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Abstract

Decades of investigation about the evolutionary mechanisms responsible for the astonishing
diversity of fishes have suggested habitat transitions along the water column as a prominent
ecological divergence axis affecting morphological and lineage diversification. This process
is pervasive across all major freshwater and marine fish clades, and evidence supporting its
importance comes from a broad spatiotemporal spectrum. On a narrow scale, recent parallel
invasions of freshwater lakes by marine three-spined stickleback populations have repeatedly
triggered the evolution of two divergent types: a deep-body form living in association with the
bottom (benthic) and a slender-body form found in the water column (pelagic). On the other
end of the spectrum, evidence from the fossil record suggests that a significant component of
the diversification of spiny-rayed fishes (acanthomorphs) has resulted from the colonization
of the ecological space previously occupied by pelagic species that became extinct during
the Cretaceous-Paleogene (K-Pg) mass extinction. Nevertheless, despite important progress
made on this front, further investigation of the processes associated with benthic-pelagic
transitions in a robust phylogenetic framework is necessary for bridging evidence from both
ends of the evolutionary continuum.

The overarching goal of my dissertation was to produce comprehensive phylogenomic
trees and to use an array of phylogenetic comparative methods (PCMs) to investigate the
drivers and the effects of the adoption of habitat regimes in two evolutionarily intriguing
and economically important ray-finned fish groups: the family Lutjanidae (ca. 130 species),
including snappers and fusiliers; and the series Carangaria (ca. 1090 species), including flat-
fishes, jacks, marlins, barracudas, remoras, and allies. Additionally, my dissertation provides
new evidence supporting the (recently challenged) single evolutionary origin of flatfishes,
and used phylogenetically-informed genotype-to-phenotype (PhyloG2P) approaches to iden-
tify the molecular mechanisms underlying their asymmetrical development—a key adaptation
linked to transitions from pelagic to benthic habitats.

In the first chapter of my dissertation, I applied an integrative approach to quantify
the scope and strength of convergent evolution in pelagic lutjanids. As part of a large
collaborative effort, I collected genome-wide DNA sequence data for approximately 80%
of the total number of species in the group and aggregated data layers for body shape,

habitat occupancy, geographic distribution, and paleontological information. The results
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show that multiple independent colonizations of the water column by ancestrally benthic
lutjanid lineages are persistently associated with the convergent evolution of slender bodies
and furcate caudal fins. Lineage diversification and transition dynamics vary asymmetrically
between habitats, with benthic lineages diversifying faster and colonizing midwater habitats
more often than the reverse. These findings demonstrate that convergent phenotypes are
ubiquitous among pelagic lutjanids, likely resulting from the strong locomotion constraints
imposed by the viscosity of water and drag flow.

For my second chapter, I assessed how transitions along the water column triggered
by ecological opportunity in the wake of the Cretaceous-Paleogene (K-Pg) mass extinction
shaped diversification dynamics in Carangaria. The results suggest that a remarkable propor-
tion of Carangaria’s morphological variation originated in tandem with a marked incidence
of habitat shifts along the benthic-pelagic axis during the Paleocene. Likewise, lineage di-
versification analyses show that species accumulation rates vary as a function of time, with
peaks reached early in the clade’s history. These results indicate that all major lineages and
body plans in Carangaria originated in an early burst of evolution shortly after the K-Pg
mass extinction, allowing the occupation of newly released ecological niches along the water
column gradient.

In my third chapter, I explored the evolutionary origins of the flatfish asymmetric body
plan—an extreme evolutionary innovation responsible for the successful colonization and
diversification in benthic habitats by carangarian lineages. I analyzed three independent
genome-scale phylogenetic datasets, showing that lineage-specific variation in base compo-
sition (i.e., base compositional non-stationarity) of exonic markers deeply affects the ability
of commonly-used phylogenetic models to resolve flatfishes as monophyletic. This problem
can be alleviated, however, by using models that accommodate lineage-specific variation in
base composition. The implementation of such models provides decisive support for the
single-origin hypothesis of the asymmetric body plan. I also applied models of codon substi-
tution using complete genomes to investigate the molecular bases of the complex phenotypic
modifications in flatfishes. The findings corroborate that the flatfish cranial asymmetry
results from a complex interaction between thyroid hormones (THs) and other important
developmental pathways (e.g., WNT, BMP, RA).

In summary, my analyses demonstrate that ecological divergence along the benthic-
pelagic axis greatly impacts rates of morphological and lineage diversification in different
clades. Transitions are ubiquitous in time and space but are largely affected by periods of
enhanced ecological opportunities, such as the wake of mass extinction events. This process
is correlated with the recurrent evolution of convergent body plans but also with some of the
most extreme morphological and physiological innovations among vertebrates, such as the
internal body temperature regulation (endothermy) in marlins, billfishes, and swordfishes

that allows the exploitation of a broad thermal niche, and the flatfish asymmetric body-plan



responsible for their successful colonization of the sea bottom. These new insights represent
an important step towards understanding the dynamics of animal biodiversity origination
in the aquatic realm, ultimately providing a reference to compare against other groups of

organisms diversifying along habitat gradients.
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Chapter 1

Evolutionary determinism and
convergence associated with

water-column transitions in marine
fishes

Published in Proceedings of the National Academy of Sciences of the United States of Amer-
ica (https://doi.org/10.1073/pnas.2006511117)

Melissa Rincon-Sandoval®*, Emanuell Duarte-Ribeiro™®, Aaron M. Davis, Aintzane Santaqui-
teria, Lily C. Hughes, Carole C. Baldwin, Luisangely Soto-Torres, Arturo Acero P., H. J.
Walker Jr., Kent E. Carpenter, Marcus Sheaves, Guillermo Orti, Dahiana Arcila, Ricardo
Betancur-R*

(*)equal contribution

1.1 Abstract

Repeatable, convergent outcomes are prima facie evidence for determinism in evolutionary
processes. Among fishes, well-known examples include microevolutionary habitat transitions
into the water column, where freshwater populations of different species (e.g., sticklebacks,
cichlids, whitefishes) diverge towards slender-bodied pelagic forms and deep-bodied benthic
forms. But the consequences of such processes at deeper macroevolutionary scales in the
marine environment are less clear. We applied a phylogenomics-based integrative, com-
parative approach to test hypotheses about the scope and strength of convergence in a
marine fish clade with a worldwide distribution (snappers and fusiliers, family Lutjanidae)

featuring multiple water-column transitions over the past 45 million years. We collected



genome-wide exon data for 111 (approximately 80%) species in the group and aggregated
data layers for body shape, habitat occupancy, geographic distribution, and paleontological
and geological information. We also implemented novel approaches using genomic subsets
to account for phylogenetic uncertainty in comparative analyses. Our results show inde-
pendent incursions into the water column by ancestral benthic lineages in all major oceanic
basins. These evolutionary transitions are persistently associated with convergent pheno-
types, where deep-bodied benthic forms with truncated caudal fins repeatedly evolve into
slender midwater species with furcate caudal fins. Lineage diversification and transition
dynamics vary asymmetrically between habitats, with benthic lineages diversifying faster
and colonizing midwater habitats more often than the reverse. Convergent ecological and
functional phenotypes along the benthic-pelagic axis is pervasive among different lineages
and across vastly different evolutionary scales, achieving predictable high-fitness solutions
for similar environmental challenges, ultimately demonstrating strong determinism in body

shape evolution.

1.2 Significance

Body shape is a strong predictor of habitat occupation in fishes and has been shown to
change rapidly at micro-evolutionary scales in well-studied freshwater systems such as stick-
lebacks and cichlids. Deep-bodied forms tend to occur in benthic habitats, while pelagic
species typically have slender hydrodynamic body plans. Recurrent evolution of this pattern
across distantly related groups suggests that limited sets of high-fitness solutions exist as
a result of environmental constraints. We demonstrate that similar constraints operate at
deeper evolutionary scales. Lutjanids are primarily benthic dwellers that repeatedly transi-
tioned into midwater habitats in all major oceans throughout their 45-million-year history.
Midwater species strongly converge in body shape emphasizing the deterministic nature of

the evolutionary process molding form and function along the benthic-pelagic axis.

1.3 Introduction

A question of central interest in biology is whether evolutionary outcomes can be predictable
and thoroughly governed by the laws of nature or contingent on a sequence of unpredictable
historical events, such as rare environmental catastrophes, which may be sensitive to circum-
stances inherent to particular evolutionary paths (Losos et al., 1998). Reconciling this co-
nundrum may depend largely upon the scope and strength of evolutionary convergence—the
process whereby natural selection tends to produce a limited set of high-fitness solutions
when confronted with similar challenges imposed by the environment (i.e., the adaptive

landscape). Convergence ranks among the most conspicuous features in biodiversity and



the general mechanisms by which the physical constants of nature constrain morphological
outcomes have been recognized for decades (Agrawal, 2017; Losos, 2011; Wake et al., 2011).
Nevertheless, the deterministic nature of the processes leading to convergent evolution is still
contentious (Blount et al., 2018; Burns and Sidlauskas, 2019).

An emblematic example of evolutionary convergence comes from the aquatic environment,
where distantly related pelagic lineages tend to evolve similar body plans. Based on these
observations, G. McGhee hypothesized that there are limited ways to build a fast-swimming
aquatic organism, which is why dolphins, swordfish, sharks, and ichthyosaurs all present
streamlined fusiform bodies—a nontrivial adaptation to the locomotion constraints imposed
by the viscosity of water and drag flow (McGhee, 2011). In ray-finned fishes (Actinoptery-
gii), the evolution of fusiform body plans also has a strong adaptive basis and is frequently
associated with the invasion of the water column by primarily benthic lineages. Body elon-
gation has been recognized as the primary axis of diversification in fishes (Burress et al.,
2017; Hulsey et al., 2013; Ribeiro et al., 2018; Tavera et al., 2018), and evidence support-
ing this deterministic process comes from a broad spatio-temporal spectrum. At a narrow
scale, post-Pleistocene parallel invasions of freshwater lakes by marine three-spined stick-
leback populations have repeatedly triggered the evolution of two divergent phenotypes, a
deep-body form associated with more benthic habitats and a slender-body form that occurs
in the water column (Walker, 1997; Willacker et al., 2010). Quantitative assessments at mi-
croevolutionary scales have documented similar cases of resource partitioning on sympatric
populations of lake cichlids and whitefishes, among others (Clabaut et al., 2007; Cooper
et al., 2010; Hulsey et al., 2013; Lu and Bernatchez, 2011; Rundle et al., 2000). At the other
end of the evolutionary spectrum, evidence from the fossil record shows a significant com-
ponent of the Paleogene spiny-rayed teleost (acanthomorph) radiation that colonized areas
of the morphospace previously occupied by incumbent pelagic species that became extinct
during the Cretaceous-Paleogene (K-Pg) mass extinction (Friedman, 2010; Ribeiro et al.,
2018; Sallan et al., 2018).

Here, we assess the role of convergent evolution associated with transitions along the
benthic-pelagic axis in a clade of marine fishes—the snappers and fusiliers in the family
Lutjanidae—that bridges both ends of the evolutionary continuum. Previous phylogenetic
studies on snappers suggest that benthic clades of different ages have repeatedly transitioned
into the water column, and these transitions are seemingly associated with modifications in
feeding ecology and body elongation (Frédérich and Santini, 2017). Based on these obser-
vations, we first test the hypothesis that independent incursions into the water column in
this group are constrained to a narrow portion of the adaptive landscape, representing a
remarkable case of convergent evolution across fish diversity. Second, given the widespread
distribution of this family and the potential temporal range of habitat transitions in the clade,

we hypothesize that these evolutionary transitions have occurred independently within all



major oceanic basins.

Community ecology studies have demonstrated that marine biodiversity is higher in ben-
thic than pelagic environments (Angel, 1993; Gray, 1997), suggesting that the adoption of
the midwater lifestyle by lutjanids may have resulted in an evolutionary ratchet, where the
acquisition of specialized traits are selectively advantageous in the short term, but in the
long term can create an evolutionary trap due to lowered speciation or elevated extinction
rates (Agnarsson et al., 2006; Goldberg et al., 2010). This hypothesis makes two predictions:
(i) habitat transitions from benthic to midwater systems are expected to be unidirectional
or asymmetric, and (ii) midwater lineages diversify slower than their benthic counterparts,
which stems from the fact that the microhabitat homogeneity of pelagic systems provides
fewer opportunities for speciation than the niche-diverse benthic environment.

To address these questions using rigorous quantitative approaches, we estimated a set of
taxonomically rich time trees for lutjanids based on genome-wide data and used an integrative
comparative dataset that includes morphological and ecological data layers in combination
with geographic distribution data. By conducting a suite of phylogenetic comparative anal-
yses, we examined the temporal and geographic scope of evolutionary convergence among
midwater snapper and fusilier lineages. These analyses show that repeated habitat tran-
sitions from bottom to midwater systems are linked strongly to patterns of evolutionary
convergence in body shape and also are associated with asymmetric habitat transitions and
slower rates of lineage diversification. These transitions took place independently within all
major biogeographic regions. Taken together, our findings ultimately reinforce the deter-
ministic nature of evolution as a consequence of the similar use of the niche space along the

benthic-pelagic axis.

1.4 Materials and Methods

Taxonomic sampling and genomic data

Extended Materials and Methods are reported in the Appendix A. Our genomic sampling
includes 85 newly sequenced species of snappers and fusiliers from specimens deposited in
multiple fish collections. To further expand the taxonomic scope, we retrieved sequences for
26 additional ingroup species from GenBank. Our combined dataset contains 111 species
(Appendix A). We also used fourteen grunt species (Haemulidae) as outgroups. High quality
DNA extractions were sent to Arbor Biosciences for a targeted enrichment and sequencing.
Our target capture probes are based on a set of 1,104 single-copy exons optimized for ray-
finned fish phylogenetics (Hughes et al., 2018, 2020). We also included 15 legacy exons
into the probe set. After performing standard procedures for sequence quality control and

assembly, we aligned exons by taking into account their reading frames.



Accounting for missing data in phylogenomic inference

We assembled two main data matrices: (i) an expanded matrix with all genes and taxa,
including GenBank sequences, and (ii) a reduced matrix obtained with the MARE (matrix
reduction) package (Meyer et al., 2011). For each matrix, we determined the best-fitting
partitioning schemes and nucleotide substitution models for both genes and codon positions
using PartitionFinder2 (Lanfear et al., 2017). We also assembled 13 additional subsets
by manually subsampling the expanded matrix (see details below). For all datasets, we
estimated ML trees in RAxML v8.2.4 (Stamatakis, 2006; Stamatakis et al., 2008) using
the partition output obtained with PartitionFinder2. Species trees were then inferred with
ASTRAL-II v4.7.12 (Mirarab and Warnow, 2015) using individual RAxML-based gene trees

as input.

Accounting for topological and temporal uncertainty

Our genome-scale exonic dataset provides an opportunity to account for tree topology and
divergence time uncertainties in phylogenetic comparative methods by analyzing alternative
gene sets. The goal was to build a number of largely independent subsets (subsampled from
the expanded matrix), each with a sufficient number of genes to overcome sampling error
by capturing our knowledge of the phylogeny of the group in the best possible manner.
We assembled thirteen largely independent subsets (seven with 89 loci and six with 90
loci), all of which overlap in only four genes thereby maintaining the same set of species
across subsets. As input topologies for phylogenetic dating in MCMCTree (see below), we
inferred a total of 28 phylogenetic trees using both RAXxML and ASTRAL-II. Two trees
were estimated using the complete expanded matrix, including a ‘master tree’ based on
the RAxML topology; the remaining 26 trees were obtained with the 13 subsets subsampled
from this matrix. While most downstream comparative analyses used the 28 trees, some were
computationally demanding and therefore were based on the ‘master tree’ only (indicated

whenever applicable).

Phylogenetic dating

We conducted divergence time estimations using the MCMCTree package as implemented
in the program PAML v4.9a (Yang, 2007), which can handle genome-scale datasets in a
Bayesian framework (dos Reis Yang, 2019). Because MCMCTree running time depends
more on the number of partitions defined rather than the number of genes included (dos
Reis Yang, 2019), all 28 subsets used only two partitions (1st+2nd and 3rd codon positions).
We applied seven calibration points, two based on fossils with uniform distributions and five

based on a geological event with flat-tailed Cauchy distributions (Appendix A, Materials



and Methods).

Reconstruction of ancestral habitats and ancestral ranges

The habitat occupancy dataset (Appendix A) was compiled by aggregating information from
a wide range of sources, including FishBase (Froese and Pauly, 2019), the primary literature
(Allen, 1985; Andrews et al., 2014; Carpenter, 2001; Dunlap et al., 2016; Haight et al., 1993;
Kuiter and Tonozuka, 2001; Lloyd, 2006; Newman, 2009; Robertson and Allen, 2015; Robert-
son and Van Tassell, 2016; Taquet and Diringer, 2013; White et al., 2013), and by consulting
experts. To account for cases with uncertain habitat occupancy, we implemented ances-
tral character reconstructions that take into account tip-state ambiguity based on stochastic
character mapping analyses (SIMMAP Revell, 2012), as implemented in the R package phy-
tools (Revell, 2012). We explicitly tested the relative fit of two models of discrete state
evolution for binary states: equal (ER) or symmetric rates, and all rates different (ARD) or
asymmetric rates. The best fit model was then used to identify the best possible explanation
concerning the distribution of habitat transition events throughout the evolutionary history
of snappers and fusiliers using SIMMAP. We also classified species according to their geo-
graphical ranges. We built a presence/absence matrix of species considering six recognized
marine biogeographic regions (Appendix A): West-Indian Ocean (WIO), Central Indo-Pacific
(CIP), Central Pacific (CP), Tropical Eastern Pacific (TEP), Western Atlantic (WA), and
Eastern Atlantic (EA). Ancestral area reconstructions were performed using the R package
BioGeoBEARS (Matzke, 2013). Using the ‘master tree’ as the input phylogeny, 12 different
biogeographic models were tested. We analyzed each model using three time-slices accord-
ing to different geological events (see Appendix A for details on models and matrices used
for BioGeoBEARS). For simplicity, we summarized ancestral ranges into three major ocean
realms by merging EA and WA into the Atlantic, WIO, CIP, and CP into the Indo-Pacific,
and leaving the TEP as originally coded (Figure 1.1).

Geometric morphometrics on body shape

The laterally compressed body plan of snappers and fusiliers makes this group well suited
for the summarization of morphological diversity using two-dimensional geometric morpho-
metric approaches. We assembled a specimen imagery dataset from museum collections or
curated images retrieved from online repositories. To account for intraspecific variation, our
dataset includes 1-4 individuals from each of the 111 species (total 413 individuals; mean
3.72 individuals per species; Appendix A). We generated three alternative datasets based
on digitized landmarks: (i) A full-body and fin shape dataset; (ii) a body-only dataset; and
(iii) a fins-only dataset (see Appendix A, Figure A.1). For each dataset, we performed Pro-

crustes superimposition, calculated species-average coordinates, and conducted both stan-



dard (PCA) and phylogenetically-corrected (pPCA) principal component analyses (Adams
and Collyer, 2019; Revell, 2009). Finally, we determined the number of meaningful PC axes
using the broken-stick model (Jackson, 1993; Peres-Neto et al., 2005), which minimizes loss

of signal while avoiding noise from less relevant axes.

Convergence analyses

To assess the scale and nature of convergence among taxa exhibiting similar habitat regimes,
we ran a set of recently proposed multivariate phylogenetic comparative methods for each of
the three alternative morphological datasets (full-body shape, body-only, and fins-only). We
first tested the relative fit of a range of evolutionary models using the package mvMORPH
(Clavel et al., 2015). These include a single-rate Brownian Motion (BM) model, a single-
regime Orstein-Uhlenbeck (OU) model, and multi-selective regime BM (BMM) and OU
(OUM) models. We also tested for correlation between habitat occupation and the four most
relevant PC axes using the threshold model, which assesses the association between a discrete
trait and a continuous character that co-vary according to an underlying, unobserved trait
called liability (Felsenstein et al., 2012). We explicitly tested for convergent evolution using
the C1-C4 distance-based metrics implemented in convevol (ran using the ‘master tree’), as
well as the Wheatsheaf index implemented in the R package Windex (Arbuckle et al., 2014).
Finally, we used other data-driven approaches, as implemented in the R package ¢1lou v1.42
(Khabbazian et al., 2016) and SURFACE v0.4 (Ingram and Mahler, 2013), to estimate the
optimal number of selective regimes under an Ornstein-Uhlenbeck process applied to the

least absolute shrinkage and selection operator (LASSO).

State-dependent diversification

We evaluated the influence of habitat type (benthic vs. midwater dwellers) on lineage di-
versification dynamics using state-dependent speciation and extinction (SSE) approaches
(Maddison et al., 2007). We first used BiSSE, as implemented in the R package diver-
sitree (Fitzjohn, 2012), to estimate habitat-dependent rates of diversification in a Bayesian
framework. We also applied HiSSE (Hidden State Speciation and Extinction), an SSE ap-
proach that accounts for ‘hidden’ states, by testing the relative fit of a set of alternative
branching models while accounting for hidden states. Finally, we used the nonparametric
FiSSE approach, which has shown to be robust to phylogenetic pseudo-replication and model
misspecification (Rabosky and Goldberg, 2017). See Appendix A for details.



1.5 Results

Phylogenomic inference and tree uncertainty in comparative anal-
ysis

Extended results are reported in the Appendix A. Using exon capture approaches (Hughes
et al., 2018, 2020), we assembled two main phylogenomic data matrices: (a) an expanded
matrix that includes all genes and taxa sequenced for this study, with the addition of Gen-
Bank sequences aimed at increasing taxonomic coverage for downstream comparative anal-
yses (1,115 exons and 474,132 nucleotide sites for 111 out of ca. 136 species; 37% data
missingness); and (b) a reduced matrix obtained with a matrix reduction algorithm, used
to assess the sensitivity of phylogenetic results to missing data (1,047 exons and 448,410
nucleotide sites for 84 species; 16% data missingness). We conducted phylogenomic analy-
ses using maximum likelihood (ML) and coalescent-based approaches. Inferred trees were
resolved with strong support and are largely congruent among tested approaches and with
results from previous studies (Alfaro et al., 2018; Betancur-R et al., 2013; Frédérich and
Santini, 2017; Hughes et al., 2018; Rabosky et al., 2018). All analyses invariably resolved
seven major clades (Figure 1.1; Appendix A, Figure A.2-A.5), confirming that the family
Lutjanidae, as traditionally defined, is non-monophyletic with fusiliers (Caesionidae) deeply
nested within the broader snapper clade. The relationships estimated with the expanded
matrix were highly consistent with those based on the reduced matrix, providing a robust
phylogenomic framework for downstream comparative analyses.

In addition to expanded and reduced datasets, we also analyzed 13 randomly assembled
subsets derived from the expanded matrix, each with a sufficient number of genes to over-
come sampling error (Appendix A). Resulting trees reflect uncertainty in divergence times
and phylogenetic relationships, an approach that is fundamentally different from the com-
mon practice of conducting comparative analyses using ‘pseudo-replicated’ trees obtained
from a Bayesian posterior distribution estimated with a single dataset, typically consisting
of a handful of genes. We estimated a total of 28 trees that include all taxa using both
concatenation-based maximum likelihood (RAxML) and coalescent-based (ASTRAL-II) ap-
proaches applied to the expanded matrix and its 13 subsets. Divergence-time estimates,
using the 28 input topologies and seven calibration points (Appendix A), were in reasonably
good agreement with those from previous multi-locus studies for the family (Appendix A,
Figure A.7-A.8). Divergence time estimations date the age of crown lutjanids to the middle
Eocene ( 46 Ma, 95% HPD: 40-49 Ma), and the stem age close to the Cretaceous—Paleogene
(K-Pg) boundary, around 64 Ma.
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Figure 1.1: Phylogeny, habitat transitions, and biogeography of snappers and fusiliers. The tree
shown is derived from a concatenation-based maximum-likelihood analysis of 1,115 exons, with
node ages estimated from a time-calibrated analysis using seven calibration points in MCMCTree.
The habitat reconstructions for benthic and midwater lineages, shown as colored branches in the
tree, account for phylogenetic uncertainty (28 trees) and habitat coding ambiguity (13 tips with
uncertain or multistate habitats). The color gradients along branches denote habitat transitions;
the purple branches indicate lineages with ambiguous habitats based on reconstructions using alter-
native coding schemes (Appendix A, Figures A.8-A.11). The colored circles indicate colonization
events (inferred with BioGeoBEARS; see also Appendix A, Figures A.8 and A.12-A.14) of the
Atlantic (yellow circles) and the tropical eastern Pacific (purple circles) from Indo-Pacific lineages
(center of origin; green circle). The arrows in the maps depict reconstructed colonization routes
by different lineages in three time slices: 50 to 12 Ma (mean, 31 Ma), before the closure of Tethys
Seaway; 12 to 2.8 Ma (mean, 7.4 Ma), after closure of Tethys Seaway and before the closure of
the Isthmus of Panama; and 2.8 Ma to present (mean, 1.4 Ma), after the closure of the Isthmus of
Panama. The thickness of the arrows is proportional to the number of lineages that colonized via
each route; for some lineages, colonization routes are uncertain, and thus all alternative routes are
depicted. The arrows in the central panel show the transition rates between benthic and pelagic
habitats, as estimated with HiSSE (see also Appendix A).



The geography of habitat transitions

To test the hypothesis that evolutionary transitions have occurred independently within all
major oceanic basins, we performed ancestral habitat and ancestral area reconstructions.
To infer the history of habitat transitions in Lutjanidae, we first assigned species into two
major habitat categories (benthic and midwater dwellers) and accounted for uncertainty in
habitat coding. Benthic habitats represent the most likely ancestral condition for Lutjanidae
(Figure 1.1). Although an initial assessment of the fit of two alternative models of discrete
state evolution (equal rates or ER and all rates different or ARD) failed to reject the null
ER model (see details in Appendix A), ancestral state reconstructions using both models
produced similar results, identifying an average of 14.01 (£0.5) transitions between the two
habitat categories. Midwater lutjanid lineages originated from benthic lineages 9.01 (40.1)
times on average throughout their evolutionary history, which is roughly twice as frequent as
midwater-to-benthic transitions (mean 4.5+0.4). In line with these results, HiSSE analyses
support a model that accounts for habitat dependent diversification (HiSSE benthic; see be-
low) and asymmetric transition rates (mean q = 0.016 and 0.008 for benthic-to-midwater and
midwater-to-benthic transitions, respectively; Figures 1.1,1.3f; Appendix A, Figure A.21b).

To reconstruct ancestral areas, we built a presence-absence matrix of species distribu-
tion using alternative biogeographic schemes (Appendix A). Inferences of ancestral ranges
using BioGeoBEARS (Matzke, 2013) indicate an Indo-Pacific Ocean origin for lutjanids,
with subsequent independent colonization events of the New World via multiple routes (see
Appendix A Figure A.9-A.11, and Supplementary Results for an expanded account on the
biogeography). By merging results of ancestral habitat and ancestral range reconstructions
we find support for the independent and recurrent invasion of the water column by benthic
lineages at least once within each of the three major oceanic basins (Figure 1.1). While some
basins feature more transitions than others (e.g., Indo-Pacific vs eastern Pacific; Figure 1.1),
habitat transitions in lutjanids are clearly widespread. Ancestral habitat reconstructions for
benthic and midwater lineages are shown as colored branches in the tree (reconstructed from
28 trees subjected to SIMMAP). Nodal pies indicate the most likely ancestral area based
on BioGeoBEARS where SIMMAP analyses identify a habitat transition. Arrow values in
the central panel show the transitions rates between benthic and pelagic habitats estimated
with HiSSE.

Ecomorphological convergence

To test whether invasions of the water column were associated with a set of convergent
high-fitness solutions, we assembled a specimen imagery database and built three alternative
datasets based on digitized landmarks: (i) a full-body shape dataset; (ii) a body-only dataset;
and (iii) a fins-only dataset (Appendix A, Figure A.1). Traitgram-informed morphospaces
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Figure 1.2: The traitgram-informed morphospaces for lutjanids illustrating ecomorphological par-
titioning and convergence across benthic and midwater line- ages, as estimated using the full-body
dataset. The contour lines represent the two-dimensional density distributions of the species in each
habitat state. The traitgrams overlain along PC axes depict the phylogeny in Figure 1.1, including
the ancestral habitat reconstructions estimated with SIMMAP (A, PC1 versus PC2; B, PC3 versus
PC4). The color gradients along branches denote habitat transitions; the purple branches and
data points indicate lineages with ambiguous habitats based on alternative coding schemes. The
branches shifting from red to blue along PC1 extremes highlight convergent evolution in midwater
lineages. The parenthetical values indicate the total variance explained by each PC axis. Down-
loaded

(Figure 1.2) show that different lutjanid midwater lineages independently evolved slender
bodies and furcated caudal fins, an indication of strong ecologically-driven evolutionary
convergences. This pattern is further confirmed using the threshold model (Felsenstein,
2005), where the full-body shape dataset reveals substantial correlation between PC1 and
the two habitat states (r? = 0.70). The remaining three PC axes (PC2-4) summarize further
relevant aspects in fin-shape variation and ornamentation. We detected the same pattern
for the body-only (r* = 0.66) and fins-only (r? = 0.68) datasets, where only PC1 exhibits
significant correlations. We also found an extensive overlap between benthic and midwater
species at the lower PC axes, reflecting lower correlations between the PC2-PC4 and habitat
occupancy data (r? = 0.04-0.20). These results suggest that ecomorphological convergence
is less clearly associated with PC2-PC4 axes than it is to the main PC1 axis (Appendix A,
Figure A.12).

To further assess the nature and strength of convergence, we compared the relative fit
of a set of models of trait evolution in a multivariate framework using mvMORPH. While
results of the full-body and fins-only datasets tend to show split support for the two multi-
selective-regime models (OUM and BMM; see Methods), analyses based on the body-only
dataset unequivocally favor the OUM model with distinct selective regimes corresponding to

different habitat categories (Figures 1.3a,b; Appendix A, Figure A.13). This result provides
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evidence for strongly constrained adaptive optima among independent lineages with similar
habitat preferences along the benthic-pelagic axis. To gauge the strength of convergence
associated with the invasion of the water column, we used the convevol distance-based met-
rics, calculated as the difference in distance between species tips and the maximum distance
between those taxa through their evolutionary history (C1-C4; Appendix A). The C1-C4
statistics were all significant for the three alternative morphometric datasets, with midwa-
ter lineages shortening about half of their phenotypic distance by subsequent convergent
evolution (C1 = 42-48%; Appendix A). Likewise, results using the Wheatsheaf index (w =
1.2-1.35; Appendix A, Figure A.14) identified significantly stronger convergence in midwater
species than would be expected from a random distribution of trait values simulated under
a Brownian Motion model (BM) across the tree (p < 0.01). All w values were similar, and
the confidence interval overlapped among the three alternative morphometric datasets, sug-
gesting that both body shape and fin morphologies have a similar strength in convergent
evolution. To further validate these results, we calculated w using benthic species as focal
clades. In this case, w was significantly smaller than values simulated under BM in all three
morphometric datasets (w = 0.82-1.03; p > 0.99). This suggests that morphological diversity
is high among benthic dwellers, whereas strong convergent evolution is mostly restricted to
midwater lutjanids.

Finally, we assessed the extent of convergent evolution without a priori habitat des-
ignations using ¢lou and SURFACE for the three different datasets (Appendix A, Figure
A.15-A.19). Although the pattern is less clear with ¢1lou, we also identified cases of conver-
gence across lineages with convergent peaks between clades with similar body plans (deep
or slender bodies). In all cases, the number of non-convergent (adaptive) peak shifts was
higher than the number of convergent peaks (Appendix A). Simulations for £1ou performed
under simple OU and BM models revealed significantly greater numbers of convergent shifts
(Appendix A) than would be expected by chance (Appendix A, Figure A.20). As expected,
¢1ou results using pBIC for shift detection were, on average, more conservative for the three
datasets. Univariate analyses using SURFACE were similar, but this approach identified a
higher number of convergent regimes in most cases (Appendix A, Figure A.18). Taken to-
gether, our results suggest overall convergence of many lineages to multiple, shared adaptive

peaks in body shape ecomorphology.

Diversification in benthic and midwater lineages

We gauged the preference for different habitat states and their effect on rates of habitat
transitions (see above; Figure 1.3f) and lineage diversification (Figure 1.3¢), providing a test
for the prediction that the adoption of the midwater lifestyle may result in evolutionary

ratchets. For 20 out of the 28 trees, model fitting comparisons supported a state-dependent
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Figure 1.3: The model-fitting comparisons and lineage diversification parameters estimated by
accounting for phylogenetic uncertainty (28 trees) and habitat coding ambiguity (13 tips with
uncertain or multistate habitats). The comparisons of alternative models of morphological evolution
using the full-body dataset: (A) distribution of the Akaike information criterion (AIC) values
for the four alternative models of continuous trait evolution (BM, OU, BMM, and OUM) and
(B) AIC weights (AICw) of each alternative model and tree. The comparisons for alternative
models of lineage diversification: (C) distribution of AIC values for seven alternative SSE models
(Appendix A) and (D) AICw for each SSE model based on each of the 28 trees. The estimated
lineage diversification parameters: (E) net-diversification values for the three habitat states and
(F) transition rates (Q) between benthic and midwater states.

model (Figures 1.3¢,d) that incorporates a hidden state (Appendix A) associated with ben-
thic lineages (HiSSE benthic; Appendix A, Figure A.20a). While the ‘HiSSE benthic’ model
is not decisively favored across all trees, finding in some cases substantial support for two al-
ternative null models, under this model net diversification rates (speciation minus extinction)
are roughly two times faster in benthic lineages compared to their midwater counterparts.
The results we obtained with HiSSE were consistent with those obtained using the non-
parametric FiSSE and the more traditional BiSSE approach (Appendix A, Figure A.22),
identifying support for habitat-dependent diversification. In agreement with our hypothe-
ses, benthic dwellers tend to show faster rates of net diversification than midwater species,

including both faster speciation and slower extinction (Appendix A).
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1.6 Discussion

By implementing integrative comparative analyses in a robust phylogenomic framework we
find strong evolutionary determinism in benthic-to-midwater transitions along the water
column in snappers and fusiliers. While deep body plans in benthic lineages enhance ma-
neuverability in complex habitats with crevices, like coral reefs or rocky bottoms, primarily
benthic lineages that independently transitioned into midwater habitats consistently evolved
elongate, fusiform bodies and furcate caudal fins, convergent adaptations that reduce hydro-
dynamic drag and recognizably promote increased swimming performance (Burns and Sid-
lauskas, 2019; Frédérich and Santini, 2017; Friedman et al., 2016; Langerhans and Reznick,
2010; Tavera et al., 2018; Velotta et al., 2018)—a strong match between form and function
(Pigot et al., 2020). This deterministic process appears to be ubiquitous at both temporal
and spatial scales, with transitions taking place in lutjanid lineages of different ages and
within all major marine biogeographic regions. For instance, while the oldest benthic-to-
midwater transition we identified was at ca. 40 Ma (Apsilinae + Etelinae clade), more
recent divergences (e.g., 5 Ma) include sister species that lie at extremes of this ecological
axis (e.g., Lutjanus colorado and L. aratus). Snapper and fusiliers thus bridge the gap of
this recurrent ecological divergence that is well documented at shallower ends of the evo-
lutionary continuum in model clades such as sticklebacks, cichlids, and whitefish (Clabaut
et al., 2007; Cooper et al., 2010; Hulsey et al., 2013; Lu and Bernatchez, 2011; Rundle
et al., 2000; Walker, 1997), and more ancient animal lineages such as sharks and aquatic
tetrapods (McGhee, 2011). Convergent morphologies among pelagic species strongly sug-
gest that lineages with independent evolutionary histories but similar habitat preferences
are drawn towards similar adaptive optima.

The independent evolution of similar phenotypic traits in response to the adoption of
similar habitat regimes is a well-characterized indicator of evolutionary convergence. Recur-
rent transitions are thus indicative of strong evolutionary determinism as a result of similar
use of the niche space along the benthic-pelagic axis. The convergent morphologies among
midwater species strongly suggest that lineages with independent evolutionary histories but
similar habitat preferences are drawn toward similar adaptive optima. Unlike patterns ob-
served among midwater lutjanids, benthic lineages reveal higher phenotypic diversity and
weaker convergence. These differences may be the result of greater levels of niche diversity
in benthic habitats (Friedman et al., 2020). Similar outcomes are observed at shallower evo-
lutionary scales in European whitefishes (Praebel et al., 2013) and cichlids in Lakes Apoyo
and Xilod in Nicaragua (Elmer et al., 2014), where independent radiations each harbor a
single elongated limnetic phenotype and a flock of more variable benthic lineages.

While the focus of this study is on convergent evolution, it is worth emphasizing the

strength of evolutionary forces driving phenotypic divergence in body plans along the
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benthic-pelagic axis (Burress et al., 2017; Friedman et al., 2016; Price et al., 2019; Ribeiro
et al., 2018; Tavera et al., 2018). Midwater lineages with slender bodies are typically a
subclade of more generalized deep-bodied benthic groups, and this ecological partition in
phylogenetically nested clades has often led to taxonomic misclassifications. This explains
why the midwater and planktivorous fusiliers were previously placed in their own family,
Caesionidae (Carpenter, 2001, 1987, 1988, 1990, 1993; Fricke et al., 2016; Froese and Pauly,
2019; Miller and Cribb, 2007). Remarkably, some adaptive landscape analyses that de-
tected a single adaptive shift in Lutjanidae (Appendix A, Figure A.14-A.17), identified the
shift at the base of the fusilier clade—a direct quantification of the distinct morphology in
this group. Similar instances are increasingly being documented in many other marine fish
groups based on molecular phylogenies. A prime example includes the midwater Boga in
the Caribbean, formerly listed as Inermia vittata in the family Emmelichthydae, and now
classified as Haemulon vittatum in the family Haemulidae (Tavera et al., 2012). A more
extreme case comprises the picarels, previously placed in Centracanthidae, a family that is
polyphyletically nested within benthic porgies in the family Sparidae (Pavlidis and Mylonas,
2011; Sanciangco et al., 2016). Benthic porgy lineages have thus independently colonized
the water column multiple times leading to strong, if not perfect, instances of convergent
‘centracanthid’ body plans. These divergences can even cross species boundaries, as demon-
strated by the benthic Coney (Cephalopholis fulva) which is known to practice ‘intergeneric
hybridization’ with the midwater C. colonus (formerly Paranthias colonus, Tavera et al.,
2012; Sanciangco et al., 2016). In all these cases, it is recurrently the planktivorous and slen-
der midwater subclade or species that is derived from the more generalized benthic clade,
a result of speciation and adaptation by shifting dietary resources along the water column
axis (Bellwood et al., 2004; Floeter et al., 2018; Lobato et al., 2014), ultimately creating
taxonomic confusion.

The midwater lifestyle may be an evolutionary ratchet due to overall lower levels of di-
versity in these habitats, both taxonomically and morphologically, compared to the more
species-rich benthic communities. For instance, relatively ancient species-poor clades of ma-
rine fishes, such as billfishes, swordfishes, and marlins, suggest slow diversification in pelagic
environments (Ribeiro et al., 2018). This is, however, not necessarily the case for other
pelagic fish clades (e.g., Scombriformes, Clupeiformes) or midwater lutjanid lineages. While
most tests identified higher diversification rates in benthic lineages (Figure 1.1; Appendix
A, Figure A.20-A.22), which are roughly twice as fast compared to the midwater coun-
terparts (Figures 1.3e, f), HiSSE analyses failed to support a model of habitat-dependent
diversification in  30% of the trees. A remarkable exception includes the fusiliers, a rel-
atively young lutjanid subclade ( 16 Ma) that comprises 23 species. Fusilier species may
school together with congeners and other pelagic species. For instance, the mottled fusilier

(Dipterygonotus balteatus), the only lutjanid that has adopted an exclusive pelagic lifestyle
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as an adult, is often caught together with clupeoids (herrings and anchovies). These ob-
servations suggest that midwater lutjanid species present important functional differences
and elevated levels of niche partitioning, which may explain the occurrence of species-rich
pelagic clades. Ultimately, however, niche partitioning in the resource-poor and homoge-
neous pelagic environment may result in population density declines and increased trophic
specializations, mechanisms that are known to increase extinction vulnerability over long
timescales. State-dependent diversification analyses provide some support for these ideas,
identifying remarkably faster rates of extinction in midwater than benthic lineage.

Snappers and fusiliers exhibit strong but imperfect morphological convergence associated
with habitat transitions. Whereas functional traits associated with ecological partitioning
along the benthic-pelagic axis have consistently resulted in similar evolutionary outcomes,
some lineages have evolved distinct non-convergent phenotypic adaptations. Exceptions in-
clude deep-bodied lineages that tend to occur higher in the water column, such as species
in the genus Macolor. As pointed out by Hobson (1974) “Obviously many conflicting pres-
sures have differentially affected the morphologies of the various fishes that forage on tiny
organisms in the midwaters.” Thus, although the slender body plan is pervasive among mid-
water dwellers, a limited set of alternative phenotypic solutions can meet the conditions
necessary to thrive in pelagic habitats (i.e., many-to-one mapping). Outside Lutjanidae,
remarkable departures from typical streamlined body shapes found in most oceanic pelagic
vertebrates include the slow-swimming ocean sunfishes (Mola, Ranzania), which feature
deep and laterally-compressed bodies—a clear case of historical contingency that is likely
the result of developmental constraints. Although we did not examine diets in this study,
a key factor that appears to trigger the invasion of the water column is the trophic adap-
tation to planktivory (Frédérich and Santini, 2017), likely as a result of competition for
resources in benthic habitats. Morphological convergence has been reported in many groups
that share specialized dietary shifts to planktivory (e.g., butterflyfishes, wrasses, angelfishes,
damselfishes, and sea basses; Friedman et al., 2016; Langerhans and Reznick, 2010; Velotta
et al., 2018). Ecological opportunity for the exploitation of different resources has thus re-
peatedly promoted morphological and behavioral adaptations associated with water-column
transitions (Cooper et al., 2017; Floeter et al., 2018).

In conclusion, we find strong evidence of evolutionary convergence in major traits related
to body elongation and fin morphology as a result of ecological transitions into pelagic habi-
tats, ultimately reinforcing the deterministic role of evolution driven by similar ecological
pressures. Our research shows incursions into the water column that are strongly linked
to patterns of evolutionary convergence in body plans. We also have identified asymmet-
ric habitat transitions and slower rates of lineage diversification associated with incursions
into midwater habitats. The fact that these independent transitions took place in all major

biogeographic regions further reinforces the deterministic nature of evolution. While conver-
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gent evolution associated with the adoption of the pelagic lifestyle has governed the mode
of diversification in Lutjanidae, future work should consider whether this conclusion can be
generalized to support other habitat transitions along the benthic-pelagic axis as a primary

mechanism of diversification in fishes.
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2.1 Abstract

Ecological opportunity arising in the aftermath of mass extinction events is thought to
be a powerful driver of evolutionary radiations. Here, we assessed how the wake of the
Cretaceous-Paleogene (K-Pg) mass extinction shaped diversification dynamics in a clade of
mostly marine fishes (Carangaria), which comprises a disparate array of benthic and pelagic
dwellers including some of the most astonishing fish forms (e.g., flatfishes, billfishes, remoras,
archerfishes). Analyses of lineage diversification show time-heterogeneous rates of lineage
diversification in carangarians, with highest rates reached during the Paleocene. Likewise, a
remarkable proportion of Carangaria’s morphological variation originated early in the history
of the group and in tandem with a marked incidence of habitat shifts. Taken together, these
results suggest that all major lineages and body plans in Carangaria originated in an early
burst shortly after the K-Pg mass extinction, which ultimately allowed the occupation of

newly released niches along the benthic-pelagic habitat axis.
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2.2 Introduction

Patterns of initial bursts of diversification in the origin and propagation of high level taxa
are usually explained by Simpsonian theory on adaptive radiation—one where a rapidly
proliferating lineage evolves into great ecological diversity and morphological disparity as a
result of increased availability of resources and limited competition (Schluter, 2000; Simpson,
1953). These ecological opportunities may occur when previously inaccessible resources
become available via acquisition of key evolutionary innovations, colonization of new areas,
or removal of competitors owing to external mechanisms of habitat depauperation (Simpson,
1953).

The formation of vacant niches in the wake of mass extinction events is a major source of
ecological opportunity (Erwin, 2001). Among the five major mass extinctions in the history of
life on Earth, the Cretaceous-Paleogene (K-Pg) event (ca. 65 Ma) is thought to have triggered
parallel rapid radiations in numerous tetrapod clades including amphibians and placental
mammals (Feng et al., 2017; Pollux et al., 2014). In Actinopterygii (ray-finned fishes), the
proportion of incumbent diversity that became extinct by end of the Mesozoic is high at
the family level (19%; Cavin, 2002) and likely represented an important source of ecological
opportunity that modulated diversification dynamics in surviving acanthomorph lineages
(spiny-rayed teleost fishes; a subclade of ray-finned fishes; Cavin, 2002; Friedman, 2009,
2010). Indeed, the stratigraphic distribution of acanthomorph fossils suggests significant
restructuring of marine fish communities in the aftermath of the K-Pg (Patterson, 1993),
which further coincides with the expansion of the group’s morphological disparity in areas
of the ecospace emptied by the extinction of their (non-acanthomorph) teleost counterparts
(Friedman, 2010). In the wake of the K-Pg, fishes also experienced a pronounced increase
in abundance relative to sharks, which was presumably spurred by ecological release and
ultimately prompted what has come to be known as the “new age of fishes” (Sibert and
Norris, 2015).

In agreement with the fossil evidence, time-calibrated phylogenetic trees also reveal pat-
terns in which the origin of several major acanthomorph subclades chronologically overlap
with the K-Pg boundary (Alfaro et al., 2018; Betancur-R et al., 2013; Harrington et al., 2016;
Near et al., 2013). One such clade featuring an explosive pulse of diversification near the
K-Pg is the Carangaria (Alfaro et al., 2018), a diverse group with over a thousand species
that includes a disparate array of benthic (e.g., flatfishes, threadfins) and pelagic (e.g., bill-
fishes, remoras, barracudas) fish dwellers. The Carangaria also encompasses some of the
most extreme morphological and ecological adaptations in vertebrates, including the asym-
metric body plan of flatfishes, the endothermic body heat regulation in marlins, billfishes,
and swordfishes, and the hunting behaviour of archerfishes, which generate bullets of water to

feed on terrestrial prey. It thus appears that the greatest phenotypic diversity in Carangaria
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is associated with the early evolution of disparate morphologies that prompted adaptation to
a broad array of habitats, including clear instances of adaptive peaks lying at the extremes
of the benthic-pelagic spectrum in fishes (e.g., open-water billfishes and substrate-burrowing
flatfishes).

Here, we investigate the dynamics of diversification, phenotypic evolution and habitat
transitions in Carangaria. Based on the above observations, we hypothesize that lineage
diversification varies as a function of time, with high rates reached near the clade’s origin
(at the Mesozoic-Cenozoic boundary) followed by a rapid drop as the carrying capacity
of species diversity is reached. Furthermore, in agreement with Simpsonian predictions on
adaptive radiation, we also expect that an initial expansion of morphological disparity would
be subsequently replaced by a period of morphospace packing as niches become filled. To
test these ideas, we estimated a multi-locus time tree that includes all major lineages of
carangarians and used a suite of recently-developed phylogenetic comparative approaches to
assesses how rates of lineage diversification, multivariate phenotypic evolution, and habitat

transitions vary throughout the clade’s history.

2.3 Material and Methods

Taxonomic sampling and phylogenetic inference

Carangaria’s diversity is represented by a sample of 125 (out of ca. 1,100) species, includ-
ing representatives from 26 valid families out of 28 (only Lactariidae and Paralichthodidae
were not examined) and over half of the genus-level diversity (95 out of 187) in the group.
This taxonomic sampling strategy comprises a diversified scheme designed to maximize both
phylogenetic and eco-morphological diversity within Carangaria, under the assumption that
missing lineages are phylogenetically and eco-morphologically nested within the sampled
ones.

The molecular dataset is based on a recent study that generated multi-locus sequences
from 20 nuclear loci (19,461 sites; Betancur-R. et al., 2013). We expanded the molecular
matrix to incorporate 10 additional outgroup species that represent major acanthomorph
lineages. We used BEAST v.1.8.4 (Drummond et al., 2012) to simultaneously estimate
topology and divergence times using a set of 16 fossil-based calibration points (based on
Harrington et al., 2016). Lower bounds of clade ages were defined via minimum age of ear-
liest fossil representatives; 95% soft upper bounds were estimated based on maximum ages
of the oldest fossils assigned to successive outgroups for each clade. Convergence of analy-
ses was assessed after conducting two independent runs of 300 million generations each. To
account for phylogenetic uncertainty, one hundred trees were evenly sampled from the poste-

rior distribution, providing a robust framework for downstream macroevolutionary analyses.
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Detailed taxonomic sampling, phylogenetic analyses (Figure B.1), and fossil calibration infor-
mation is provided in Appendix B. To further address potential phylogenetic uncertainties,
we repeated some analyses using alternative trees for Carangaria estimated by other recent
studies (Harrington et al., 2016; Rabosky et al., 2018, see below).

Body-shape data

The laterally-compressed body plan of most carangarians makes this group well-suited for
the summarization of multivariate morphological axes using two-dimensional geometric mor-
phometric approaches. We carefully assembled a specimen imagery database for 116 out of
the 125 carangarian species in our tree. The database consists of digitized specimens from
museum collections or curated images retrieved from online repositories (Appendix B). We
selected 15 landmarks that are extensively used to summarize general body shape varia-
tion in percomorphs (Chakrabarty, 2005), including both type I and type II points (Figure
B.2). Whereas type I landmarks are strictly homologous points, type II landmarks include
points whose homology is supported by geometric evidence rather than histological data and
are frequently used to describe inflexion points such as the sharpest curvature of a tooth
or tips of caudal fin lobes (Bookstein, 1997). We used tpsDig2 (Rohlf, 2001) to place the
landmarks and summarized the extant species’ body shape diversity using Procrustes su-
perimposition and Principal Component Analyses (PCA), as implemented in the R package
geomorph (Adams and Otérola-Castillo, 2013). Next, we subjected the morphological data
to a phylogenetically-corrected principal component analysis (pPCA) to account for possible

distortions of the PCA arising from phylogenetic non-independence.

Tempo and mode of lineage diversification

We assessed time variation in lineage diversification rates in Carangaria using CoMET, a
Bayesian statistical model implemented in the R package TESS (H6hna et al., 2015). CoOMET
estimates the number of lineage diversification rate shifts along with their timing and rate pa-
rameters (i.e., speciation and extinction rates). We used TESS’ Bayes factor model selection
to explicitly test the relative fit of the following series of alternative branching models to our
comparative dataset: (1) time-homogeneous birth-death, (2) continuously-decreasing-rate
birth-death, and (3) episodically-varying-rate that incorporates the diversification parame-
ters (i.e., number and timing of episodic rate-shifts) obtained with CoMET. Model compari-
son analyses were applied for both the maximum clade credibility (MCC) tree and 100 trees
sampled from the posterior distribution. To accommodate biases inherent to incomplete
taxonomic sampling, we applied a diversified sampling strategy correction (for both CoMET
and model-fitting), which is appropriate in cases where taxonomic sampling is designed to

maximize phylogenetic diversity (Hohna, 2014). To further account for potential biases as-
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sociated with incomplete taxonomic sampling and phylogenetic uncertainties, we conducted
posterior-predictive simulation tests using our MCC tree and a set of independently esti-
mated time trees that incorporate different taxonomic sampling schemes ranging from 5%
of the clades diversity (Harrington et al., 2016) to a nearly complete taxonomic sampling

(Rabosky et al., 2018), Appendix B.

Tempo and mode of morphological evolution

To assess the tempo and mode of morphological evolution in Carangaria, we initially esti-
mated how multivariate morphological disparity accumulated through time using ancestral
state reconstructions derived from rate-heterogeneous models of continuous trait evolution
(Cooney et al., 2017; Revell, 2012). We estimated ancestral state values using the maximum
likelihood (ML) fastAnc function implemented in the R package phytools (Revell, 2012). To
account for unequal rates of evolution among the different shape axes, we estimated ancestral
values for each pPC separately using rate-transformed trees in which branch lengths depict
the rate of morphological change. Rate-transformed trees were estimated in BayesTraits
(available from http://www.evolution.rdg.ac.uk/) using default priors. Multivariate mor-
phological disparity was then calculated as the sum of the variances across the different
pPC axes in time-slices of one million-year (Myr). We compared the observed disparity
against 500 curves of disparity accumulation simulated under a constant-rate Brownian mo-
tion (BM) null model of continuous trait evolution. Because of the non-directional nature
of trait change simulated using this BM model, we expect the underlying balance between
morphospace expansion and packing to be effectively equal and constant over time. Thus,
any period of time that shows substantial deviations in the observed patterns of morphologi-
cal disparity accumulation (compared to the simulated null trajectories) would indicate that
one of the processes (either morphospace expansion or packing) dominated over the other.
We also explicitly assessed the fit of alternative evolutionary models of body shape
evolution in a ML framework using the R package mvMORPH (Clavel et al., 2015). We
first fitted three alternative models of single-mode continuous-trait evolution: (1) a single
rate BM model, (2) a single regime Orstein-Uhlenbeck (OU) model, and (3) an early burst
(EB) of morphological evolution. Given that shifts in the mode of evolution may provide
a more realistic explanation for the processes generating morphological disparity (Slater,
2013), we further considered three additional models in which processes generating disparity
shift episodically: (4) EB to independent-rates OU shift, (5) BM to independent rates OU
shift, and (6) EB to independent-rates BM shift. We used the function mvSHIFT, which
can fit models of trait change within a mode of evolution after a fixed point. We modelled
post-shift independent-rates OU and BM models by allowing the drift parameter to vary

after a fixed point. A temporal shift window of 46 Ma was selected based on the time of
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transition between stages of morphospace expansion and packing, as obtained by comparing
the observed and simulated trajectories of morphological disparity (see Results).

It has been suggested that limiting macroevolutionary analyses to a narrow subset of
shape dimensions (i.e., first few principal component axes) may produce erroneously strong
support to more complex models, such as early burst (EB; Uyeda et al., 2015). More recently,
mvMORPH has been shown to produce misleading results when the N:p ratio is sufficiently
low (where N is the number of species and p the number of traits). It should be noted,
however, that an adequate N:p ratio level required to confidently assess the fit of alternative
models using mvMORPH is still elusive (Adams et al., 2019). To account for possible biases
regarding the use of multivariate shape data, we performed analyses using two different trait
subsets selected according to the proportion of body-shape variance summarized (using 5%
and 1% thresholds; see Results). The 5% subset was run using both the MCC tree and a
set of 100 trees drawn from the posterior distribution; due to computational limitations, the

1% subset was run using the MCC tree only.

Tempo and mode of ecological diversification

To evaluate whether the rate of habitat transitions varied as a function of time, we first as-
signed species in Carangaria into three major habitat categories: benthic (bottom-dwellers),
pelagic, and benthopelagic (intermediate habitat states; species that swim just above the
bottom; Helfman et al., 2009). The habitat occupancy dataset was compiled by aggregat-
ing information from a wide range of sources, including FishBase (Froese and Pauly, 2016),
Catalog of Fishes (Fricke et al., 2016), and the primary literature. We then used SIMMAP
stochastic mapping, as implemented in the R package phytools (Revell, 2012), to reconstruct
the history of trait changes in our MCC tree and to estimate the rate of habitat transitions
from root through present (i.e., number of transitions divided by the total edge length in
5 Myr time slices). Three hierarchical transition models—equal rates (ER), symmetrical
rates (SYM) or all rates different (ARD)—were assessed by ML with results averaged across
all runs; the best-fitting model for SIMMAP was identified using likelihood ratio tests. We
also explicitly tested the relative fit of models of discrete character evolution to identify the
best explanation concerning the distribution of events of habitat transition throughout the
evolutionary history of carangarians. We used fitDiscrete as implemented in the R package
Geiger (Harmon et al., 2008) to assess the fit of two contrasting models of discrete trait
evolution: (1) a constant-rate model, and (2) an EB of discrete trait diversification. For this
approach, we used the same set of 100 trees sampled from the Bayesian posterior distribution
(see above), as well as the same set of independently estimated time trees that incorporate

different taxonomic sampling schemes (Harrington et al., 2016; Rabosky et al., 2018).
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Figure 2.1:

pie charts for ancestral habitat reconstructions.
from the MCC tree using the COMET function in TESS. (c) Rates of habitat transitions through
time, estimated as number of transitions divided by the total edge length in 5 Myr time slices; blue
line indicates constant rate Brownian motion model. Dashed line indicates the time of the Creta-
ceous—Palaeogene (K-Pg) mass extinction. Most fish illustrations are reproduced with permission

from Diane Rome Peebles
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2.4 Results

Phylogenetic reconstruction and divergence times

Trees, datasets and R code used for comparative analyses are available from the Figshare
digital repository (doi:10.6084/m9.figshare.5727096). The inferred tree (Figure 2.1, B.1)
is largely congruent with previous multi-locus analyses of Carangaria (Betancur-R et al.,
2013; Harrington et al., 2016), although placement for some lineages (e.g., barracudas and
threadfins) along the backbone often varies due to the rapid nature of speciation events at
the onset of the group’s evolution. Divergence time estimates are likewise concordant with
the age intervals derived from a recent study based on a phylogenomic analysis for 45 species
in Carangaria (Harrington et al., 2016), as well from previous estimates using multi-locus
datasets and multiple calibration points across the fish diversity (Betancur-R et al., 2013,
2017; Near et al., 2012, 2013). The evolutionary timescale inferred suggests that the origin
of major carangarian lineages took place close to the Cretaceous-Paleogene boundary, with
a mean clade age ranging from 71 Ma (total group; 95% HPD 78-64 Ma) to 66 Ma (crown
group; 95% HPD 72-61 Ma) (Betancur-R et al., 2013; Harrington et al., 2016).

Body-shape data

The first four Principal Component (PC) axes accounted for more than 85% of the total
shape variance and are presented as morphospace scatter plots in Figure 2.2. The PC1 (67%
of overall shape variation) describes head morphology and the length of the dorsal and anal
fin bases, features that have been identified as one of the major axes of evolution in acantho-
morphs (Claverie and Wainwright, 2014; Friedman, 2010). In flatfishes in particular those
characters are linked to some of the most extreme morphological adaptations experienced
by vertebrates; i.e., the partial loss of bilateral symmetry arising from eye migration, and
the dorsal advancement of median fins towards the cranium. Indeed, this is represented as a
bimodal distribution of PC1 values that distinguish flatfishes from all non-pleuronectiform
carangarians in our analyses (Figure 2.2a). The PC2 (7% of total variation) summarizes dif-
ferences in body elongation, a major axis of shape variation in several fish clades (Claverie
and Wainwright, 2014). The PC3 and PC4 (6% and 5% of overall variation, respectively)
also encompass ecologically relevant aspects of fish morphology that are frequently repre-
sented in traditional morphometric measurements (caudal peduncle depth and snout length,
respectively; Figure 2.2b). Subsequent PC axes explain lower proportions of body-shape
variance. As noted in the Methods section, we selected two different trait subsets of pPC
axes for downstream analyses (Adams and Collyer, 2018; Uyeda et al., 2015). The 5% and
1% subsets comprised the first 4 pPC (69% of total shape variation) and first 12 pPC (95%

of total shape variation) axes, respectively.
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Figure 2.2: Body-shape morphospace in Carangaria. Fish silhouettes represent extreme values for
each axis: (a) PC1 versus PC2 (shaded elliptical area represents the morphospace occupied by
pleuronectifoms); (b) PC3 versus PC4. Colour scale indicates the number of species per hexagon.

Tempo and mode of lineage diversification

These analyses show a burst of lineage diversification rate at the onset of carangarian his-
tory, with post-Cretaceous rates decreasing abruptly after the Paleocene-Eocene bound-
ary (56 Ma). CoMET results were rather inconsistent about the clade’s evolutionary dy-
namics and highly sensitive to the choice of hyper-priors. However, one recurrent sce-
nario—high initial speciation followed by a decline in speciation rates around 55 Ma (Figure
2.1b)—demonstrates the existence of a strong signal supporting a change in the diversi-
fication regime, a result that seems robust to analytical artefacts (Figure B.3). TESS’
marginal likelihood model comparison showed a preference (BF >100) for variable-rates
models (continuously-decreasing-rate birth-death and episodically-varying-rate) over a time-
homogeneous birth-death mode for most pruned resampled trees, confirming our expectation
that that time-homogeneous processes cannot explain lineage diversification dynamics in the
group (Figure 2.3a-c). Moreover, comparisons between the two variable-rates models reveal
that 99% of the trees provide decisive support (BF >100) for the episodically-varying rate
model that incorporates one diversification rate-shift at 55 Ma. We obtained similar results
for model-fit comparisons using the original set of resampled trees (Figure B.4). Finally,
our results on lineage diversification appear to be robust to the utilization of alternative
phylogenetic trees incorporating a broad array of taxonomic sampling schemes as well as to
the implementation of posterior-predictive simulation tests (Figures B.5) or other simpler

statistics (Figure B.6; see Appendix B for details).

34



(a)

Lineage Diversification

(b)

Episodic BD vs. Constant BD

200 1000
=]
5 500
=]
T —400 ,
E ||‘|‘|||||||
3 2 0 |
E = () |
é: 600 % Episodic BD vs. Decreasing BD
2600
400
. Model
800 . 200 M Episodic BD
- L M Decreasing BD
Episodic BD Decreasing BD Constant BD 0 ,  EConstant BD
Model Tree
Phenotypic Evolution
(d) (e)
1.00
—1400
—-1500 0.75
v —1600 z
=l Q
< . = 0.50
-1700 %}
! 025 Model
-1800 ' BEvos:
. + OEBBMi
OBM
—1900 : 0.00 HEB
EBOUi BMOUi OU EBBMi BM EB
Model Tree
Habitat Transition
[ ©)
50 1.00
0.75
[®}
= 40 5
= 050
30 0.25
Model
M EB
0.00 M Const

EB Const

Tree

Model

Figure 2.3: Model-fit comparisons based on a set of 100 trees evenly sampled from the posterior
distribution. (a—c) Comparisons for alternative models of lineage diversification (using pruned
versions of our 100 empirical that excludes recent cladogenetic events): (a) distribution of the
marginal likelihood for the three alterna- tive branching models; (b) Bayes factors comparing
episodic birth-death (BD) and constant BD models for the 100 resampled trees; and (c) Bayes
factors comparing episodic BD and decreasing BD for the 100 resampled trees. (d,e) Comparisons of
alternative models of morphological evolution using the 5% threshold trait subset: (d) distribution
of the Akaike information criterion (AIC) values for the six alternative models of continuous trait
evolution (EBOUI, shift from a single rate EB into a multiple independent rates OU; BMOUJ, shift
from a single rate BM into a multiple independent rates OU; OU, Ornstein-Uhlenbeck; EBBMi,
shift from a single rate EB into a multiple independent rates BM; BM, Brownian motion; EB, early
burst); (e) AIC weights of each alternative model based on each resampled tree. ( f,g) Comparisons
of alternative models of ecological evolution: ( f) distribution of the AIC values for the two models
of discrete trait evolution; (e) AIC weights of each alternative model based on each resampled tree.
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Tempo and mode of morphological evolution

The multivariate disparity-through-time analyses reveal a remarkable proportion of the
Carangaria morphological variation originating early in the clade’s history. Both trait subsets
analysed (4 and 12 pPCs) revealed similar patterns of morphological disparity accumulation,
with 60% of the total variance arising before the Paleocene-Eocene boundary within a time
interval of just 10 Myr (Figure 2.4a). This proportion is particularly relevant when compared
to the total variance expected to be accumulated at 55 Ma under a BM null model of trait
evolution (only 5%). Comparisons against a BM also indicate a dominance of morphospace
expansion early in carangarian history (Figure 2.4c). This initial stage of accelerated mor-
phological evolution lasted for about 20 Myr (until around 46 Ma) and was subsequently
replaced by a period of morphospace packing, presumably reflecting a Simpsonian process
of vacant niche filling. We also obtained congruent results for model fitting based on both
pPC trait subsets (4 and 12), indicating that the results are robust to the number of shape
axes included. A simple EB model of morphological evolution—rates slowing down expo-
nentially through time—presented the worst fit among all the competing models (Akaike
Weights or wy <0.01). However, we found strong support (w4 >0.50 for 90% of the trees)
for a time-heterogeneous model in which body-shape evolution switches from an initial EB
into a random-walk with multiple and independent stationary peaks (Figure 2.3d,e). These
independent peaks appear to represent different adaptive zones corresponding to major body-
plans in Carangaria, with the random-walks showing the exploration of niche space after the

transition from morphospace expansion to morphospace packing ca. 46 Ma.

Tempo and mode of ecological diversification

In agreement with results obtained for lineage diversification and morphological evolution,
plots of habitat transition rates through time show that the distribution of ecological shifts in
the group is notably uneven, with initial high rates that drop slightly before the Paleocene-
Eocene boundary (Figures 2.1c). Moreover, comparisons of models of discrete character evo-
lution indicate a decisive support for an early burst model in all resampled trees (w4 >0.99),
suggesting that the skewed distribution of events of habitat transition would be plausibly
explained by a model in which the rate of evolution decreases exponentially through time

(Figure 2.3f-g). Similar results are obtained using taxonomically-denser trees for Carangaria.

2.5 Discussion

By implementing complex models of lineage, morphological, and ecological evolution, our

study supports post-Cretaceous bursts of diversification as a probable explanation concerning
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Figure 2.4: Disparity-through time plots showing the evolution of morphospace filling in Carangaria
using the % threshold trait dataset (the highest 12 pPC axes). (a) Accumulation of multivariate
disparity through time in 1 Myr time slices (thick black line, observed data; thin black line, after
locally estimated scatterplot smoothing (LOESS) smoothing; blue line, constant rate Brownian
motion (BM) null model). (b) Comparison of slopes for the two competing models; shaded areas
represent 95% confidence intervals. (c) Differences in slope for the observed data and the BM
null model; values above and below zero indicate the dominance of morphospace expansion versus
morphospace packing, respectively.

the evolutionary trajectory of carangarians, aligning with observations from mammals, frogs
and other tetrapod groups. It also highlights the apparent role of ecological release stemming
from the extinction/absence of competitors in triggering ancient radiations along the benthic-
pelagic axis—a well-characterized mode of diversification in recent groups of temperate fishes
(e.g., sticklebacks, whitefishes; Hollingsworth et al., 2013) whose significance is otherwise
poorly understood from a macroevolutionary perspective.

Initial assessments of time variation in the rates of lineage accumulation indicated a stage
of high diversification during the Paleocene followed by a period of relative stasis towards
the present. Recent efforts to assess time variation across major acanthomorph groups (as
well as specific subclades) have failed to detect signatures of the K-Pg mass extinction in
diversification rates (Arcila and Tyler, 2017; Near, 2013, but see Price et al., 2014). By
contrast, our results reveal strong support for an uneven origination of species richness in
Carangaria, with high rates of lineage diversification reached in the aftermath of the end-
Cretaceous mass extinction.

Early cladogenetic events giving rise to all major lineages in Carangaria (e.g., flatfishes,
billfishes, robalos, moonfishes, threadfins, remoras, jacks) are entirely restricted to the Pale-
ocene, supporting the hypothesis that ecological opportunity arising in the wake of the K-Pg
mass extinction prompted rapid radiation. Similar patterns are found in other specious acan-
thomorph fish clades. For instance, pelagiarians—a group comprising open-ocean fishes such
as tunas, mackerels, and cutlassfishes—has likewise radiated in the aftermath of the K-Pg

mass extinction, with most of its major lineages arising in the early-Paleogene (Miya et al.,
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2013). Additionally, there are signs of rapid radiations in many species-rich reef-fish fami-
lies, their early divergence in most cases also dates back to this time (e.g., wrasses, grunts,
surgeonfishes, and blennies; Alfaro et al., 2018). The episodic decline in Carangaria’s lineage
diversification appears to coincide with global climatic changes during the Paleocene—Eocene
Thermal Maximum (PETM; 55.840.2 Ma), a brief interval of extreme perturbation in the
global carbon cycle that resulted in record-high levels of global warming (5° to 10°C; Rohl
et al., 2000). Recent work hints that such severe environmental conditions affected reef-fish
diversification dynamics (Price et al., 2014) and are potentially linked to clade-wide extinc-
tions in the acanthomorph order Tetraodontiformes (ocean sunfishes, pufferfishes, and allies;
Arcila and Tyler, 2017). A mode of classic niche filling, however, cannot be rejected as a
plausible explanation for the decline in Carangaria’s lineage diversification rates during the
Paleocene-Eocene boundary.

Plots of multivariate disparity accumulation through time revealed a remarkable propor-
tion of Carangaria’s morphological variation originating early in the clade’s history, with 60%
of the total clade disparity being reached before the Paleocene-Eocene boundary. The no-
table dominance of morphospace expansion followed by a period of morphospace packing fits
Simpsonian predictions on morphospace filling and reinforces the evolutionary role of the K-
Pg mass extinction. This result is in line with the stratigraphic distribution of acanthomorph
fossils, which reveals an early-Cenozoic expansion of the acanthomorph body-shape disparity
in areas of the morphospace emptied after the mass extinction event (Friedman, 2010). Some
of Carangaria’s modern body-plans were already represented during the early Cenezoic. For
instance, the late-Paleocene fMene purdyi resembles the contemporary morphology of its
congener, the moonfish (Friedman and Johnson, 2005). Other modern taxonomic groups,
such as jacks, robalos, and stem flatfishes have also been documented from the Eocene (49
Ma) deposits of Monte Bolca in northern Italy (Bellwood, 1996).

The paleontological record is rich in evidence supporting the macroevolutionary trend
of animal clades reaching high morphological disparity early in their evolutionary history
(Hughes et al., 2013). However, phylogenetic comparative studies have challenged the rele-
vance of early bursts in explaining the morphological evolution in well-established examples
(though mostly younger) adaptive radiations (Harmon et al., 2010). While a simple EB
model also proved to be a poor explanation for the dynamics of morphological evolution in
Carangaria, the apparent incompatibility between the patterns of morphospace filling and
the results of model-fit comparisons was reconciled by accounting for more realistic models
that incorporate variation in the processes generating morphological evolution. We found
unequivocal support for a model that incorporates a shift in the mode of evolution from EB
into a multiple selective peak random walk at the recovered time of transition between mor-
phospace expansion and packing (ca. 46 Ma). Although bursts of morphological evolution

may be a common macroevolutionary feature, it has been demonstrated that our ability to
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detect them would be affected by factors such as the ecological relevance of analysed traits
(Cooney et al., 2017), the phylogenetic scale (Hopkins and Smith, 2015), and the use of
overly simplistic evolutionary models (Slater, 2013). This latter factor is likely the source of
conflict in our analyses.

An important prediction of the adaptive radiation theory is that both speciation and
morphological adaptations must be significantly associated to the occupation of divergent
environments (Schluter, 2000). Habitat transitions along the benthic-pelagic axis have
had important outcomes in the diversification dynamics of relatively recent freshwater fish
groups such as sticklebacks, whitefishes, cichlids, minnows, and perches (Burress et al., 2017;
Hollingsworth et al., 2013), as well as grunts of the marine family Haemulidae (Tavera et al.,
2018). However, the effects of the adoption of divergent ecological regimes remain largely
unexplored at deeper macroevolutionary scales.

Ancestral state reconstructions revealed that carangarians experienced higher rates of
habitat transitions along the benthic-pelagic axis during the Paleocene, notably overlapping
with the early lineage diversification and morphological evolution in major clades. A no-
table example is the loss of the bilateral symmetry experienced by flatfishes, with laterally
compressed bodies featuring both eyes on the same side of the head. Although dorsally-
flattened (depressed) body plans are recurrent among benthic dwellers (e.g., rays, skates,
suckermouth-armoured catfishes, and batfishes), flatfishes’ laterally compressed plan is un-
usual among benthic-living species. Flatfishes further evolved other key adaptations to
facilitate their burrowing into the substrate (e.g., the recessus orbitalis, a muscular sac that
enables eye protrusion). Carangaria also comprises several clades that have invaded in paral-
lel the pelagic realm, such as istiophoriforms (swordfish, marlins and billfishes), sphyraenids
(barracudas), and many carangiforms (e.g., dolphinfishes, amberjacks, and the rainbow run-
ner). Those open-water, fast-moving predators have convergently developed streamlined
bodies, forked tail fins, and slender tail bases (caudal peduncle). In agreement with our ob-
servations, reconstructions of the trajectory of morphological evolution in the fossil record of
acanthomorphs have shown that a major component of the early-Cenozoic morphospace ex-
pansion reflected a process of ecological replacement of the pelagic non-acanthomorph fauna
that became extinct by the end of the Mesozoic (Friedman, 2009, 2010).

Our results also show that the uneven distribution of habitat transitions events is tempo-
rally associated with the asymmetric accumulation of species richness, with an initial stage of
high rates of ecological transitions that subsequently slows down, aligning with expectations
under a BM model during the Paleocene-Eocene boundary. In agreement with this pattern,
comparisons of the fit of alternative models of discrete trait evolution strongly support an
exponential decrease in the rates of habitat transitions. Taken together, our results highlight
the importance of the adoption of divergent ecological regimes in the origin and recovery of

marine fish clades in the wake of mass extinction.
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While we find bursts of evolution in carangarians to be chronologically associated with
post-Cretaceous ecological release, we recognize that other possible sources of ecological op-
portunity have likely played an important role in their radiation during the early Cenozoic.
For instance, the loss of bilateral symmetry in flatfishes and the elongation of the premaxilla
bone in billfishes rank among the most extreme phenotypic adaptations in vertebrates and
are candidates for key innovations that may have created additional sources of ecological
opportunity in these subclades. Colonization of novel habitat regimes is another source of
adaptive radiation that we here show operated in synchrony with newly-released niches in
the wake of the K-Pg, allowing the diversification of carangarians along the benthic-pelagic
axis. Although decoupling the relative importance of these different sources of ecological op-
portunity may be difficult, the chronological order of events—extinction of Mesozoic marine
fish fauna in the K-Pg followed by high rates of habitat transitions and the origin of singular
morphologies (Figure 2.1)—suggests that post-Cretaceous niche vacancy was the main driv-
ing force behind Carangaria’s evolutionary success. Comparisons between rates of lineage
diversification and morphological evolution provide important insights into the mechanisms
of origination and diversification of higher-level taxa (Foote, 1993). The results presented
herein for Carangaria reveal variable dynamics during the clade’s history, with high levels
of lineage, morphological, and ecological diversity being reached within a relatively short
period in the aftermath of the K-Pg mass extinction. By and large, temporal associations
of the initially accelerated rates for the three metrics investigated herein fit Simpsonian pre-
dictions on adaptive radiation. They also ultimately underscore the importance of increased
ecological opportunity arising in the wake of mass extinctions by providing vacant space that
prompted niche divergence along the benthic-pelagic axis and the rapid evolution of major

clades.
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Chapter 3

Phylogenomic and comparative
genomic analyses support a single
evolutionary origin of flatfish

asymmetry

Formatted for submission as “matters arising” manuscript in response to Lii et al. (2021)

Nature Genetics, 53(5):742-751

Emanuell Duarte-Ribeiro, Ulises Rosas-Puchuri, Matt Friedman, Gavin C. Woodruff, Lily
C. Hughes, Kent E. Carpenter, William T. White, John J. Pogonoski, Mark Westneat, Juan
Martin Diaz de Astarloa, Jeffrey T. Williams, Mudjekeewis D. Santos, Omar Dominguez-

Dominguez, Guillermo Orti, Dahiana Arcila, and Ricardo Betancur-R

The eye migration that characterizes flatfish cranial development provides a unique op-
portunity to study the molecular mechanisms underlying this anatomical asymmetry. In a
recent paper in Nature Genetics, (Li et al., 2021, hereafter LEA) conducted the first com-
parative genomic assessment of flatfish asymmetry, and claimed that the two major lineages
(Pleuronectoidei and Psettodoidei) are polyphyletic, each evolving asymmetric bodies con-
vergently from different symmetric ancestors (flatfish polyphyly or FP; Fig. 1b). Here, we
revisit this finding by analyzing three independent genome-scale datasets, including LEA’s,
showing that support for FP results from a failure to accommodate lineage-specific variation
in base composition. We also reanalyzed LEA’s genomic dataset to identify positively se-
lected genes (PSGs) but using instead an inferred tree that groups flatfishes as monophyletic
(FM), implying a single evolutionary origin of the asymmetric body plan (Fig. 1a). These
results reveal a key evolutionary role of thyroid hormones (THs) and bone morphogenetic

proteins (BMP), bridging evidence from the fossil record (Friedman, 2008) and single-species
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molecular assays (Campinho et al., 2018).

Evolutionary non-homogeneous processes leading to base compositional non-stationarity
(BCNS) are known to be major source of phylogenetic error(Betancur-R et al., 2013; Jarvis
et al., 2014; Romiguier et al., 2010). Unaccounted BCNS among carangarian lineages, a
major clade that comprises flatfishes and their closest symmetrical relatives, has been shown
to mislead phylogenetic inference, challenging the FM hypothesis(Betancur-R et al., 2013).
We assessed the effects of BCNS in flatfishes by analyzing three genome-scale datasets: the
LEA dataset (18 species and 1693 exon markers), a non-coding ultraconserved elements
(UCE) dataset(45 species and 596 markers; Harrington et al., 2016), and a newly generated
exonic dataset (up to 389 species and 990 markers). We used two models of nucleotide
substitution: a standard homogeneous model (HM) and a non-homogeneous model (NHM;
Crotty et al., 2020) that permits rate variation among lineages (see SM). Contrary to LEA,
our results provide overwhelming support for the single-origin FM hypothesis (Figure 3.1c).
While both HM and NHM analyses using non-coding data consistently resolve the FM tree
(see also Harrington et al., 2016), many HM analyses based on protein-coding sequences favor
the FP topology. These results align with recent findings (Jarvis et al., 2014), suggesting
that the effects of BCNS are more severe when using protein-coding markers than with
introns or UCEs. Together, our analyses indicate that appropriate modeling of lineage-
specific variations in protein-coding data is sufficient to favor the FM topology, reconciling
the results obtained with coding and non-coding datasets.

LEA discussed additional morphological and molecular evidence to support their assertion
that the flatfish cranial asymmetry has two independent origins. We argue that this is subject
to interpretation and is inconsistent with other evidence from paleontology and comparative
anatomy (Figure 3.1b). The earliest definitive flatfish fossils are from the early Eocene of
Bolca, ITtaly (ca. 48.5 Ma) and include the crown pleuronectoid tEobothus minimus plus
taxa interpreted as stem pleuronectiforms: fAmphistium paradoxum, fHeteronectes chaneti,
and, less certainly, fAnorevus lorenzonii (Bannikov and Zorzin, 2020; Friedman, 2008). In
particular, fAmphistium and fHeteronectes show strong but incomplete orbital migration
and are thus considered the link between flatfishes and their symmetrical relatives. Slightly
older fossils (ca. 56 Ma) showing incomplete cranial asymmetry are reported in the literature
but remain undescribed (Bannikov and Zorzin, 2020). Morphologically, multiple anatomi-
cal synapomorphies support the FM hypothesis (e.g., pseudomesial bar, orbital migration,
recessus orbitalis, and asymmetrical pigmentation; Harrington et al., 2016), including traits
that are unrelated to asymmetry (e.g., axial and fin skeletons, and otoliths; Harrington et al.,
2016) and therefore are less likely to have evolved via convergent evolution (see also Chanet
et al., 2020). LEA also identified chromosome rearrangements shared between two species of
Pleuronectoidei that are absent in Psettodoidei. They interpreted this as additional support
for the polyphyletic origin of flatfishes, but we argue that an equally likely explanation is
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that pleuronectoid-specific rearrangements evolved after the split between Pleuronectoidei
and Psettodoidei and, therefore, should not be used as evidence against FM. Finally, LEA
reported analyses based on relative evolutionary rates and lineage-specific substitutions to
support FP, but several pleuronectoid species have overlapping rates with Psettodes (see
details in Appendix C Note 4).

To investigate the presence of lineage-specific adaptations under the FM topology (Figure
3.1a), we tested for positive selection among the 1693 orthologs identified by LEA using the
aBSREL model of codon evolution(Smith et al., 2015). We used two different foreground
schemes (see Appendix C Note 3): (1) stem flatfishes, which aimed to detect genes responsi-
ble for the initial break of symmetry in the single branch leading to all extant flatfish species;
and (2) crown flatfishes, which aimed to detect genes responsible for further adaptations ex-
perienced later in the flatfish radiation. We identified 67 PSGs in the stem flatfish lineage,
and 588 PSGs shared between Psettodoidei and at least one pleuronectoid lineage (Figure
3.2a). Remarkably, 15 (31%) and 162 (53%) of the lineage-specific PSGs that LEA reported
using their FP topology for Pleuronectoidei and Psettodoidei, respectively, are under posi-
tive selection in the crown flatfish lineage when analyzed using the FM tree (Figure 3.2a).
Although a scenario involving parallelism cannot be disregarded, such substantial overlap in
PSGs provides additional corroboration for the single-origin hypothesis.

Gene Ontology (GO) characterization of PSGs revealed genes involved in the determina-
tion of left /right symmetry during embryonic development (bmp4, mkks, fir) and components
of several essential signaling pathways responsible for tissue development and cell prolifera-
tion in stem flatfishes: BMP (bmp4), WNT (cxxc4, dede2b, carf, mkks, tinagll), RA (asxll),
FGF (mil), NOTCH (dlk1, dlk2), and HOX (shox). Several of these are regulated by thy-
roid hormones (THs), a key signaling pathway that orchestrates vertebrate metamorphosis
(Mourouzis et al., 2020). In flatfishes, the disruption of the thyroid axis with methimazole
(MMI) inhibits asymmetric skull development by (i) reducing dermal cell proliferation in
the sub-ocular region, and (ii) ablating a TH-responsive asymmetric centre, localized just
ventral to the migrating eye and determined by deiodinase 2 (dio2) expression (see Figure
3.2b-f; Campinho et al., 2018). While the mechanisms by which THs regulate dio2 asym-
metric expression in teleosts remain elusive, in humans it is well known that dio2 expression
is stimulated by the Thyroid Transcription Factor-1 (TTF-1; Gereben et al., 2001). TTF-1
is required for the preoptic region development in zebrafish (Manoli and Driever, 2014) and
is differentially expressed in the metamorphosing head of the Atlantic halibut (Alves et al.,
2016). Notably, TFF-1 was also identified as a PSG in stem flatfishes when using the FM
topology, a result not reported by LEA using their FP tree.

Another important developmental aspect involving the TH-responsive asymmetric centre
is that its ossification correlates with the origin of the pseudomesial bar. This bone structure

plays a central role in driving the complete eye migration, which is unique to crown flat-
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Figure 3.1: Phylogenetic relationships, divergence times and support values for the two competing
hypotheses. (a) FM tree estimated using LEA’s dataset with ASTRAL under a non-homogeneous
model (GHOST) of nucleotide substitution (see SM Note 2 for details on time calibration). (b) FP
tree illustrates the phylogenetic hypothesis and divergence times proposed by LEA. (a, b) Branch
and fish silhouette colors denote major flatfish (Pleuronectoidei [PLE], Psettodoidei [PST]; green)
and non-flatfish carangarian (black) clades. Color-coded squares at branches denote diagnostic
characters defining flatfishes. Some diagnostic characters represent morphological features already
identifiable in the earliest flatfish fossils, including asymmetry-related (AR; orbital migration) and
non asymmetry-related (NAR; supraneural reduction) traits. Further diagnostic characters shared
between extant Pleuronectoidei and Psettodoidei also include ARs (recessus orbitalis, pseudomesial
bar, and asymmetrical pigmentation) and NARs (e.g., absence of supraneurals, dorsal-fin insertion
above skull, depression on inner face of saccular otolith). Full squares represent traits evolving under
the single-origin assumption, and crossed squares under the assumption of convergent evolution. (c)
Meta-table shows bootstrap support for the FM and FP hypotheses using different genomic data
types, datasets, phylogenetic reconstruction methods, and nucleotide substitution models (HM
and NHM). Each row represents a different dataset or subset; each column represents a different
phylogenetic method and substitution model. Blue squares denote support for FM, and shades show
bootstrap values (0 to 100%); red squares indicate support for FP; white squares denote lacking
analyses (statistically intractable; see Appendix C). Coalescent analyses were run in ASTRAL
using maximum likelihood (ML) gene trees estimated with IQTREE (both HM and NHM) based
on either the complete gene tree topology or a less resolved topology after collapsing clades with low
bootstrap support (j20%). Note that ASTRAL analyses based on our full exonic dataset produced
contrasting results (analyses using collapsed gene trees support FM). Concatenation ML analyses
were conducted in IQTREE (both HM and NHM).
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Figure 3.2: (a) Upset plot comparing positively selected genes (PSGs) identified with aBSREL
for the stem and crown (foreground) flatfishes using the FM tree (horizontal blue bars), and the
PSGs reported by LEA for Pleuronectoidei and Psettodoidei using the FP tree (horizontal red
bars). Black dots connected by black lines represent all existent dataset intersection combinations;
vertical bars indicate the number of PSGs within a particular intersection. The substantial overlap
(intersection size) of PSGs identified in the two major flatfish lineages and across different analyses
suggests that Pleuronectoidei and Psettodoidei share the same molecular mechanisms of asymmetric
development, ultimately corroborating the single-origin hypothesis. (b-f) The developmental model
summarizes the hypothesized evolutionary mechanisms underlying flatfish asymmetric development
(Harrington et al., 2016; Campinho et al., 2018). (b) Simplified representation of a Pleuronectoidei
post-metamorphic juvenile highlighting the two major developmental events responsible for the
eye migration—sub-ocular dermal cell proliferation (purple) and the TH-responsive asymmetric
centre (green) that later develops into the pseudomesial bar (flatfish neomorph that frames the
migrated orbit). (c¢) In post-metamorphic Psettodoidei, the position of the sub-ocular dermal cell
proliferation (dashed purple line) and the TH-responsive asymmetric centre (dashed green line) are
inferred based on the presence of the pseudomesial bar and the complete eye migration in the adult,
where migrating orbit eclipses the body mid-line. (d) Eye migration is entirely inhibited in the MMI-
treated larvae due to the disruption of the thyroid axis. Apyrase-treated larvae (e) have incomplete
orbit migration caused by inhibition of the TH-responsive asymmetric centre ossification3, closely
resembling the primitive condition found in the earliest flatfish fossils that lack the pseudomesial
bar (f)2. Note that TFF-1 (a transcription factor that regulates the TH signaling pathway), and
bmp4 (involved in the heterotypic ossification of the TH-responsive asymmetric centre and the
origin of the pseudomesial bar), were identified as PSGs in our analyses using the FM topology,
but not in LEA’s study using the FP topology. Fish illustrations are adapted from (Harrington
et al., 2016; Campinho et al., 2018) 20



fishes (Friedman, 2008). Apyrase treatment hinders eye migration in the metamorphosing
Senegalese sole by inhibiting the heterotypic dermal ossification regulated by BMP (Camp-
inho et al., 2018). Remarkably, apyrase-treated larvae develop other indexes of metamorphic
progression, such as sub-ocular dermal cell proliferation, closely resembling the primitive
condition found in the earliest flatfish fossils that lack the pseudomesial bar (see Figure 3.2d;
Campinho et al., 2018; Friedman, 2008). =—The accumulation of amino acid substitutions
at the bmp4 prodomain affects its regulation and has been identified as the major driver
of craniofacial adaptations in African cichlids and Galapagos finches (Parsons and Albert-
son, 2009). Contrary to the LEA findings, bmp4 is positively selected in stem flatfishes,
suggesting that its regulation plays a major role in the origin of the flatfish asymmetry.
Our results demonstrate that, when unproperly modeled, genome-scale datasets are prone
to phylogenetic biases artificially favoring the dual-origin asymmetry hypothesis. Using the
FM topology as the evolutionary framework, we find that the molecular basis of the complex
phenotypic modifications in flatfishes involves an intricate interaction between THs and
many important developmental pathways. These results ultimately highlight the importance
of accounting for topological uncertainty and model violations in phylogenetically-informed

comparative genomic analyses.
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Appendix A

Appendix: Evolutionary determinism
and convergence associated with

water-column transitions in marine
fishes

Trees, tables, datasets and scripts used for comparative analyses are available from the
Figshare digital repository (https://doi.org/10.6084/m9.figshare.20102951.v1)

Material and Methods

DNA extractions, exon capture and sequencing

DNA was extracted in a 96-well plate format on a GenePrep and following manufacturer’s
instructions at the Laboratory of Analytical Biology at the Smithsonian Institution National
Museum of Natural History in Washington, DC. The quality of DNA extractions was checked
by visually inspecting whether high molecular weight DNA stained with GelRed (Biotium)
was visible on a 1% agarose gel. Arbor Biosciences performed library preparation using the
dual round (‘touchdown’) capture protocol of Li et al. (2013), using eight samples multiplexed
per capture. Target capture probes were designed based on alignments of 1,105 single-copy
exons for all ray-finned fishes (Hughes et al., 2018, 2020), though one marker was excluded
due to alignment complexity arising from high levels of sequence divergence. One sequence for
each of four lineages that span the diversity of eupercarian fishes was used for probe design.
These lineages included Perciformes, Gerreiformes, Tetraodontiformes, and Lutjaniformes
(taxonomy following 2). Probes of 120 bp were designed to be staggered across the reference

sequences every 20 bp and were filtered for potential self-hybridization and repeats using the
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RepeatMasker.org database, with probes having more than 25% repeats eliminated. Several
exons that were not included in Hughes et al. (2018), but that have been in wide use in
fish phylogenetics were also added to the probe set: TBR1, MYH6, KIAA1239, PLAGL2,
PTCHD1, RIPK4, SH3PX3, SIDKEY, SREB2, ZIC1, SVEP1, GPR61, SLC10A3, UBE3A,
and UBE3A-like. Probes were synthesized with a MYBaitsl custom probe kit at Arbor
Biosciences (Ann Arbor, Michigan), which is available upon request. Four mitochondrial
(mtDNA) markers (COI, CYTB, 12S and 16S) were also captured with probes, but were
highly diluted compared to the nuclear probes in order to improve library normalization
of mtDNA and nuclear sequences (Hughes et al., 2020). Samples were sequenced at the
University of Chicago Genomics facility on one lane of a HiSeq 4000 with paired-end 100 bp

reads.

Data assembly and alignment

Fastq files were trimmed for adapter contamination and low-quality base calls with Trim-
momatic v0.36 (Bolger et al., 2014). Reads were mapped against reference sequences used
in probe design with BWA-MEM (Li et al., 2009) and potential PCR duplicates were re-
moved with Samtools v1.9 (Li et al., 2008). Mapped reads were extracted for each locus,
and an initial contig for each exon was assembled with Velvet v1.2.10 (Zerbino and Birney,
2008). The longest contig assembled by Velvet for each locus was then used as a reference
for aTRAM 2.0 (Allen et al., 2017) to obtain longer contigs. aTRAM was run for a maxi-
mum of five iterations, using Velvet as the underlying assembler. Redundant contigs were
removed with CD-Hit-EST with a threshold of 99% similarity (Fu et al., 2012). The cod-
ing2genome algorithm in Exonerate (Slater and Birney, 2005) was used to find reading frames
by aligning it to a percomorph reference sequence that was previously verified by visual in-
spection (Hughes et al., 2018) to the assembled contig. If more than one contig had a reading
frame for each locus, the longest contig was retained. Exons were aligned using TranslatorX
(Abascal et al., 2010), with Mafft v7.421 (Katoh and Standley, 2013) as the underlying
aligner. Sequences in each alignment that had more than 0.5 average pairwise distance
from all other sequences were flagged with a custom python script (AlignmentChecker.py;
https://github.com/lilychughes/FishLifeExonCapture), to check for possible misaligned or
outlier sequences. Flagged sequences were checked visually and edited or removed on a case-
by-case basis. Sequences that spanned less than 50% of the alignment were also removed for
each exon (Hughes et al., 2020).

Phylogenomic analyses of exon markers

We combined genomic data from 85 newly sequenced species with sequences for 26 addi-

tional species acquired from Genbank. Including outgroups, and before eliminating dupli-
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cate species tips, we concatenated individual exon alignments into a supermatrix consisting
of 1,115 genes and 132 taxa (474,132 bp). To find the set of genes and taxa with minimal
proportions of missing data for phylogenomic reconstructions (reduced matrix), we applied
MARE (matrix reduction) v0.1.2-rc¢ (Meyer et al., 2011), an algorithm for reducing genome-
scale datasets to a subset of taxa and genes with minimal proportions of missing data. The
MARE approach resulted in the retention of 1,047 orthogroups and 103 taxa (448,410 bp).
For both expanded and reduced datasets, duplicate species tips were eliminated (leaving
only one terminal taxon per species), and a final expanded matrix of 1,115 genes and 111
lutjanid species was used for downstream analyses.

From the expanded matrix, 13 random subsets were assembled by dividing them into
seven subsets of 89 loci and six subsets of 90 loci, all of which overlap in only four genes
(ATP6, COI, CYTB and RAG1). The best-fitting partitioning scheme was determined for
complete datasets and subsets using PartitionFinder2. In each case, maximum-likelihood
(ML) trees were estimated in RAxML v8.2.4 (Stamatakis, 2006; Stamatakis et al., 2008)
using the best-fit partition selected via the Bayesian Information Criterion (BIC) and the
GTRGAMMA model. For each dataset or subset, we conducted 30 independent ML searches
and assessed support using non-parametric bootstrapping. The number of bootstrap repli-
cates was determined automatically via the autoMRE function in RAXxML, with bootstrap
bipartitions subsequently drawn onto the best ML tree. We also estimated individual gene
trees in RAXML using by-codon partitions based on sequence alignments from all individual
loci. Finally, gene trees were used as input for coalescent-based analyses in ASTRAL-II
v4.7.12 (Mirarab and Warnow, 2015).

Phylogenetic dating

The complete matrices and subsets were run in MCMCTree using the approximate likeli-
hood method under the HKY85 model (Reis and Yang, 2011). Prior parameters for the
MCMCTree runs were as follow: independent rate relaxed-clock model, BDparas: 1, 1, 0.80;
kappa_gamma: 6, 2; alpha_gamma: 1, 1; rgene_gamma: 2, 200, 1; sigma2 _gamma: 2, 5, 1.
Two independent runs of the complete matrices (1,115 genes) were run for 14 million gen-
erations; subsets were run for 4 million generations. To check for convergence, we visually
examined traces and effective sampling size values (ESS >200) for each parameter, after a

10% burn-in using Tracer v1.6.

Fossil calibrations

Based on recommendations by Parham et al. (2012), we used the youngest age interpretation
of the fossils. All MCMCTree calibrations used uniform distributions.
(1) Root (Lutjaniformes). MRCA: Lutjanus lutjanus, Pomadasys empherus. Hard lower
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bound: fOttaviania mariae (Sorbini, 1983), fOttaviania leptacanthus (Agassiz, 1833), fVeranichthys
ventralis (Agassiz, 1833), fGoujetia crassispina (Agassiz, 1833), fLessinia horrenda (Ban-
nikov, 2014), and fLessinia sp. (Bannikov, 2006; Carnevale et al., 2014). Diagnosis and phy-
logenetic placement: the placement of these six fossils (total group Lutjanidae) has not yet
been supported by a comparative morphological phylogenetic study, and some of these may
lack synapomorphies of extant lutjanids as identified by Johnson (Johnson, 1980). There-
fore, the calibration is placed as stem Lutjanidae (one node below). Stratigraphic horizon
and locality: early Eocene, upper Ypresian, Monte Bolca, Italy (Bannikov, 2014). Absolute
age estimate: 48.5 Ma (Friedman and Carnevale, 2018). Soft upper bound: 66 Ma (see
below). Prior setting MCMCTree: B(0.485,0.66,1e-300,0.05). Comments: this calibration
is a combination of a primary calibration, given by minimum age of the six fossils, and a
secondary calibration, where the maximum age corresponds to previous estimates of the
timing of diversification in the Fish Tree of Life using multiple fossil calibrations (e.g., 2,
19-24). While this is typically treated as a stem calibration (with MRCA Lutjanus lutjanus,
Pristipomoides typus), here it is instead applied as crown calibration one node below due to
limitations in the MCMCTree implementation.

(2) Crown Lutjanidae. MRCA: FEtelis oculatus, Lutjanus lutjanus. Hard lower bound:
fHypsocephalus atlanticus (Swift and Ellwood, 1972). Diagnosis and phylogenetic placement:
this fossil was first described in Hoplopagrini (e.g., along the Hoplopagrus stem); however, the
only characters suggesting a close relationship with this fossil and the extant Hoplopagrus
are the conical canines on dentaries and premaxillaries. These are characters related to
trophic behavior, which are often subject to strong selection and convergence. Furthermore,
it seems that this fossil did not have a particularly large nasal capsule, as observed in
Hoplopagrus (Pfeiffer, 1964). The fossil description clearly matches characters, however,
observed in other crown lutjanids, such as the overall morphology in ethmoid regions and
the generalized snapper dentition. Also, the ethmoid region, maxillaries, and premaxillaries
in fHypsocephalus and other extant lutjanids show the ability to expand the oral cavity both
ventrally and laterally. We therefore apply a more conservative placement for this fossil in
crown Lutjanidae. We note that Frédérich and Santini (2017) used the fossil to calibrate
a more nested clade within crown lutjanids (i.e., the “lutjanines” + “caesionines” clade);
however, no morphological evidence was provided for this decision. Stratigraphic horizon
and locality: late Eocene, Operculinoides-Asterocyclina Zone in the Crystal River formation
in north Florida area (Puri and Vernon, 1959). Absolute age estimate: 33.9 Ma (Swift and
Ellwood, 1972). Soft upper bound: 48.5 Ma. Prior setting MCMCTree: B(0.339,0.485,1e-
300,0.05). Comment: Soft upper bounds are estimated using the hard lower bound of the

root calibration.
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Geologic calibrations based on trans-isthmian geminate taxa

Several geminate species pairs in Lutjanidae, including terminal clades occurring on both
sides of the Isthmus of Panama (Jordan and Evermann, 1898), were used to apply geologic
calibrations in our tree. The timing of the final closure of the Isthmus of Panama, which
separated the Eastern Pacific and the Caribbean Sea basins, is an unresolved debate. Al-
though age constrains of 2.8-3.5 Ma have been traditionally used to calibrate phylogenies
with this formation (e.g., 20), recent studies have challenged the timing of the final closure
of the Panama Isthmus (Coates and Obando, 1996). More specifically, Montes et al. (2015)
proposed the Middle Miocene as the final closure of the Central American Seaway, which
would place it at 13-15 Ma. O’Dea et al. (2016), however, continue to maintain support for
a younger estimate of 2.8 Ma during Pleistocene. Given these ongoing controversies, we set
a lower hard bound of 2.8 Ma (with density Cauchy distributions), which reflects an undis-
puted minimum geologic age for this event, without the implementation of upper bounds as
priors in the calibrations. Prior setting MCMCTree: 1.(0.028,0.1,1,1e-300).

(3) Geminate Lutjanus peru-Lutjanus campechanus. MRCA: Lutjanus peru,
Lutjanus campechanus.

(4) Geminate Lutjanus inermis-Ocyurus chrysurus. MRCA: Lutjanus inermis, Ocyurus
chrysurus.

(5) Geminate Lutjanus argentiventris- Lutjanus alexandrei. MRCA: Lutjanus argentiven-
tris, Lutjanus alexandrei.

(6) Geminate Lutjanus synagris-Lutjanus guttatus. MRCA: Lutjanus synagris, Lutjanus
guttatus.

(7) Geminate Lutjanus cyanopterus-Lutjanus novemfasciatus. MRCA:

Lutjanus cyanopterus, Lutjanus novemfasciatus.

Ancestral range reconstructions

We used the R package BioGeoBEARS (Matzke, 2013), which compares competing mod-
els of range evolution in a phylogenetic framework. We implemented a maximum likeli-
hood framework to build 12 different biogeographical models, including DEC (Dispersal-
extinction-cladogenesis), DIVA (dispersal-vicariance analyses), and BayArea (Bayesian In-
ference of Historical Biogeography for Discrete Areas), each of them combined with and
without the founder-speciation event (j) and the dispersal matrix power exponential (w) pa-
rameters. The j parameter allows the founding of a new area by a daughter lineage while the
splitting-sister linage stays at the ancestral area (Matzke, 2014). The w parameter is used
to infer the optimal dispersal multiplier matrix, which acts as an exponent on that matrix
using maximum likelihood (Dupin et al., 2017). We set this parameter to be free in order to

allow the model to adjust the matrices according to the data. We analyzed each model using
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three time-slices (65-12 Ma, 12-2.8 Ma, and 2.8-0 Ma), to account for connectivity changes
between regions over geological time. The Tethys Sea region was added to first time slice
only (65-12 Ma) to reflect the existence of this ancient basin. Both the dispersal-multiplier
and areas-allowed matrices account for the dynamics of biogeographical barriers over time.
The connectivity between areas was determined by three dispersal probability categories:
1.0 for well-connected areas, 0.05 for relatively separated areas, and 0.0001 for separated or
disconnected areas. From 65 to 12 Ma, we allowed high dispersal probability (1.0) between
WIO and EA through the Tethys seaway. The final closure of the Tethys seaway occurred 12
Ma (Steininger and Rogl, 1979). Thus, from 12 Ma onwards, we only allowed low dispersal
probability value (0.05) between WIO and EA to reflect this closure but also to allow dis-
persal through the South African coast (Rocha et al., 2005). To account for the final closure
of the Panama Isthmus, which may have occurred as early as 2.8 Ma as stated above (O’Dea
et al., 2016), we assigned a very low dispersal probability (0.0001) between WA and TEP.
Finally, for all time-slices, we set a low dispersal probability (0.05) between CP and TEP
to reflect dispersal limitations associated with the crossing of the Eastern Pacific Barrier
(Bellwood and Wainwright, 2002; Lessios and Robertson, 2006). We assessed the AIC scores
of the twelve different biogeographical models and the best-fitting model was selected. We
also summarized the six biogeographic areas initially defined into three major ocean realms
by merging EA and WA into the Atlantic, WIO, CIP, and CP into the Indo-Pacific, and
leaving the TEP as originally coded (Figure 1.1). All BioGeoBEARS analyses (with three

and six areas) used the ‘master tree’ inferred with RAxML as input.

Geometric morphometrics on body shape

We generated three alternative datasets based on digitized landmarks: (i) A full-body shape
dataset that comprises a set of 18 functionally homologous landmarks (Figure A.1), as well
as a set of semi-landmarks that are allowed to slide along curves that outline the dorsal,
anal, and caudal fins according to a minimized bending energy algorithm; (ii) a body-only
dataset which is limited to the set of 18 homologous landmarks; and (iii) a fins-only dataset
that includes the set of sliding semi-landmarks designed to capture fin shape variation. To
account for intraspecific variation, we analyzed a maximum of four individuals per species.
After performing Procrustes superimposition for each dataset, we calculated species-average
coordinates, and performed principal component analyses (PCA) using the R package geo-
morph (Adams and Collyer, 2019). To account for possible distortions of the PCA arising
from phylogenetic non-independence, we subjected the morphological data to a phylogeneti-
cally corrected principal component analysis (pPCA) (Revell, 2009). Finally, we determined
the number of meaningful PC axes using the broken-stick model (Jackson, 1993; Peres-Neto

et al., 2005), which minimizes loss of signal while avoiding noise from less relevant axes.
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Convergence analyses

We tested the relative fit of four alternative evolutionary models using mvMORPH, a method
that compares a range of evolutionary models under maximum likelihood (Clavel et al.,
2015). We then fitted four alternative models of continuous-trait evolution: (i) a single-rate
Brownian Motion (BM) model, (ii) a single-regime Orstein-Uhlenbeck (OU) model, (iii) a
multiple-selective-regime BM (BMM) model with distinct adaptive optima for specific modes
of habitat occupation (as determined based on the ancestral habitat reconstructions), and
(iv) a multiple-selective-regime OU (OUM) model. Although mvMORPH is not strictly
designed to test for convergent evolution, we expect to find support to the OUM model for
midwater dweller lineages evolving towards the same adaptive peak (Davis and Betancur-R..,
2017).

We also tested for an association between habitat occupancy and the four most relevant
PC axes using the threshold model, which assesses the correlation between a discrete trait
and a continuous character that co-vary according to an underlying (unobserved) trait called
liability (Felsenstein et al., 2012). We used a Bayesian MCMC function (threshBayes) as
implemented in the R package phytools (Revell, 2012). We ran analyses for 100 million
generations, discarding the first 25% as burn-in. We then used the posterior distribution to
determine whether correlation coefficients differed significantly from zero.

We explicitly tested for convergent evolution using convevol, an approach that uses
distance-based metrics (C1-C4) to quantify the amount of phenotypic distance between two
lineages that becomes reduced by subsequent evolution (Stayton, 2005). While C1 measures
the magnitude of phenotypic distance in multidimensional space closed by evolution (ranging
from 0 to 1; where 1 indicates complete convergence), it can be scaled to permit comparisons
within and between different taxa and datasets (C2-C4). To test the significance of our mea-
sures of C1-C4, we compared the observed measures against null expectations generated by
1000 BM simulations. Due to computational limitations we limited the convevol analyses to
the ‘master tree.’

To further evaluate the strength of morphological convergence for taxa assigned to the
same habitat category, we also used the Wheatsheaf index as implemented in the R package
Windex (Arbuckle et al., 2014). This index, before investigating similarity, generates pheno-
typic distances from any number of traits across species, penalizing by phylogenetic distance.
Finally, we used the multivariate data-driven approach implemented in the R package ¢1ou
(Khabbazian et al., 2016) to estimate the optimal number of selective regimes under an
Ornstein-Uhlenbeck process applied to the least absolute shrinkage and selection operator
(LASSO). We applied two methods to select the number of model shifts in ¢1ou: the widely
used Akaike information criterion (AICc), and the more conservative Bayesian information
criterion (pBIC) (Davis and Betancur-R., 2017). To complement the ¢lou analyses, we
also used the SURFACE method (Ingram and Mahler, 2013)for data-driven identification of
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clades featuring convergent evolution.

State-dependent diversification

We first used BiSSE, as implemented in the R package diversitree (Fitzjohn, 2012), to es-
timate habitat-dependent rates of diversification in a Bayesian framework. For the HiSSE
(Hidden State Speciation and Extinction) analyses, we tested the relative fit of a set of al-
ternative branching models to our comparative dataset that includes null models (i.e., no
state dependence), and a combination of state-dependent diversification models that incor-
porate unobserved hidden state within the focal habitat states. Because model-based tests of
SSE methods are sensitive to model inadequacy (e.g., when the set of tested models depart
substantially from the true evolutionary history of the group), we also applied the nonpara-
metric FiSSE approach, which has shown to be robust to phylogenetic pseudoreplication and
model misspecification (Rabosky and Goldberg, 2017). FiSSE compares the distributions of
branch lengths for lineages with and without the focal habitat state and has been proposed

as a complement to model-based SSE methods.

Results

Phylogenomic reconstruction and divergence times

The reduced matrix assembled using the MARE approach (Meyer et al., 2011) comprises
1,047 exons and a total 448,410 DNA sites for 84 species (16% of data missingness). The com-
plete concatenated dataset contains 1,115 exons with an expanded data matrix consisting of
474,132 DNA sites for 111 species (37% of data missingness). In agreement with results from
previous studies (Alfaro et al., 2018; Betancur-R et al., 2013, 2017; Frédérich and Santini,
2017; Hughes et al., 2018; Near et al., 2011; Rabosky et al., 2018), the family Lutjanidae
(to the exclusion of Caesionidae) was deemed non-monophyletic based on both concatenated
and coalescent-based analyses (Figure A.2-A.5). Relationships among major clades of snap-
pers and fusiliers were resolved with strong support on the basis of analyses conducted using
the reduced and the expanded matrices, largely revealing strong concordance to previous
studies (Frédérich and Santini, 2017; Gold et al., 2011), with some notable exceptions ex-
plained below. All analyses invariably resolved seven major lutjanid clades (Figure A.2-A.5):
the first-branching clade is composed of two reciprocally monophyletic subfamilies: (i) Ap-
silinae (Apsilus, Lipocheilus, and Paracaesio) and (ii) Etelinae (Aprion, Aphareus, Etelis,
Pristipomoides, and Randallichthys). (iii) The next clade includes a monophyletic subfamily
Paradicichthyinae with two monotypic genera, Symphorus and Symphorichthys. Next, Clade
A (iv) and Clade B (v), as defined by Frédérich and Santini (2017), are sister groups, dif-
fering from the placement in their study where Clade B is clustered within Clade C. Clade
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A includes Lutjanus adetii and L. sebae sister to Pinjalo lewisi, P. pinjalo, and several
additional species of Lutjanus (L. sanguineus, L. malabaricus, L. dodecacanthoides, and L.
timoriensis); Clade B is composed of Lutjanus bohar, Lutjanus gibbus, Macolor macularis
and M. niger, and the fusiliers (formerly Caesionidae: Pterocaesio, Caesio, Gymnocaesio,
and Dipterygonotus). We identified a substantially different placement for Lutjanus bohar
(Clade C), estimated with GenBank sequences from two different specimens from Australia
and Asia, and our trees (Clade B), based on a single specimen from Australia that was
target-captured for the complete gene set. Analyses of individual gene trees suggest that
Frédérich and Santini’s phylogenetic placement for Lutjanus bohar was compromised due
to miss-identification of the Asian specimen. (vi) The next lineage includes Hoplopagrus
guentherii (sometimes placed in a separate subfamily, Hoplopagrinae), which constitutes the
sister species of Clade C (vii), a large subclade that includes several lineages that span most
of the diversity of Lutjanus as well as two monotypic genera, Ocyurus and Rhomboplites,
which are nested within Lutjanus. These three genera together with Hoplopagrus, Macolor,
and Pingjalo form the subfamily Lutjaninae (Nelson et al., 2016). It should be noted that
both Lutjaninae and Lutjanus are taxonomic waste baskets that are grossly polyphyletic in
all trees, including species in 4 of the 7 delineated clades. Many of the Lutjanus subclades
resolved, however, tend to be clustered within major biogeographic basins (see below). Other
genera that were not resolved as monophyletic include Paracaesio, Pristipomoides, and Pte-
rocaesio. Taken together, these and other previous results (Frédérich and Santini, 2017; Gold
et al., 2011) call for a revised taxonomy of genera and subfamilies in Lutjanidae.

The relationships estimated with the expanded matrix, in which 118 species are placed
on the basis of just 1115 genes, were highly consistent with those in the reduced matrix,
which features minimal proportions of missing cells (16%) providing a robust phylogenomic
framework. Additionally, the placement of the GenBank species for which we lacked genomic
data, where included, were resolved in the expected placement according to previous studies
(Frédérich and Santini, 2017; Gold et al., 2011).

In addition to the major expanded and reduced datasets, we analyzed independent sub-
sets derived from the expanded matrix to incorporate uncertainty in divergence times and
relationships for downstream comparative analyses. Preliminary tests including a higher
number of subsets, each with fewer genes (25 subsets), resulted in high levels of topological
discrepancy, in particular for trees estimated with ASTRAL-II. Subsequently, we reduced the
number of subsets to 13 (seven with 89 genes, and six with 90 genes), all of which produced
trees with lower levels of topological discordance compared to those obtained using fewer
genes. Some relationships among major lutjanid clades were not obtained in a large propor-
tion of subset trees, despite being resolved in trees estimated with full gene sets (expanded
and reduced matrices). For example, the monophyly of Clade A + Clade B, which was

resolved in all analyses based on expanded and reduced matrices, was only obtained in 12 of

62



the 26 subset trees. To further assess topological disparity, we estimated tree space plots for
the 28 trees using a multidimensional scaling (MDS) visualization implemented in phytools.
The MDS plots place the RAxML and ASTRAL-II trees in opposite areas of the tree space.
The ASTRAL-II trees also show greater topological disparity compared to the RAxML trees
(including the ‘master tree’ reference; Figure A.6). We hypothesize that non-overlapping tree
spaces for RAXML and ASTRAL-II trees is the result of gene tree error affecting species tree
inferences—a possibility that remains to be tested using simulations. Regardless of the of
the source of incongruence between RAxML and ASTRAL-II trees, however, we emphasize
that most comparative methods performed here account for topological uncertainty.

Dates inferred from the 13 subsets with age estimates for MCMCTree analyses are pro-
vided in Figure A.7-A.8. Divergence-time estimates are reasonably in good agreement com-
pared to the age of the lutjanid stem, as estimated by multi-locus analyses. Studies that
did not include internal calibrations for lutjanids placed the origin of the crown group in the
early Eocene (Betancur-R et al., 2017; Frédérich and Santini, 2017; Rabosky et al., 2018).
In contrast, we date the age of crown lutjanids to the middle Eocene ( 46 Ma, 95% HPD:
40-49 Ma). The stem age of the lutjanids dated close to the Cretaceous—Paleogene (K-Pg)
boundary, around 64 Ma. The Apsilinae + Etelinae clade dates from the Middle Eocene
( 40 Ma, 95% HPD 34-44 Ma). Estimates of subfamily-level clade ages were as follows: the
subfamilies Apsilinae, Etelinae, and Paradicichthyinae, are Miocene in age, 21 Ma (95%
HPD 15.34-27.25 Ma), 23.92 Ma (95% HPD 19.2-28.83 Ma), and 11 Ma (95% HPD
7.6-15 Ma), respectively. Clade A and Clade B divergences took place in the Oligocene with
a clade age of 28 Ma (95% HPD 24-32 Ma). Caesionines split from other members of the
Clade B around 20 Ma (95% HPD 16.83-23.86 Ma). The species-rich Clade C diverged from
Hoplopagrus guentherii around 27Ma (95% HPD 26-31 Ma).

Biogeographic analyses

The best-supported biogeographic model for lutjanids based on six areas was the BayAREA
+ j + w (AICw= 0.61; Figure A.9). For three areas the DEC + j + w model had a
better fit (AICw= 0.43; Figure A.10), although support for BayAREA + j + w was also
substantial (AICw= 0.2). For simplicity, we thus report all results (for six and three areas)
based on the BayAREA + j + w model (Figure A.11). Our ancestral area reconstruction
analyses suggest that the family Lutjanidae originated in the Indo-Pacific Ocean (WIO +
I0 + CP) with subsequent independent colonization events of the New World (WA and
TEP) via multiple routes. The main diversification of lujtanid lineages occurred within
the Indo-Pacific. Lujtanines, apsilines, caesionines, and hoplopagrines originated from a
widespread ancestor (WIO + CIP + CP) at 29.3 Ma (95% HPD 25.3-33.4), 21.3 Ma (95%
HPD 15.3-27.2), 15.9 Ma (95% HPD 13.2-19.3 HPD), and 3.5 Ma (95% HPD 2.15-4.9),
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respectively. In contrast, the subfamilies Etelinae and Paradicichthyinae originated from a
WIO + CIP ancestor at 31.4 Ma (95% HPD 26.5-36.2) and 11.1 Ma (95% HPD 7.6-15),
respectively. Most of the genera also appear to have an Indo-Pacific (WIO, CIP or CP)
origin, except for Ocyurus and Rhomboplites, which likely originated in the WA. Caesionines
and Paradicichthyines are the only subfamily-level clades of snappers that did not disperse
outside their center of origin in the Indo-Pacific.

By and large, our biogeographic reconstructions suggest that the TEP was colonized 5-
7 different times with likely dispersal paths taking place eastwards across the East Pacific
Barrier. Four of these are currently present in the TEP and/or the Indo-Pacific but do not
occur in the WA. Others (e.g., genera in the subfamilies Etelinae, Apsilinae and Lutjaninae)
are present in the WA but not in the TEP, despite the fact that their most likely dispersal
route likely involved the TEP. Lutjanines colonized the WA through the EA at least twice.
The first event occurred westwards from the Indo-Pacific before the closure of the Tethys
seaway (12 Ma), suggesting that the colonization event happened through tropical waters
across the Tethys seaway (rather than through a subtropical path via Cape of Good Hope
in South Africa). The second event took place after the closure for the Tethys seaway, likely
requiring lineages to colonize the Atlantic via South Africa. Finally, five geminate species
pairs in lutjanines had a WA origin with subsequent colonization of one species of each
pair into the TEP before the final closure of the Isthmus of Panama (see comments under

divergence-time calibrations).

Ancestral habitat reconstructions

The initial assessment of the fit of the two alternative models of discrete character evolution
(ER and ARD) failed to reject a null model that assumes symmetric habitat transition (ER).
However, ancestral state reconstructions using both the symmetric (ER) and asymmetric
(ARD) models recovered similar results, identifying an average of 14.01 (£ 0.5) transitions
between the two habitat categories. The reconstructions performed under the three alterna-
tive models converged, suggesting that midwater lutjanid lineages originated at 9.01 (£0.1)
times on average throughout their evolutionary history, which is roughly twice as frequent as
benthic-to-midwater transitions (mean 4.540.4). In line with these results, HiSSE analyses
support a model that accounts for habitat dependent diversification (HiSSE benthic) and
asymmetric transition rates. According to our HiSSE results, the rate of transitions from
benthic to midwater habitats is approximately two times faster than the reverse (mean q
0.016 vs. g 0.008, respectively). These contradictory results obtained with fitDiscrete (i.e.,
model-fitting for discrete characters) and SSE methods are not surprising. A previous study
demonstrated that the function fitDiscrete may lack statistical power, consistently failing to

reject the null hypothesis of equal transition rates under highly asymmetrical empirical and
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simulated conditions (Betancur-R et al., 2015).

By merging results of ancestral habitat (SIMMAP) and ancestral range
(BioGeoBEARS), we find that the invasion of the water column took place independently
at least once within each of the three major oceanic basins (Figure 1.1). While some areas
feature more transitions than others (e.g., Indo-Pacific vs. Eastern Pacific; Figure 1.1), the
ubiquitous nature of habitat transitions in lutjanids is a remarkable result of this study that

highlights the deterministic character of these changes.

Geometric morphometric analyses

The number of meaningful PC axes varied among the three morphometric datasets. Both
the full-body shape and the fins-only datasets are optimally represented by the first four PC
axes (responsible for 78% and 85% of the total variance respectively); the body-only dataset
was best represented by the first two PC axes, which accounted for more than 72% of the
total variance. For the full-body dataset, the main trends in shape variation described by
the first four PC axes are presented as morphospace scatter plots (Figure 1.2). For the full
body-shape dataset, PC1 (< 50% of total variance) summarizes morphological differences in
body elongation and caudal fin shape, features that have been repeatedly found to comprise
two of the major components of fish evolution along the benthic-pelagic axis. Indeed, PC1
remarkably discriminates between benthic and midwater dwellers. The PC1 traitgram shows
that different lutjanid midwater lineages independently evolved slender-bodies and furcate
caudal fins, suggesting strong ecologically-driven evolutionary convergence in this clade. This
pattern is further confirmed by the threshold model (Felsenstein, 2005), where for the full-
body shape dataset we found a moderate correlation between PC1 and the two different
habitat states (r2=0.70). The remaining three PC axes (PC2-4) summarize further relevant
aspects in fin’s shape variation and ornamentation. The same pattern was detected for the
body-only (r2=0.66) and fins-only (r2=0.68) datasets, where only PC1 exhibits a moderate
correlation. We found an extensive overlap between benthic and midwater species at lower
PC axes. Together with the threshold model results—low correlation between the PC2-4
and habitat occupancy data (r2=0.04 -0.20)—our results suggests that ecomorphological
convergence is less clearly associated with these axes than it is to the main PC1 axis (SI
Appendix, Figure A.12).

Convergence analyses

Snappers and fusiliers display considerable morphological diversity in body shape concerning
body depth and fin shape (Figure 1.2). We conducted several proposed methods to assess

the scale and nature of convergence for each of the three separate datasets (full-body, using

65



PC1-PC4 axes, body only, using PC1-PC2 axes, and fins only, using PC1-PC4 axes).

Adaptive peak-based assessments of convergence

Results for the multivariate model fitting using the full-body shape dataset show split sup-
port for the two multi-selective-regime models (OUM and BMM) model. In both models, the
distinct selective regimes correspond to different habitat categories in Lutjanidae. The re-
maining two alternative morphometric datasets (body-only, fins-only) show decisive support
for each of the two multiple selective regime models. The body-only dataset unequivocally
supports the OUM model, supporting the idea that independent lineages with similar habitat
occupancy along the benthic-pelagic axis are strongly constrained towards the same adaptive
landscape optimum. In contrast, the fins-only dataset supports the BMM model, a random

walk multi-selective-regime that does not incorporate optimum trait values (6).

Strength of convergence

We used the convevol distance-based measures (C1-C4) to assess the strength of convergence
associated with incursions into the water column. The C1-C4 metrics are all statistically sig-
nificant for the three alternative morphometric datasets. The C1 index measures how similar
lineages have evolved to be more similar to one another when compared to their respective
ancestors. Our results indicate that midwater lineages have, on average, closed slightly less
than half of their phenotypic distance by subsequent convergent evolution (C1 = 42-48%).
We also used C5, a frequency-based index that measures the number of lineages evolving
into the focal region in the morphospace. Our results show that 3-5 lineages independently
evolved into the area of morphospace delimited by midwater species; however, all C5 tests
were non-significant (p<0.57).

We also used the Wheatsheaf index (w), a method that compares the degree of phenotypic
similarity between the species in the a priori defined convergent clades and the disparity of
these species from the non-convergent species. Wheatsheaf results (w= 1.2-1.35; Figure
A.14) suggest that convergence in midwater species is significantly stronger (p 0.01; with
a narrow confidence interval or CI) than would be expected from a random distribution of
trait values simulated under a Brownian Motion model (BM) across the tree. All w values
are similar, and CI overlaps among the three alternative morphometric datasets, which
suggest that both body shape and fins morphology present a similar strength in convergent
evolution. To further validate these results, we calculated w using benthic species as focal
clades. In this case, w was significantly smaller than values simulated under BM in all
three morphometric datasets (w= 0.82-1.03; p > 0.99). These results support the idea that
morphological diversity is high among benthic species, and strong convergent evolution is

largely restricted to midwater lutjanids.
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/1lou and SURFACE analyses

Finally, we assessed the extent of convergence evolution without a priori habitat designations
using ¢lou and SURFACE. Similar to the simulations used by Khabbazian et al. (2016), we
conducted two different tests using the ‘master tree’ and the alternative ASTRAL-II tree
based on the full dataset. For flou, we first assessed shifts on the first PC and pPC axis.
We then explored the performance of /1ou and SURFACE when applied to multiple PC axes
(first four axes for full body shape and fins-only datasets and first two axes for body-only
dataset; Figure A.12). For our first test, flou (based on both AICc and pBIC) detected
on average more shifts when we use PCA instead of pPCA (FBS: AICc 14.75-14.5, pBIC
5.2-5; BO: AICc 10.5-11.5, pBIC 2-2.5; FO: AICc 14.75-12.5, pBIC: 4.25-4.75 respectively).
To properly account for phylogenetic co-variation we report all downstream analyses based
on pPCA (Revell, 2009; Uyeda et al., 2015). When analyzing the first PC axis only on our
three morphometric datasets (body only, fins only and body plus fins combined) using ¢lou
+ AlCc, fewer shifts were detected relative to similar analyses based on multiple PC axes
(see below), showing the gain in detection power when combining multiple axes in our second
test. The more conservative flou + pBIC test detected a single adaptive shift at the base
of the fusilier clade, falling in line with traditional taxonomic delimitations of snappers and
fusiliers as separate families (Carpenter, 2001, 1987, 1988, 1990, 1993; Fricke et al., 2016;
Froese and Pauly, 2019). The single adaptive shift largely reflects elongation of fusilier’s
body plan, mouth reduction, and forking of caudal fin—key adaptations for life in the water
column.

Results for the multivariate f1ou and SURFACE analyses for the twenty-eight trees pro-
duced largely congruent results (Figure A.19); interpretations reported here are thus based
on the ‘master tree’ (RAxML) and the alternative ASTRAL-II tree. The f1lou model using
AlCc for shift detection on the full-body shape dataset identified, to their four pPC traits,
16 distinct adaptive shifts from mean trait values, which converged in eleven regimes, com-
posed of four shifts to convergent peaks and five unique non-convergent peak shifts. Several
species converged to some extent to benthic and midwater states (e.g., subfamilies Apsilinae,
Etelinae, C. cuning, O. chrysurus, and L. inermis). Distantly related benthic species (e.g.,
Lutjanus novemfasciatus and L. argentimaculatus, L. madras, and Symphorichthys spilu-
rus; Figure A.15) also show body-shape convergence. Considering body shape only, ¢lou
identified 13 distinct adaptive shifts to their two pPC traits, from mean trait values, which
converged into seven different regimes, collapsed down to four convergent peaks with similar
morphologies (deep or slender body shapes). Subfamilies Apsilinae, Etelinae, R. aurobens,
and Pinjalo are midwater dwellers that converge on slender body shape. By contrast, L.
cyanopterus, L. dentatus, L. madras, L. carnolabrum, and L. biguttatus tend to converge
on deep-bodied phenotypes (Figure A.16). Finally, for the fins-only analysis, £1ou identified
13 distinct adaptive shifts from mean trait values (AICc= -2172.456), which collapsed to
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ten distinct regimes that mostly correspond to subfamily-level clades, except for the first-
branching clade (subfamilies Apsilinae and Etelinae) which did not reveal a shift (Figure
A.17). As expected, the flou results using pBIC for shift detection were more conservative
for the three datasets on average. For instance, on the full-body dataset, nine adaptive shifts
converged to eight regimes, while on the body only dataset, five distinct adaptive shifts col-
lapsed to four different regimes, and in both cases, we only found a single convergent regime;
for the fins-only dataset, the results yielded nine distinct adaptive shifts, which collapsed
down to nine different regimes. Results using SURFACE were similar for the three datasets
(Figure A.18). On the full-body dataset, we identified on average eighteen distinct adaptive
peaks (k=18), with twelve distinct regimes (k=12), composed of four convergent events and
eight unique non-convergent peak shifts, whereas on the body-only and fins-only datasets
we detected sixteen different adaptive variations (k=16). On the body-only dataset, eight
total adaptive peaks were identified as being reached multiple times by independent lineages
(k=8). On the fins-only dataset we identified eleven (k=11) distinct regimes, composed of
four convergent events and seven unique non-convergent peak shifts. Neither ¢1ou nor SUR-
FACE (Figure A.19) analyses show a complete convergence of phenotypic regimes (e.g., not
all midwater species collapsed down to one regime).

To determine the extent to which identified convergences in the adaptive landscape could
have occurred by chance under non-convergent processes, character histories were simulated
using a null distribution of 99 random phenotypic datasets under simple BM and OU models
of evolution (following 60). Convergence summary statistics were determined from each of
the 99 simulations for each model, and the significance of the observed results were estimated
as the frequency of combined simulated and observed values being greater than or equal to
that of the best-supported model under our data.

Simulation comparisons for our three datasets under both a single-peak OU model and
a BM model revealed that there was a strong evidence of significantly greater numbers of
convergent shifts than would be expected by chance (Figure A.20). For the full body shape
simulations, the variables with the highest frequencies were shifts (10 OU/10 BM), number
of regimes (4 OU/6 BM), and number of convergent regimes (3 OU/3 BM), in contrast to
the empirical data which included 15 shifts, 6 regimes and 5 convergent regimes. For the
body only simulations, the variables with the highest frequencies were shifts (11 OU/10
BM), number of regimes (5 OU/6 BM), and number of convergent regimes (3 OU/3 BM), in
contrast to the empirical data which yielded 10 shifts, 5 regimes and 4 convergent regimes.
For the fins only simulations the variables with the highest frequencies were shifts (11 OU/10
BM), number of regimes (5 OU/6 BM), and number of convergent regimes (3 OU/2-3 BM),
in contrast to the empirical data, which included 17 shifts, 7 regimes and 6 convergent
regimes. These results suggest convergence of many lineages to multiple, shared adaptive

peaks in body shape ecomorphology, characterizing the trait changes in Lutjanidae.
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State-dependent diversification

We assessed whether the preference for different habitat states would affect rates of lineage
diversification. For 20 out of the 28 trees, model fitting comparisons supported a state-
dependent diversification model that incorporates a hidden state associated with benthic
lineages (HiSSE benthic; Figure A.21a). While this model was not decisively favored by our
data and the support was shared with two alternative null models (Figure A.22b), under the
‘HiSSE benthic’ model net diversification rates (speciation minus extinction) were roughly
2x faster in benthic lineages compared to their midwater counterparts. Finally, the results
obtained with HiSSE were consistent with those obtained using non-parametric FiSSE and
Bayesian-based BiSSE estimations of diversification rates (Figure A.23), identifying support
for habitat-dependent diversification. In agreement with our hypotheses, benthic dwellers
tend to show faster rates of net diversification than midwater species, including both faster

speciation and slower extinction.
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Figure A.1: Geometric morphometrics digitization scheme including 18 landmarks (red circles)
selected to summarize body-shape variation in Lutjanidae: (1) anterior insertion of dorsal fin, (2)
posterior insertion of dorsal fin, (3) dorsal insertion of caudal fin, (4) posterior end of lateral line,
(5) ventral insertion of caudal fin, (6) end of upper lobe of caudal fin, (7) midpoint of caudal fin,
(8) end of bottom lobe of caudal fin, (9) posterior insertion of anal fin, (10) anterior insertion of
anal fin, (11) anterior insertion of pelvic fin, (12) upper insertion of pectoral fin, (13) caudal end
of opercule, (14) dorsal end of opercule, (15) anterior margin of eye, (16) posterior margin of eye,
(17) rostral tip of premaxilla, (18) caudal end of maxilla. Turquoise points outline the dorsal, anal
and caudal fins indicate sliding semi-landmark curves (fins only dataset).
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Figure A.2: Phylogenetic tree inferred with RAxML for the expanded dataset (‘master tree’) and

time-calibrated using MCMCTree.
values indicate bootstrap support.

Colors indicate subfamilies and other major clades.
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Figure A.3: Phylogenetic tree inferred with ASTRAL-II for the expanded dataset and time-
calibrated using MCMCTree. Colors indicate subfamilies and other major clades. Nodal values
indicate bootstrap support.
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Figure A.4: Phylogenetic tree inferred with RAXxML for the reduced dataset. Colors indicate
subfamilies and other major clades. Nodal values indicate bootstrap support. The purpose of this
inference was to assess sensitivity of phylogenetic results to missing data (16%). Thus, this tree it
was not time calibrated.
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Figure A.5: Phylogenetic tree inferred with ASTRAL-II for the reduced dataset. Colors indicate
subfamilies and other major clades. Nodal values indicate bootstrap support. The purpose of this
inference was to assess sensitivity of phylogenetic results to missing data (16%). Thus, this tree it
was not time calibrated.
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Figure A.6: Tree spaces for the twenty-eight trees estimated in this study. MT: ‘master tree’,
AT: alternative ASTRAL-II tree based on the full dataset. The blue dot represents the average
(centroid) tree in tree space.
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Figure A.8: SIMMAP reconstructions based on the ‘master tree’ (RAxML) and expanded haemulid
outgroups following three alternative probability schemes for coding species with ambiguous habitat
affiliations: 0.1 benthic/0.9 midwater, 0.50 benthic/0.50 midwater, 0.9 benthic/0.1midwater. This
figure shows how different coding schemes affect habitat reconstructions (see also Figure A.9-A.11
for similar results based on the 28 trees). Major lutjanid clades are highlighted. Biogeographic
colonization events of the Atlantic and the tropical eastern Pacific inferred with BioGeoBEARS
(see Figure A.12-A.14) are indicated with arrows. Stars indicate the most likely ancestral area
where SIMMAP analyses identify a habitat transition.
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Figure A.9: SIMMAP reconstructions for the 28 Lutjanidae-only trees following 0.5 benthic/0.5

midwater probability scheme.
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Figure A.12: Ancestral range estimations (BioGeoBEARS) for Lutjanidae using the best-supported
biogeographical model for six areas (BAYAREALIKE+j+w) applied to the ‘master tree.” Boxes
represent the geographic distribution of extant species. Dotted lines represent the time constraints
that correspond to two major biogeographic events, the Tethys Seaway closure (12 Ma) and the
undisputed minimum age for the closure of the Isthmus of Panama (2.8 Ma; see comments under
divergence-time calibrations). Nine purple and six yellow arrows indicate colonization events to the
TEP and the Atlantic, respectively.
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Figure A.13: Ancestral range estimations (BioGeoBEARS) for Lutjanidae using the best-supported
biogeographical model for three areas (DEC +j+w) applied to the ‘master tree.” Boxes represent
the geographic distribution of extant species. Dotted lines represent time constraints that corre-
spond to two major biogeographic events, the Tethys Seaway closure (12 Ma) and the undisputed
minimum age for the closure of the Isthmus of Panama (2.8 Ma; see comments under divergence-
time calibrations).

81



Subfamily Etelinae

s USNMAGSNOS1
RTADs 100
1R05110.

At Subfamily
e Paradicichthyinae

Clade A

Clade B

Fusiliers (formerly C

Subfamily
Hoplopagrinae

s UPRRB1062

T Clade C

Areas

M Indo-Pacific (IP)

Il Tropical Eastern Pacific (TEP)
Atlantic (A)

50 45 40 35 30 25 20 15 10 5 o Time (Ma)

Figure A.14: Ancestral range estimations (BioGeoBEARS) for Lutjanidae based on the three-
areas scheme applied to the ‘master tree’ but using the best-fit model for six areas (BAYARE-
ALIKE+j+w; see Figure A.8). Boxes represent the geographic distribution of extant species.
Dotted lines represent time constraints that correspond to two major biogeographic events, the
Tethys Seaway closure (12 Ma) and the undisputed minimum age for the closure of the Isthmus of
Panama (2.8 Ma; see comments under divergence-time calibrations). Nine purple and six yellow
arrows indicate colonization events to the TEP and the Atlantic, respectively.
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Figure A.15: Plots of the broken-stick method showing PC axis variation (x axis) for full body-
shape, fins-only, and body-only datasets. Plots represent (red dashed lines) the broken stick dis-
tributions and (grey bars) the relative proportions of the variation that are summarized by all the
PCs for each alternative dataset. The first value where the estimated broken stick value is larger
than the observed variation summarized by that PC determines the optimal number of PCs axes.

82



O 19251 . : Model z 1001 Model
< 19501 ' BE oum (?:) 0751 . oum
S C
R * * B3 svM 3 050 B svm
Ire) o
&8 2000 * * BEou %oz M o
. ! i i == REIV i - - M sv
(@ oum  BMM ou BM (b) o 10 20
Model Treelndex
o -1975 . 0 Model z 1,001 Model
L ]
< _20001 . ES oum (j() 0.751 B ouw
a C
o
8 2005 * + ES Bum B 0501 B svm
=z B ou 5] M o
P 20501 Q
! ! i i ES B 0.004, - - M sv
(c) oum BMM ou BM d) o 10 20
Model Treelndex
o " L] Model z 1,001 Model
S 1140 Q 0.754
< + * + B oum < 075 B ouw
2 11601 BE sum B 0501 B 5w
0
d ~-1180 * * - ou 8 0.251 . ou
sl
. i i i BEsv O i - - M sv
(e) Oum BMM ou BM ) o 10 20
Model Treelndex

Figure A.16: Model-fitting comparisons for alternative models of morphological evolution based
on a set of 28 phylogenetic trees 0.5 benthic/0.5 midwater probability scheme. Distribution of the
Akaike Information Criterion (AIC) and Akaike weight (AICw) values for the three alternative
models of continuous trait evolution (BM, OU, BMM, AND OUM) applied to the (a,b) body-only,
(c,d) full body-shape, and (e,f) fins-only datasets.
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Figure A.17: Model-fitting comparisons for alternative models of morphological evolution based
on a set of 28 phylogenetic trees 0.1 benthic/0.9 midwater probability scheme. Distribution of the
Akaike Information Criterion (AIC) and Akaike weight (AICw) values for the three alternative
models of continuous trait evolution (BM, OU, BMM, AND OUM) applied to the (a,b) body-only,
(c,d) full body-shape, and (e,f) fins-only datasets.
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Figure A.18: Model-fitting comparisons for alternative models of morphological evolution based
on a set of 28 phylogenetic trees 0.9 benthic/0.1 midwater probability scheme. Distribution of the
Akaike Information Criterion (AIC) and Akaike weight (AICw) values for the three alternative
models of continuous trait evolution (BM, OU, BMM, AND OUM) applied to the (a,b) body-only,
(c,d) full body-shape, and (e,f) fins-only datasets.
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Figure A.19: Histograms representing the distribution of bootstrapped Wheatsheaf index values
for all morphometric datasets based on PCA and the three different habitat coding schemes. Black
thick lines represent the calculated Wheatsheaf index. Dashed lines show 95% confidence interval.
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Figure A.20: Histograms representing the distribution of bootstrapped Wheatsheaf index values for
all morphometric datasets based on pPCA and the three different habitat coding schemes. Black
thick lines represent the calculated Wheatsheaf index. Dashed lines show 95% confidence interval.
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Figure A.21: Adaptive and convergent shifts in Lutjanidae for the full-body shape dataset (first
four PC axes) with ¢1ou using the AICc and pBIC. Stars indicate phenotypic shifts from mean trait
values, and edges of the same color are inferred to have converged to the same selection optimum
(trait optima values for each axis indicated). Colored polygons indicate convergent peaks.
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Figure A.22: Adaptive and convergent regimes in Lutjanidae for the body-only dataset (first two
PC axes), with ¢1lou using both AICc and pBIC. Stars indicate phenotypic shifts from mean trait
values, and edges of the same color are inferred to have converged to the same selection optimum
(trait optima values for each axis indicated). Colored polygons indicate convergent peaks.
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Figure A.23: Adaptive and convergent regimes in Lutjanidae for the fins-only dataset (first four
PC axes), with ¢1lou using both AICc and pBIC. Stars indicate phenotypic shifts from mean trait
values, and edges of the same color are inferred to have converged to the same selection optimum
(trait optima values for each axis indicated). Colored polygons indicate convergent peaks.
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(c) RAXxML, Body only (d) ASTRAL-Il, Body only

(e) RAXxML, Fins only (f)  ASTRAL-II, Fins only

Figure A.24: Adaptive and convergent shifts in Lutjanidae for the (a) full-body shape (b) body-
only, and (c) fins-only datasets with SURFACE and AICc. Numbers indicate phenotypic shifts
from mean trait values, and edges of the same color are inferred to have converged to the same
selection optimum value.
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Figure A.25: ¢lou and SURFACE results for each alternative morphometric dataset: a) full body
shape, b) body only, and ¢) fins only. Each panel shows the number of shifts and regimes for AICc
and pBIC models from ¢lou analyses, and the number of regimes for SURFACE analyses.
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Figure A.26: Number of shifts, regimes, and convergent regimes identified with the empirical dataset
against 99 simulated BM and OU model distributions for single PC axes. FBS: Full body- shape;
BO: Body only; FO: Fins only. a. Number of shifts; b. number of regimes; c. number of convergent
regimes.
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Figure A.27: Distribution of diversification rates estimated under the ‘HiSSE benthic’ model for the
28 trees based on three alternative habitat coding schemes. (a) Net-diversification (speciation minus
extinction), (b) speciation, and (c) extinction parameters obtained for midwater (blue) benthic (red)

habitats, including a hidden state (pink) associated with benthic lineages.
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Figure A.28: Distribution of transition rates between the different habitat states estimated under
the ‘HiSSE benthic’ model for the 28 trees using the three alternative habitat coding schemes.
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Figure A.29: Marginal distribution of diversification rates obtained using MCMC-based BiSSE anal-
yses applied to the ‘master tree’, based on the three alternative habitat coding schemes. Estimated
(a) speciation, (b) extinction, and (c¢) net-diversification (speciation minus extinction) parameters
for benthic (yellow) and midwater (red) lineages.
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Appendix B

Appendix: Post-Cretaceous bursts of
evolution along the

benthic-pelagic axis in marine fishes

Trees, tables, datasets and scripts used for comparative analyses are available from the
Figshare digital repository (https://doi.org/10.6084/m9.figshare.20102951.v1)

Fossil calibration and divergence time estimation

Our fossil calibration scheme follows Harrington et al. (2016), but with modifications. Lower
bounds of clade age were defined via the minimum age of its earliest fossil representative
(calibrations 1-16 below); 95% soft upper bounds were empirically estimated based on the
maximum ages of the oldest fossil representatives of successive outgroups for each clade (Hed-
man, 2010). Monophyly of Pleuronectiformes (ingroup) was assumed (constrained) before
analyses, following several recent studies (Harrington et al., 2016; Betancur-R. et al., 2013,
2014); placement of outgroup taxa in tree was also constrained based on current knowl-
edge of the Fish Tree of Life (Betancur-R et al., 2013). Sequence of outgroups used by
Harrington et al. (2016) to estimate soft upper bounds’ 95% confidence intervals: Aulop-
iformes (hard lower bound: fAtolvorator longipectoralis; absolute age estimate: 125 Ma);
non-eurypterygian Euteleostei (hard lower bound: fLeptolepides haerteisi; absolute age es-
timate: 150.94 Ma); Otocephala (hard lower bound: fTischlingerichthys viholi; absolute age
estimate: 150.94 Ma); Elopomorpha (hard lower bound: fAnaethalion zapporum; absolute
age estimate: 151.2 Ma); flchthyodectiformes (hard lower bound: fOccithrissops willsoni;
absolute age estimate: 166.1 Ma); fLeptolepis coryphaenoides (absolute age estimate: 181.7
Ma); fDorsetichthys bechei (absolute age estimate: 193.81 Ma); {Pholidophoridae (hard

lower bound:
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tKnerichthys bronni; absolute age estimate: 221.0 Ma); fProhalecites porroi (absolute age
estimate: 236.0 Ma); Holostei (hard lower bound: fWatsonulus eugnathoides; absolute age
estimate: 247.1 Ma). Hard upper bound was defined based on the stem neopterygian
Discoserra (absolute age estimate: 322.8 Ma).

(1) Acanthomorphata. MRCA: Lampris, Myripristis. Hard lower bound: fAipichthys
minor. Diagnosis and phylogenetic placement: fAipichthys minor is placed on the lam-
pridiform stem based on 67 morphological characters (Davesne et al., 2014). Stratigraphic
horizon and locality: fish beds at Hadjula (Benton et al., 2015). Absolute age estimate: 98.0
Ma. 95% soft upper bound: 143.0 Ma. Prior setting: log-normal distribution, mean=2.161,
SD=1.0 (crown calibration).

(2) Percomorphaceae + Holocentriformes. MRCA: Myripristis, Kurtus. Hard lower
bound: fStichocentrus liratus. Diagnosis and phylogenetic placement: enlarged penulti-
mate anal-fin spine of fStichocentrus represents a synapomorphy of holocentroids (Patter-
son, 1993). Stratigraphic horizon and locality: fish beds at Hadjula (Benton et al., 2015).
Absolute age estimate: 98.0 Ma. 95% soft upper bound: 128.8 Ma. Prior setting: log-normal
distribution, mean=1.782, SD=1.0 (crown calibration).

(3) Syngnathiformes. MRCA: Mullus, Syngnathus. Hard lower bound:
tGasterorhamphosus zuppichini. Diagnosis and phylogenetic placement: the placement of
fGasterorhamphosus zuppichini in Syngnathiformes is supported by the absence of anal-fin
spine, enlarged dorsal-fin spine with serrated posterior margin, elongated tubular snout,
absence of pleural ribs, enlarged posterodorsal process of cleithrum, rod-like anteroventral
process of coracoids and simple pectoral rays (Near et al., 2012). Stratigraphic horizon
and locality: “Calcari di Melissano,” Porto Selvaggio, Lecce province, Italy. Absolute age
estimate: 69.71 Ma. 95% soft upper bound: 98.1 Ma. Prior setting: log-normal distribution,
mean=1.6975, SD=1.0 (crown calibration).

(4) Centropomidae (Latinae + Centropominae). MRCA: Centropomus, Lates. Hard
lower bound: fFolates gracilis. Diagnosis and phylogenetic placement: placement of fFolates
gracilis in Latiinae is supported by the presence of posterior pad in infraorbital 1 and by
having 10414 vertebrae (Otero and Otero, 2004); fFEolates gracilis is the earliest branching
lineage of Latiinae (Otero and Otero, 2004). Stratigraphic horizon and locality: early Eocene,
upper Ypresian, Monte Bolca, Italy. Absolute age estimate: 49 Ma. 95% soft upper bound:
72.8 Ma. Prior setting: log-normal distribution, mean=1.525, SD=1.0 (crown calibration).

(5) Menidae. MRCA: Mene, Xiphias. Hard lower bound: fMene purydi. Diagnosis
and phylogenetic placement: fMene purydi has several menid synapomorphies, including a
cavernous vault formed by the frontal bones; a pronounced supraoccipital crest ornamented
with a distinctive, anteriorly-inclined ridge; well-formed sclerotic ossicles; a lateral plateau
on the hyomandibula ornamented with a set of narrow striae; close association of the first

and second neural arches (Friedman and Johnson, 2005). Stratigraphic horizon and locality:
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northwestern Peru (Friedman and Johnson, 2005). Absolute age estimate: 55.20 Ma. 95%
soft upper bound: 84.7 Ma. Prior setting: log-normal distribution, mean=1.7395, SD=1.0
(crown calibration).

(6) Echeneidae. MRCA: Remora, Rachycentron. Hard lower bound: fEcheneidae undet.
(Friedman et al., 2013). Diagnosis and phylogenetic placement: identified as belonging
to Echeneidae based on synapomorphies for the family (e.g., a dorsal adhesion disc and
expanded transverse processes of vertebrae (Friedman et al., 2013). Stratigraphic horizon
and locality: NP23 - the fish shales of Grube Unterfeld (“Frauenweiler”). Absolute age
estimate: 29.62 Ma. 95% soft upper bound: 51.9Ma. Prior setting: log-normal distribution,
mean=1.459, SD=1.0 (crown calibration).

(7) Echeneoidei. MRCA: Echeneis, Scomberoides. Hard lower bound: fDuctor vestenae.
Diagnosis and phylogenetic placement: fDuctor has been diagnosed either as the sister
taxon of crown Echeneoidei, or within crown Echeneoidei as sister to Rachycentridae plus
Coryphaenidae. We followed Harrington et al. (2016) opinion and interpreted fDuctor as
the sister taxon of crown Echeneoidei, as it represents a more conservative application of
this fossil placement. Stratigraphic horizon and locality: early Eocene, upper Ypresian,
Bolca, Italy. Absolute age estimate: 49 Ma. 95% soft upper bound: 59.1 Ma. Prior setting:
log-normal distribution, mean=0.668, SD=1.0 (crown calibration).

(8) Scomberoidini. MRCA: Scomberoides, Trachinotus. Hard lower bound:
fScomberoides spinosus. Diagnosis and phylogenetic placement: fScomberoides spinosus has
been identified as an Scomberoidini based on two synapomorphies: 26 vertebrae (Smith-
Vaniz, 1984), and posterior fin rays of the dorsal and anal fin developed as finlets (Bannikov,
1990). Stratigraphic horizon and locality: upper Maikop at Chernaya Rechka, Caucasus
(Bannikov and Parin, 1997). Absolute age estimate: 19.30 Ma. 95% soft upper bound: 50.9
Ma. Prior setting: log-normal distribution, mean=1.8082, SD=1.0 (crown calibration).

(9) Carangini. MRCA: Seriola, Chloroscombrus. Hard lower bound: fFEastmanalepes
primaevus. Diagnosis and phylogenetic placement: the presence of scutes along its flank is
a synapomorphy of Carangini within Carangidae. Stratigraphic horizon and locality: early
Eocene, upper Ypresian, Bolca, Italy. Absolute age estimate: 49 Ma. 95% soft upper bound:
59.1 Ma. Prior setting: log-normal distribution, mean=0.668, SD=1.0 (crown calibration).

(10) Pleuronectiformes. MRCA: Psettodes, Bothus. Hard lower bound:
fHeteronectes chaneti. Diagnosis and phylogenetic placement: Heteronectes has been placed
as the earliest-branching lineage in the flatfish stem, supported by a set of 58 morphological
characters (Friedman, 2008). Stratigraphic horizon and locality: early Eocene, upper Ypre-
sian, Bolca, Italy. Absolute age estimate: 49 Ma. 95% soft upper bound: 72.8 Ma. Prior
setting: log-normal distribution, mean=1.525, SD=1.0 (stem calibration).

(11) Bothoid. MRCA: Symphurus, Bothus. Hard lower bound: fEobothus minimus. Di-

agnosis and phylogenetic placement: Friedman (Friedman, 2008) provides apomorphy-based
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evidence for placement of fFobothus minimus in Pleuronectoidei. Eobothus also shows sev-
eral derived features (e.g., loss of pelvic-fin spine, anteriorly inclined neural spine of sec-
ond abdominal vertebra) common to the four ‘bothoid’ families (Scophthalmidae, Bothidae,
Pleuronectidae, and Paralichthyidae). Those characters, however, cannot resolve its relative
placement among these lineages (Hoshino, 2001). Stratigraphic horizon and locality: early
Eocene, upper Ypresian, Bolca, Italy. Absolute age estimate: 49 Ma. 95% soft upper bound:
58.3 Ma. Prior setting: log-normal distribution, mean = 0.648, SD= 1.0 (stem calibration).

(12) Soleidae + Cynoglossidae. MRCA: Solea, Cynoglossus. Hard lower bound: fEobuglossus
eocenicus. Diagnosis and phylogenetic placement: possibly an stem soleid or cynoglossid
(Near et al., 2012; Chanet, 1994). Stratigraphic horizon and locality: upper Lutetian, Gebel
Turah, Egypt (Chanet, 1994). Absolute age estimate: 41.2 Ma. 95% soft upper bound:
52.8 Ma. Prior setting: log-normal distribution, mean=0.815, SD=1.0 (crown calibration).
Comment: Near et al. (2012) placed the calibration one node below (Samaridae + Soleidae
+ Cynoglossidae) arguing that ”Chanet (1994) argues that fEobuglossus can be identified
as a soleid on the basis of the geometry of the ascending process of the blind side premax-
illa. We are not convinced that the state in this fossil can be meaningfully distinguished
from the condition found in cynoglossids.” A placement of fFobuglossus in the Soleidae +
Cynoglossidae crown reconciles both Chanet (1994) and Near et al. (2012) opinions.

(13) Scophthalmus. MRCA: Scophthalmus, Lepidorhombus. Hard lower bound:
fScophthalmus stamatini. Diagnosis and phylogenetic placement: 7Scophthalmus stama-
tini presents features common to Scophthalmidae (e.g., pelvic fins with long insertions that
extend on to the urohyal); its placement within Scophthalmus is based on the presence
of 11 pre-caudal vertebrae (Baciu and Chanet, 2002). Stratigraphic horizon and locality:
fish shales of the lower dysodils exposed near Piatra Neamt, Romania. Absolute age esti-
mate: 29.62 Ma. 95% soft upper bound: 51.3 Ma. Prior setting: log-normal distribution,
mean=1.4314, SD=1.0 (crown calibration).

(14) Pleuronectidae. MRCA: Hypsopsetta, Paralichthys. Hard lower bound:

7 Oligopleuronectes germanicus. Diagnosis and phylogenetic placement:

fOligopleuronectes shares two derived features with pleuronectids: it is right-eyed and bears
a lateral process on the eye-side frontal (Sakamoto et al., 2004). Stratigraphic horizon and
locality: lower-Oligocene, Frauenweiler clay-pit, Germany. Absolute age estimate: 29.62
Ma. 95% soft upper bound: 45.8 Ma. Prior setting: log-normal distribution, mean=1.139,
SD=1.0 (crown calibration).

(15) Bothidae 4+ “Cyclopsettidae”. MRCA: Bothus, Cyclopsetta. Hard lower bound:
fOligobothus pristinus. Diagnosis and phylogenetic placement: stem Bothidae based on the
presence of myorhabdoi, intermuscular bones with fimbrate proximal and distal ends (Baciu
and Chanet, 2002). Stratigraphic horizon and locality: upper Rupelian, Lower Dysodilic
shales, Piatra Neamt, Romania (Baciu and Chanet, 2002). Absolute age estimate: 29.62
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Ma. 95% soft upper bound: 32.6 Ma. Prior setting: log-normal distribution, mean= 0.685,
SD=1.0 (crown calibration).

(16) Bothus. MRCA: Bothus, Asterorhombus. Hard lower bound: fBothus sp. Diagnosis
and phylogenetic placement: fBothus sp. is diagnosed as a belonging in the genus Bothus
based on the presence of robust, rectangular haemal spines (Chanet and Sorbini, 2001).
Stratigraphic horizon and locality: Middle Tsurevsky Member of the Tsurevsky Formation
along the bank of the Psheka River in western North Caucasus (Carnevale et al., 2006).
Absolute age estimate: 11.056 Ma. 95% soft upper bound: 32.6 Ma. Prior setting: log-

normal distribution, mean= 1.4251, SD=1.0 (crown calibration).

Assessing the robustness of lineage diversification analyses based on
multiple taxonomic sampling schemes and other alternative statis-
tics

We assessed whether our limited taxonomic sampling has affected the lineage diversification
analyses by performing a sequence of posterior-predictive simulations to test the absolute
fit of candidate models to our data. Posterior-predictive simulations (as implemented in
TESS) follow a series of steps that start with a MCMC simulation to estimate the posterior
probability distribution of diversification parameters of the candidate models based on our
observed dataset. The rate parameters (e.g., speciation, extinction) from the joint posterior
densities, as well as priors initially used in the rate parameter estimations (e.g., sampling
fraction, sampling strategy), are then used to parameterize models and simulate trees. Once
these trees are simulated, the summary statistics calculated for the observed dataset are
compared to the posterior-predictive distribution.

We compared the cladogenesis patterns observed in the Lineage Through Time (LTT)
plots generated using the empirical tree against patterns generated using trees simulated
under the three candidate models we initially used for model fitting in TESS: Constant BD,
Decreasing BD, and Episodic BD (see methods for a more detailed description of the com-
peting models). Comparisons between the LTT accumulation generated using the empirical
tree show a clear deviation to the pattern expected under a Constant BD model (Figure
B.5), with significantly negative values of v (-2.99, P = 0.002). No significant deviation
was observed between the LTT accumulation curve generated using the empirical tree and
the patterns generated under Decreasing BD and Episodic BD, which indicates agreement
with the model fitting analysis and supports a time-heterogeneous process as an explanation
for the lineage diversification in Carangaria. The two time-heterogeneous models present
similar patterns of lineage accumulation and resemble the pattern obtained with the empir-
ical tree—a steep curve representing an initial burst of diversity accumulation followed by a

period of lower rates of diversification. Therefore, both can be used to simulate trees with
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cladogenesis patterns similar to the ones observed in the empirical tree, providing a good
absolute fit to our dataset. Note that the final selection between these two models follows
the model-fitting test presented in the main text.

To further test whether the limited taxonomic sampling scheme may affect our lineage
diversification analyses, we expanded the predictive simulation analyses to four alternative
phylogenetic scenarios: (1) a 45-taxa tree from Harrington et al. (2016); (2) a 405-taxa
supermatrix tree from Rabosky et al. (2018); (3) a 508-taxa grafted tree obtained by adding
two well-sampled carangarian subclades (carangoids from Alfaro et al. (2018) and flatfishes
from Betancur-R et al. (2013)) into the Rabosky et al. (2018) backbone tree; and (4) a 1006-
taxa imputed tree from Rabosky et al. (2018), which was populated with simulated taxa in
place of missing tips. Note that the grafted tree does not intend to provide a new phylogenetic
hypothesis for Carangaria; instead, it provides a synthesis of our current knowledge of their
phylogeny and divergence times into the extended phylogenetic tree assembled by Rabosky
et al. (2018). Additionally, crown ages for major Carangaria groups varies substantially
among the independently estimated time trees. To address this issue, we recalibrated those
trees by adjusting Carangaria’s crown group age to reflect the age obtained in our analysis. In
all cases, lineage accumulation scenarios resemble the pattern obtained by the exponentially
Decreasing BD model (Figure B.6). Therefore, this model also presents a good absolute fit
to the alternative datasets regardless of taxonomic sampling schemes used. Finally, we used
the aforementioned, independently estimated phylogenetic hypotheses to generate lineage-
through-time (LTT) plots and to estimate the Lineage Diversification Index (LDI) statistic
(Rabosky et al., 2018). These statistics provides an alternative avenue to examine whether
the cladogenetic history of Carangaria is better explained by pure-birth (LDI 0), early
burst (positive LDIs), or recent speciation (negative LDIs) processes. As expected, and
regardless of the taxonomic coverage, all alternative sampling schemes present positive LDI
values (ranging from 0.24 to 0.83; Figure B.7). These results indicate that an early burst
of diversification represents the most likely diversification scenario for the clade, strongly

suggesting that our analyses remain unaffected by the use of alternative trees and methods.
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Figure B.1: Maximum Clade Credibility (MCC) tree obtained with BEAST indicating the place-
ment of calibrations used (following the order given in Supplementary Methods). Bars represent
the 95% highest posterior credibility intervals of divergence times. Asterisks (*) indicates nodes
with low Bayesian posterior probability support (<0.70).
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Figure B.2: Landmarks adapted from Chakrabarty (2005) : (1) anterior insertion of dorsal fin,
(2) posterior insertion of dorsal fin, (3) dorsal insertion of caudal fin, (4) caudal border of hypural
plate aligned with lower lateral line, (5) ventral insertion of caudal fin, (6) posterior end of the
most dorsal caudal ray, (7) posterior end of the most ventral caudal ray, (8) posterior insertion of
anal fin, (9) anterior insertion of anal fin, (10) dorsal end of the opercula, (11) dorsal margin of
the eye, (12) ventral margin of the eye, (13) rostral tip of premaxilla, (14) anterior tip of mandible,

and (15) caudal end of maxilla.
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Figure B.3: Rates of speciation through time estimated from the MCC tree using the CoMET
function in TESS. Plots represent the inconsistence of COMET results and its highly sensitivity to

the choice of hyper-priors. All analyzes used a minimum threshold value of effective samples (ESS)
of 500.
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Figure B.4: Accumulation of disparity through time for the first four phylogenetically corrected
PC axis (pPCA): (a) multivariate disparity; (b) pPC1, (c¢) pPC2, (d) pPC3, (e) pPC4. Black lines
represent observations; blue shaded areas show the 95% confidence intervals of the constant rate
Brownian motion model.
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Figure B.5: Traitgram plots representing the process of morphospace filling through time in
Carangaria based on the first four phylogenetically corrected PC axes (pPCA): (a) pPC1; (b)
pPC2; (c) pPC3; (d) pPC4. Densities were calculated using ancestral state reconstructions derived
from univariate rate-heterogeneous models of continuous trait evolution, in 1 Myr time slices.
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Figure B.6: Habitat transitions though time. (a) Stochastic mapping of ecological transitions
calculated from 1000 SIMMAP replicates on the maximum clade credibility tree. (b) Average
number of changes for in 5 Myr slices (black line represents observations; blue lines indicate mean
values for the null expectations under a constant rate of character evolution; shaded area represents
the 95% confidence intervals). (c) Rate of habitat transitions in 5 Myr time slices—mean number
of changes per time segment, divided by the total edge length encompassed by the segment.
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Appendix C

Appendix: Phylogenomic and
comparative genomic analyses
support a single evolutionary origin of

flatfish asymmetry

Trees, tables, datasets and scripts used for comparative analyses are available from the
Figshare digital repository (https://doi.org/10.6084/m9.figshare.20102951.v1)

Note 1 - Phylogenomic data

Reanalyzed and newly generated data

We assessed flatfish phylogenetic relationships by analyzing three genome-scale datasets: (1)
(Lii et al., 2021, hereafter LEA) dataset (18 species and 1693 exon markers; see the Figshare
digital repository), (2) a non-coding ultraconserved elements (UCE) dataset (53 species and
596 markers; available in the Dryad digital repository doi:10.5061/dryad.2fj55)Harrington
et al. (2016), and (3) a newly generated exonic dataset that included 990 exonic markers
and covered 389 carangarian species. Flatfish diversity in the new dataset is represented by
a sample of 207 out of ca. 600 species, including representatives from all 15 valid families.
See the electronic Figshare digital repository for detailed taxonomic sampling information.
We archived the sequence data generated for this manuscript as raw reads in the NCBI
Sequence Repository (PRJNA862198). Exon alignments are also available in the Figshare
digital repository (dx.doi.org/10.6084/m9.figshare.20372565).

Library preparation was performed by Arbor Biosciences using the dual round (‘touch-

down’) capture protocol. Exon capture probes were designed based on alignments of 1,104
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single-copy exons for seven species strategically selected to cover Carangaria diversity (i.e.,
Trinectes inscriptus, Carangoides armatus, Cynoglossus maculipinnis, Remora remora, Mi-
crostomus kitt, Rachycentron canadum, Samariscus triocellatus)(for detailed information on
probe design see Hughes et al., 2018). Legacy markers widely used in fish phylogenetics were
also added to the initial probe set: TBR1, MYH6, KIAA1239, PLAGL2, PTCHD1, RIPKA4,
SH3PX3, SIDKEY, SREB2, ZIC1, SVEP1, GPR61, SLC10A3, UBE3A, and UBE3A-like. A
total of 412 samples were sequenced at the University of Chicago (https://fgf.uchicago.edu)
using one-lane Illumina HiSeq 4000 with paired-end 100 bp reads.

Assembly

We trimmed Fastq files for adapter contamination and low-quality base calls using Trim-
momatic v0.365. We then mapped all reads against the reference sequences used for probe
design with BWA-MEM and removed potential PCR duplicates using Samtools v1.96. We
isolated mapped reads for each locus and assembled a preliminary contig for each exon using
Velvet v1.2.107. Next, we used the longest assembled contig for each locus as a reference
to obtain longer contigs with aTRAM 2.08. We ran aTRAM for a maximum of five iter-
ations, using Velvet as the assembler method. Next, we removed redundant contigs with
CD-Hit-EST using a 99% similarity threshold. We then aligned exons using TranslatorX,
with Mafft v7.42111 as the underlying aligner algorithm. Three of the 412 newly sequenced
species were excluded due low-quality sequencing results, leaving 409 newly sequenced taxa

for use in downstream analysis.

Quality control (QC)

Given the pervasiveness of contamination in phylogenomic datasets, in addition to the raw
data quality assessments, we implemented a multistep quality control (QC) pipeline to re-
move cross-contaminated sequences or misidentified species using an array of sequence- and
tree-based approaches. To reduce the adverse effects of missing data in phylogenetic re-
constructions, we discarded exon markers containing fewer than 75% of the total number
of species. After this step, 114 of exon markers were excluded from the analysis due to
high levels of missing data leaving a total of 990 markers. Next, we cross-validated species
identifications by blasting COI sequences against the BOLD and NCBI public repositories
using the bold_identification python script. We re-examined vouchers presenting inconsis-
tencies between morphological and molecular identifications, which ultimately led to 15
updates in species identifications and 20 complete sample removal (sequences belonging to
non-carangarian species). We then conducted reciprocal BLAST searches for all exon align-
ments. Only sequences in which the best-hit results corresponded with species from the

same family-level clade were retained for the QC next step. Finally, we conducted branch-
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length correlation (BLC) analyses. BLC works under the assumption that contaminated,
mislabeled, or paralog sequences will exhibit remarkably long branches when gene-trees are
constrained to a reference phylogeny. We used a preliminary concatenation-based phylogeny
as a reference topology to estimate constrained gene trees for each exon alignment separately.
Concatenation-based and constrained gene trees were then estimated using IQ-TREE. Gene
trees with a branch-length ratio ;5 were flagged for visual inspection, and species presenting
remarkably long branches were removed from that specific exon alignment. After this final
QC step, the final exonic dataset included 990 exonic markers for 389 carangarians, including
207 flatfish species. Details of the taxa and sequences removed are available in the Figshare

digital repository.

Note 2 — Phylogenomic inference

Background on how GC bias affects phylogenetic inference

Evolutionary non-homogeneous processes such as base compositional non-stationarity (BCNS)
have been recognized as a major source of phylogenetic error driving topological conflicts
in many groups. Some of these conflicts are likely results of model misspecification, as
probabilistic phylogenetic reconstruction methods are typically based on models of sequence
evolution that assume homogeneous base compositions across lineages in the tree (these
include the models applied by LEA). These assumptions, however, are often violated, and
recent work has demonstrated that variations in GC content are especially severe among
flatfish lineages and are likely a major source of phylogenetic conflict in Carangaria. This
type of bias can be overcome using nucleotide substitution models that permit evolutionary
rates to vary among lineages. Here we applied the GHOST model Crotty et al. (2020) of
sequence evolution as implemented in IQ-TREE, which has been shown to accurately re-
solve tree topologies from heterotachously-evolved sequences by allowing substitution rates,
branch lengths, and base frequencies to vary among lineages. Further sources of phylogenetic

bias related to BCNS are discussed in the phylogenetic results section (see below).

Subset assembly

GHOST is an edge-unlinked mixture model consisting of independent site classes k, each
having a separate set of model parameters and edge lengths on the same tree topology. The
GHOST model is, therefore, very parameter-rich, with the total number of free parameters
rapidly increasing as a function of the number of k and the number of taxa. Consequently,
tree searching using our large phylogenomic data set became statistically intractable un-
der the GHOST model due to the large number of parameters. We addressed this limita-

tion using a diversified sampling strategy to assemble three taxa-reduced subsets (20-, 30-,
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and 46 taxa) while minimizing the loss of phylogenetic diversity within Carangaria. This
sampling strategy is especially important to reduce the well-known effects of long branch
attraction (LBA) in in phylogenetic inference, a phylogenetic bias that is especially severe
in heterotachously-evolved sequences (see below). Detailed taxonomic sampling and align-
ment summary statistics including the percentage of missing data, GC content, proportion

of variable sites, and alignment length is available in the Figshare digital repository.

Phylogenomic reconstruction methods

For all concatenated datasets and gene alignments, we estimated ML trees in IQTREE
using a homogeneous model (HM; GTR+G) and the non-homogeneous (NHM) GHOST
model. For non-homogeneous analyses we used four independent k and inferred separate
base frequencies for each of them (GTR+FO*H4). For concatenation-based analyses using
the homogeneous model, the best-fitting partitioning scheme was determined for the complete
dataset and subsets using PartitionFinder2 under a Bayesian Information Criterion (BIC).
For gene tree analyses based on the homogeneous model, we used by-codon partitions based
on sequence alignments from each locus. We then inferred species trees with ASTRAL-III
Zhang et al. (2018) using individual IQTREE-based gene trees (both homogeneous and non-
homogeneous) as input. Because gene tree inference using the full dataset is statistically
intractable under the GHOST model, ASTRAL analyses using this dataset were limited
to gene trees estimated under the homogeneous model. In this case, we ran an additional
analysis based on gene trees in which weakly supported nodes (bootstrap values [BS] j 20%)
were collapsed into polytomies to reduce the effects of gene tree error (Figure C.1). For
comparison, we also used non-parametric bootstrapping to summarize node support across
all IQTREE and ASTRAL analyses (Ufboot and multi-locus bootstrapping, respectively).

Phylogenomic reconstruction results

Our results provide overwhelming support for a single flatfish origin (FM hypothesis). The
support for the FM hypothesis was unequivocal in analyses based on non-coding ultracon-
served elements (UCEs), consistently resolving the FM tree regardless of the phylogenetic
reconstruction method and the model of nucleotide substitution (Figure 3.1c). Most of the
concatenation-based analyses (6 out of 9 trees) using protein-coding sequences (LEA’s +
newly sequenced data), however, favored the flatfish polyphyly (FP) topology—Ilikely a re-
sult of model misspecification and the failure to accommodate phylogenetic biases related
to BCNS. Besides violations of the base composition homogeneity assumption (discussed
above), heterotachously-evolved sequences are hypothesized to be indirectly associated with
increased effects of incomplete lineage sorting (ILS), an important source of phylogenetic

discordance. This is because the higher local recombination rates in GC-rich regions are as-
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sociated with an extended retention time of ancestral polymorphism Romiguier et al. (2010).
ILS is typically modeled by coalescent-based methods, which may explain why coalescent-
based outperformed concatenation-based inferences, with 10 out of 12 ASTRAL analyses
resolving the FM hypothesis.

The ASTRAL analysis using LEA’s dataset based on gene trees inferred under the HM
failed to recover the FM. This dataset lacks critical flatfish taxa such as the earliest-branching
Pleuronectoidei lineage (Citharidae) and three out of four Carangaria orders (i.e., Carangi-
formes, Istiophoriformes, and Centropomiformes). Therefore, LEA’s dataset may be subject
to long branch attraction (LBA), a statistical bias that describes the tendency for long
branches to be grouped together in phylogenetic trees. Although usually associated with
parsimony inferences, LBA has been claimed to affect maximum likelihood analyses, espe-
cially when using fast-evolving GC-rich genes. Nevertheless, coalescent-based analyses of
this same dataset under the NHM model are sufficient to recover the FM topology. The
ASTRAL analysis using the newly sequenced complete dataset was limited to gene trees
estimated under the HM due to statistical intractability. This analysis also failed to resolve
FM, a result likely caused by gene tree estimation error or the limitation in accommodating
BCNS. Weakly supported gene tree branches negatively impact species-tree inference, par-
ticularly when gene trees are inferred from few informative characters relative to the total
number of sampled taxa. Collapsing gene-tree branches with low support or short lengths
is a well-known strategy to improve species-tree accuracy by limiting the effects of gene-tree
estimation error. This strategy was efficient in reducing noise and successfully recovered
the phylogenetic signal supporting the FM in our full dataset (Figure C.1). Results for all

datasets and subsets are presented in the Figshare digital repository.

Time calibration

We estimated divergence times for the ASTRAL tree inferred with LEA’s dataset using a
penalized likelihood method (treePL). Note that this analysis was performed for illustration
purposes only; for a comprehensive time-calibration analysis, see Harrington et al. (2016).
We applied a secondary calibration strategy using the 95% distribution of node ages recov-
ered by (Harrington et al., 2016) as reference. Calibration points include: (1) Carangaria,
MRCA Psettodes erumei and Polydactylus sextarius (min 62 Ma, max 82 Ma); (2) Pleu-
ronectiformes, MRCA Trinectes maculatus and Polydactylus sextarius (min 55 Ma, max 70
Ma). (3) Pleuronectoidei, MRCA Trinectes maculatus and Pseudorhombus dupliciocellatus
(min 52.5 Ma, max 65 Ma).
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Figure C.1: Species tree for Carangaria estimated with ASTRAL-IIT using gene trees with weakly
supported nodes (bootstrap values [BS] < 20%) collapsed into polytomies to reduce the effects of
gene tree error. Gene trees were estimated using IQTree (HM; GTR+G) based on newly sequence
data that covers 990 loci and 389 species. Collapsing gene-tree branches with low support helped
reduced the negative effects of gene tree estimation error, successfully resolving flatfish monophyly
(FM [BS 76%]; green arrow) using the complete dataset. Tree files with tip labels and support
values are available from the Figshare digital repository.
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Note 3 — Detecting positive selection

To investigate the presence of lineage-specific adaptations under the flatfish monophyly (FM)
topology, we tested for positive selection among the 1693 orthologs identified by LEA using
the adaptive branch-site random effects likelihood model of codon-substitution aBSREL-
Smith et al. (2015) implemented in HyPhy. aBSREL is a recently developed approach that
adapts its complexity to the dataset by inferring the optimal number of w rate categories
based on branch lengths. This method also avoids false positive results common to other
branch-site models (including PAML, used by LEA) due to rate variation in background
lineages. We used two different foreground schemes: (1) stem flatfishes, which aimed to
detect genes responsible for the initial break of symmetry in the single branch leading to all
extant flatfish species; and (2) crown flatfishes, which aimed to detect genes responsible for
further adaptations experienced later in the flatfish radiation (Figure C.2). We identified
67 PSGs in the stem flatfish lineage, and 588 PSGs shared between Psettodoidei and at
least one pleuronectoid lineage. Thirty seven of the genes that experienced positive selec-
tion in the stem flatfish branch were also identified as PSG in the crown flatfishes including
genes recognizably involved in the determination of left/right symmetry during embryonic
development (bmp4), sensory perception of sound and otolith morphogenesis (dcde2b), cell
differentiation and proliferation (dlk1, dlk2), eye photoreceptor cell development (dzankl),
cardiac ventricle development (fntb), cilium assembly (dede2b, dzankl, fhde2, intu), skeletal
muscle tissue development (gkia), proliferation and migration of cranial neural crest cells
(tinagll), and double-strand break repair (nbn). Nevertheless, the involvement of most of
these PSGs in the development of the flatfish asymmetric body plan requires further valida-
tion. We performed gene ontology (GO) enrichment tests for gene functions and pathways
on PSG sets independently for stem and crown flatfishes using R package clusterprofiler Yu
et al. (2012). Enrichment tests for gene ontology show no significant overrepresentation in
any functional categories. Results for the stem and crown foreground schemes are presented

in Tables C.2-3 (see Figshare digital repository).

Note 4 — Evolutionary rates and lineage-specific substi-

tutions

LEA calculated the relative evolutionary rates of each branch in the tree using a two-cluster
analysis and Tajima’s relative rate test. They estimated the relative evolutionary rates for
all the single-copy genes using zebrafish as the outgroup species Lii et al. (2021). The authors
state that Psettodoidei presents slightly slower evolutionary rates compared to members of
Pleuronectoidei. They used these results to explain why, unlike other flatfishes, species of

Psettodes exhibit a ‘simply an asymmetric percoid” phenotype. We argue that this result
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is contingent on an arbitrary order of species in the Y-axis of their regression plot (LEA
fig. 2b). Despite the fact that there is substantial overlap in evolutionary rates between
lineages of Pleuronectoidei and Psettodoidei, the authors interpreted this finding as addi-
tional evidence of convergence, even though the single-origin hypothesis provides a more
parsimonious explanation in this case. LEA also reported several alignments that highlight
Pleuronectoidei-specific amino acid substitutions. The outgroup selection is extremely im-
portant for these analyses, but surprisingly the authors largely failed to include Psettodoidei
or any other non-flatfish carangarian species in their figures. A close inspection of their raw
alignments shows that only one of the reported substitutions (wnt9b) is a derived estate ex-
clusive to Pleuronectoidei (Figure C.3). Both missense substitutions in sgca (a gene involved
in musculature development), which the authors claimed to be exclusive to Pleuronectoidei,
are shared with at least one non-flatfish carangarian, and, therefore, may not explain the
thin musculature and development of the flatfish phenotype (Figure C.3). Note that the
sole alignment reported in LEA’s supplement that does include Psettodes (hoxd12a, a gene
involved in dorsal fin development in flatfishes) shows an amino acid substitution shared be-
tween Pleuronectoidei and Psettodoidei (Figure C.3). Surprisingly, the authors interpreted
this evidence as convergent evolution despite the fact that a single origin provides a more

straightforward solution.
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Figure C.2: Different foreground schemes used to detect positively selected genes with aBSREL:
(a) stem-flatfishes, which aimed to detect genes responsible for the initial break of symmetry in the
single branch leading to all extant flatfish species; and (b) crown flatfishes, which aimed to detect
genes responsible for further adaptations experienced later in the flatfish radiation.
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Figure C.3: Amino acid alignments highlighting substitutions (in purple) claimed to be
Pleuronectoidei-specific by LEA. By adding sequences from Psettodes and other non-flatfish
carangarians into the alignments we show that three out the four Pleuronectoidei-specific substitu-
tions discussed by the authors are in fact shared with Psettodoidei or other non-flatfish carangarian
species. These include two missense substitutions in the musculature development related gene sgca,
which the authors suggest is related to the formation of the flat phenotype. Both substitutions
are shared with Polydactylus sextarius, a symmetrical carangarian species, and, therefore, may
not necessarily explain the evolution of the flatfish thin musculature. The hoxd12a substitution
is shared between Pleuronectoidei and Psettodoidei. This gene is involved in the development of
the flatfish dorsal fin, an important locomotion adaptation that improves their maneuverability
in the benthic environment, and that may provide additional evidence for the single origin of the
asymmetric body plan.
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