4.12-54.18), covering a total of 762,681 bp. The outer ring, branch and tip point colors
indicate hamlet species as shown by the icons around the tree. Node point size and color represent node
support. The eight Serranus outgroup individuals are shown in gray and the length of their branches,
represented with dashed lines, are reduced to 0.5% of their actual length to improve the visualization of
the hamlet radiation.
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Figure S4.20 — Genes co-expressed with caszl. (A) Venn diagram showing the number of genes co-
expressed with caszl in brain, retina and skin tissue. (B) Top 10% enriched Gene Ontology (GO) terms
for genes that are co-expressed with caszl in at least two tissues, ordered by increasing adjusted P-value
per GO category. The circle size indicates the percentage of co-expressed genes relative to the number
of genes that are annotated with this term. The GO categories are biological processes (BP), cellular
components (CC) and molecular functions (MF).
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Figure S4.21 — Normalized expression of caszl across tissues and species. Boxplots display the
median (center line), the 25th and 75th percentiles (box limits), the largest value within 1.5x the inter-
quartile range (whiskers) and outliers (points) with sample points plotted on top. The sample sizes are:
seven skin samples per species; 18, 18 and 17 brain samples from H. puella, H. unicolor and H. nigricans,
respectively; and 9, 5 and 9 retinal samples from H. puella, H. unicolor and H. nigricans, respectively.
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Figure S4.22 — Phototransduction cascade. (A) Illustration of a rod cell in the retinal tissue. (B)

Genes involved in the phototransduction cascade during light and recovery phase. (C) Genes that are co-
expressed with caszl across the three different tissues are highlighted with a green dot.
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relative to the gene mean.
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Figure S4.24 — Differential expression of transposable elements between species. Pue: H. puella,
Nig: H. nigricans, Uni: H. unicolor). Adjusted log transformed P-values were plotted along the genome
(A) and for LG12 (B). The caszl region is highlighted in red.
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in LG12 across species (H. puella, H. nigricans, H. unicolor). High expression values indicate mobilized
transposable elements. The caszl region is highlighted in red.
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Figure S4.26 — Structural variation in the caszl region. Each line represents a sequence from
six PacBio genomes (two haplotypes per genome, H1 PB and H2 PB) and the H. puella reference
genome. The base pair position on the y-axis is relative to the reference genome assembly (blue). The
grey areas between the sequences (colored lines) indicate that they align without major gaps or re-
arrangements. A Fasta file with the caszl region alignment can be found in the GitHub repository
(github.com/mhelmkampf/hamlet_phylogeny).
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Table S4.1 — List of resequenced genomes used in this study, including 327 hamlet and eight
outgroup samples. Date, latitude and longitude refer to collection dates and coordinates. Accession gives
the sample record in the European Nucleotide Archive (ENA) for each sample, with asterisks indicating
samples for which new data has been generated and submitted to ENA (note that data from previous
sequencing runs may be attached to some samples, but only data from the latest runs were used in this
study). Col.: Colombia, Mex.: Mexico, Pan.: Panama.

Sample ID Species Location Date Latitude Longitude Accession
13310 H. puella Quintana, Mex. 2007-01-08 20.45344 -87.26467 ERS20924417*
13318 H. unicolor Quintana, Mex. 2007-01-08 20.45633 -87.26217 ERS20924418*
17996 H. indigo Belize 2004-07-27 16.80083 -88.07889 ERS4141229
17997 H. indigo Belize 2004-07-27 16.80083 -88.07889 ERS4141230
17998 H. indigo Belize 2004-07-27 16.80083 -88.07889 ERS4141231
17999 H. indigo Belize 2004-07-27 16.80083 -88.07889 ERS4141232
18000 H. indigo Belize 2004-07-27 16.80083 -88.07889 ERS4141233
18151 H. nigricans Belize 2004-07-25 16.76528 -88.14417 ERS2619600
18152 H. puella Belize 2004-07-25 16.76528 -88.14417 ERS2619637
18153 H. nigricans Belize 2004-07-25 16.76528 -88.14417 ERS2619601
18154 H. puella Belize 2004-07-25 16.76528 -88.14417 ERS2619638
18155 H. nigricans Belize 2004-07-25 16.80083 -88.07889 ERS2619602
18156 H. nigricans Belize 2004-07-25 16.80083 -88.07889 ERS2619603
18157 H. nigricans Belize 2004-07-25 16.80083 -88.07889 ERS2619604
18158 H. nigricans Belize 2004-07-25 16.80083 -88.07889 ERS2619605
18159 H. nigricans Belize 2004-07-25 16.80083 -88.07889 ERS2619606
18160 H. guttavarius Belize 2004-07-27 16.78389 -88.07667 ERS20924419%*
18161 H. puella Belize 2004-07-26  16.80583 -88.07917 ERS2619639
18162 H. nigricans Belize 2004-07-25 16.76528 -88.14417 ERS2619607
18163 H. unicolor Belize 2004-07-25 16.76528 -88.14417 ERS2619674
18165 H. nigricans Belize 2004-07-25 16.76528 -88.14417 ERS2619608
18166 H. puella Belize 2004-07-25 16.76528 -88.14417 ERS2619640
18169 H. puella Belize 2004-07-25 16.76528 -88.14417 ERS2619641
18171 H. nigricans Belize 2004-07-25 16.76528 -88.14417 ERS2619609
18172 H. puella Belize 2004-07-25 16.76528 -88.14417 ERS2619642
18174 H. puella Belize 2004-07-25 16.76528 -88.14417 ERS2619643
18175 H. puella Belize 2004-07-25 16.76528 -88.14417 ERS2619644
18176 H. puella Belize 2004-07-25 16.76528 -88.14417 ERS2619645
18178 H. puella Belize 2004-07-25 16.76528 -88.14417 ERS2619646
18179 H. puella Belize 2004-07-25 16.76528 -88.14417 ERS2619647
18180 H. puella Belize 2004-07-25 16.76528 -88.14417 ERS2619648
18185 H. nigricans Belize 2004-07-26  16.80583 -88.07917 ERS2619610
18187 H. nigricans Belize 2004-07-26  16.80583 -88.07917 ERS2619611
18195 H. indigo Belize 2004-07-26  16.80583 -88.07917 ERS4141234
18222 H. indigo Belize 2004-07-27 16.80083 -88.07889 ERS4141235
18225 H. indigo Belize 2004-07-27 16.80083 -88.07889 ERS4141236
18226 H. indigo Belize 2004-07-27 16.78389 -88.07667 ERS4141237
18227 H. indigo Belize 2004-07-27 16.78389 -88.07667 ERS4141238
18261 H. unicolor Belize 2004-07-24 NA NA ERS2619675
18263 H. aberrans Belize 2004-07-24 NA NA ERS20924420%*
18267 H. unicolor Belize 2004-07-24 NA NA ERS2619676
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2004-05-12
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2004-05-12
2004-05-12
2004-05-12
2004-05-12
2004-05-12
2004-05-12
2004-05-12
2004-05-12
2004-05-12
2004-06-23
2004-06-25
2004-06-25
2004-06-25
2004-07-08
2004-06-28
2004-06-29
2004-07-09
2004-06-28
2004-07-03
2004-06-25
2004-07-02
2004-06-30
2004-07-10
2004-07-24
2004-07-24
2005-03-25
2005-03-25
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16.76528
9.37750
10.23917
10.23917
10.23917
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-83.17306
-83.17306
-83.17306
-82.30389
-83.17306
-83.17306
-83.17306
-83.17306
-83.17306
-83.17306
-83.17306
-82.30389
-82.25472
-82.25472
-82.25472
-82.25472
-82.28944
-82.25472
-82.25472
-82.25889
-82.25472
-82.30389
-82.25472
-82.21444
-82.26333
-82.30389
-88.05806
NA
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ERS2619690
ERS2619691
ERS2619692
ERS2619693
ERS2619694
ERS2619695
ERS2619696
ERS2619612
ERS2619613
ERS2619614
ERS2619615
ERS2619616
ERS2619617
ERS2619618
ERS2619619
ERS2619620
ERS2619621
ERS2619622
ERS2619623
ERS4141253
ERS4141254
ERS4141255
ERS2619657
ERS2619658
ERS2619659
ERS2619660
ERS4141256
ERS4141257
ERS4141258
ERS4141259
ERS20924459%*
ERS4141260
ERS20924460%*
ERS20924461*
ERS4141261
ERS4141262
ERS4141263
ERS20924462*
ERS20924463*
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20861
20862
20864
20866
20867
20892
20893
20894
20896
20922
20923
20980
23301
23318
23322
27698
27707
27709
27936
28366
28389
28393
28713
28939
29137
29212
29213
30001
33023
52988
52989
52990
54649
54650
54689
54761
54786
54849
62263
62264
62515
62549
62550
62551
62552
62553
62555
62556

62558 H.
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. aberrans
. aberrans
. aberrans
. aberrans
. aberrans
. randallorum
. randallorum
. randallorum
. randallorum

. randallorum

randallorum

. randallorum
. gummigutta

. guttavarius

affinis

. aberrans
. unicolor
. unicolor
. atlahua

. gummigutta

aberrans
tortugarum
puella

puella

. nigricans

indigo
indigo

. nigricans
. nigricans
. atlahua

. atlahua

atlahua

. castroaguirrei
. castroaguirrei
. atlahua

. atlahua

atlahua

. atlahua

puella
puella
gemma

ecosur

. aberrans

. aberrans

aberrans
gemma

sp2

. ecosur

floridae

Honduras
Honduras
Honduras
Honduras
Honduras
Honduras
Honduras
Honduras
Honduras
Honduras
Honduras

Honduras

Bocas del Toro, Pan.
Bocas del Toro, Pan.

Bocas del Toro, Pan.

Quintana, Mex.
Quintana, Mex.
Quintana, Mex.

Tamiahua, Mex.

Bocas del Toro, Pan.
Bocas del Toro, Pan.

Bocas del Toro, Pan.

Quintana, Mex.
Quintana, Mex.
Quintana, Mex.
Quintana, Mex.
Quintana, Mex.
Quintana, Mex.
Quintana, Mex.
Tamiahua, Mex.
Tamiahua, Mex.

Tamiahua, Mex.

Anton Lizardo, Mex.
Anton Lizardo, Mex.
Anton Lizardo, Mex.
Anton Lizardo, Mex.
Anton Lizardo, Mex.
Anton Lizardo, Mex.
Arr. Alacranes, Mex.

Arr. Alacranes, Mex.

Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.

2006-06-07
2006-06-07
2006-06-07
2006-06-07
2006-06-07
2006-06-08
2006-06-08
2006-06-08
2006-06-08
2006-06-09
2006-06-09
2006-06-10
2009-04-19
2009-12-09
2009-09-17
2010-08-18
2010-08-19
2010-08-19
2010-10-02
2017-02-04
2017-02-06
2017-02-07
2010-10-15
2010-11-30
2010-12-04
2010-12-04
2010-12-04
2010-12-04
2010-12-04
2013-06-25
2013-06-25
2013-06-25
2013-07-02
2013-07-02
2013-07-02
2013-06-29
2013-06-29
2013-06-30
2015-10-04
2015-10-04
2018-06-22
2018-06-24
2018-06-24
2018-06-24
2018-06-24
2018-06-24
2018-06-24
2018-06-24
2018-06-24
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15.25000
15.25000
15.25000
15.25000
15.25000
16.44500
16.44500
16.44500
16.44500
16.47361
16.47361
16.49750
NA

NA

NA
20.97881
20.84180
20.84180
21.47032
9.33222
9.31810
9.30140
20.97689
20.84180
20.84180
20.86840
20.86840
20.84180
20.84993
21.47588
21.47588
21.47588
19.15555
19.15555
19.17068
19.08144
19.09803
19.05436
22.39949
22.39949
20.20523
20.21088
20.20394
20.20394
20.20394
20.20394
20.20394
20.20394
20.20394

-82.61667
-82.61667
-82.61667
-82.61667
-82.61667
-85.87500
-85.87500
-85.87500
-85.87500
-85.92389
-85.92389
-85.90278
NA

NA

NA

-86.80011
-86.87781
-86.87781
-97.22894
-82.22188
-82.22180
-82.29410
-86.81816
-86.87781
-86.87781
-86.84730
-86.84730
-86.87781
-86.87318
-97.22700
-97.22700
-97.22700
-95.86390
-95.86390
-95.87361
-95.96852
-95.98555
-95.83570
-89.48939
-89.48939
-91.96972
-91.97582
-91.97077
-91.97077
-91.97077
-91.97077
-91.97077
-91.97077
-91.97077

ERS4141264
ERS4141265
ERS4141266
ERS4141267
ERS4141268
ERS4141269
ERS4141270
ERS4141271
ERS4141272
ERS4141273
ERS4141274
ERS4141275
ERS20924464*
ERS20924465*
ERS20924466*
ERS20924467*
ERS20924468*
ERS20924469%*
ERS20924470%*
ERS8632035
ERS8632036
ERS4141276
ERS20924471%*
ERS20924472%
ERS20924473*
ERS20924474%*
ERS20924475%*
ERS20924476*
ERS20924477*
ERS20924478%
ERS20924479%*
ERS20924480%*
ERS20924481*
ERS20924482%*
ERS20924483*
ERS20924484*
ERS20924485%
ERS20924486*
ERS20924487*
ERS20924488*
ERS20924489*
ERS20924490%*
ERS20924491*
ERS20924492%*
ERS20924493%*
ERS20924494*
ERS20924495%
ERS20924496*
ERS20924497*
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62559
62560
62562
62570
62571
62575
62576
62577
62585
62948
62953
Bocas16.3
Bocas16.4
FL0318
FL0324
FL0331
FL0835
F1L0836
FL0839
FL0880
HypoHaitil
HypoHaiti2
HypoHaiti3
PL17.101
PL17.111
PL17.119
PL17.120
PL17.121
PL17.122
PL17.123
PL17.124
PL17.125
PL17.126
PL17.134
PL17.135
PL17.136
PL17.137
PL17.138
PL17.139
PL17.140
PL17.141
PL17.142
PL17.143
PL17.144
PL17.145
PL17.148
PL17.149
PL17.153
PL17.155

H

H
H
H
H
H
H
H
H
H
H
S.
S.
H
H
H
H
H
H
H
H
H
H
H
H
H.
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

. floridae

. floridae

. randallorum
. gemma

. sp2

. randallorum
. ecosur

. puella

. sp2

. puella

. puella
tortugarum
tortugarum

. indigo

. spl

. chlorurus

. guttavarius
. aberrans
. randallorum
. liberte

. liberte

. liberte

. maya

. indigo
maya

. maya

. maya

. maya

. maya

. maya

. randallorum
. maya

. unicolor
. unicolor
. unicolor
. unicolor
. unicolor
. puella

. unicolor
. unicolor
. gemma

. unicolor
. gemma

. gemma

. gemma

. nigricans
. gemma

. puella

. providencianus

Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Cayo Arcas, Mex.
Bocas del Toro, Pan.
Bocas del Toro, Pan.
Puerto Rico
Puerto Rico
Puerto Rico

San Andres, Col.
San Andres, Col.
San Andres, Col.
San Andres, Col.
Haiti

Haiti

Haiti

Belize

Belize

Belize

Belize

Belize

Belize

Belize

Belize

Belize

Belize

Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA
Florida Keys, USA

2018-06-24
2018-06-24
2018-06-24
2018-06-25
2018-06-25
2018-06-25
2018-06-25
2018-06-25
2018-06-25
2018-06-19
2018-06-19
2016-02

2016-02

2020-02-05
2020-02-05
2020-02-05
2016-06-06
2016-06-06
2016-06-06
2016-06-08
2015-08-05
2015-09-04
2015-09-04
2017-06-04
2017-11-04
2017-04-13
2017-04-13
2017-04-13
2017-04-13
2017-04-13
2017-04-13
2017-04-13
2017-04-13
2017-05-07
2017-06-07
2017-06-07
2017-07-07
2017-07-07
2017-08-07
2017-08-07
2017-08-07
2017-08-07
2017-09-07
2017-09-07
2017-09-07
2017-11-07
2017-12-07
2017-07-13
2017-07-14

- 143 -

20.20394
20.20394
20.20394
20.20354
20.20354
20.20354
20.20354
20.20354
20.19568
20.20492
20.20492
NA

NA

18.47923
18.47923
18.47923
12.50162
12.50162
12.50162
12.83287
19.67700
19.67700
19.67700
16.77096
16.89555
16.48726
16.48726
16.48726
16.48726
16.51037
16.51037
16.51037
16.51037
24.84680
24.75258
24.75258
24.73489
24.73489
24.80618
24.80618
24.80618
24.80618
24.81247
24.81247
24.81247
24.76937
24.89978
24.80696
25.04367

-91.97077
-91.97077
-91.97077
-91.97664
-91.97664
-91.97664
-91.97664
-91.97664
-91.95947
-91.97831
-91.97831
NA

NA

-67.00593
-67.00593
-67.00593
-81.73137
-81.73137
-81.73137
-82.22055
-71.84300
-71.84300
-71.84300
-88.16366
-88.06139
-88.27183
-88.27183
-88.27183
-88.27183
-88.25462
-88.25462
-88.25462
-88.25462
-80.62296
-80.76065
-80.76065
-80.80080
-80.80080
-80.67677
-80.67677
-80.67677
-80.67677
-80.66971
-80.66971
-80.66971
-80.72791
-80.61716
-80.67675
-80.36930

ERS20924498*
ERS20924499*
ERS20924500%*
ERS20924501*
ERS20924502%*
ERS20924503*
ERS20924504*
ERS20924505%*
ERS20924506%*
ERS20924507*
ERS20924508%*
ERS20924509*
ERS20924510%*
SRR19070349
ERS20924511%*
SRR18184334
SRR17839752
SRR18184176
SRR19070321
SRR17839729
ERS20924512%*
ERS20924513*
ERS20924514*
ERS2899592
ERS14948399
ERS2899593
ERS2899594
ERS2899595
ERS2899596
ERS2899597
ERS2899598
ERS14948421
ERS2899599
ERS14948448
ERS14948455
ERS14948452
ERS14948453
ERS14948451
ERS14948450
ERS14948456
ERS14948457
ERS2899137
ERS14948454
ERS2899138
ERS2899139
ERS2899140
ERS14948447
ERS2899141
ERS14948449
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PL17.157
PL17.159
PL17.160
PL17.21
PL17.23
PL17.35
PL17.37
PL17.38
PL17_39
PL17.40
PL17.41
PL17.42
PL17.43
PL17.44
PL17.50
PL17.53
PL17.54
PL17.55
PL17.56
PL17.57
PL17.60
PL17.62
PL17.63
PL17.64
PL17.65
PL17.66
PL17.67
PL17.68
PL17.69
PL17.70
PL17.71
PL17.72
PL17.73
PL17.74
PL17.75
PL17.76
PL17.77
PL17.79
PL17.82
PL17.85
PL17.86
PL17.88
PL17.89
PL17.95
PL17.98
Rarel
Rare2
Rare3
s_tort.3

. puella

. puella

floridae
tigrinus
spl
indigo

. chlorurus
. chlorurus

. chlorurus

chlorurus

chlorurus

. chlorurus

chlorurus

. chlorurus

puella
puella

puella

. unicolor

spl
puella

puella

. chlorurus

. unicolor

indigo
puella

unicolor

. unicolor

. guttavarius

puella

. unicolor

spl
spl

. unicolor
. unicolor

. aberrans

spl

unicolor

. aberrans

puella

indigo

. chlorurus

. aberrans

maya
maya
indigo

gemma

. aberrans

. puella

tortugarum

Florida Keys, USA 2017-07-15
Florida Keys, USA 2017-07-16
Florida Keys, USA 2017-08-17
Bocas del Toro, Pan. 2017-02-07

Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Belize

Belize

Belize

Belize

2017-03-13
2017-03-15
2017-03-15
2017-03-15
2017-03-15
2017-03-15
2017-03-15
2017-03-15
2017-03-15
2017-03-15
2017-03-16
2017-03-16
2017-03-16
2017-03-16
2017-03-17
2017-03-17
2017-03-17
2017-03-17
2017-03-18
2017-03-18
2017-03-18
2017-03-18
2017-03-18
2017-03-20
2017-03-21
2017-03-21
2017-03-21
2017-03-21
2017-03-21
2017-03-21
2017-03-22
2017-03-22
2017-03-22
2017-03-22
2017-03-23
2017-03-24
2017-03-24
2017-07-04
2017-07-04
2017-08-04
2017-09-04

Cayo Arenas, Mex. 2017-01-01
Cayo Arenas, Mex. 2017-01-01
Cayo Arenas, Mex. 2017-01-01
Bocas del Toro, Pan. 2016-02

24.72062
24.68493
24.50768
9.30140
17.93425
17.95282
17.95282
17.95282
17.95282
17.95282
17.95282
17.95282
17.95282
17.95282
17.95505
17.95505
17.95505
17.95505
17.95787
17.95787
17.95787
17.95787
17.97003
17.97003
17.97003
17.97003
17.93425
17.89242
17.89483
17.89483
17.89483
17.89483
17.89032
17.89032
NA

NA

NA

NA

NA

NA
17.95282
16.65361
16.66000
16.77096
16.80126
22.11528
22.11528
22.11528
NA

-80.83116
-80.92229
-81.57143
-82.29410
-67.01878
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05643
-67.05325
-67.05325
-67.05325
-67.05325
-67.05804
-67.05804
-67.05804
-67.05804
-67.04642
-67.04642
-67.04642
-67.04642
-67.01878
-67.01418
-67.01714
-67.01714
-67.01714
-67.01714
-67.01794
-67.01794
NA

NA

NA

NA

NA

NA

-67.05643
-88.20097
-88.18500
-88.16366
-88.07942
-91.39833
-91.39833
-91.39833
NA

ERS14948446
ERS14948445
ERS4141277
ERS20924515%*
ERS14948480
ERS14948482
ERS14948469
ERS14948464
ERS14948460
ERS14948466
ERS14948462
ERS14948467
ERS14948461
ERS14948463
ERS14948475
ERS14948476
ERS14948483
ERS14948485
ERS14948484
ERS14948479
ERS14948481
ERS14948465
ERS14948487
ERS14948471
ERS14948490
ERS14948459
ERS14948493
ERS14948470
ERS14948486
ERS14948489
ERS14948478
ERS14948472
ERS14948491
ERS14948492
ERS14948458
ERS14948477
ERS14948488
ERS20924516*
ERS14948473
ERS14948474
ERS14948468
ERS14948398
ERS2899590
ERS2899591
ERS20924517*
ERS20924518*
ERS20924519%*
ERS20924520%*
ERS4141278
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Table S4.2 — Samples used for de novo genome assembly with long reads. All samples were
collected in Bocas del Toro, Panama. Date, latitude and longitude refer to sampling dates and coordinates.

Accession specifies GenBank assembly accessions numbers, at which assembly statistics can be found.

Species Assembly Date Latitude Longitude Accession

H. puella HypPue2.2 2022-02-10 9.252250 -82.130233 ERS20388951
H. nigricans HypNigl.2 2022-03-01 9.302050 -82.205533 ERS20388952
H. unicolor HypUnil.2 2022-03-01 9.302050 -82.205533 ERS20388953

Table S4.3 — Samples used for DNA expression analysis. All samples were collected in Bocas del

Toro, Panama. Date, latitude and longitude refer to sampling dates and coordinates.

Sample ID Species Tissue Date Latitude Longitude Accession

Pue_10 H. puella retina 2017-02-09 9.367 -82.291 ERR2750999
Uni 04 H. unicolor  retina 2017-02-07 9.301 -82.294 ERR2751000
Nig-09 H. nigricans retina 2017-02-07 9.301 -82.294 ERR2751001
Pue_05 H. puella retina 2017-02-07 9.301 -82.294 ERR2751002
Nig_08 H. nigricans retina 2017-02-07 9.301 -82.294 ERR2751003
Pue_ 04 H. puella retina 2017-02-07 9.301 -82.294 ERR2751004
Pue_ 08 H. puella retina 2017-02-09 9.367 -82.291 ERR2751005
Pue 09 H. puella retina 2017-02-09 9.367 -82.291 ERR2751006
Uni 03 H. unicolor  retina 2017-02-06 9.318 -82.222 ERR2751007
Nig-05 H. nigricans retina 2017-02-07 9.301 -82.294 ERR2751008
Nig 03 H. nigricans retina 2017-02-06 9.318 -82.222 ERR2751009
Uni 02 H. unicolor  retina 2017-02-07 9.301 -82.294 ERR2751010
Nig_04 H. nigricans retina 2017-02-07 9.301 -82.294 ERR2751011
Nig 07 H. nigricans retina 2017-02-07 9.301 -82.294 ERR2751012
Pue_ 03 H. puella retina 2017-02-07 9.301 -82.294 ERR2751013
Pue_02 H. puella retina 2017-02-06 9.318 -82.222 ERR2751014
Nig-06 H. nigricans retina 2017-02-06 9.318 -82.222 ERR2751015
Pue_07 H. puella retina 2017-02-07 9.301 -82.294 ERR2751016
Uni 05 H. unicolor  retina 2017-02-07 9.301 -82.294 ERR2751017
Pue_06 H. puella retina 2017-02-07 9.301 -82.294 ERR2751018
Uni 01 H. unicolor  retina 2017-02-06 9.318 -82.222 ERR2751019
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Nig_01
Pue 01
Nig_02
S52
S53
S54
S55
S56
S57
S58
S59
S60
S61
S62
S63
S64
S65
S66
S67
S68
S69
S70
S71
S72
S73
S74
S75
S76
S77
S78
S79
S80
S81
S82
S83

e o« R« o o S S S s« S« v« v « v « o « o « o « o « o « o « o« o« s« s« o s s

. nigricans
. puella
. nigricans

. unicolor

puella

. unicolor

puella

. unicolor
. unicolor
. nigricans
. nigricans

. nigricans

puella

. nigricans

puella

. unicolor
. unicolor
. nigricans
. nigricans
. unicolor

. puella

puella

. unicolor

. nigricans

puella

. unicolor
. unicolor
. nigricans
. unicolor
. nigricans

. unicolor

puella

. puella
. puella

. unicolor

retina

retina

retina

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

skin

optic tectum
diencephalon
diencephalon
diencephalon
diencephalon
optic tectum
telencephalon
optic tectum
telencephalon
diencephalon

diencephalon

2017-02-06
2017-02-06
2017-02-06
2022-07-11
2022-07-10
2022-07-15
2022-07-14
2022-05-02
2022-07-19
2022-07-16
2022-07-14
2022-07-15
2022-07-14
2022-05-02
2022-07-19
2022-07-09
2022-07-14
2022-07-09
2022-07-11
2022-05-02
2022-07-09
2022-07-16
2022-07-19
2022-07-19
2022-07-10
2022-07-11
2022-07-19
2022-07-14
2022-07-15
2022-07-09
2022-07-14
2022-07-09
2022-07-14
2022-07-10

2022-07-09
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9.318

9.318

9.318

9.299082
9.299082
9.279863
9.279863
9.322150
9.332653
9.332653
9.279863
9.279863
9.279863
9.322150
9.332653
9.299082
9.279863
9.299082
9.299082
9.322150
9.299082
9.332653
9.332653
9.332653
9.299082
9.299082
9.332653
9.279863
9.279863
9.299082
9.279863
9.299082
9.279863
9.299082

9.299082

-82.222

-82.222

-82.222

-82.207186
-82.207186
-82.218015
-82.218015
-82.220150
-82.199490
-82.199490
-82.218015
-82.218015
-82.218015
-82.220150
-82.199490
-82.207186
-82.218015
-82.207186
-82.207186
-82.220150
-82.207186
-82.199490
-82.199490
-82.199490
-82.207186
-82.207186
-82.199490
-82.218015
-82.218015
-82.207186
-82.218015
-82.207186
-82.218015
-82.207186

-82.207186

ERR2751020
ERR2751021

ERR2751022

*

*
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S84
S85
S86
S87
S88
S89
S90
S91
S92
S93
S94
S95
S96
S97
S98
S99
S100
S101
S102
S103
S104
S105
S106
S107
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S109
S110
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S112
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S117
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. unicolor
. nigricans
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S119 H. puella optic tectum 2022-07-14 9.279863 -82.218015 *
S120 H. unicolor  telencephalon 2022-07-15 9.279863 -82.218015 *
S121 H. puella diencephalon 2022-07-14 9.279863 -82.218015 *
S122 H. puella diencephalon  2022-07-09 9.299082 -82.207186 *
S123 H. puella diencephalon  2022-07-19 9.332653 -82.199490 *
S124 H. nigricans diencephalon 2022-07-19 9.332653 -82.199490 *
S125 H. unicolor  optic tectum 2022-07-19 9.299082 -82.207186 *
S126 H. nigricans optic tectum 2022-07-14 9.279863 -82.218015 *

Table S4.4 — Demographic Inference with Linked Selection (DILS) results. Models with migra-
tion are favoured over models with isolation (first column). Within models with migration, isolation with
migration (IM, the two daughter populations continuously exchange alleles) is favored over a model with
secondary contact (SC, the daughter populations evolve initially in isolation and then exchange alleles
upon secondary contact, second column). Models with homogeneous effective population size and migra-
tion are favored over models with heterogeneous effective population size and migration (third and fourth
column, respectively). PP: posterior probability.

Migration vs. IM vs. SC Mhomo vs. Nhomo vs.
Isolation Mhetero Nhetero
Best model migration IM Mhomo Nhomo
Vote counts 860 | 140 788 | 212 846 | 154 619 | 381
PP 0.879 0.830 0.867 0.770

Table S4.5 — Summary statistics of the six biogeographic models implemented in BioGeoBEARS
based on Schemes 1 and 2 (first and second block separated by horizontal line; see Methods for details).
LnL: Log-Likelihood, npar: number of parameters, d: dispersal, e: extinction, j: founder-speciation, w:
dispersal matrix power exponential, AICc: corrected Akaike Information Criterion.

Model LnL npar d e j w AICc AlICc
weight
DEC -108.5 2 0.028 1.00E-12 0 1 221.1 2.40E-17
DEC+j -70.29 3 1.00E-12  1.00E-12 0.025 1 146.7 0.33
DIVALIKE -101.7 2 0.034 1.00E-12 0 1 207.5 2.20E-14
DIVALIKE +j -70.29 3 1.00E-12 1.00E-12 0.025 1 146.7 0.33
BAYAREALIKE -143.5 2 0.033 0.077 0 1 291 1.60E-32
BAYAREALIKE+j -70.29 3 1.00E-07 1.00E-07 0.025 1 146.7 0.33
DEC -92.36 2 0.076 0.085 0 1 188.9 1.80E-18
DEC+j -51.48 3 1.00E-12 1.00E-12 0.1 1 109.4 0.33
DIVALIKE -86.54 2 0.087 0.03 0 1 177.3 6.10E-16
DIVALIKE+j -51.48 3 1.00E-12 1.00E-12 0.099 1 109.4 0.33
BAYAREALIKE -104.3 2 0.072 0.3 0 1 212.8 1.20E-23
BAYAREALIKE +j -51.49 3 1.00E-07 1.00E-07 0.094 1 109.4 0.33
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Table S4.6 — General read statistics and number of samples per tissue for the DNA expression
analysis. Asterisks denote datasets number of samples after removing outliers. M: million.

Retina Brain Skin
No. of samples, H. puella 9* 18 6
No. of samples, H. nigricans 9 17* 7
No. of samples, H. unicolor 5 18 8
Raw read length 150 bp PE 100 bp PE 100 bp PE
Sum raw reads 157.7 M 1,676.7 M 353.1 M
Mean =+ sd raw reads 6.6 +0.7M 31.1 £ 84 M 16.8 +4.5 M
Mean * sd trimmed read length 129 £ 9 bp 94 £ 1 bp 95+ 1 bp
Sum trimmed reads 137.4 M 1,293.1 M 252.8 M
Mean =+ sd trimmed reads 5.7+ 0.7M 24.0+x6.5M 12.0 £ 3.6 M
Sum uniquely aligned reads 78.1 M 603.3 M 161.0 M
Mean * sd uniquely aligned reads 3.3 + 0.4 M 11.2+29M 7.7 £25M
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Synthesis & Perspectives

The main objective of my thesis was to expand our knowledge on the processes
shaping rapid diversification, and specifically evaluate the basis of diversity for selec-
tion at both the phenotypic and genetic levels. I characterize and investigate color pat-
tern in hamlet fishes (Hypoplectrus spp.), a particularly relevant trait for assortative
mating among species and for their predatory behavior. I find that phenotypic diversity
is generated by the modularity of color pattern elements at the trait level and of alleles
in a few key regions on the hamlet genome. As a result of this modularity, I show that
hamlets’ phenotypic variation is relatively continuous and that intraspecific variation
plays an important role in the observed phenotypic continuity. Taking a phylogenetic
approach to the hamlet radiation, I show that the observed reproductive isolation does
not translate into a phylogenetic signal at the whole-genome level or at the scale of ge-
nomic regions associated with functional differences between species. This is expected,
given the recent origin of the radiation and hints towards a more diluted polygenic ar-
chitecture of color pattern elements.

This thesis showcases the value of quan-
titatively evaluating phenotypes in evolu-
tionary studies. The pipeline developed
in allows for the direct Combinatorial speciation

and unbiased measurement of variation in
show that

the raw materials on which selection acts,

color patterns in fishes, which, in this the- Results from

sis, is applied to hamlets. This level of
resolution and multidimensionality is un-
precedented in reef fish studies and al-
lowed for the detailed, pixel-by-pixel anal-
ysis of color patterns in hamlets.

whether at the phenotypic or genotypic
level, is made up of continuous, gradual
variation across species, built upon within-
species variation. Such patterns of varia-
tion, whether it is genetic or phenotypic,
are not unique to hamlets and have been
demonstrated in other organisms. Exam-

The main findings of this thesis are 1) that
gradual genetic and phenotypic diversity

are the basis for selection (

), 2) that this diversity is generated
by the combinations of different pheno-
typic elements and of underlying alleles at
large-effect pleiotropic loci (

), 3) but that these large-effect loci do
not solely participate in diversification and
that smaller-effect and polygenic loci par-
ticipate equally or more, while being less
detectable ( ).

ples of phenotypes best described as grad-
ual variation include the mosaic melanin
patterning of plumage patches in munias
and southern capuchinos, and the striking
variation in wing color patterns observed
in Heliconius butterflies (Funk and Tay-
lor, 2019; Stryjewski and Sorenson, 2017;
Campagna et al., 2017; Van Belleghem
et al., 2017, 2021; McMillan et al., 2020).
The hamlets represent an extreme case
of overlap between species in the genetic

- 157 -



Synthesis & Perspectives

space, fueled by intraspecific variation.
Such patterns of genetic variation have
been suggested to drive speciation (Mar-
ques et al., 2019). In particular, genetic di-
versity generated by the recombination of
ancestral genetic variants through intro-
gressive hybridization has been shown to
fuel the rapid radiations of munias, south-
ern capuchinos, and monkeyflowers, Heli-
conius butterflies, and Lake Victoria cich-
lids (Stryjewski and Sorenson, 2017; Cam-
pagna et al., 2017; Stankowski and Streis-
feld, 2015; Nelson et al., 2021; Pardo-Diaz
et al., 2012; Enciso-Romero et al., 2017;
Meier et al., 2017; Marques et al., 2019).
Extended gene flow and the fact that ge-
nomic variants associated with color pat-
tern traits predate the radiation (Figures
S4.4, S4.7 and Table S4.4; ,
Hench et al.,, 2022) suggest that similar
mechanisms played a role in the rapid di-
versification of hamlets.

Modularity at large-effect loci drive
rapid radiations

In these rapid radiations, phenotypic di-
versity is driven by the allelic recombi-
nation of a few large-effect loci. Modu-
larity in the alleles of ASIP, KITLG and
MCIR are responsible for the phenotypic
diversity in melanin patterning of munias
and southern capuchinos (Funk and Tay-
lor, 2019; Stryjewski and Sorenson, 2017;
Campagna et al., 2017). In Heliconius but-
terflies, the combined evolution of WntA,
cortex and optix genes is associated with
black patterning and red formation (Con-
cha et al., 2019; Saenko et al., 2019; Mar-
tin et al., 2014; Lewis et al., 2019; Van Bel-
leghem et al., 2017; McMillan et al., 2020).
Hamlet phenotypic diversity is also gen-
erated by the combinations of alleles at

a few large-effect loci, specifically three,
that each influence different elements of
color patterns ( ). Among
these, the caszl region has the largest ef-
fect, playing a key role in determining the
discrete bar patterning seen in hamlets.

The research presented in this thesis
therefore aligns with a combinatorial view
of sympatric speciation, where large-effect
loci introduced from standing genetic vari-
ation and introgressive hybridization pro-
vide a mechanism by which a group of
organisms can diversify rapidly (Marques
et al., 2019).

Species or not?

Within speciation biology, definitions and
concepts of species vary depending on
the field of research or the organisms
studied, making it difficult to establish
a universal definition of what a species
is (Stankowski and Ravinet, 2021b). Be-
cause hamlet species are very closely re-
lated, are genetically very similar, have ex-
tensive gene flow, and can hybridize, their
status as separate species has long been
debated (Puebla et al., 2022).
phylogenetic perspective in
and following the Phylogenetic Species
Concept (Cracraft, 1983), which is based
on supported monophyly, one might con-

From the

sider the hamlets as two species corre-
sponding to the two identified lineages.
However, reproductive isolation through
assortative mating has been widely doc-
umented both in the wild and experi-
mentally (Fischer, 1980; Domeier, 1994;
Puebla et al., 2007; Barreto and McCart-
ney, 2008; Puebla et al., 2012, 2022). This
is consistent with the Biological Species
Concept (Mayr, 1942) and with predic-
tions from the genic view of speciation
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(Wu, 2001), which suggests that reproduc-
tive isolation can occur prior to detectable
phylogenetic signals. Hybridization is rel-
atively common in nature, with exam-
ples even occurring between distantly re-
lated species that are not classified within
the same genus (Mallet, 2005).
ample, blue and fin whales are known

For ex-

to interbreed, yet this does not disqual-
ify their classification as different species
(Bérubé and Aguilar, 1998). Detailed de-
scriptions of why hamlets are considered
distinct species have been reviewed by
Puebla et al. (2022) (Appendix). This
work outlines how these fishes align with
several species concepts, including the
phenetic (Sokal and Crovello, 1970), bio-
logical (Mayr, 1942), recognition (Pater-
son, 1985), and genotypic cluster concepts
(Mallet, 1995). Regardless of their species
status, hamlets are characterized by phe-
notypic differentiation and strong repro-
ductive isolation, and these are present
in the near absence of a phylogenetic sig-
nal ( ). Further insights into
how this process can occur would allow us
to better understand how diversity arises.

Nuancing the role of large-effect loci
in phenotypic diversification

Large-effect loci play a role in pheno-
typic diversification, however their role
may be less significant than previously
thought (Wellenreuther and Hansson,
2016; Barghi et al., 2020). Polygenic evo-
lution, in which quantitative traits are un-
derpinned by many small-effect loci, has

long been described in theoretical frame-
works, but limitations in measurement
methods have hindered their detection
(Slatkin, 1970; Wellenreuther and Hans-
son, 2016; Barghi et al., 2020). Human,
medical, agricultural, and domestication
research, where large sample sizes are
available and direct applications are val-
ued, have applied these polygenic frame-
works and explored the polygenic basis
of traits (Quillen et al., 2019; Pavan and
Sturm, 2019; Zhang et al., 2022).

example, human skin pigmentation is a

For

polygenic trait involving dozens of genes,
including SLC24A5, SLC45A2, MCI1R, and
KITLG, and has received much attention in
scientific studies (Quillen et al., 2019; Pa-
van and Sturm, 2019). Another example
where a polygenic basis underlie a trait
is the aggression phenotype of domesti-
cated Betta fish, Betta splendens, which
is influenced by neural-related genes such
as esyt2, apbb2, and pank2 (Zhang et al.,
2022).
teresting as it highlights the potential
to study the polygenic basis of behav-
ioral phenotypes, such as mate choice in
Because of these methodologi-
cal limitations, mainly due to sample size

This example is particularly in-

hamlets.

and statistical power, studies of the ge-
netic basis of diversification have been bi-
ased toward the detection of large-effect
loci (Wellenreuther and Hansson, 2016;
Barghi et al.,, 2020). I believe that the
results of my thesis suggest that diver-
sification is also driven by nuanced poly-
genic signal, involving small-effect loci.
Indeed, hamlet body coloration is a poly-
genic trait, and several smaller associa-
tion peaks were identified in the GWAS for
color pattern (
results). Furthermore, concatenating the
genetic sequences from the eight largest

; unpublished
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peaks associated with species identity bet-
ter resolved the species tree than each of
them individually ( ). These
observations and results highlights the im-
portance of using advanced methods to
detect subtle polygenic signals, which are
critical for understanding the complexity
of diversification in radiations.

Importance of geographic context in
speciation studies

Gavrilets and Vose (2005) predicted that in
the early stages of adaptive radiations, the
spatial structure within a species might
be more pronounced than the spatial ge-
netic structure overall. Although the open
ocean and pelagic larval stages of many
fish species suggest high connectivity,
widespread dispersal (Palumbi, 1994; Kin-
lan and Gaines, 2003; Kokko and Lodpez-
Sepulcre, 2006; Hernandez et al., 2023),
and imply reduced level of reproductive
isolation, reef fishes inhabit fragmented
coral reefs (Syms and Jones, 2000; Bonin
et al.,, 2011; Leprieur et al., 2021). These
fragmented habitats resemble island sys-
tems, suggesting that coral reef fish di-
versification is influenced by geographic
factors, as much as terrestrial islands or
lake radiations (Salzburger, 2008; Lep-
rieur et al., 2021). Geographic constraints
have been shown to shape diversification
in systems such as Galapagos finches,
Anolis lizards, Hawaiian Drosophila, sil-
verswords, and East African cichlids
(Schluter, 2000; Stroud and Losos, 2020;
Poe et al., 2017; Salzburger and Meyer,
2004). The repeated evolution of similar
phenotypes in organisms, such as birds
and butterflies, further underscores the
adaptive nature of these radiations (Grant,
2017; Lawson and Petren, 2017; Urban

et al., 2021).
phology in Darwin’s finches has evolved
independently across islands, driven by
diet-based natural selection (Grant, 2017;

For example, beak mor-

Lawson and Petren, 2017), while wing
pattern evolution in Heliconius butterflies
has converged in distinct regions (Urban
et al., 2021).
genetic and phenotypic variation across

In hamlets, comparison of

their entire distribution range highlighted
the importance of local processes in driv-
ing sympatric speciation and maintaining
species clusters ( ). The
decoupling between population-level evo-
lutionary patterns and phylogenetic sig-
nals ( ) reinforces the spa-
tial structure view of Gavrilets and Vose
(2005) and confirms that considering geo-
graphic scale in recent radiation studies is
important. This suggests that species con-
cepts such as the phylogenetic (Cracraft,
1983), the phenetic (Sokal and Crovello,
1970), and the genomic cluster species
concepts (Mallet, 1995) may be effec-
tive at local scales, but become problem-
atic at larger geographic scales (Mallet,
2001; Losos and Glor, 2003; Salzburger,
2008). These problems likely arise due to
evolutionary processes such as introgres-
sion, hybridization, and incomplete lin-
eage sorting, which have been observed
in the phylogenies of species like bats
(Hahn and Nakhleh, 2016). As predicted
by Losos and Glor (2003) and echoed in
Gavrilets and Vose (2005) and Gillespie
et al. (2020), phylogenies often fail to in-
corporate the geographic context of speci-
ation. These findings underscore the need
for caution in interpreting evolutionary ra-
diations across broad geographic scales
and the critical role of local processes in
maintaining species clusters.
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The continuum of reproductive isola-
tion beyond sequences

The concept of speciation as a contin-
uum of reproductive isolation has been
widely discussed from a genetic per-
spective (Stankowski and Ravinet, 20213a;
Shaw and Mullen, 2014; Barley et al.,
2024), but multiple axes of divergence
also play a role in such processes and
should not be overlooked. In my thesis, I
highlighted genetic mechanisms involved
in the genetic similarities among species
(Synthesis & Perspectives 5.2, paragraph
1). The genic view of speciation pre-
dicts such similarities, specifically dur-
ing the early stages of radiation (Wu,
2001). Furthermore, I showed that re-
productive isolation can evolve rapidly,
driven by strong reproductive barriers,
long before genome-wide divergence ac-
cumulates ( ). Consequently,
measures of genetic divergence may not
reliably capture the extent of reproduc-
tive isolation. Bolnick et al. (2023) pro-
pose a multivariate extension of the spe-
ciation continuum, namely the speciation
hypercube, building on the concept al-
ready proposed by Dieckmann (2004). The
original framework presented three axes
of divergence: ecological differentiation,
reproductive isolation (originally mating
differentiation), and spatial differentiation
(Dieckmann, 2004). While the three di-
mensions provide a unifying framework
for speciation research, they do not re-
flect the whole complexity of processes
involved. Bolnick et al. (2023) proposed
a flexible alternative to account for addi-
tional dimensions. Research on cichlids
applied the hypercube framework to test
how the evolution of reproductive isolation
depends on genetic, ecological, and phe-
notypic divergence (Weber et al., 2021).

They found that continuous morphological
differentiation and two genomic differen-
tiation patterns are involved in the par-
allel evolution of cichlids (Weber et al.,
2021). In my thesis, the hamlet research
provides a clear example of what Bolnick
et al. (2023) defined as the speciation hy-
percube, with axes representing genetic
divergence, phenotypic divergence, and
pre-zygotic reproductive isolation. In the
second paragraph of Synthesis & Perspec-
tives 5.2, I emphasized the importance
of integrating the geographic context of
the study clade when evaluating reproduc-
tive isolation. In the context of the highly
multivariate divergence hypercube, ham-
lets have reproductive isolation with phe-
notypic and spatial divergence, but little
genetic divergence (Figure 5.1). My re-
search underscores the need for such flex-
ible and multidimensional frameworks, be-
cause understanding the multiple facets
of speciation is essential to unraveling
the origins of species and, ultimately, the
mechanisms that shape biodiversity.
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Figure 5.1 — Hamlets in the speciation hyper-

cube. Three hamlet species pairs are represented
corresponding to varying degrees of reproductive
isolation, genetic and phenotypic divergence (pur-
ple dots). Adapted from Bolnick et al. (2023), Ox-
ford University Press license 5917620719420.
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Comparative studies across lineages

Under the unifying framework for speci-
ation research discussed above, compar-
ative approaches across lineages could
look at the different modes of diversifica-
tion across the Tree of Life (Stankowski
and Ravinet, 2021a). At the DNA level,
comparative genomics allows for the in-
vestigation of structural rearrangements,
gene family expansions or gene expres-
sion between lineages. Such mecha-
nisms have played a role in the radiation
of butterflies and fishes. For example,
chromosomal inversions drove wing pat-
tern diversification in the Heliconius radi-
ation (Merrill et al., 2015; Jay and Joron,
2022) and loss of immune genes in an-
gler fishes facilitated their bathypelagic
transition (Brownstein et al., 2024). At
a much broader scale, duplications and
expansions of visual opsin gene families
contributed to the teleosts diversification
(Musilova et al., 2021), and the expression
of tbx3a is essential for the posterior limb
development of many vertebrates ranging
from Prionotus walking fishes to humans
(Herbert et al., 2024; Khan et al., 2020).
The effect of such rearrangements, ex-
pansions or differential expressions could
be further investigated at the phenotypic
level with comparative phenomics. For
example, the angler fish immunogenomic
degradation is paired with sexual dimor-
phism, which has allowed reproductive
success through sexual parasitism and fur-
ther diversification in the bathypelagic
zone (Brownstein et al., 2024). The quan-
titative image analysis pipeline developed
in could allow for compara-
tive color pattern evolution studies across

reef fish species. In hamlets, the most
closely related genus Serranus did not un-
dergo a radiation, and comparisons be-
tween the two groups would help us under-
stand why some lineages are more likely to
radiate than others. Considering that vi-
sion is important for mate choice in ham-
lets and that vision is tightly linked to brain
activity, parts and sizes (Bauchot et al.,
1977; Howell et al., 2021), research av-
enues could couple genomic comparisons
at loci that influence color pattern, vision
and mate choice with phenotyping of color
pattern, visual systems and brains. Over-
all, comparative studies between lineages
and across the multiple axes of diver-
gence within speciation frameworks would
expand our knowledge on diversification
modes and processes.

The need for experiments

While comparative studies are great to
deepen our knowledge on the multi-
ple factors influencing reproductive iso-
lation, they cannot establish causal links
(Stankowski and Ravinet, 2021a). For ex-
ample, one can describe genes and phe-
notypes involved in the hamlet radiation,
but cannot know its direct effects on
mate choice or foraging success. Empir-
ical studies are therefore needed to vali-
date findings from descriptive-based stud-
ies (Stankowski and Ravinet, 2021a; Bol-
nick etal., 2023). CRISPR-Cas9 knockouts
of red pigmentation genes in zebrafish al-
lowed the dissection of the cell mecha-
nisms involved in the red coloration for-
mation of teleost fishes (Huang et al,,
2021). Knocking out the CsfI gene in male
medaka fishes, Oryzias woworae, reduced
their red coloration and showed that they
were more preferred by females, drawing
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causative conclusions on the role of csf1
in reproductive success and its sexual se-
lection (Ansai et al., 2021). With such ap-
proaches phenotypes can directly be eval-
uated, causal links between genotypes and
phenotypes validated and direct fitness of
mutants tested in experimental settings.
For hamlets, experiments could first fo-
cus on knocking out the large-effect casz1
gene involved in the vertical bar pattern,
followed by other genes known to be in-
volved in color patterning, local adapta-

choice. Further breeding would allow the
testing of pure, hybrid, backcrossed and
mutant hamlets in mate choice and be-
havioral experiments and verify hypothe-
ses about their sexual and natural selec-
tion. These experimental approaches have
the potential to bridge the gap between
descriptive studies and causal validation,
offering deeper insights into the mecha-
nisms driving reproductive isolation and
diversification in hamlets or in any group
of organisms.

tion (e.g. Tpm4; Picq et al., 2016) or mate

Overall, the hamlet research presented in this thesis has shed light on the multiple and
complex mechanisms driving diversification in marine fishes inhabiting a largely open
ocean environment. The modes of diversification in hamlets support a combinatorial
view of speciation both at the genetic and phenotypic level, involving underlying large-
effect loci—a pattern that has been recorded in many other marine and non-marine or-
ganisms. The importance of large-effect loci should be approached with caution, as the
contribution of smaller-effect loci is more challenging to detect. The findings of my the-
sis support the genic view of speciation, showing that reproductive isolation may arise
prior to any detectable genomic signal, especially when investigating recent radiations
and when smaller-effect loci are involved. Together, this work shows that biodiversity is
shaped by complex mechanisms and involves multiple axes of variation, each contribut-
ing to the accumulation of reproductive isolation. To comprehensively understand how
diversity arises, a framework such as the speciation hypercube is required. It not only
allows the extension of these multiple dimensions of variation for specific lineages, but
also provides a unifying means to compare modes of diversification across lineages.
The work presented in my thesis featured extensive phenotypic and genetic datasets,
with sampling spanning the entire geographic range of hamlets, to explore their ra-
diation. This approach provides a robust foundation for applying such frameworks to
other reef fishes and opens pathways for future comparative studies on the modes of
diversification in reef fishes and teleosts more generally.
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The hamlets (Hypoplectrus spp., Perciformes: Serranidae) constitute a dis-
tinctive model system for the study of a variety of ecological and evolutionary pro-
cesses including the evolution and maintenance of simultaneous hermaphroditism and
egg trading, sex allocation, sexual selection, social-trap, mimicry, dispersal, speciation,
and adaptive radiation. Addressing such fundamental and complex processes requires
a good knowledge of the taxonomy and natural history of the hamlets. Here, we re-
view the taxonomy of the hamlets, from early ichthyological studies to the most recent
species description in 2018. We report a total of 72 different binomial names for Hy-
poplectrus, synonymized or invalidated down to 17 unambiguously recognized species
today. In addition, we redescribe Hypoplectrus affinis (Poey, 1861) as a valid species.
In Bocas del Toro (Panama), this hamlet is distinct from eight sympatric congeners in
terms of color pattern, body size and behavior. Whole-genome analysis and spawning
observations indicate that it is genetically distinct from sympatric congeners and re-
productively isolated through assortative pairing. Based on the color pattern we detail
in its redescription, live-fish photographs, videos, and earlier reports, H. affinis occurs
in Panama, Nicaragua, Mexico, the Florida Keys, Cuba, Grand Cayman, Jamaica, the
Dominican Republic, Los Roques (Venezuela), Bonaire, and Tobago. We conclude with
a discussion of pending taxonomic issues in this group and the species status of the
hamlets in general.

conducted the genetic PCA, whole genome phylogeny
and COI cladogram analyses, wrote and provided review on the manuscript.
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