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ABSTRACT OF THE DISSERTATION

Evolution of Marine Fish Biodiversity: Phylogenomics and Ecological

Processes Shaping Diversification

Laura Sorenson
Doctor of Philosophy in Biology
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Professor Michael E. Alfaro, Chair

Understanding the evolutionary factors underlying the disparity in species richness across
groups is a fundamental challenge in fish evolutionary biology. A difficulty in investigating this
field lies in the paucity of robust, well-sampled phylogenies that act as a necessary framework to
test hypotheses about the affects of ecology on fish evolution. In chapter one I use molecular
sequence data to generate a time-calibrated hypothesis of surgeonfish (Family: Acanthuridae)
relationships. I found strong support that the gizzard-like stomach, an important morphological
trait for benthic grazing species including some Acanthurus and all Ctenochaetus, evolved only
once, contrary to a previous hypothesis of multiple, independent origins. The timetree also
shows that the subfamily Nasinae (genus Naso) experienced high turnover since originating in

the Miocene, and that the extant species arose much more recently (~17 Ma) than previous

il



hypotheses. To abet creating robust phylogenies across a diverse set of species and at multiple
phylogenetic levels, I developed a new genomic method capturing ultraconserved elements
(UCEs). UCE:s are highly conserved regions of the genome that are flanked by more variable
regions, making them ideal for target enrichment. I created custom probes targeting 500 loci
across fishes and used massively parallel sequencing to obtain a phylogenomic dataset both
efficiently and economically. I validate this method by resolving the higher-level relationships
among ray-finned fishes. The well-supported topology reveals monophyly of Amia and
Lepisosteus (Holostei), and suggests that elopomorphs, then osteoglossomorphs were the first
teleost lineages to diverge. The results show that sequence capture of UCE loci and their
flanking regions provides an excellent approach to resolve the fish Tree of Life. In chapter three,
I use molecular data to generate the most comprehensive, time-calibrated phylogeny for the
sharks. This framework is then used to understand the influence of ecology (e.g. habitat
preference) on the diversification of these fishes. My results show that deepwater radiations and
transitions to coral reefs have played an important role in generating extant biodiversity. Coral
reefs, therefore, have greatly influenced species richness across multiple fish trophic levels, from

algivores to top predators like sharks.
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ABSTRACT

We present the most comprehensive time-calibrated, species-level hypothesis of the timing of Acanthu-
ridae (surgeonfishes and allies) evolution based on 76% of the extant diversity and nine genes. We recover
two major acanthurid clades, Nasinae and Acanthurinae, and infer a much more recent Nasinae crown
age (17 Ma) compared to a previous dating study for Naso. The Acanthurinae represent an older group
that originated ~42 Ma, with most diversification occurring since the Early Miocene (beginning
~21 Ma). Our results strongly support a paraphyletic Acanthurus and Ctenochaetus, with multiple analy-

i?a::tohrg?;i dei ses recovering a clade grouping Ctenochaetus, A. nubilus and A. pyroferus. Contrary to previous studies, we
Phylogeny also provide strong evidence that thick-walled, gizzard-like stomachs evolved only once within Acanthu-
Divergence times rus and that this morphology has a common origin in Acanthurus and Ctenochaetus. Based on our molec-
Fossils ular analyses, in conjunction with the large body of morphological evidence, we recommend dissolving
Coral reefs the genus Ctenochaetus into the genus Acanthurus.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Surgeonfishes (Family: Acanthuridae) are charismatic members
of subtropical and tropical ecosystems, and are especially promi-
nent on and around coral reefs. The 83 described acanthurid spe-
cies (Bernal and Rocha, 2011; Froese and Pauly, 2012; Randall
et al, 2011) are distributed into six genera (Randall, 1955):
Acanthurus (surgeonfishes), Ctenochaetus (bristletooths), Prionurus
(sawtails), Zebrasoma (tangs), the monotypic Paracanthurus (the
palette tang), and Naso (unicornfishes). The common name of the
group derives from the presence of a scalpel-like modified scale
on the caudal peduncle (Winterbottom, 1993), which may be used
for inter- and intra-specific aggressive behaviors (Randall, 2001).
The forms of this feature vary by genera; the scalpel is a single,
modified, moveable scale in Acanthurus, Ctenochaetus, Zebrasoma
and Paracanthurus, but present as variable numbers (1-10) of fixed
plates in Naso and Prionurus, which tend to have keels or large
spines (Winterbottom, 1993).

Acanthurids are primarily herbivores but consume a relatively
wide variety of dietary resources, including planktonic animal mat-
ter, organic detritus (Choat et al., 2002), and invertebrates (Klanten
et al.,, 2004). Dentition can vary dramatically within and across
genera, and is strongly related to diet (Tyler, 1970a). Algal grazers
or browsers (e.g. Acanthurus, Zebrasoma) tend to have spatulate

* Corresponding author.
E-mail address: 1sorenson@ucla.edu (L. Sorenson).

1055-7903/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ympev.2013.03.014

tooth morphologies, while zooplanktivorous Naso species have
pointy, serrated teeth (e.g. Tyler, 1970a). Many species form feed-
ing aggregations (e.g. Randall, 2001), but others may defend terri-
tories (e.g. Nursall, 1974; Randall, 2001). Ecological diversity has
been well-examined in this group, and is most evident in the gen-
era Naso and Acanthurus (Winterbottom and McLennan, 1993;
Klanten et al., 2004). Foraging diversity and strong association with
coral reefs make the acanthurids an interesting and important
group to study the tempo of evolution leading to extant reef fish
biodiversity, and investigate the importance of ecological factors
in driving diversification on the reef.

Morphological evolution of the Acanthuridae has been rela-
tively well-explored from both osteological (Tyler, 1970a, 1970b;
Guiasu and Winterbottom, 1993) and myological (e.g. Borden,
1998; Winterbottom, 1993) perspectives (Fig. 1). Morphological
(e.g. Gosline, 1968; Mok, 1977; Greenwood et al., 1966; Tyler
et al, 1989) and larval characters (Johnson and Washington,
1987) have also been examined in several higher-level phyloge-
netic studies including other Acanthuroidei taxa. Johnson and
Washington (1987) proposed three postlarval forms: one form sug-
gesting a Paracanthurus + Zebrasoma relationship, another group-
ing Naso, and a third common to Acanthurus, Ctenochaetus, and
Prionurus. Two subfamily designations based on several autapo-
morphies were proposed by Tyler et al. (1989) that grouped Naso
into the Nasinae, and the remaining genera into the Acanthurinae
(Fig. 1a). Subsequently, Winterbottom (1993) split the Acanthuri-
nae into three tribes based on myological characters: Acanthurini,
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Fig. 1. Previous hypotheses of Acanthuridae relationships based on morphological
(A) and molecular (B) data. Osteological and myological studies (Guiasu and
Winterbottom, 1993; Winterbottom, 1993) could not recover monophyly of
Acanthurus, and osteological studies did not support monophyly of Prionurus.
Molecular studies (Clements et al., 2003; Klanten et al., 2004) suggested monophyly
of Prionurus, but paraphyly of Acanthurus.

made up of Acanthurus + Ctenochaetus; Prionurini (Prionurus); and
Zebrasomini (Zebrasoma + Paracanthurus). Guiasu and Winterbot-
tom’s (1993) analysis of 42 osteological characters supported Win-
terbottom’s (1993) hypothesis that Naso is the sister group to all
other acanthurids, with Paracanthurus + Zebrasoma being the sister
group to Acanthurus + Ctenochaetus, and Prionurus being sister to
this larger clade (Fig. 1). While both studies inferred strong support
for Ctenochaetus monophyly (e.g. 14 osteological synapomorphies
in Guiasu and Winterbottom, 1993), Acanthurus showed great var-
iation, and no myological or osteological synapomorphies could be
described for the species examined (Guiasu and Winterbottom,
1993). This led Winterbottom (1993) to conclude that Acanthurus
may not be a monophyletic group. This conclusion was also sup-
ported by other morphological traits shared between some
Acanthurus and Ctenochaetus species that had been described in
non-explicitly phylogenetic studies, including the presence of
thick-walled, gizzard-like stomachs in benthic grazers (Jones,
1968). Acanthurus species have either thick or thin-walled stomach
types, whereas thick-walled, gizzard-like stomachs are present in
all Ctenochaetus (Randall, 1956; Jones, 1968; Hiatt and Strasburg,
1960; Randall and Clements, 2001). Acanthurus species with this

stomach morphology include the following 18 species: A. auranti-
cavus, A. bahianus, A. bariene, A. blochii, A. chirurgus, A. chronixis,
A. dussumieri, A. fowleri, A. gahhm, A. grammoptilus, A. maculiceps,
A. mata, A. monroviae, A. nigricauda, A. olivaceus, A. pyroferus, A. ten-
nentii, and A. xanthopterus (the newly resurrected A. tractus, which
is the result of the splitting of A. bahianus into two species (Bernal
and Rocha, 2011), is likely to possess this feature as well, bringing
the total to 19). The evolution of acanthurid stomach morphologies
is not well-understood, and it is uncertain whether gizzard-like
stomachs evolved multiple times independently within Acanthu-
rus, as suggested by Clements et al. (2003).

Most acanthurid molecular phylogenetic studies to date have
suffered from limited taxonomic coverage within the family,
and/or few genetic loci. Some phylogenies investigating higher-
level relationships within the suborder Acanthuroidei (Tang
et al., 1999; Holcroft and Wiley, 2008), which includes the Acan-
thuridae, have supported major groups hypothesized by more re-
cent morphological trees (e.g. Guiasu and Winterbottom, 1993;
Tyler et al., 1989; Winterbottom, 1993) (Fig. 1b). Tang et al.
(1999) and Holcroft and Wiley (2008), however, tested only
genus-level relationships using two mitochondrial or five nuclear
loci, respectively. Neither study was able to resolve the relation-
ships among the Acanthurus and Ctenochaetus taxa with confi-
dence. Clements et al. (2003) sequenced short fragments of the
mitochondrial loci 12S, 16S, t-Pro, and control region for 21
acanthurid taxa and four outgroups. Their parsimony and maxi-
mum likelihood analyses inferred very different topologies, but
both recovered a paraphyletic Acanthurus. Their maximum likeli-
hood tree and one parsimony tree suggested a paraphyletic Cte-
nochaetus as well (albeit with very low statistical support) and
both the parsimony and maximum likelihood trees also failed
to recover a monophyletic Acanthuridae (the outgroups Luvarus
and Zanclus appear as sister taxa, and together form the sister
clade to either Naso in the maximum likelihood tree, or Paracan-
thurus + Zebrasoma in the parsimony trees). Finally Klanten et al.
(2004) generated a time-calibrated species-level phylogeny for
the genus Naso, with additional sampling within Acanthuridae
(36 total surgeonfish taxa), and recovered similar results. Klanten
et al. (2004) used two mitochondrial loci (a short Cytb fragment
and 16S) and the nuclear ETS2 locus to infer relationships using
parsimony, maximum likelihood, and Bayesian inference, and
used a penalized likelihood method and an estimation of rates
of molecular evolution derived from other fish groups to date
a tree containing only Naso species. Despite efforts along mor-
phological and molecular fronts, we still do not have a densely
sampled, time-calibrated hypothesis of acanthurid relationships
and timing of evolution for this important reef fish group. Great-
er taxonomic coverage in molecular studies is clearly necessary
to understand the evolutionary relationships among acanthurid
genera and species.

In this paper we present a time-calibrated molecular hypothesis
of Acanthuridae species relationships using data from two mito-
chondrial and seven nuclear loci. Our tree contains all six genera
and 76% of the species diversity, representing the most complete
taxonomic sampling effort and molecular dataset to date for this
group. We provide a timescale for the evolution of Acanthuridae,
and test the hypothesis that the thick-walled, gizzard-like stomach
morphology evolved multiple times in Acanthurus.

2. Materials and methods

2.1. Taxonomic sampling

We obtained tissue samples for 41 acanthurid species and two
outgroup taxa through museum and personal collections, and pur-
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chases from fish wholesalers. We selected Zanclus cornutus and
Luvarus imperialis as outgroups based on previously published
morphological and molecular work supporting Acanthuroidei
monophyly and the relationships among the acanthurids, Zancli-
dae, and Luvaridae (e.g. Mok, 1977; Johnson and Washington,
1987; Tyler et al., 1989; Holcroft and Wiley, 2008). We also ob-
tained GenBank sequence data for all available acanthurid species
to increase our taxonomic coverage. Twenty-two species in our
phylogeny are represented only by data obtained from GenBank.
In total, our dataset includes 63 of 83 acanthurid species (Table 1).

2.2. Molecular methods

Genomic DNA was extracted using the Qiagen DNeasy Blood
and Tissue Kit (Qiagen, Valencia, California). We amplified and se-
quenced two mitochondrial genes, cox1 and Cytb, and the following
six nuclear genes: ENC1, myh6, plagl2, Rag1, Rh, zic1. Sequence data
for an additional nuclear locus, ETS2, and genes in our sampling al-
ready available for species for which we did not possess tissues
were obtained from GenBank.

Gene amplifications were conducted using the polymerase
chain reaction (PCR) in 25-pl reactions containing the following re-
agents (Promega): 5.0 pl 5 x Green GoTaq Flexi PCR buffer; 2.0 pl
MgCl, (25mM); 0.5ul dNTP mix (2.5 mM each); 2.5ul for-
ward + reverse primer mix (10 pM each); 0.125 pl GoTaq DNA
polymerase (5 U/ul); with 1-10 ng of template. Cycling conditions
and primer sequences were obtained from the primary literature
(Chen et al., 2003; Ward et al., 2005; Sevilla et al., 2007; Holcroft
and Wiley, 2008). PCR products were cleaned using ExoSap (Amer-
sham Biosciences) and cycle sequenced using the BigDye Termina-
tor v.3.1 cycle sequencing kit (Applied Biosystems). Bi-directional
sequencing was conducted on an ABI 3730xl DNA Analyzer (Ap-
plied Biosystems) by the Life Sciences Core Laboratories Center at
Cornell University.

2.3. Phylogenetic analyses

Raw sequences were examined and contigs were generated
using Geneious 5.4 (Biomatters Inc.). We aligned contig consensus
sequences and GenBank sequences using MUSCLE (Edgar, 2004),
and gene alignments were adjusted by eye in Geneious. We
trimmed all alignments to minimize missing characters. Final gene
alignments contained 651 bp for cox1, 1093 bp for Cytb, 807 bp for
ENC1, 421 bp for ETS2, 769 bp for myh6, 680 for plagl2, 1556 for
Rag1, 799 for Rh, and 822 bp for zicl. We ran maximum likelihood
(ML) analyses on individual gene alignments in RAXML (Stamata-
kis, 2006) to check for gene history incongruence and identify
potentially misidentified sequences (results not presented). We
used the GTR+G substitution model and 100 fast bootstrap
replicates.

We concatenated all the gene alignments using Mesquite 2.75
(Maddison and Maddison, 2011), resulting in a 7598 bp full data
matrix. We also produced a reduced data matrix including only
the 44 acanthurids for which we possessed complete or almost
complete gene sampling to assess whether missing data signifi-
cantly affected our results. We removed two taxa that were repre-
sented only by coxl sequences (Ctenochaetus flavicauda and
Zebrasoma rostratum), as well as 17 taxa with only ETS2 gene and
short fragment Cytb sequences (derived from Klanten et al., 2004).

We selected the best fitting substitution model using jModel-
Test (Posada, 2008) for each locus using the corrected Akaike Infor-
mation Criterion (AICc; Akaike, 1973). We chose from models that
can be applied in MrBayes 3.2 (Ronquist et al., 2012). The GTR +G
model was selected for cox1, Cytb, myh6, plagl2, and Ragl; SYM + G
was selected for ENC1; and HKY + G was selected for ETS2, Rh, and
zicl. Because the proportion of invariant sites is accounted for by

the gamma parameter (Yang, 2006), we did not consider the I
parameter in our candidate pool of models.

We reconstructed phylogenetic relationships using the reduced
and full data matrices in RAXML (Stamatakis, 2006). The concate-
nated alignments were partitioned by gene and assigned the
GTR + G substitution model - the most similar model to the jMod-
elTest results available in RAXML - to run a maximum likelihood
search for the best tree. We then used the GTR + CAT model to
run 1000 fast bootstrap replicates on both datasets.

Acanthurid phylogenetic relationships were also reconstructed
using a Bayesian framework using MrBayes 3.2 (Ronquist et al.,,
2012). The alignments were partitioned by gene and assigned the
substitution models selected by jModelTest. The reduced and full
datasets were each run with four chains for 20 million generations,
sampling every 1000 generations. Trace files were inspected in Tra-
cer 1.5 (Drummond and Rambaut, 2007) to ensure chain conver-
gence. The first 25% of trees were discarded as burnin, and the
remaining trees were combined to obtain a 50% majority rule con-
sensus tree.

We also estimated a species tree based on eight loci utilizing a
reduced taxonomic set in *BEAST (Heled and Drummond, 2010)
using the program BEAST 1.7.4 (Drummond et al., 2012). We re-
moved the ETS2 locus and the taxa from Klanten et al. (2004) for
which we did not sequence additional genes to minimize the effect
of missing data. Each gene was partitioned individually and as-
signed the substitution model selected by jModelTest with the
exception of ENC1; SYM + G was not an available model in *BEAST
so the GTR + G model was used. We linked the cox1 and Cytb loci
and applied a local molecular clock model and a birth-death prior.
The analysis was run for 200 million generations, sampling every
5000 generations. Chain mixing and convergence was ensured by
inspecting trace files in Tracer 1.5 (Drummond and Rambaut,
2007). The first 10% of trees were removed as burnin, and we gen-
erated the species tree using TreeAnnotator (Drummond and Ram-
baut, 2007).

We tested the monophyly of Ctenochaetus, which does not ap-
pear to be monophyletic in molecular phylogenies (Clements
et al., 2003; Klanten et al., 2004), using the approximately unbiased
(AU) test (Shimodaira, 2002). The ML tree topologies and per-site
log likelihoods were obtained in RAXML (Stamatakis, 2006) for
the unconstrained and constrained (Ctenochaetus monophyly en-
forced) trees. The per-site log likelihoods were used in Consel
0.20 (Shimodaira and Hasegawa, 2001) to conduct the AU test
using multiscale bootstrap resampling in ten sets of 10,000 repli-
cates. Consel calculates p-values based on the bootstrap replicates
for each of the candidate topologies, and provides the Bayesian
posterior probabilities of each topology calculated from the log
likelihood values.

2.4. Divergence time estimation and comparative methods

We used the program BEAST 1.7.4 (Drummond et al., 2012) to
infer divergence times using the full dataset. The dataset was par-
titioned and the substitution models were assigned as described
above for the *BEAST analysis. Uncorrelated exponential priors
were used and a birth-death prior was selected for rates of
cladogenesis.

We used two fossil calibration points to date our tree. The Mid-
dle Eocene Sorbinithurus sorbinii from Monte Bolca (Italy), which
was identified by Tyler (2000) as a stem Nasinae on the basis of
six characters (short non-protruding first dorsal-fin spine; three
or fewer pelvic-fin rays; presence of a dorsal pterygial shield; a
small uroneural; fusion of hypurals one through four; a shallow
caudal peduncle), was used to assign a minimum age of 50 My
(Papazzoni and Trevisani, 2006 ) to the crown Acanthuridae. The ba-
sal Eocene Kushlukia permira from the lowermost layers of the mid-
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Table 1 (continued)

Cytb ENC1 ETS2 myh6 plagl2 Rag1 Rh zicl

cox1

Taxon name

KC623719 KC623755 AY264713 KC623787 KC623822 KC623854 KC623891 KC623927

KC623681

Naso unicornis
Naso vlamingii

KC623682 KC623720 KC623756 AY264714 KC623788 KC623823 KC623855 KC623892 KC623928
KC623683

KC623684
KC623685

EF539244 AY264715 EF536297 EF536259 EF530097 KC623893 EF533920
KC623789 KC623824 KC623856

KC623757

KC623721

Paracanthurus hepatus
Prionurus biafraensis

Prionurus laticlavius

KC623929

KC623894

KC623722

KC623825 KC623857 KC623895 KC623930

KC623790

KC623758

KC623723

KC623932

KC623897

KC623792

KC623725

KC623687

Prionurus maculatus

EF536298 EF536260 EF530098 EF533921
KC623858

KC623791

AY264681

AY264628

Prionurus microlepidotus

Prionurus punctatus

KC623931

KC623896

KC623724 KC623759

KC623686

AY264682

AB276963

Prionurus scalprum

KC623898 KC623934

KC623794 KC623860

KC623727 KC623760

KC623688

Zebrasoma desjardinii

KC623827 KC623861 KC623899 KC623935

KC623795

AP006032 KC623761

KC623689

Zebrasoma flavescens

HMO034282
KC623690

Zebrasoma rostratum
Zebrasoma scopas

EF539238 AY264683 KC623796 EF536253 AY308776 KC623900 KC623936

KC623728

KC623901 KC623937

KC623862

KC623729 KC623762 AY264684 KC623797

KC623691

Zebrasoma velifer
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dle part of the Danatinsk Suite, Uylya-Kushlyuk, southwest Turk-
menistan, (Lower Eocene, Ypresian, 55.8 My; see Gavrilov et al.,
2003), was identified by Bannikov and Tyler (1995) as a stem luv-
arid. This result was based on nine synapomorphies, including the
dorsal- and anal-fin pterygiophores being uniquely modified and
broadly sutured around the dorsal and ventral margins of the body
just below the skin; two or fewer large dorsal-fin spines; no anal-fin
spines; unsegmented soft-dorsal and anal-fin rays; distal end of the
first anal-fin basal pterygiophore is greatly prolonged anteriorly;
hypurals 1-4 fused into a single hypural plate, with only the fifth
hypural and the parhypural remaining autogenous; caudal-fin rays
overlap deeply the hypural plate; and the pelvic fin becomes rudi-
mentary with increasing specimen size (or is absent). The otoliths
assigned to the “genus Epigonidarum” weinbergi from the Coniacian
of Tiefe Gosau, Austria (Late Cretaceous, 89-84 Ma), considered to
be the oldest record of the percomorphs, were used to establish a
soft upper boundary (Sieber and Weinfurter, 1967).

We ran the analyses for 50 million generations, sampling every
5000 generations. Proper chain mixing and convergence was en-
sured by inspecting trace files in Tracer 1.5 (Drummond and Ram-
baut, 2007). We removed the first 10% of trees as burnin, and
generated the timetree using TreeAnnotator (Drummond and Ram-
baut, 2007).

To test the hypothesis that thick-walled, gizzard-like stomachs
evolved multiple times within the genus Acanthurus, we conducted
a maximum likelihood ancestral state reconstruction of this mor-
phology using the Geiger package (Harmon et al, 2008) in R
2.15.2 (R Development Team, 2012). Each Acanthurus and Cteno-
chaetus species in our timetree was coded as either having the
thick-walled, gizzard-like stomach following descriptions from
the literature (Jones, 1968; Randall, 1956; Randall and Clements,
2001; Hiatt and Strasburg, 1960), not having this particular mor-
phology, or as unknown (Table S1). Acanthurus tractus was coded
as having this morphology because of its close relationship to A.
bahianus, which has the gizzard-like stomach.

3. Results
3.1. Phylogenetic analyses

The reduced and full datasets did not produce significantly dif-
ferent topologies for either the ML or Bayesian phylogenetic anal-
yses (Figs. 2, S1), so we will present the results for the full dataset
analyses and comment later on the differences between the full
and reduced datasets.

The ML and Bayesian trees produced an identical tree topology
for the intergeneric relationships, with the only differences ob-
served in the arrangement among some Naso species and the
placement of Ctenochaetus striatus and C. tominiensis. In both ML
and Bayesian analyses we recover a highly supported (all with
100 bootstrap support, bsp; 1.0 posterior probability, pp) mono-
phyletic Acanthuridae, Nasinae and Acanthurinae. Within Nasinae
we recover Naso lopezi as the sister taxon to a clade containing the
remaining Naso species (100 bsp, 1.0 pp). This clade contains sev-
eral well-supported groups: Naso maculatus + N. reticulatus (88
bsp, 0.99 pp); N. tonganus + N. tuberosus (92 bsp, 0.98 pp); N. cae-
sius + N. hexacanthus (100 bsp, 1.0 pp); N. unicornis + (N. litura-
tus+ N. elegans) (98 bsp, 1.0 pp); however, the relationships
among these groups are not well resolved (Fig. 2).

Within Acanthurinae we recover a strongly supported Prionurus
clade, which is sister group to the remaining acanthurins (100 bsp,
1.0 pp). We recover high support for all the relationships among
the Prionurus species (all nodes with >92 bsp and 1.0 pp), except
for the sister relationship between P. maculatus and P. scalprum (62
bsp, 0.86 pp). The last four genera make up two major clades. We
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Fig. 2. Molecular phylogenetic tree based on the maximum likelihood analysis of the concatenated full dataset for all species included in this study. The bootstrap proportion
(bsp), then the posterior probability (pp) values based on the Bayesian analysis are provided preceding the nodes. Only bsp > 50 and pp > 0.80 are shown. Fish drawings

adapted from Fishbase.

find that Paracanthurus is sister to a Zebrasoma clade (100 bsp,
1.0 pp), and all relationships among Zebrasoma are highly sup-
ported, except for the sister relationship of Z. flavescens and Z. sco-
pas in the ML tree (61 bsp, but 0.94 pp).

A final major clade contains the genera Acanthurus + Ctenocha-
etus (100 bsp, 1.0 pp), both of which are paraphyletic (Fig. 2). We
recover strong support (99 bsp, 1.0 pp) for a clade made up of
Acanthurus pyroferus, A. nubilus, and all Ctenochaetus. In the ML
tree, Acanthurus pyroferus, then Ctenochaetus striatus (31 bsp), then
A. nubilus (88 bsp), then C. tominiensis (54 bsp) serially branch off
from a clade containing the remaining Ctenochaetus (100 bsp). In
the Bayesian tree, Acanthurus pyroferus + Ctenochaetus striatus
(0.94 pp) is sister to a polytomy (1.0 pp) of A. nubilus, C. tominiensis,
and a clade containing the remaining Ctenochaetus (1.0 pp).

We recover identical relationships among the remaining
Acanthurus species, with several well-supported subclades. In both
analyses we recover a pectinate branching pattern where

Acanthurus thompsoni (100 bsp, 1.0 pp), then A. triostegus branch
off from the clade containing all other Acanthurus and Ctenocha-
etus, although the position of A. triostegus is weakly supported
(<50 bsp, 0.53 pp). A subclade containing Acanthurus guttatus + A.
coeruleus sister to A. leucosternon + A. achilles + (A. nigricans +A.
japonicus) is recovered (84 bsp, 1.0 pp), as well as a derived clade
containing the well-supported Acanthurus + Ctenochaetus subclade
described above sister to a clade containing A. monroviae, A. chirur-
gus, A. tractus, A. tennentii, A. olivaceus, A. nigricauda, A. leucocheilus,
A. auranticavus, A. dussumieri, A. bariene, A. xanthopterus, A. mata,
and A. blochii (99 bsp, 1.0 pp). Most relationships among these ma-
jor subclades are highly supported in the Bayesian analysis
(=0.93 pp), but only the sister relationship between the Acanthu-
rus + Ctenochaetus clade and the derived Acanthurus clade is highly
supported in the ML tree (95 bsp).

Differences between the reduced and full datasets occurred in
parts of the tree with low support (Fig. S1). For example, using
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Fig. 3. BEAST timetree based on the concatenated full dataset. Posterior probabilities, pp, >0.80 are shown.

the ML and Bayesian reduced datasets, Naso brevirostris and N.
vlamingii are sister taxa, but are sequential sister taxa to N. annul-
atus + N. brachycentron in both full analyses. The placement of
Acanthurus thompsoni, A. nigroris + A. nigrofuscus, and A. triostegus
also differs at the base of the Acanthurus + Ctenochaetus clade in
the ML analyses; A. thompsoni is the sister taxon to the Acanthu-
rus + Ctenochaetus clade in the full dataset, but A. thompsoni + (A.
nigroris + A. nigrofuscus) is the sister clade to the Acanthurus + Cte-
nochaetus clade in the reduced analysis. Additionally, Acanthurus
triostegus is the sister taxon to the clade containing A. guttatus, A.
coeruleus, A. leucosternon, A. achilles, A. nigricans, and A. japonicus
in the reduced tree, but A. triostegus is the sister taxon to the
Acanthurus + Ctenochaetus clade minus A. thompsoni in the full
dataset tree. In the reduced Bayesian tree, Acanthurus triostegus

Table 2
Inferred divergence time estimates and 95% highest posterior density (95% HPD) for
major nodes in the time-calibrated phylogeny.

Node Crown age (Ma) 95% HPD
Acanthuridae 54 51-62
Nasinae (Naso) 17 12-23
Acanthurinae 42 34-51
Prionurus 13 8-18
Paracanthurus + Zebrasoma 17 12-23
Acanthurus + Ctenochaetus 21 16-26

forms a polytomy with A. thompsoni and the clade containing the
remaining Acanthurus + Ctenochaetus, but A. thompsoni and A. trios-
tegus are sequential sister taxa in the full tree. Finally, the relation-
ship between Acanthurus pyroferus and Ctenochaetus striatus differs
in the ML analyses; they are sequential lineages that branch off the
A. nubilus + Ctenochaetus clade in the full dataset, but are sister taxa
in the reduced analysis.

Our gene tree species tree analysis (Fig. S2) is largely congruent
with the ML and Bayesian trees except that the Paracanthu-
rus + Zebrasoma clade is sister to the Prionurus clade, and there is
some rearrangement within the Acanthurus + Ctenochaetus clade.
We recover Acanthurus triostegus as the sister taxon to the remain-
ing Acanthurus + Ctenochaetus. Similar to all other analyses, we find
strong support for a paraphyletic Acanthurus and Ctenochaetus. A.
pyroferus and A. nubilus form a clade with the remaining Ctenocha-
etus species (1.0 pp); Acanthurus pyroferus is sister to a clade con-
taining A. nubilus + Ctenochaetus striatus (0.8 pp), which is sister
to the other Ctenochaetus. Other major groups were also recovered
with high support, including Acanthurus guttatus + A. coeruleus, and
a clade including A. monroviae, A. tractus, A. chirurgus, A. tennentii, A.
olivaceus, A. nigricauda, A. auranticavus, A. leucocheilus, A. bariene, A.
mata, A. blochii, and A. xanthopterus, with high support for many
relationships within this group.

The constrained ML topology we recovered placed Acanthurus
nubilus as sister taxon to the Ctenochaetus clade with an extremely
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short internode between them (Fig. S3). The AU test ranked the
unconstrained tree (p = 0.72) higher than the constrained Cteno-
chaetus tree, but we could not reject the hypothesis of a monophy-
letic Ctenochaetus (p=0.28). We did, however, reject a
monophyletic Ctenochaetus (pp < 0.001) using the Bayesian poster-
ior probability estimated from the log likelihood values.

3.2. Divergence time estimation

Our timetree analysis (Fig. 3) recovered a similar topology to
those from the ML and Bayesian analyses (Fig. 2), differing only
in species-level relationships with low support within the Naso
and the Acanthurus + Ctenochaetus clades. Naso lopezi was identi-
fied as the sister taxon to the clade containing the remaining Naso
diversity, and several other major groups were inferred that were
recovered in the other phylogenetic analyses, including: N. unicor-
nis + (N. elegans + N. lituratus); N. caeruleacauda, N. minor, and N.
thynnoides; N. maculatus + N. reticulatus; N. vlamingii, N. brevirostris,
N. caesius + N. hexacanthus; and N. tonganus + N. tuberosus; and N.
brachycentron + N. annulatus.

The BEAST tree recovers Acanthurus triostegus as the sister taxon
to the remaining Acanthurus + Ctenochaetus (instead of A. thomp-
soni in the ML and Bayesian trees); A. thompsoni is instead nested
in one of the major Acanthurus subclades (Fig. 3). Many similar sis-
ter taxa relationships, compared to the ML and Bayesian analyses,
are recovered by the BEAST analysis, such as Acanthurus nigr-
oris + A. nigrofuscus, A. coeruleus + A. guttatus, A. japonicus + A. nigri-
cans, and A. chirurgus + A. tractus. The BEAST tree also supports the
paraphyly of Acanthurus and Ctenochaetus, as well as the placement
of A. lineatus as the sister taxon to the clade containing Ctenocha-
etus and the major subclade of Acanthurus species. Identical rela-
tionships are recovered in the Prionurus and the
Paracanthurus + Zebrasoma clades for all analyses.

The timetree analysis estimates a Late Paleocene-Early Eocene
crown age for the Acanthuridae (54 Ma, 95% highest posterior den-
sity, HPD, 51-62 Ma), with all of the extant generic diversity aris-
ing between 17 and 21 Ma (Fig. 3, Table 2). Naso represents a
relatively recent radiation; Naso lopezi split from the remaining
Naso approximately 17 Ma (12-23 Ma HPD), and the major diver-
sification occurred between ~12 and 2 Ma (Fig. 3, Table 2). The
crown age of the Acanthurinae is much older (42 Ma, 34-51 Ma
HPD). We find that the crown Prionurus originated in the Middle
Miocene (13 Ma, 8-18 Ma HPD), and the crown Paracanthu-
rus + Zebrasoma appeared around the same time as Naso, 17 Ma
(12-23 Ma HPD) (Fig. 3, Table 2).

The Acanthurus + Ctenochaetus clade originated sometime in the
Early Miocene (21 Ma, 16-26 Ma HPD) (Fig. 3, Table 2). Two major
subclades began diversifying contemporaneously around 19 Ma,
one leading to a clade of Acanthurus (A. thompsoni, A. nigrofuscus,
A. nigroris, A. coeruleus, A. guttatus, A. achilles, A. leucosternon, A.
japonicus and A. nigricans), the other leading to a clade of the
remaining Acanthurus + Ctenochaetus. We estimate the age of the
clade containing all Ctenochaetus and A. pyroferus and A. nubilus
to be ~12 Ma (9-15 Ma HPD). Ctenochaetus striatus and Acanthurus
pyroferus split from one another ~10 Ma (7-14 Ma HPD), and C.
tominiensis and A. nubilus split ~7 Ma (5-10 Ma HPD). The remain-
ing Ctenochaetus began radiating about 3 Ma (2-4 Ma HPD).

3.3. Ancestral state reconstruction of stomach morphology

Our ancestral reconstruction of the gizzard-like stomach mor-
phology shows that it has evolved once in the Acanthurus + Cteno-
chaetus clade (Fig. S4). It appears that the trait evolved
approximately 19 Ma in the stem lineage leading to a derived clade
that includes all Ctenochaetus + A. nubilus + A. pyroferus and a clade
containing A. monroviae, A. tractus, A. chirurgus, A. tennentii, A. oliva-

ceus, A. nigricauda, A. auranticavus, A. leucocheilus, A. bariene, A.
dussumieri, A. mata, A. blochii, and A. xanthopterus. At least one
reversal from the gizzard-like stomach to the thin-walled stomach
occurred within this clade in Acanthurus nubilus.

4. Discussion
4.1. Acanthurid relationships

Our analysis represents the most comprehensive species-level
molecular phylogeny for the family Acanthuridae to date in both
taxonomic sampling and number of loci. Our results using maxi-
mum likelihood and Bayesian methods are highly congruent with
previously published studies based on morphological (Winterbot-
tom, 1993; Guiasu and Winterbottom, 1993; Tyler et al., 1989)
and molecular characters (Holcroft and Wiley, 2008; Klanten
et al., 2004; Tang et al., 1999). Our tree topologies support the divi-
sion of extant acanthurids into two subfamilies, Nasinae and Acan-
thurinae, as well as the relationships among the major acanthurid
subclades (Winterbottom, 1993; Guiasu and Winterbottom, 1993;
Holcroft and Wiley, 2008; Clements et al., 2003; Klanten et al.,
2004; Tang et al., 1999; Tyler et al., 1989). We recovered a sister
group relationship between Nasinae and all remaining acanthur-
ids; Prionurus sister to all other acanthurins; and Zebrasoma + Par-
acanthurus sister to a strongly supported Acanthurus + Ctenochaetus
clade (100 bsp, 1.0 pp). Our species tree is an exception, having
recovered Paracanthurus + Zebrasoma sister to Prionurus. Because
all other tree topologies based on both molecular and morpholog-
ical evidence do not support this relationship, we consider the phy-
logenetic hypothesis of Prionurus sister to all remaining
acanthurins to be the correct one.

We recovered paraphyly of Acanthurus, a result that had been
predicted in generic-level studies that had failed to detect morpho-
logical synapomorphies for this genus (e.g., Winterbottom, 1993;
Guiasu and Winterbottom, 1993). With increased sampling of both
Acanthurus and Ctenochaetus compared to previous molecular
studies, our analysis strongly supports Ctenochaetus paraphyly
with respect to Acanthurus, a result already inferred by Clements
et al. (2003) and Klanten et al. (2004). The ML tree of Clements
et al. (2003) suggests that Acanthurus pyroferus, A. mata, A. xanth-
opterus, A. triostegus, A. nigricans, and A. nigroris all fall within Cte-
nochaetus. In contrast, we recover highly supported Ctenochaetus
paraphyly (>99 bsp, 1.0 pp) with respect to only Acanthurus pyro-
ferus and A. nubilus. We recover a close relationship between
Acanthurus pyroferus and Ctenochaetus, as suggested by the ML
analysis of Clements et al. (2003); however, A. pyroferus and C. stri-
atus are sister taxa in all but our full ML analysis and the species
tree. Support for Ctenochaetus striatus sister to the remaining Cte-
nochaetus (+ Acanthurus nubilus in the full dataset) was very low
in the full ML tree (31 bsp), and A. nubilus + C. striatus was recov-
ered with low support (0.8 pp) in the species tree.

The inclusion of Acanthurus nubilus in a clade with all Ctenocha-
etus (minus C. striatus) is highly supported (88 bsp, 1.0 pp),
although the relationship of Acanthurus nubilus varies within the
clade. The AU test results did not allow us to reject the hypothesis
of a monophyletic Ctenochaetus. Considering the short internode
separating Acanthurus nubilus and Ctenochaetus in the constrained
tree topology, however, it is not surprising that the difference be-
tween the constrained and unconstrained tree likelihoods was
not large enough to reject the constrained topology. All other evi-
dence points to paraphyly of Ctenochaetus. In addition to rejecting
a monophyletic Ctenochaetus based on the Bayesian posterior prob-
ability values calculated by the program Consel, we recovered
Acanthurus nubilus within Ctenochaetus in all tree topologies
including the individual gene analyses and the species tree analy-
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sis, which suggests that this placement is not an artifact of individ-
ual gene histories. The placement of Acanthurus nubilus is not likely
an artifact due to misidentification or contamination in published
sequences either. Acanthurus nubilus is represented in our data ma-
trix by three loci (cox1, Cytb, ETS2), but these data have been pro-
duced by two independent studies (Klanten et al., 2004; Hubert
et al,, 2010). Consistent placement of Acanthurus nubilus within
Ctenochaetus in all individual gene tree analyses suggests that this
reflects the true topology.

Guiasu and Winterbottom (1993) identified 14 osteological syn-
apomorphies for the clade formed by the Ctenochaetus species in
their study (C. binotatus, C. striatus, C. strigosus), with all but one
of these characters found in the suspensorium and jaws, in the
hyoid arch or in the branchial arches. Unfortunately neither
Acanthurus nubilus nor A. pyroferus were included in their analysis,
so at the moment it is unknown how many of the 14 traits are
found in these two Acanthurus species. We think it is worth point-
ing out that Acanthurus nubilus (VI or VII dorsal spines), A. pyroferus
(VIIL), A. chronixis (VIII), and A. tristis (VIII) (e.g. Randall, 2001) are
exceptions among most Acanthurus species, which possess nine
dorsal spines. Ctenochaetus species consistently have eight dorsal
spines (Randall and Clements, 2001), so the species in the Acanthu-
rus nubilus + A. pyroferus + Ctenochaetus clade we recover are all
distinguished from other Acanthurus by having eight or fewer dor-
sal spines. Acanthurus chronixis and A. tristis were not included in
our study so their phylogenetic position could not be determined;
however, morphological evidence has suggested a close relation-
ship between A. pyroferus and A. chronixis (Randall, 1960) and A.
pyroferus and A. tristis (Randall, 1993). Acanthurus chronixis has
been described by a single specimen, so additional evidence of this
relationship is limited, but it is important to note that A. chronixis
also has the thick-walled, gizzard-like stomach. Additional lines of
evidence beyond morphology link Acanthurus pyroferus and A. tris-
tis: mimicry of angelfishes by Acanthurus pyroferus has been well-
documented (e.g. see Randall, 2005) and juvenile A. tristis mimic
the angelfish Centropyge eibli in the Indian Ocean; and hybridiza-
tion between A. pyroferus and A. tristis has been described (Randall,
2001). A close relationship between the three Acanthurus species
suggests that A. chronixis and A. tristis may also fall within the
Acanthurus nubilus + A. pyroferus + Ctenochaetus clade we recov-
ered, but further study is needed to confirm this hypothesis.

4.2. Timing of acanthurid evolution

Our relaxed molecular clock analysis reveals Late Paleocene/
Early Eocene origin for the acanthurids, which possess a rich fossil
record dating back to the Middle Eocene (~50 Ma). The split be-
tween Nasinae and Acanthurinae dates to ~56 Ma, right at the
Paleocene/Eocene boundary. The two lineages experienced signifi-
cantly different evolutionary paths: the Nasinae underwent a long
time lag of ~40 My before their crown radiation ~17 Ma, while the
Acanthurinae began diversifying during the Middle Eocene
(~42 Ma).

Our estimated age for the origin of the root Nasinae is in close
agreement with Klanten et al.’s (2004) estimate of 52-43 Ma; how-
ever, our timing of diversification within Naso is strongly incongru-
ent. Klanten et al. (2004) estimated a Naso crown age between 46
and 39 Ma, which is much older than our estimate of 17 Ma. Diver-
gence times of Klanten et al. (2004) were inferred using a non-
parametric rate smoothing penalized likelihood approach, and an
extrapolation of molecular evolution rates for selected gene re-
gions. Previous studies have found that penalized likelihood meth-
ods, especially when using datasets with few molecular loci, can
recover considerably different divergence time estimates com-
pared to analyses using a large number of loci (e.g. Mulcahy
et al., 2012). Our study includes more molecular loci (including
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seven nuclear genes) compared to Klanten et al. (2004), and our
divergence time estimates are based on fossil calibration points
that are more reliable than inferring divergence times based on
molecular evolution rates extrapolated from other groups. We also
utilize a Bayesian approach that explicitly incorporates uncertainty
in calibration age and topology, all of which are advantages in
inferring divergence times over penalized likelihood methods
(e.g. Graur and Martin, 2004). Therefore, we feel our results reflect
more closely the correct timing of diversification for extant Naso.

The stem ages of the various acanthurine subclades all date to
the Eocene, and all extant surgeonfish diversity began radiating
since the Early Miocene (~21 Ma for the Acanthurus + Ctenochaetus
clade; ~17 Ma for Zebrasoma + Paracanthurus; ~17 Ma for Naso), or
the Middle Miocene (~13 Ma for Prionurus). These results are con-
gruent with patterns of diversification observed in other clades of
marine organisms (e.g., pufferfishes and allies, Alfaro et al., 2007;
Dornburg et al., 2011; Santini et al., 2013a, 2013b; wrasses, Alfaro
et al., 2009; Cowman and Bellwood, 2011; Kazancioglu et al., 2009;
butterflyfishes and cardinalfishes, Cowman and Bellwood, 2011;
damselfishes, Cowman and Bellwood, 2011; Frédérich et al.,
2013; several clades of gastropods, Williams and Duda, 2008),
and may be linked to two main phenomena. First, geological
events, such as the final closure of the Tethys Sea and the establish-
ment of the circum-Antarctic currents, led to progressive regional-
ization of the marine biota (Hallam, 1994) that likely contributed
to the fragmentation of previously more widespread taxa and an
increase in cladogenesis. Second, the Miocene radiation of several
major scleractinian coral lineages, such as the Acropora staghorn
corals (Wood, 1999), contributed to an expansion of reefs that
likely spurred diversification in at least some of the associated fish
fauna.

Surgeonfishes possess one of the best studied fossil records
among percomorph fishes, with at least 14 extinct genera and 16
species known from the Monte Bolca fossil site (Blot and Tyler,
1990; Sorbini and Tyler, 1998a, 1998b; Tyler, 1999, 2005a,
2005b; Tyler and Bannikov, 2000) and additional fossil taxa known
from Oligocene and Miocene deposits (Tyler 1997, 2000; Tyler and
Sorbini, 1998; Tyler and Micklich, 2011). Unfortunately, most
acanthurid fossils have not yet been analyzed in a phylogenetic
context (Tyler, 2000, study of Nasinae being the lone exception),
thus preventing us from knowing if most of these taxa could be as-
signed to the crown or stem of this family. The rich fossil record,
however, points to the acanthurids already having reached a signif-
icant diversity by the Middle Eocene, and the fact that several of
the fossils could be assigned to the Nasinae supports a scenario
of high turnover along this lineage, which could be inferred by
its long stem.

4.3. Stomach morphology evolution

We reject the Clements et al. (2003) hypothesis that thick-
walled, gizzard-like stomachs evolved independently in Acanthurus
pyroferus and A. xanthopterus based on our phylogenetic analyses
and ancestral state reconstruction. Our tree topologies recover a
strongly supported Acanthurus subclade within the Acanthu-
rus + Ctenochaetus clade which includes all 13 of the 19 Acanthurus
species with this derived stomach morphology that are included in
our study, as well as all Ctenochaetus. It is clear from our ancestral
state reconstruction that the gizzard-like stomach evolved once in
an early ancestor of this Acanthurus + Ctenochaetus subclade, allud-
ing that the gizzard-like stomach has a common origin for both
Acanthurus and Ctenochaetus.

The ancestral state reconstruction also suggests that a reversal
from the gizzard-like stomach to thin-walled stomachs occurred
at least once in Acanthurus nubilus. Acanthurus nubilus is a planktiv-
orous species and this shift in diet may explain the loss of the
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gizzard-like stomach that is used for mechanical trituration of
detrital material in the other species of this subclade (e.g. Choat
et al., 2004). The subclade we recover also includes Acanthurus leu-
cocheilus, which was not considered in the morphological studies
so we are unable to assess whether this species also reverted to
the thin-walled stomach morphology or if it has the thick-walled,
gizzard-like morphology. We recommend further research to as-
sess whether Acanthurus leucocheilus and all other unexamined
Acanthurus have gizzard-like stomachs.

4.4. Reclassification of Ctenochaetus

In all previously published morphological studies (Winterbot-
tom, 1993; Guiasu and Winterbottom, 1993), the monophyly of
the acanthurid genera (with the exception of Acanthurus and Pri-
onurus) was supported, in some cases with multiple synapomor-
phies. The monophyly of Ctenochaetus, for example, is supported
by 14 synapomorphies (Guiasu and Winterbottom, 1993). While
our molecular topologies infer strong support for the monophyly
of Prionurus, our results show a reciprocal paraphyly of Acanthurus
and Ctenochaetus. Our result of a non-monophyletic Acanthurus
had already been predicted by both morphological (Guiasu and
Winterbottom, 1993) and molecular studies (Clements et al.,
2003; Klanten et al., 2004); while the non-monophyly of Ctenocha-
etus had so far been supported only by DNA sequence data. Guiasu
and Winterbottom, (1993) identified 14 osteological synapomor-
phiees for Ctenochaetus; several species from this genus, however,
were not included in that morphological study, nor were Acanthu-
rus nubilus or A. pyroferus, the two Acanthurus species that strongly
grouped with Ctenochaetus in our study. It is possible that upon
further examination some Acanthurus species (e.g. A. nubilus and
A. pyroferus) will also share some/all of these synapomorphic traits.

In order to consider the information contained in our new phy-
logenetic hypothesis, and to allow the taxonomic nomenclature to
reflect the evolutionary (i.e., phylogenetic) relationships, we rec-
ommend synonymizing the genus Ctenochaetus with Acanthurus,
and suggest moving Ctenochaetus binotatus, C. cyanocheilus, C. flavic-
auda, C. hawdiiensis, C. marginatus, C. striatus, C. strigosus, C. tomini-
ensis, and C. truncatus to the genus Acanthurus. An alternative would
be to maintain the generic name of Ctenochaetus and change the
generic status of Acanthurus nubilus and A. pyroferus; this would in-
volve breaking the genus Acanthurus into several new genera. How-
ever, the relationships among some Acanthurus species in our study
appear to be poorly supported, thus preventing us from knowing
how many clades form the Acanthurus + Ctenochaetus group. Fur-
thermore, 13 species of Acanthurus are missing from our sampling,
and we would not know to which new genus they should be as-
signed. For these reasons we consider synonymizing Ctenochaetus
with Acanthurus to be the most logical course of action.

4.5. Conclusions

Our findings reveal that the extant surgeonfish body plan ap-
peared in the Late Paleocene/Early Eocene, and underwent a dra-
matic radiation by the Middle Eocene (50Ma). Our timetree
shows that most extant acanthurid diversification occurred
throughout the Miocene contemporaneously with the radiation of
scleractinian coral reef lineages. Our new phylogeny rejects the pre-
vious hypothesis that the evolution of a thick-walled, gizzard-like
stomach evolved multiple times in Acanthurus; rather we recover
a strongly supported subclade including all species in our study
with this stomach morphology, and our ancestral state reconstruc-
tion supports common ancestry of the gizzard-like stomach for the
Acanthurus and Ctenochaetus species. Finally, we find strong evi-
dence of the paraphyly of Acanthurus and Ctenochaetus, and suggest
revision to the acanthurid taxonomy by eliminating the genus
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Ctenochaetus, which we show to be a derived lineage within
Acanthurus.
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APPENDIX 1

Table A1-S1: Stomach morphology coding for maximum Taxon name

likelihood ancestral state reconstruction. Ctenochaetus Acanthurus achilles

Acanthurus auranticavus

species and nineteen Acanthurus species have the thick- Acanthurus tractus
Acanthurus bariene

walled, gizzard-like stomach morphology (Jones, 1968;

Acanthurus blochii

Randall, 1956; Randall and Clements, 2001; Hiatt and Acanthurus chirurgus
Acanthurus coeruleus

Strasburg, 1960). Thirteen of the nineteen Acanthurus Acanthurus dussumieri
Acanthurus guttatus
are included in this study. Acanthurus japonicus
Acanthurus leucocheilus
Acanthurus leucosternon
Acanthurus lineatus
Acanthurus mata
Acanthurus monroviae
Acanthurus nigricans
Acanthurus nigricauda
Acanthurus nigrofuscus
Acanthurus nigroris
Acanthurus nubilus
Acanthurus olivaceus
Acanthurus pyroferus
Acanthurus tennentii
Acanthurus thompsoni
Acanthurus triostegus
Acanthurus xanthopterus
Ctenochaetus binotatus
Ctenochaetus flavicauda
Ctenochaetus striatus
Ctenochaetus strigosus
Ctenochaetus tominiensis

Ctenochaetus truncatus

13

Morphology
thin-walled
gizzard-like
gizzard-like
gizzard-like
gizzard-like
gizzard-like
thin-walled
gizzard-like
thin-walled

NA

NA
thin-walled
thin-walled
gizzard-like
gizzard-like

NA
gizzard-like
thin-walled
thin-walled
thin-walled
gizzard-like
gizzard-like
gizzard-like
thin-walled
thin-walled
gizzard-like
gizzard-like
gizzard-like
gizzard-like
gizzard-like
gizzard-like

gizzard-like



Figure A1-S1: Bayesian tree based on the analysis of the concatenated reduced dataset. The

posterior probability (pp) values are provided preceding the nodes. Only pp > 0.80 are shown.
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Figure A1-S2: Species tree inferred using a reduced concatenated dataset and *BEAST. Only pp

> 0.80 are shown.
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Figure A1-S3: Maximum likelihood tree topology with Ctenochaetus monophyly enforced. An

extremely short internode separates Acanthurus nubilus from the Ctenochaetus clade.
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Figure A1-S4: Maximum likelihood ancestral state reconstruction of stomach morphology in
Acanthurus and Ctenochaetus. At least two reversals from the gizzard-like stomach to the thin-

walled stomach morphology occurred in Acanthurus lineatus and A. nubilus.
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Introduction ular studies have produced conflicting hypotheses of relationships
among these lineages [4,5,7,14]. Morphological analyses alterna-
tively place the osteoglossomorphs [6] or the elopomorphs [7-10]
as the sister group to all other teleosts and the remaining lineages
sister to the ostarioclupeomorph/euteleost clade. Some molecular

The ray-finned fishes (Actinopterygii) constitute the dominant
radiation of vertebrates on the planet including more than 32,000
species and equaling or exceeding richness estimates for the
combined total of birds, mammals, and reptiles. Despite a long
history of systematic study, resolution of phylogenetic relationships
within this vast radiation remains an area of active research.

analyses place elopomorphs and osteoglossomorphs as the sister
group to remaining teleosts [11,12] while others recover a basal
divergence between osteoglossomorphs and other teleosts [5,13].

Recently, Near et al. [14] used wide-spread taxonomic sampling,
in conjunction with sequence collected from nine commonly used

Studies based upon traditional morphological and single-gene,
PCR-based molecular approaches have succeeded in delineating
several major lineages of ray-finned fishes, but conflict over how
these lineages are related to one another remains. For example,
the earliest morphological studies of ray-finned fishes unite gar
(Lepisosteus) with the bowfin (4mia) in the clade Holostei [1] though
this clade is not recovered in some later analyses [2,3]. The early
branching of teleost lineages has also been historically contentious.
Systematists agree on the four earliest-diverging lineages: the
osteoglossomorphs (bony-tongues; arawanas, elephant fishes, and
allies), the elopomorphs (tarpons, bonefishes, and eels), the
ostarioclupeomorphs (anchovies and herrings, minnows, chara-
cins, catfishes, and electric eels), and the euteleosts (salmons, pikes,
lizardfishes, and perch-like fishes). However, there is disagreement
over both the relationships among these groups and the basal
divergences within euteleosts. Recent morphological and molec-

nuclear genes, to provide a more comprehensive phylogenetic
hypothesis of relationships among fishes. Their results supported
the monophyly of the Holostei, suggesting that the elopomorphs
formed the earliest diverging teleost lineage [14], and provided a
new timescale for the divergence of ray-finned fishes. Although
promising, these new insights into the radiation of actinopter-
yigians relied upon a relatively modest number of genomic
markers, and the stability and timing of these relationships
encoded throughout the genomes of the target groups remain
largely untested. One exception to this statement includes a recent
study by Zou et al. [15] that used transcriptome sequences to
examine basal divergences within euteleosts. However, the Zou et
al. [15] study did not include several anciently diverging lineages
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(e.g. Amia, osteoglossomorphs) informing questions about the early
evolution of major groups of ray-finned fishes.

Phylogenomics and next-generation sequencing technologies
offer enormous promise for resolving relationships within
actinopterygians and other major sections of the Tree of Life.
However, revolutions within genomics and informatics have had a
surprisingly modest effect on data collection practices within the
phylogenetics community: most studies of non-model organisms
continue to rely upon direct sequencing of a moderate number of
loci, and workflows that do take advantage of massively parallel
sequencing platforms remain bottlenecked by cross-species ampli-
fication of phylogenetically informative loci. Several alternatives to
traditional phylogenetic workflows exist that help to overcome the
inefficiencies of gene-based sequencing. One class of these
methods is exemplified by the recent work of Zou et al. [15],
who used a combination of de novo transcriptome sequencing,
existing transcript data, and computational methods to identify
274 orthologous groups from which they inferred the phylogeny of
the Actinopterygii. The benefits of their approach include the use
of existing, transcript-related data sets (ESTs in GenBank);
reasonably well-established data generation methods; and the
collection of data from hundreds of loci across the genomes of the
focal taxa. Limitations of this approach include reliance on
sampling fresh or properly preserved tissues (generally precluding
the use of thousands of existing museum samples), dependence of
the approach on expression patterns of the tissue sampled, and
collection of data from fewer genomic locations than alternative
methodologies.

A second class of phylogenomic methods involves sequence
capture of nuclear regions flanking and including ultraconserved
clements (UCEs) [16]. Rather than sequencing expressed portions
of the genome, the UCE-based approach involves enriching
organismal DNA libraries for hundreds to thousands of UCEs and
their flanking regions; sequencing these libraries using massively
parallel sequencing; and assembling, aligning, and analyzing the
resulting data using informatic tools. This approach has been
successfully used in mammals [17], birds [16,18], and reptiles [19]
to generate phylogenomic data sets that contain at least one order
of magnitude more characters than those generated using PCR
and to resolve historically contentious sections of the Tree of Life
[17,19]. The UCE approach differs from transcript-based
phylogenomic studies [15] because data collection is independent
of expression pattern, researchers can prepare and enrich libraries
from existing tissue collections, and UCE loci may be better
conserved and more numerous across distantly related taxa [17].

Here, we apply the UCE approach to ray-finned fishes by
developing a novel set of sequence capture probes targeting almost
500 UCE regions in ray-finned fishes. We use the UCE data to
provide the first phylogenomic perspective based upon widespread
sampling of hundreds of markers across the genome on long-
standing controversies regarding relationships at the base of the
ray-finned fish Tree of Life. These include whether Lepisosteus and
Amia form a monophyletic group (the Holostei [1,20]) and how the
major lineages of teleosts, which constitute >99% of ray-finned
fishes, are related to one another [4,5,7-10,21,22]. Our results
reveal that sequence capture of UCE regions can efficiently and
economically generate massive data sets with strong resolving
power at both deep and shallow phylogenetic scales within fishes.

Results and Discussion

Probe design, UCE enrichment, and sequencing
We located 500 UCEs shared among all actinopterygian fishes.
The total number of UCEs we found in actinopterygians is smaller
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than in birds [16] and in mammals [17] which likely reflects both
the greater phylogenetic depth spanned by fishes and the paucity
of genome-enabled taxa allowing comparisons across this clade.
We designed a set of 2,000 capture probes targeting each of these
loci (4x tiling). Following enrichment and sequencing, we
obtained an average of 2,819,047 reads per species, which we
assembled into an average of 665 contigs having an average length
of 457 bp (Table 1). After removing contigs that matched no
UCEs and UCE loci that matched multiple contigs, we enriched
an average of 332 unique contigs matching UCE loci from each
species. Average sequencing depth across unique UCE loci was
498X. An average of 55% of assembled contigs (95% CI+0.10;
min=0.15; max = 0.88) were on-target while an average of 32% of
reads were on-target (95% CI#£0.08; min=0.07; max=0.62).
The variance in the proportion of reads and contigs on-target
suggests that input DNA quality, insert length of DNA libraries,
and taxonomic distance between the taxon used to design probes
and taxa from which we enriched UCEs may play a role in
enrichment efficiency. However, the lowest enrichment efficiencies
we observed resulted from our removal of duplicated ultracon-
served elements that may result from lineage-specific duplication
events (e.g., Salvelinus fontinalis [23] prior to computing the
proportion of reads and contigs on-target.

We integrated extant genomic data from several fish species to
this group of unique UCE contigs, and we constructed 491
alignments (Xjengrn = 305 bp, 95% CI+16.0) comprising 149,366
characters. After trimming alignment edges and removing taxa
with excessively trimmed data, each alignment contained an
average of 21 target taxa (95% CI#£0.4; min=3 taxa; max=27
taxa). We removed two loci from further consideration because we
were unable to estimate site-rate substitution models for these loci
due to their short lengths. The resulting incomplete data matrix
contained 489 loci (149,246 characters; Xingm =305 bp, 95%
CI+16.0). We used this incomplete data matrix for subsequent
analyses with RAXML and MrBayes. After removing loci having
missing data for Polypterus and Acipenser, we input 136 alignments
(41,731 characters; Xjengin =307 bp, 95% CI+£27.7) to CloudFor-
est for model selection and subsequent species tree estimation
using STAR.

A phylogenomic perspective on the basal radiation of
ray-finned fishes

Maximum likelihood analysis produced a single, completely
resolved topology wherein all but two nodes received high (>0.99)
bootstrap proportions and Bayesian posterior probabilities (Fig. 1).
This topology provides new insight into several long-standing
questions concerning the evolution of ray-finned fishes. Our
analysis strongly supports the monophyly of the Holostei
(Amia+Lepisoteus). This clade is historically controversial because
morphological studies alternatively support [1,20] and refute [2,3]
the monophyly of this group, while recent molecular studies
generally recover the relationship [14,24,25]. Additionally, our
analyses do not support prior findings of an “ancient fish clade”
including the Holostei+Acipenseriformes as the sister group to the
teleosts [25,26]. Rather, our results strongly suggest a traditional
relationship in which these lineages form successive sister groups to
the teleosts.

Our phylogenomic data provide strong evidence for the
placement of elopomorphs as the sister group to all other teleosts
and osteoglossomorphs and ostarioclupeomorphs as successive
sister lineages to the euteleosts (Fig. 1). Our maximum likelihood
topology is strongly incongruent with mitogenomic studies [5,13]
but consistent with both a recent analysis of multiple nuclear genes
[14] and some of the earliest morphological analyses of the group
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Figure 1. Maximum likelihood phylogram of ray-finned fish relationships based upon UCE sequences. All nodes except for two
(indicated by arrows) supported by bootstrap proportions and Bayesian posterior probabilities >0.99. Our analysis supports a monophyletic Holostei
and reveals the elopomorphs to be the earliest diverging lineage of teleosts. C1, C2, and C3 indicate clades within acanthomorphs consistent with

other recent molecular studies (see Discussion).
doi:10.1371/journal.pone.0065923.g001

[7-10]. Within euteleosts, our results are congruent with recent
molecular studies [4,14,15] in placing esociforms as the sister to
salmoniforms rather than any neoteleost lineages.

Within acanthomorphs, the largest clade of euteleosts, UCEs
recover several intriguing clades that agree with results from recent
molecular phylogenetic studies. These include the African
cichlids+medaka (Clade C1, Fig. 1), corresponding to an expanded
clade of atherinomorphs suggested by recent studies [15,27,28]; a
clade of gasterosteiforms (stickleback) and scorpaeniforms (7 aenio-
notus) that is congruent with recent molecular and morphological
studies [15,29,30]; and a clade including surgeonfish, frogfishes,
and pufferfishes (acanthuroids, lophiiforms, and tetraodontiforms)
corresponding to acanthomorph clade “N” of Dettai and
Lecointre [14,31]. Based upon previous time-calibrated studies
[14,32] and preliminary divergence time analyses of the UCE data
[33], our results suggest that UCEs provide sufficient
phylogenetic signal to resolve splits within haplochromine cichlids
that may be less than 5 Ma old [32] as well as the most basal
actinopterygian divergences that exceed 400 Ma.

set
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The STAR topology was less resolved than topologies based
upon analyses of the concatenated data set (Fig. S1) but recovered
largely congruent relationships including a monophyletic Holostei
as the sister to other actinopterygians; monophyly of elopomorphs,
osteoglossomorphs, ostarioclupeomorphs, and euteleosts; and a
successive sister group relationship between ostarioclupeomorphs,
Salvelinus+Umbra, and all remaining euteleosts. The species tree
switched the position of the Gadiformes, represented by cod
(Gadus) and Myctophiformes, represented by Diaphus. This position
is not congruent with results from Near et al. [14] but has been
suggested by previous molecular studies [4,24,34]. Relationships
within cichlids are not fully resolved, but we recovered strong
support for a clade consisting of Neolamprologus, Haplochromis, and
Oreochromis that is not congruent with the concatenated topology
(Fig. 1) or with accepted cichlid relationships [35].

Although UCE data would seem to provide a good fit to gene-
tree species tree approaches because of the large number of loci
that the approach generates, there are several challenges that
genomic scale empirical data sets pose to accurate species tree
reconstruction. These include pervasive incomplete taxonomic
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sampling across UCE loci and insufficient resolution of individual
gene trees due to the recovery of relatively short contigs. Further
refinement of the protocols developed here, including modification
of the in vitro transposition reaction to yield longer insert lengths;
replacement of transposase-mediated library preparation with
physical shearing by sonication and T/A ligation; size-selection of
enriched, amplified libraries; deeper sequencing of longer libraries;
paired-end reads; and longer sequence read lengths should
improve gene-tree species tree reconstruction by increasing the
amount of flanking sequence recovered across individual UCEs.
Additional optimization of probe-designs, tiling densities, hybrid-
ization conditions, and hybridization reactions should increase the
proportion of UCE loci recovered across individual taxa.

Conclusions

Sequence capture of regions anchored by UCEs offers a
powerful and efficient means of generating massive genomic data
sets capable of resolving phylogenetic relationships at both deep
and shallow scales in non-model organisms. Our UCE-based
approach offers several advantages over previous studies that
should contribute to the reliability of our topology. These benefits
include efficient sampling of sequence data across individual
genomes and among divergent taxa, collection of data from an
order of magnitude more loci than studies based upon traditionally
used genetic markers and almost twice as many loci as
transcriptome-based genomic studies [15], validity of the UCE
probe set across bony fishes spanning 400 Ma of evolutionary
history, and utility of the UCE enrichment approach with tissues
collected from museum specimens. Additionally, these data
illustrate that biologists can use UCE-based genetic markers to
reconstruct the phylogeny of taxa other than amniotes, supporting
the observation that UCE-based markers are a universal source of
phylogenetically informative characters [16,17].

Availability

Contigs assembled from raw read data are available from NCBI
Genbank (Accession #s: JQ717376-JQ723011). Probe data,
assembled contigs, alignments, and data sets we used for analysis
are available from Dryad (doi: 10.5061/dryad.jO15n). Software
used for the analysis of raw sequence data are available under an
open-source, BSD license from https://github.com/faircloth-lab/
phyluce, https://github.com/faircloth-lab/illumiprocessor, and
https://github.com/ngcrawford/ cloudforest. Protocols for library
preparation and UCE enrichment are available under Creative
Commons license from http://ultraconserved.org.

Materials and Methods

Ethics statement

All tissues used in this study were either received as loans from
the Field Museum, Virginia Institute of Marine Science, or Scripps
Institution of Oceanography or collected under Institutional
Animal Care and Use Committee (IACUC) protocols #17611
(University of California, Los Angeles), #12790 (University of
California, Davis), or #16956 (University of California, Davis).

Identification of UCE regions

To identify ultraconserved elements (UCEs) in fishes, we used
genome-to-genome alignments of stickleback (Gasterosteus aculeatus)
to medaka (Oryzuas latipes) to locate nuclear DNA regions of 100%
conservation greater than 80 bp in length. To enable efficient
capture-probe design, we buffered these regions to 180 bp (where
needed) by including equal amounts of medaka sequence 5’ and 3’
to each UCE. We aligned or re-aligned these buffered regions to
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the genome-enabled fishes (zebrafish, Danio rero, stickleback,
medaka, and two species of puffers, Tetraodon nigroviridis and
Takifugu rubripes) using LASTZ [36], keeping only non-duplicate
matches of >120 bp and >80% sequence identity across all
species in the set. Based on the intersection of UCE loci across all
fishes that were greater than 10 Kbp apart, we designed a pilot set
of 120 bp sequence capture probes for each of the UCEs present
among all members of the set by tiling probes at 4 x density. We
had these probes commercially synthesized into a custom
SureSelect target enrichment kit (Agilent, Inc.). We used a higher
than normal [37] tiling density to help ameliorate potential
sequence differences among species introduced by buffering
shorter UCEs to 180 bp.

Library preparation, UCE enrichment, sequencing, and
assembly

Tissues used in this study were received as loans with permission
from the Field Museum, Virginia Institute of Marine Science, or
Scripps Institution of Oceanography or collected under IACUC
protocols #17611, #12790, and #16956.

We extracted DNA from tissues using phenol-chloroform
techniques or DNEasy kits (Qiagen Inc.), treated extracts with
RNase, and followed RNase treatment with column-based cleanup
(Qiagen Inc.). We prepared DNA libraries from 18 fish species,
including representatives of five acanthomorph orders and two
families of perciforms (Table 1), by slightly modifying the Nextera
(Epicentre Biotechnologies) library preparation protocol for
solution-based target enrichment [16] and increasing the number
of PCR cycles following the tagmentation reaction to 20. The
Nextera library preparation protocol uses in vitro transposition
followed by PCR to shear DNA and attach indexed sequencing
adapters [38] rather than relying on physical shearing followed by
standard T/A ligation. Transposase-mediated library preparation
using the Epicentre Nextera kit produces libraries with insert sizes
averaging 100 bp (95% CI: 45 bp) [38]. Following library
preparation, we substituted a blocking mix of 500 pM (each)
oligos composed of the forward and reverse complements of the
Nextera adapters for the Agilent-provided adapter blocking mix
(Block #3). We incubated species-specific libraries (500 ng) with
synthetic RNA probes from the SureSelect kit for 24 h at 65°C.
We followed the standard SureSelect protocol to enrich DNA
libraries following hybridization; we eluted clean, enriched DNA
in 30 pL of nuclease free water; and we used 15 pl. of enriched
template in a 50 pLL PCR reaction of 20 cycles combining forward,
reverse, and indexing primers with Nextera polymerase to add a
custom set of 24 indexed adapters [39]. We cleaned PCR reactions
using Agencourt AMPure XP. We quantified enriched, indexed
libraries using qPCR (Kapa Biosystems), and we prepared two
library pools containing 10 libraries at equimolar ratios prior to
sequencing.

We sequenced each pool of enriched DNA using two lanes of a
single-end 100 bp Illumina Genome Analyser (GAIIx) run. After
sequencing, we trimmed adapter contamination, low quality bases,
and sequences containing ambiguous base calls using a pipeline we
constructed  (https://github.com/faircloth-lab/illumiprocessor).
We assembled reads, on a species-by-species basis, into contigs
using Velvet [40] and VelvetOptimiser (https://github.com/
Victorian-Bioinformatics-Consortium/ VelvetOptimiser). Follow-
ing assembly, we used a software package (https://github.com/
faircloth-lab/phyluce) containing a custom Python program
(match_contigs_to_probes.py) integrating LASTZ [36] to align
species-specific contigs to the set of probes/UCEs we used for
enrichment while removing reciprocal and non-reciprocal dupli-
cate hits from the data set. During matching, this program creates
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a relational database of matches to UCE loci by taxon. This
program also has the ability to include UCE loci drawn from
existing genome sequences, for the primary purpose of including
available data from genome-enabled taxa as outgroups or to
extend taxonomic sampling. We used this feature to include UCE
loci we identified in the genome sequences of Gasterosteus aculeatus,
Haplochromis burtoni, Neolamprologus brichardi, Oreochromis niloticus,
Omyzias  latipes, Pundamilia nyererer, 7Takifugu rubripes, Tetraodon
nigroviridis, Gadus morhua, and Lepisosteus oculatus. After generating
the relational database of matches to enriched sequences and
genome-enabled taxa, we used additional components of PHY-
LUCE (get_match_counts.py) to query the database and generate
fasta files for the UCE loci we identified across all taxa. Then, we
used a custom Python program (seqcap_align_2.py) to align
contigs with MAFFT [41] and trim contigs representing UCEs, in
parallel, across the selected taxa prior to phylogenetic analysis

[16].

Phylogenetic Analyses

The large number of UCE loci we collected create a vast
potential space for partitioning data that makes a traditional
cvaluation of alternative partitioning strategies computationally
challenging. As a result, we modeled nucleotide substitutions
across the concatenated data set using two approaches. For
Bayesian analysis, we used a custom script (run_mraic.py)
wrapping a modified MrAIC 1.4.4 [42] to find the best-fitting,
finite-sites substitution model for each UCE locus, we grouped loci
having similar substitution models (selected by AICc) into the same
partition, and we assigned the partition specific substitution model
to all loci concatenated within each partition. For maximum
likelihood analyses, we maintained the partitions identified in the
Bayesian analysis and we modeled each partition using the
GTR+CAT approximation. We performed Bayesian analysis of
the concatenated data set using MrBayes 3.1 [43] and two
independent runs (4 chains each) of 5,000,000 iterations each,
sampling trees every 500 iterations, to yield a total of 10,000 trees.
We sampled the last 5,000 trees after checking results for
convergence by visualizing the log of posterior probability within
and between the independent runs for each analysis, ensuring the
average standard deviation of split frequencies was <0.001, and
ensuring the potential scale reduction factor for estimated
parameters was approximately 1.0. We performed maximum
likelihood analysis of the concatenated data in RAxML [44] using
the rapid bootstrapping algorithm and 500 bootstrap replicates.
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APPENDIX 2
Figure A2-S1: Species tree based upon STAR analysis. Topology based upon analysis of all loci
> 50 base pairs that contained both Polypterus and Acipenser (N = 136). Node values indicated
bootstrap proportion based upon 1000 replicates. We collapsed nodes having < 50% bootstrap

support.
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CHAPTER 3:
The influence of shallow and deepwater habitats

on the radiation of modern sharks
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INTRODUCTION

In the marine realm, biodiversity dynamics at the macroevolutionary scale are strongly
influenced by the environment. Differential patterns of evolutionary rates relating to habitat have
been documented by paleobiologists based on evidence from the fossil record, particularly for
invertebrates (e.g. Jablonski 2005; Kiessling & Aberhan 2007; Kiessling et al. 2010). Higher
taxonomic groups occupying shallow, carbonate substrate, or onshore environments have been
shown to enjoy elevated origination rates compared to groups occupying deepwater, siliciclastic,
or offshore habitats (e.g. Kiessling & Aberhan 2007; Kiessling et al. 2010). Among shelf
environments, lineages preferring coral reefs tend to have higher speciation rates than non-reef-
associated groups (Kiessling & Aberhan 2007; Kiessling et al. 2010). Mechanisms proposed to
explain differences in evolutionary rates among habitats include: higher temperature and solar
radiation that may increase mutation rates (e.g. Davies et al. 2004; Allen et al. 2006),
environmental heterogeneity among inshore habitats that can increase speciation by generating
and sustaining genetic variation (e.g. Hoffmann & Hercus 2000; Nevo 2001; Tainaka et al.
2006), competition and predation pressure in high energy environments that can elevate rates of
evolution (e.g. Leighton 1999; Aberhan ef al. 2006), and habitat complexity in coral reefs that
provides ecological opportunity for complex species interactions and niche partitioning (e.g.
Gratwicke & Speight 2005; Lingo & Szedlmayer 2006). Similar patterns of habitat-mediated
diversification have been described in comparative phylogenetic studies of extant marine fishes.
Several studies have linked coral reef colonization with accelerated cladogenesis and phenotypic
evolution (e.g. Alfaro et al. 2007; Bellwood et al. 2010; Cowman & Bellwood 2011; Price et al.

2011; Frédérich et al. 2013; Santini et al. 2013). However, studies of marine habitat-mediated
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diversification have primarily focused on reef environments, and previous work has relied upon
limited sampling of taxonomic and ecological diversity. Nearly all of the study species are
relatively small-bodied omnivores, herbivores, molluscivores, and zooplanktivores (Bellwood &
Wainwright 2002). In particular, we currently have a limited understanding of how cladogenesis
rates differ among major habitat types (e.g. shelf versus deepwater), especially for lineages of

specialized predators.

Extant sharks and rays represent a relatively recent radiation of an ancient vertebrate
lineage, though most details of their macroevolutionary history are poorly understood. The first
recorded neoselachian appeared in the Early Triassic (Cuny 1998) and the fossil record reveals
three periods of exceptional diversification during the Mesozoic: the Upper Triassic (Cuny &
Benton 1999), throughout the Jurassic, and during the Cretaceous (Underwood 2006; Kriwet et
al. 2009; Guinot et al. 2012). Ecological expansion during post-extinction recoveries following
the Permian-Triassic and Triassic-Jurassic extinction events may have played an important role
in fueling neoselachian diversification (e.g. Kriwet ef al. 2009). However, the extent to which

modern shark fauna biodiversity reflects any of these Mesozoic events is currently not known.

Modern sharks are found in nearly all marine habitats, but are conspicuous members of
communities where they play a vital role in maintaining ecosystem health as apex predators (e.g.
Bascompte et al. 2005; Friedlander & DeMartini 2002). Sharks comprise over 500 described
species in eight orders: Carcharhiniformes, Squaliformes, Squatiniformes, Pristiophoriformes,
Orectolobiformes, Heterodontiformes, Lamniformes, and the Hexanchiformes. Diversity patterns
across these shark lineages are highly uneven. Over 75% of extant shark diversity is found within

two lineages, the Carcharhiniformes and the Squaliformes. The Squatiniformes, Lamniformes,
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and Orectolobiformes are moderately species rich in comparison, with ~4%, ~3% and ~12% of
the species diversity, respectively. The Heterodontiformes and the Pristiophoriformes are species

poor, containing ~3% of the total shark species diversity combined.

The causal factors of this uneven species distribution are not known; however, diversity
patterns may, in part, be correlated with habitats. Carcharhiniforms comprise many important
shallow-water species including the Carcharhinidae, which includes the largest radiation of reef-
associated shark species (Froese & Pauly 2012). In contrast, the Squaliformes represent a
deepwater radiation and Lamniformes represent a successful radiation in pelagic ecosystems.
Although habitat has been suggested to underlie radiations of extinct (e.g. Cuny & Benton 1999;
Underwood 2006) and extant sharks (Straube et al. 2010), there have been few quantitative shark
macroevolutionary studies and no rigorous tests to determine the relationship between habitat
and cladogenesis rates. This is due in part to the lack of an adequate phylogenetic framework

for comparative analysis of habitat and diversity.

Here we present the most comprehensive time-calibrated phylogeny to date that includes
268 shark species, representing all orders and 94% of shark families. Our analysis provides a
general timescale for shark evolution and we examine the tempo and mode of evolution using
our timetree. We test the hypothesis that shark lineages occupying shelf habitats have higher
speciation rates compared to those occupying deepwater and pelagic habitats, following a
common pattern of habitat-dependent speciation rates described in other groups. We also test the
hypothesis that reef-associated carcharhinid lineages have elevated speciation rates compared to
non-reef lineages. Finally, we use our timetree to determine whether the origins of major extant

lineages coincide with the timing of recovery periods following mass extinction events as
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suggested by the fossil record. We find that diversification in both shallow and deepwater
habitats has been important to producing shark biodiversity, and that transitions onto coral reefs

have been especially integral to generating carcharhinid biodiversity.

MATERIALS AND METHODS
Phylogeny and divergence time inference

We obtained sequence data for one nuclear (Ragl) and four mitochondrial genes (cox1,
Cytb, 16S, and NADH?2) from GenBank through the Phylota browser 1.4 (Sanderson et al. 2008)
for 268 species, representing all eight orders and 32 shark families (Table A3-S1). Sequences for
Amblyraja radiata, Manta birostris, Chimaera monstrosa, and Hydrolagus colliei were collected
to serve as outgroups, following the example of Vélez-Zuazo & Agnarsson (2011). Sequences
were aligned using MUSCLE (Edgar 2004), and alignments were adjusted by eye in MEGA v.5
(Tamura et al. 2011). The five loci were trimmed at the 5’ and 3’ ends to minimize missing data,
and highly variable /6S gene regions were removed. The final gene alignments contained 651 bp
for cox1, 999 bp for Cytb, 1047 bp for NADH?2, 1259 bp for 16S, and 1476 bp for Ragl, for a

total of 5432 bp.

The nucleotide substitution models for each gene were selected using the Akaike
Information Criterion (AIC) in jModelTest (Posada 2008). The GTR + I + y was the best fitting
model for all genes except Cytb, where the best fitting model was TPM1uf + I + y. However,
there was no significant difference in AIC scores between this model and the GTR + I + v, so the
generalized time-reversible model was also selected for the Cytb locus. We did not include the
proportion of invariant sites because this parameter is already accounted for by the gamma

parameter (Yang 2006). Maximum likelihood (ML) phylogenetic analyses on the gene trees and
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the concatenated dataset, partitioned by locus, were conducted using the GTRGAMMA setting in
RAXML (Stamatakis 2006) using 500 fast bootstrap replicates. Topologies were compared to
assess the degree of congruence. Taxa based on sequences from a single specimen that appeared
in parts of the topology strongly contradictory to previous studies or to traditional taxonomy
were assumed to be the potential result of misidentification or contamination in the original
studies. These sequences were removed from the alignment and were not included in subsequent

analyses.

Divergence time estimation was conducted using BEAST 1.6 (Drummond & Rambaut
2007). The concatenated alignment was partitioned by locus and analyzed using a birth-death
prior for cladogenesis rates and uncorrelated exponential priors, except for the root, for which a
uniform distribution was applied. Fourteen fossils were used to calibrate the timetree (Table A3-
S2). To increase computational tractability, we constrained 33 nodes in the BEAST analysis that
received > 90% bootstrap support in the ML analysis (Table A3-S3). The BEAST analysis was
run for 100 million generations, sampling every 10,000 generations. Chain mixing and
convergence were visually assessed in Tracer 1.5 (Drummond & Rambaut 2007). We removed
20% of trees as burnin, and generated the timetree in TreeAnnotator (Drummond & Rambaut

2007).

Habitat comparative analyses

We used Fishbase (Froese & Pauly 2012) to collect habitat preference data for all
described shark species, and coded each species as shelf, deepwater (> 200 m depth), or pelagic

(Table A3-S4). Using these habitat character states, we compared the fit of three discrete trait
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models using the Geiger 1.99-3 (Harmon et al. 2008) package in R 2.15 (R Core Team 2012).
We assessed fit for models where: (1) all transition rates were equal (ER); (2) forward and
reverse transitions were equal (SYM); and (3) all transition rates were different (ARD) using
corrected Akaike Information Criterion (AICc). We used a AAICc of four units as an indication

of better model fit.

To test whether habitat affects shark speciation rates we ran MuSSE (Maddison ef al.
2007) using maximum likelihood implemented in the DIVERSITREE 0.9-3 (FitzJohn 2012)
package in R 2.15 (R Core Team 2012). DIVERSITREE applies a correction for random
incomplete sampling (FitzJohn 2012), so we incorporated the proportion of missing diversity for
each habitat category, and assumed it to be randomly distributed. We compared the fit of two
models: the first was a habitat-independent speciation model where each habitat type was
constrained to have the same rate (Asheif = Adeep = Aoceanic); the second was a habitat-dependent
speciation model where each habitat type was free to evolve at independent speciation rates (Ashelr
# Adeep 7 hoceanic). Since we were interested in testing the affect of habitat on speciation rates, and
because extinction rate estimates from molecular phylogenies are often unreliable (e.g. Rabosky
2009), we constrained the extinction rates to be equal for each habitat state (psheit = [deep =
Hoceanic). We constrained transition rates among habitat types to be equal (qshelf = qdeep, shelf =
Qoceanic) after preliminary analyses using the fitDiscrete function in Geiger. Although the SYM
model fit slightly better than the ER (AAICc = 2.8) and the ARD (AAICc = 1.1), neither the
SYM or the ARD provided significant improvement in model fit, so we chose to use the simplest
model, ER, for the analysis. To accommodate topological uncertainty, we ran the analysis over

100 randomly selected trees from the post-burnin sample. We averaged the results across all runs
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and model fit was assessed using AIC. We used an AIC score improvement of four units as an
indication of better model fit. If occupying shelf habitats elevates speciation rates, we expected

to estimate higher speciation rates in shelf lineages and accept the habitat-dependent model.

We also tested whether coral reef-association affects carcharhinid speciation rates by
using the same approach described above, including discrete model fitting in Geiger (Harmon et
al. 2008). We divided the shelf habitat into four sub-categories and coded carcharhinid species
as: brackish, shelf (inshore, non-reef), coastal-pelagic (cp), or reef-associated (Table A3-S5).
Habitat preference was scored as shelf (inshore, non-reef) for species with unknown habitat
preference. Two models were compared, a habitat-independent model where speciation rates
were constrained (Abrackish = Ashelf = Acp = Areef), and a second where speciation rates were habitat-
dependent (Abrackish # Ashelf # Acp # Areef). EXtinction rates and transition rates were constrained
based on our results from the discrete model fitting. We were able to reject the ARD model
(AAICc =16.2), and the ER model fit slightly better than the SYM model (but was not
statistically preferred SYM AAICc = 3.6). MuSSE analyses were run over 100 randomly selected
trees from the post-burnin sample; the results were averaged across runs and model fit was
assessed using an AIC score threshold of four units. If reef-association results in elevated
cladogenesis rates, we expected to estimate higher speciation rates in reef-associated lineages
and accept the model where speciation rates are habitat dependent. This test is separate from the
analysis conducted across the entire shark tree; therefore the rate estimates cannot be directly

compared between the two tests.

To date no information is available on whether extant shark species tend to retain their

ancestral lineage habitat type, or if habitat shifts are common among sharks. To examine whether
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major shark groups evolved in different habitats and how frequent habitat shifts have occurred,
we used SIMMAP in Phytools 0.3 (Revell 2012) to stochastically map ancestral habitat
preferences on the timetree. We used the same habitat preference data (shelf, deepwater, or
pelagic) collected for DIVERSITREE analyses (Table A3-S4), assumed an ER model, and ran
the analysis for 1000 simulations. We also reconstructed habitat preference in Carcharhinidae
(minus Galeocerdo) to determine how many times reef-association has evolved in this family,
coding species as brackish, shelf, reef-associated, or coastal-pelagic (Table A3-S5). We
stochastically mapped habitat on the carcharhinid timetree using SIMMAP and 1000 simulations.
We were unable to conclusively reconstruct ancestral states at the internal nodes based on the
SIMMAP analysis, so we used Geiger (Harmon ef al. 2008) to reconstruct ancestral habitats

using a maximum likelihood approach (Schluter ez al. 1997).

RESULTS

Our maximum likelihood topology recovers a strongly supported monophyletic sharks
(96% bootstrap proportion (BSP)), which appears as the sister group to the batoids (Fig. A3-S1).
Within sharks two large clades are identified: the first one includes the traditional squalimorphs
(96% BSP), while the second contains the groups traditionally assigned to the galeomorphs
(albeit with only 36% BSP). Within squalimorphs we recover monophyletic hexanchiforms
(100% BSP) as sister clade to the rest of this group. Pristiophoriforms + squatiniforms (sister
taxa) appear sister to the largest order, the squaliforms. Within galeomorphs we recover
monophyly for all orders: the heterodontiforms (100% BSP), the lamniforms and the

orectolobiforms (both 99% BSP), and the carcharhiniforms (95% BSP).
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The BEAST timetree (Fig. A3-S2) reveals that sharks diverged from batoids in the Lower
Carboniferous (Table 1), ~364 Ma (319-402 Ma 95% highest posterior density (HPD)), and have
a crown age dating to the upper Carboniferious/Lower Permian (300 Ma; 263-338 95% HPD).
We recovered two major clades: the first, comprising Hexanchiformes + Pristiophoriformes +
Squatiniformes + Squaliformes, dates to 238 Ma (201-276 Ma 95% HPD). The four ordinal
lineages within this clade all originated in the early Mesozoic (the hexanchiforms originated 238
Ma, the pristiophoriforms and squatiniforms 200 Ma, and the squaliforms 216 Ma), although the
crown ages for these four clades are much younger and date to the late Jurassic or Cretaceous
(130 Ma, 73 Ma, 155 Ma and 162 Ma for hexanchiforms, pristiophoriforms, squatiniforms and
squaliforms, respectively). All major squaliform clades, which together contain the bulk of the
squalimorph diversity, have stem ages between 119 and 114 Ma, dating to the early Cretaceous,
although most of the diversity originated more recently (25 - 75 Ma) during the late Cretaceous

and the Paleogene.

Galeomorphs originated around 273 Ma (239-310 Ma 95% HPD) with the split between
the heterodontiforms and the remaining galeomorphs (Table 1). In spite of their ancient origin,
crown heterodontiforms are the product of a recent radiation, having originated in the Mid-
Eocene around 47 Ma (20-80 Ma 95% HPD). Within galeomorphs, the orectolobiforms and
carcharhiniforms all show a late Jurassic origin, with crown ages of 166 Ma (126-208 Ma 95%
HPD) for the orectolobiforms, 162 Ma (137-189 Ma 95% HPD) for the lamniforms, and 179 Ma
(165-199 Ma 95% HPD) for the carcharhiniforms. In spite of Paleozoic or Mesozoic origins for

all the major groups, several important crown radiations occurred in the Cenozoic including: the
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above mentioned heterodontiforms; the orectolobids (25 Ma, 13-40 Ma 95% HPD); and the bulk

of the carcharhinid diversity (63 Ma, 50-79 Ma 95% HPD).

The habitat-dependent model fit our data best based on the DIVERSITREE results, but
we could not exclude the habitat-independent model when habitat was coded as shelf, deepwater,
or pelagic (AAIC = 0.511). The shelf habitat speciation rate was lower than for deepwater
environments (Ashelf = 0.048 lineages My~!; Adeep = 0.053 lineages My!). The shelf habitat
speciation rate estimate was slightly higher than that estimated for pelagic environments (Apelagic

= 0.042 lineages My!).

For our carcharhinid analysis we found strong evidence for increased speciation rates
corresponding to transitions to reef habitats (AAIC = 5.76). The speciation rate for reef-
associated lineages was ~1.7x higher (Arer = 0.046 lineages My!) compared to their non-reef
shelf counterparts (Asheir = 0.027 lineages My!). Species inhabiting brackish water had a similar
net diversification rate compared to non-brackish, non-reef-associated shelf lineages (Abrackish =
0.028 lineages My!), whereas coastal-pelagic lineages diversified much slower (A = 0.017

lineages My!).

The ancestral habitat stochastic mapping results indicated that the squalimorph most
common recent ancestor (MRCA) was a deepwater species, while the galeomorph MRCA was a
coastal taxon. Both groups largely retained the habitat type of their last common ancestor, but a
number of transitions between the shelf, deepwater and pelagic realms occurred in each clade
(Fig. 1). Within squalimorphs, deepwater lineages have shifted to coastal habitats in

hexanchiforms, pristiophoriforms, Squatina (with several reversals to deeper habitats), and two
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recent lineages of Squalus. Within squaliforms there have also been two transitions to pelagic
habitats. Within galeomorphs, the ancestral shelf habitat is retained by all heterodontids, by
almost all orectolobids and by most carcharhiniforms. The last galeomorph order, the
lamniforms, includes most of the pelagic sharks, although some lamniforms are found in shelf
habitats and others have transitioned to deepwater. A number of pelagic species are also found
within the carcharhinids, one of the largest shark families, with at least three lineages having
transitioned from shelf habitats to open water environments. Carcharhinidae maximum
likelihood habitat reconstruction revealed that the MRCA to all carcharhinids was either a shelf
(non-reef) or reef-associated species (Fig. 2). It appears that transitions to reefs may have
occurred in multiple carcharhinid lineages: at least once in Rhizoprionodon, once in Negaprion;
and several times within Carcharhinus. 1t is clear that reef-association is highly concentrated
within a large carcharhinid radiation. The MRCA of this radiation diverged and transitioned to
reef habitats ~80 Ma, and this lineage subsequently radiated to a dense reef-associated clade ~45

Ma.

DISCUSSION

A timescale for the radiation of sharks

The maximum likelihood tree topology was largely congruent with other molecular
studies (e.g. Naylor et al. 2005; Vélez-Zuazo & Agnarsson 2011; Li et al. 2012), particularly
concerning the higher level relationships. Sharks split from batoids towards the end of the
Devonian (~364 Ma), and crown sharks appeared at the end of the Carboniferous (~300 Ma).

Both squalimorphs and galeomorphs began diversifying immediately following the end-Permian
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mass extinction suggesting that diversity in these taxa reflects ecological expansion during the
post-Permian extinction recovery phase along with other components of the marine fauna (e.g.

Sepkoski 1982).

All ordinal lineages originated in the Early to Middle Triassic (246 - 216 Ma), a result in
fairly close agreement with the paleobiological study of Cuny & Benton (1999), who describe a
shark radiation in the Upper Triassic. Further shark diversification occurred around the end-
Jurassic (145 Ma) extinctions, a time when the crown of most shark orders originated (Table 1,
Fig. A3-S1). The crown of most orders originated during the Jurassic (e.g., Squatiniformes,
Squaliformes, Orectolobiformes, Lamniformes, Carcharhiniformes), while the crown age of most
families date to the Early Cretaceous (e.g., Hexanchidae, the bulk of Squatinidae, Dalatiidae,
Somniosidae + Oxynotidae, Centrophoridae, Squalidae, Etmopteridae, Triakidae, and
Carcharhinidae), supporting evidence from the fossil record (Underwood 2006; Guinot ef al.
2012). In spite of these old ages, a number of very young radiations can be observed on the
timetree, such as Heterodontiformes (Middle Eocene; 47 Ma) and the Orectolobidae, which date
to the Late Oligocene (25 Ma). While our results suggest a much earlier shark stem age than that
inferred from the fossil record (e.g. Cuny 1998), the timing of appearance and diversification of
the ordinal lineages corroborates the paleontological data currently available, which point to a
Triassic origin followed by a radiation of all major lineages during the Jurassic and Cretaceous

(Maisey et al. 2004; Underwood 2006; Kriwet et al. 2009; Guinot ef al. 2012).

Our results indicate a split between sharks and batoids during the Devonian age (364
Ma), which is congruent with the ~381 Ma of Heinicke et al. (2009). Similar results are obtained

for the origin of the crown sharks, with an end Carboniferous age inferred by our analysis (~300
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Ma), which is younger than the ~350 Ma of Heinicke ef al. (2009). Our results suggest older ages
for lower level clades. For example, our ages support a Cenomanian origin (~ 97 Ma) for the
etmopterids, versus a late Paleocene/Early Eocene (48 - 56 Ma) divergence recovered by Straube
et al. (2010). We believe this discrepancy may be explained by the limited number of non-
etmopterid calibrations used in that study, and also the highly constrained fossil calibration ages,
which may have prevented the authors from estimating more accurate lineage ages. Similarly,
our use of a relaxed molecular clock with a large number of fossil calibrations and sequence
from multiple genes most likely underlies the much older dates we obtained compared with
Corrigan & Beheregaray (2009) who did not use fossils, but assumed a strict molecular clock in

their analysis of sequence from the mitochondrial control region.

Habitat-mediated diversification in sharks

The habitat DIVERSITREE results did not support our hypothesis of elevated speciation
rates in shelf environments. A pattern of high speciation rates in onshore (i.e. shelf) habitats
compared to offshore habitats has been well described based on fossil evidence (e.g. Jablonski
2005; Kiessling et al. 2010); however, we could not accept a model where speciation rates were
habitat-dependent for lineages occupying shelf, deepwater, and pelagic environments. Previous
studies have been primarily based on the rich invertebrate fossil record; taxonomic groups that
tend to be more sedentary and are overall more limited in mobility compared to fishes.
Fundamental differences in the biology and ecology of the different taxonomic groups could
account for the lack of an onshore-offshore biodiversity gradient signal in sharks, which may be

less subject than benthic invertebrates to the mechanisms leading to differential speciation rates
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among broad habitat types. Further research is warranted to determine the specific causal factors

leading to the breakdown of the onshore-offshore pattern in sharks.

We find that diversification of major shark clades followed novel habitat colonization,
and early success in offshore environments (i.e. deepwater) may have contributed to the
breakdown of the biodiversity gradient and habitat-dependent speciation rates. Our results
suggest that habitat was a major axis of divergence in early shark lineages through the lower
Jurassic (300 - 179 Ma). The MRCA to all sharks diverged into two lineages: one deepwater
lineage that led to the Squalimorpha, and a shelf lineage that led to the Galeomorpha. Our
ancestral state reconstruction analysis supports the Klug & Kriwet (2010) hypothesis that
squaliform sharks were prevalent in deepwater habitats through the middle Cretaceous. Most
squaliform diversity, however, did not radiate until after major deepwater anoxic events occurred
~120 and ~93 Ma (e.g. Arthur et al. 1988; Menegatti et al. 1998). Subsequent novel habitat
invasion is evident among the main shark clades, especially within the galeomorphs where major
radiations into all three habitat types (shelf, deepwater, and pelagic) occurred. This included a
lamniform transition to the pelagic realm ~ 140 Ma; most extant pelagic sharks, therefore, are of
an ancient lineage. This is in contrast to the timing of diversification of other large-bodied
pelagic fishes, such as tunas and billfishes, which radiated much later in the Miocene (Santini et
al. 2013a; Santini & Sorenson 2013). Another galeomorph novel habitat transition included a
scyliorhinid invasion of deepwater that originated approximately 136 Ma (105-147 HPD), with
most clade radiations occurring between 98 - 43 Ma. The timing of carcharhinid deepwater

radiations suggest that this novel deepwater invasion may have been opportunistic during
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recovery from the oceanic anoxic event 2 (OAE 2; ~93 Ma) that greatly affected deepwater

species diversity (e.g. Arthur et al. 1988).

Following invasion of deepwaters, speciation may have been spurred by subsequent
ecological partitioning and morphological or behavioral evolution. Depth zonation occurs in
marine habitats, with recurring boundaries on continental slopes (e.g. Rex 1977; Stefanescu et al.
1993; Cartes & Carrasson 2004) that partition deep-sea faunal assemblages. Deep sea sharks
have been shown to partition habitats by depth (Stefanescu et al. 1993; Cartes & Carrasson
2004), which may be driven by interspecific competition (Rex 1977; Gage & Tyler 1991).
Previous studies have compared zonation rates among various trophic levels and suggest that
higher zonation rates (habitat partitioning by depth) occur in predators (Rex 1977; Gage & Tyler
1991; Cartes & Carrasson 2004). Strict depth partitioning among top predators could provide
ecological opportunity for speciation to occur, thus providing a mechanism to explain our pattern
of similar speciation rates in shelf and deepwater habitats in sharks, but not in lower trophic level
invertebrate fossil groups. Successful radiations in deepwater habitats may have been driven by
morphological novelty as well. For example, within the Squaliformes, the etmopterids (as well as
dalatiids) evolved photophores and bioluminescence in response to the deep sea environment
(Klug & Kriwet 2010; Straube et al. 2010). Variation in the patterns and location of etmopterid
photophores suggest that bioluminescence functions as camouflage (Claes & Mallefet 2008) or
intraspecific communication that subsequently drove speciation in several lineages (e.g. Reif

1985; Claes & Mallefet 2009; Straube et al. 2010; Davis et al. 2014).

The role of coral reefs in carcharhinid diversification
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Carcharhinid shark diversification is strongly influenced by coral reefs, supporting our
hypothesis that reef-associated shark lineages experience increased rates of cladogenesis
compared to other shelf habitats. Based on our DIVERSITREE analyses, the carcharhinids
initially appear to have undergone a slow-down in speciation (all onshore, non-reef habitats
estimated at < 0.027 lineages My-!). Transitions onto reefs, however, elevated the cladogenesis
rate to 0.046 lineages My-!, a rate similar to the shelf rate (0.048 lineages My-!) we estimated
across the entire shark tree using the broad habitat categories (deepwater, shelf, pelagic). Our
finding of reef-association accelerating lineage diversification rates is congruent with previous
studies concerning other taxonomic groups based on the fossil record (Kiessling & Aberhan
2007; Renema et al. 2008; Kiessling et al. 2010) and molecular trees (e.g. Alfaro et al. 2007;
Bellwood et al. 2010; Dornburg et al. 2011; Price et al. 2011; Frédérich et al. 2013; Santini et al.
2013), demonstrating that reefs have a profound effect on species richness across a wide variety
of trophic levels and ecological niches. Despite their vagility, carcharhinid sharks may be
affected by many of the same factors that affect diversification in other reef- associated groups,
including high productivity, resource diversity (Fraser & Currie 1996), and habitat complexity
(e.g. Gratwicke & Speight 2005) that provide opportunities for complex species interactions and
niche partitioning. These in turn may lead to ecomorphological specialization and diversification
opportunities (Bellwood & Wainwright 2002). Like many reef invertebrates and small teleost
fishes (Roberts et al. 2002), at least some reef-associated shark species have restricted range
sizes (e.g. Papastamatiou et al. 2009; Papastamatiou ef al. 2010; Bond ef al. 2012). This high

site-fidelity may have lowered dispersal potential in these largely motile fishes, allowing a
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greater effect of extrinsic factors such as continental drift, sea level changes, or climatic shifts on

their evolution.

Scleractinian reef diversification occurred in the Late Eocene and early Miocene (Wood
1999; Budd 2000) and it appears that this radiation has been paralleled in many associated
organismal groups (e.g. LaJeunesse 2005; Renema et al. 2008; Cowman & Bellwood 2011;
Williams & Duda 2008; Cowman et al. 2009; Bellwood et al. 2010; Claremont et al. 2011),
suggesting that reefs may have played a major role in driving reef-associated clade
diversification as scleractinian corals came to dominate shallow marine environments. Fish
faunas resembling modern assemblages were present on reefs at least 50 Ma (Bellwood 1996).
Reef-associated carcharhinid diversification primarily began ~45 Ma; contemporaneous with the
origination of many other reef fish groups (e.g. tetraodontiforms: Alfaro et al. 2007, Santini et al.
2013; pomacentrids: Frédérich et al. 2013, Cowman & Bellwood 2011; labrids, chaetodontids,
apogonids: Cowman & Bellwood 2011; acanthurids: Sorenson et al. 2013). The timing in reef-
association suggests that carcharhinids may have evolved reef preference in response to food
availability in the new habitats; however, at the present time it is not clear what may have

facilitated carcharhinid diversification.

Our maximum likelihood ancestral state reconstruction suggested multiple independent
invasions of reef ecosystems by carcharhinid sharks during the past 80 million years. The vast
majority of these habitat shifts occurred within Carcharhinidae between the Early Eocene
(~55-50 Ma) and the Late Oligocene (30-24 Ma). This was a period when scleractinian reefs
became abundant in tropical, shallow water environments, which had been largely dominated by

rudist bivalve reefs towards the latter part of the Cretaceous before their extinction at the K-Pg
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limit (Wood 1999; Bellwood & Wainwright 2002). Coral reefs underwent a decline at the end of
the Eocene, and rapid carcharhinid diversification coincided with subsequent massive reef

recovery in the Oligocene.

CONCLUSIONS

Our study, based on the largest shark molecular timetree ever assembled, suggests that
habitat association and survival to mass extinctions have played an important role in driving
shark evolutionary patterns. We reject the hypothesis that lineages occupying shelf habitats
speciate at higher rates compared to offshore lineages (e.g. pelagic and deepwater environments),
and therefore our data do not support the longstanding onshore-offshore biodiversity pattern
described in lineages strongly associated to the benthos. We do however find evidence that
scleractinian reefs, which have long been thought to be important sources of biodiversity, have
contributed significantly to carcharhiniform species richness. This finding indicates that habitat
transitions onto reefs influence species diversity across multiple trophic levels. Two major shark
lineages originated towards the end of the Carboniferous and began diversifying mostly after the
end-Permian mass extinctions along very different ecological trajectories; the squalimorphs into
deepwater and the galeomorphs into shelf habitats, but with some lineages diversifying into
offshore environments. Most shark orders originated and began diversifying during the Late
Jurassic/Early Cretaceous, supporting previous paleontological research and our prediction that
recovery following mass extinctions has also been important in the evolutionary history of

sharks.
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Table 1: Inferred divergence times for major shark timetree nodes. Mean age and 95% highest
posterior density (HPD) are provided for this study. We provide Heinicke et al. (2009) crown

ages and node confidence intervals (CI) where available for comparison.

This study Heinicke et al. (2009)
Group Crown age (Ma) HPD Crown age (Ma) CI
Neoselachii 364 319-402 393 431-354
sharks 300 263-338 350 392-309
Galeomorphii 274 239-310 318 359-279
Squalimorphii 238 201-276 327 372-283
Hexanchiformes 130 80-179 236 295-183
Pristiophoriformes 73 37-116
Squatiniformes 155 151-163
Squaliformes 163 137-190 170 218-128
Heterodontiformes 48 20-80
Orectolobiformes 166 126-208 237 287-186
Lamniformes 162 137-189 185 224-148
Carcharhiniformes 179 165-199 226 261-195
Carcharhinidae-Galeocerdo 80 65-95
Etmopteridae 97 77-121
Orectolobidae 25 13-40

Figure 1: Shark ancestral habitat preferences. Results are based on stochastic mapping of 1000
simulations across the timetree and summarized at each node. Shark species are coded as shelf

(blue), deepwater (red), and pelagic (green).
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Figure 2: Maximum likelihood carcharhinid ancestral state reconstruction of shelf habitats.
Species are coded as brackish, shelf, reef-associated, and coastal-pelagic. Black circles represent

nodes with > 0.95 posterior probability support from the BEAST analysis.
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APPENDIX 3
Table A3-S1: Molecular data collected from GenBank for this study. Available sequence data
were obtained for four mitochondrial and one nuclear gene. Two batoids and two chimaera were

selected as outgroups.

Taxon name col Cyth NADH?2 Ragl 16S

Ingroup taxa
Carcharhinus acronotus FJ519036 DQ422070 DQ422101 FJ598678

Carcharhinus albimarginatus FJ519191
Carcharhinus altimus EU398589 AY830722
Carcharhinus amblyrhynchoides EF609307

Carcharhinus amblyrhynchos FJ519197 AY462148
Carcharhinus amboinensis DQ885075

Carcharhinus brachyurus FJ519057

Carcharhinus brevipinna FJ519062 AY462149
Carcharhinus cautus EU398607

Carcharhinus dussumieri EU398608

Carcharhinus falciformis EU398613 FJ598676
Carcharhinus fitzroyensis EU398615

Carcharhinus galapagensis JQ654714

Carcharhinus isodon FJ519096 AY830729
Carcharhinus leucas FJ519001 U62645 FJ598692
Carcharhinus limbatus DQ884980 FJ598682
Carcharhinus longimanus FJ518920 AY973054 AY820736
Carcharhinus macloti EF609312

Carcharhinus melanopterus EF609313 AY462150
Carcharhinus obscurus DQ108291 AY830738
Carcharhinus perezii FJ519137 FI598673
Carcharhinus plumbeus EU398639 108032 U91421 AY462151
Carcharhinus porosus FJ519157 L08033 U91420 FJ598684
Carcharhinus sealei EU398640
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Taxon name col Cyth NADH?2 Ragl 168
Carcharhinus signatus FJ519159 AY830744
Carcharhinus sorrah DQ108292
Carcharhinus tilstoni DQ108283
Galeocerdo cuvier FJ519625 DQ422074 DQ422105 FJ598694
Glyphis garricki EU398794
Glyphis glyphis EU818708
Isogomphodon oxyrhynchus FJ598693
Lamiopsis temminckii EU398901
Loxodon macrorhinus HQ171680
Nasolamia velox FJ519181
Negaprion acutidens EU398939 AY462153
Negaprion brevirostris FJ519227 U91418 AY949031 AY830756
Prionace glauca JQ654713 EU427559 DQ422102 AY820737
Rhizoprionodon acutus DQ108276
Rhizoprionodon lalandii FJ519255
Rhizoprionodon porosus FJ519264
Rhizoprionodon taylori EU399001
Rhizoprionodon terraenovae FJ519274 AY830764
Scoliodon laticaudus JQ693102
Triaenodon obesus FJ519600
Chaenogaleus macrostoma DQ422076 DQ422107
Hemigaleus australiensis EU398812
Hemigaleus microstoma EU398820 DQ422075 DQ422106
Leptocharias smithii DQ422077 DQ422108
Proscyllium habereri AY462184 AY462183
Gollum attenuatus DQ422079 DQ422110
Pseudotriakis microdon EU148299 DQ422078 DQ422109 AY462185 AY049049
Apristurus albisoma AY462154
Apristurus aphyodes AF358916
Apristurus australis EU398554
Apristurus brunneus GU440228 EU099509
Apristurus exsanguis AY 049048
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Taxon name col Cyth NADH?2 Ragl 168
Apristurus fedorovi AY462155
Apristurus japonicus AY462156
Apristurus kampae FJ519548 EU099515
Apristurus laurussonii AF329376
Apristurus longicephalus GU130672 AY462159 AY462158
Apristurus manis FJ519552 AY462160 AF329375
Apristurus melanoasper AY462161 AF329374
Apristurus microps AF382947
Apristurus pinguis EU398547
Apristurus platyrhynchus EU398531
Apristurus profundorum FJ519554
Asymbolus parvus EU398565
Asymbolus rubiginosus EU398566
Atelomycterus baliensis EU398569
Atelomycterus fasciatus EU398570
Atelomycterus marmoratus EU398572
Atelomycterus marnkalha EU398575
Aulohalaelurus labiosus EU398578
Cephaloscyllium albipinnum EU398670
Cephaloscyllium fasciatum EU398669
Cephaloscyllium hiscosellum EU398669
Cephaloscyllium laticeps DQ108322
Cephaloscyllium pictum EU398673
Cephaloscyllium silasi HM467791 HM467792
Cephaloscyllium speccum EU398675
Cephaloscyllium sufflans HM909795
Cephaloscyllium umbratile AY462170
Cephaloscyllium variegatum EU398672
Cephaloscyllium ventriosum GU440268
Cephalurus sp AY462172 AY462171
Galeus atlanticus DQ902846
Galeus boardmani EU398789
Galeus eastmani AY462173

Galeus melastomus
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Taxon name

cor

Cyth NADH?2

Ragl 168

Galeus murinus
Galeus polli
Galeus sauteri

Halaelurus lineatus

Holohalaelurus punctatus

Parmaturus xaniurus
Poroderma pantherinum
Schroederichthys bivius
Scyliorhinus canicula
Scyliorhinus retifer
Scyliorhinus stellaris
Scyliorhinus torazame
Eusphyra blochii
Sphyrna corona
Sphyrna lewini
Sphyrna media
Sphyrna mokarran
Sphyrna tiburo
Sphyrna tudes

Sphyrna zygaena
Furgaleus macki
Galeorhinus galeus
Hemitriakis falcata
Hemitriakis japanica
Hypogaleus hyugaensis
lago omanensis

Mustelus antarcticus
Mustelus asterias

Mustelus californicus

Mustelus canis

HQY945985

GUB05054
GU804939
FJ519576

EU074582
Y16067
FJ519584
IN641247
EU339365

EU398784

DQ885127

EU399017
FJ519284

FJ519524

EU399018
DQ108316
DQ108308
EU398828

DQ108313
FM 164478

FJ519211

FJ519213
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DQ422081 DQ422112

Y16067

DQ422073 DQ422104
GU385349
L08041  U91422
GU385348
DQ422072 DQ422103

U91423

DQ422084 DQ422115

DQ422087 DQ422118

DQ422082 DQ422113
DQ422088 DQ422119

DQ422083 DQ422114

DQ422092 DQ422123

DQ422093 DQ422124

DQ422098 DQ422129

AY462174 AF329373

AY462175

AY958658

AY462179 Y16067

AY462180 AF327706
AY462182 AY462181

AY958661

FJ598665

FJ598661

FJ598662
AY830772

AY462186

EU848452
AY462188 AY049050
AY958675

AY830754



Taxon name col Cyth NADH?2 Ragl 168
Mustelus henlei FJ519222 DQ422094 DQ422125 EU099503
Moustelus intermedius DQ422100 DQ422131
Mustelus lenticulatus DQ108307
Mustelus lunulatus GU125716 HQO010108
Mustelus manazo ABO015962 AB015962 DQ422130 AB015962
Mustelus mosis EU541308 DQ422096 DQ422127
Mustelus mustelus IN641215 DQA422097 DQ422128 AY462189
Mustelus norrisi DQ422095 DQ422126 AY830755
Mustelus punctulatus AF183926
Mustelus schmitti EU074486 DQ422091 DQ422122
Scylliogaleus quecketti GUB05060 DQ422090 DQ422121
Triakis megalopterus DQ422089 DQ422120
Triakis scyllium DQ422086 DQ422117 AY462191 AY462190
Triakis semifasciata FI519290 DQ422085 DQ422116 AY958599
Heterodontus francisci FJ519566 AJ310141 AJ310141 JN184089 AJ310141
Heterodontus galeatus EU398829
Heterodontus portusjacksoni EU398834 EU848461
Chlamydoselachus anguineus D50022
Heptranchias perlo EU869818 AY 147888
Hexanchus griseus EU398837 DQ132493 AY 147887
Hexanchus vitulus AY830716
Notorynchus cepedianus EU074507 M91186
Notorynchus maculatus HQO010053 AY958614
Alopias pelagicus EU398518 U91441 U91431 AF135473 EU099475
Alopias superciliosus GU440214 U91443 U91433 AF135481
Alopias vulpinus FJ518987 U91442 091432 AY 147892
Cetorhinus maximus FJ519302 U91439 U91429 AF135476 AY462146
Carcharodon carcharias DQ108328 DQO082914 191426 AF135482 AYS836586
Isurus oxyrinchus EU398893 L08036 U91424 AF135480 AY147894
Isurus paucus EU398900 L08037 U91425 AY147895
Lamna ditropis FJ519022 U91438 U91428 AF135478
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Taxon name cor Cytb NADH?2 Ragl 168
Lamna nasus FJ519725 L08038 U91427 AY830753
Megachasma pelagios EU398905 091440 U91430 AF135483 HQO010097
Mitsukurina owstoni EU528659 EUS28659 EU528659 AF135477 EU528659
Carcharias taurus FJ519786 U91447 091437 AF135475 AY830759
Odontaspis ferox FJ519236 U91445 U91435 AY462145 AY462144
Pseudocarcharias kamoharai FJ519578 U91446 U91436 AF135479
Nebrius ferrugineus FJ519572
Chiloscyllium griseum FJ583140
Chiloscyllium hasseltii EU398678
Chiloscyllium indicum EU398680
Chiloscyllium plagiosum EU398696 EU363748 FJ853422 JX162601
Chiloscyllium punctatum FJ583142
Orectolobus cf japonicus EU398961
Orectolobus floridus EU398963
Orectolobus halei EU398942 EU848471
Orectolobus hutchinsi EU398948
Orectolobus leptolineatus EU398962
Orectolobus maculatus EU398953 EU848431
Orectolobus ornatus DQ108323
Orectolobus parvimaculatus DQ108331
Sutorectus tentaculatus EU399054
Rhincodon typus EU398993 AM265573 AY496446
Stegostoma fasciatum HQ171777 HM239663
Pliotrema warreni GU805041
Pristiophorus cirratus EU398981
Pristiophorus nudipinnis DQ108205 AY 147885
Squatina aculeata FN431671 FN431790
Squatina africana FN431673 FN431792
Squatina albipunctata EU399043 FN431809
Squatina armata FN431694 FN431814
Squatina australis DQ108203
Squatina californica FJ519596 FN431849
Squatina dumeril FJ519598 FN431857
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Taxon name col Cyth NADH?2 Ragl 168
Squatina formosa EU399040 FN431860
Squatina guggenheim FN431747 FN431867
Squatina japonica FN431750 FN431869
Squatina legnota EU399042 FN431870
Squatina occulta FN431752 FN431871
Squatina oculata FN431754 FN431873
Squatina pseudocellata EU399045 FN431876
Squatina squatina FN431762 AY462192
Squatina tergocellata DQ108196 FN431882
Squatina tergocellatoides FN431766 FN431885
Centrophorus atromarginatus EU398647
Centrophorus granulosus EU003893 AY'147884
Centrophorus isodon EU398654
Centrophorus moluccensis DQ108227
Centrophorus niaukang DQ108228
Centrophorus squamosus DQ108230 GU130774 GU130628
Centrophorus zeehaani EU398659
Deania calcea DQ108223 GU130772 GU130626
Deania hystricosa EU148140
Deania profundorum HM239666
Centrophorus uyato EU398658
Dalatias licha DQ108221 GU130749 GU130603
Euprotomicrus bispinatus DQ521013 DQ082909 AY835658
Isistius brasiliensis GU130817
Squaliolus aliae GU130675 GU130748 GU130602
Echinorhinus brucus HM467790 GUI130818 HM239653
Echinorhinus cookei DQ521002 M9I1185
Aculeola nigra GU130678 GU130751 GU130631
Centroscyllium fabricii FJ519561 GU130780
Centroscyllium granulatum GU130708 GU130781 GU130635
Centroscyllium kamohari HM?231289
Centroscyllium nigrum GU130705 GU130778 GU130632
Centroscyllium ritteri GU130706 GU130779 GU130633
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Taxon name col Cyth NADH?2 Ragl 168
Etmopterus baxteri DQ108216 GU130810 GU130668
Etmopterus bigelowi GU130723 GU130763 GU130650
Etmopterus brachyurus GU130716 GU130789 HM231288
Etmoptedecacuspidatus GU130684
Etmopterus dianthus GU130693 GU130766 GU130620
Etmopterus dislineatus GU130681 GU130754 GU130608
Etmopterus fusus GU130687 GU130760 GU130614
Etmopterus gracilispinis FJ519564 GU130797 GU130651
Etmopterus granulosus GU130737 GU130809 GU130665
Etmopterus lucifer GU130756 GU130638
Etmopterus molleri GU130710 GU130783 GU130642
Etmopterus polli GU130742 GU130815 GU130669
Etmopterus princeps FJ519565 GU130800 GU130654
Etmopterus pseudosqualiolus GU130686 GU130759 GU130613
Etmopterus pusillus EU869809 GU130762 GU130649
Etmopterus schultzi GU130719 GU130792 GU130646
Etmopterus sentosus GU130720 GU130793 GU130647
Etmopterus sheikoi GU130680 GU130782 GU130636
Etmopterus spinax GU130725 GU130764 GU130653
Etmopterus splendidus HM?231283
Etmopterus unicolor GU130739 GU130814 GU130666
Etmopterus virens GU130743 GU130816 GU130670
Trigonognathus kabeyai GU130702 GU130775 GU130629
Oxynotus centrina JF834320
Oxynotus paradoxus GU130674 GU130747 GU130601
Centroscymnus coelolepis DQ108219
Centroscymnus owstoni EU003886 GU130768 GU130622
Centroscymnus plunketi GU130696 GU130623
Centroselachus crepidater GU130694 GU130767 GU130621
Scymnodon ringens GU130697 GU130770 GU130624
Somniosus antarcticus EF090963
Somniosus microcephalus GU130677 EF090949 GU130750 GU130604
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Taxon name cor Ragl 168
Somniosus pacificus FJ165366 AY835659
Somniosus rostratus AY462193
Zameus squamulosus DQ108217
Cirrhigaleus australis DQ108220
Cirrhigaleus barbifer EU398719
Squalus acanthias EF539278 EF119335
Squalus albifrons DQ108256
Squalus brevirostris EF539297
Squalus chloroculus DQ108261
Squalus crassispinus DQ108248
Squalus cubensis FJ519595
Squalus edmundsi EF539305
Squalus grahami DQ108236
Squalus hemipinnis EF539308
Squalus japonicus EF539314
Squalus megalops EU399029 GU130771 GU130625
Squalus mitsukurii EU074610 AF288198
Squalus montalbani DQ108274
Squalus nasutus DQ108250
Squalus suckleyi FJ379933

Outgroup taxa
Callorhinchus callorynchus EU074378
Chimaera monstrosa AJ310140 AJ310140 AJ310140
Manta birostris EU398902 IN184248
Amblyraja radiata AF106038 AF106038 AF106038
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Table A3-S2: Fossil calibration points used for timetree inference.

Calibration point

MRCA of Chimaeriformes and

Neoselachii

MRCA of Batoids and sharks

MCRA of Squalimorpha

MRCA of Squatiniformes

MRCA of Squaliformes

MRCA of Etmopteridae

MRCA of Centrophoridae

MRCA of Squalidae

MRCA of Lamniformes minus

Mitsukurina

MRCA of Carcharodon + Isurus
MRCA of Megachasmidae +

Odontaspis

MRCA of Carcharhiniformes

MRCA of Triakidae +

Carcharhinidae + Sphyrnidae +
Leptochariidae + Hemigaleidae

MRCA of Carcharhinidae +

Sphyrnidae

Fossil - minimum age

oldest chimaeroid

Synechodontiformes

fossil Carcharodon

Megachasma pelagios

Paleoscyllium tenuidens

Abdounia africana

Age (Ma) References

374

204

190

151

130

48.6

89

98

125

56

165
130
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Capetta 1993

Underwood 2006
Underwood 2006
Underwood 2006

Klug & Kriwet
2010

Klug & Kriwet
2010

Klug & Kriwet
2010

Klug & Kriwet
2010

Underwood 2006

Purdy 1996
Shimada 2007

Underwood 2006
Maisey 2004,
Underwood 2006

Maisey 2004
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Fossil - soft upper
bound

Burgess Shale stem
chordates

oldest chimaeroid
fossil

Synechodontiformes

fossil
Synechodontiformes
Squatina sp.
Protosqualus
Protosqualus
Protosqualus

unnamed Hemiscyllidae

Carcharias sp.

Carcharias sp.

unnamed Hemiscyllidae

Paleoscyllium tenuidens

Paratriakis

Age (Ma)

505

374

204

204

151

130

130

130

176

125
125

176
165

130

References

Capetta 1993

Underwood 2006

Underwood 2006

Underwood 2006

Klug & Kriwet
2010

Klug & Kriwet
2010

Klug & Kriwet
2010

Underwood 2006

Underwood 2006
Underwood 2006

Underwood 2006

Underwood 2006

Maisey 2004,
Underwood 2006

Prior (offset;
mean)
374;13.7
204; 57

190; 20.4
151;17.7
130; 7
48.6;27.2
89;13.7
98;10.7

125; 17

56;23
95; 10

165; 8.5
130; 11.7

59;10.1



Table A3-S3: Monophyly constraints used for timetree inference.

Monophyly constraints (no fossil calibration)
1 Alopiidae

Somnniosus

Orectolobidae + Sutorectus

Selachii

Lamna

Heterodontidae

Hemigaleidae (Chanogaleus macrostoma + Hemigaleus australiensis + H. microstoma)

W N O O WD

Orectolobiformes

©

Pristiophoriformes

10  Echinorhinidae

11 Dalatiidae

12 Sphyrnidae

13  Lamniformes

14 Hexanchiformes

15  Hexanchiformes

16 Squatina armata + S. californica + S. dumeril + S. guggenheim + S. occulta

17 Squatina californica + S. dumeril + S. guggenheim + S. occulta

18  Squatina australis + S. albipunctata S. pseudocellata + S. tergocellata

19 Squatina oculata + S. aculeata + S. squatina + S. japonica + S. tergocellatoides + S. legnota + S. formosa
20 Lamnidae

21 Rhincodontidae + Ginglystomatidae + Stegostomidae

22 Orectolobiformes - Orectolobidae

23  Hexanchidae

24 Squaliolus aliae + Euprotomicrus bispinatus

25 Isistius brasiliensis + Dalatias licha

26  Deania

27  Isurus

28  Poroderma panterhinum + Scyliorhinus retifer + S. stellaris + S. canicula + S. torazame + Cephaloscyllium
29  Apristurus exsanguis + A. japonicus + A. platyrhynchus + A. melanoasper + A. laurussoni + A. brunneus
30  Apristurus australis + A. longicephalus + A. aphyodes + A. kampae + A. fedorovi + A. profundorum + A. pinguis + A. manis + A. microps + A. albisoma
31 Atelomycterus + Aulohalaelurus labiosus

32  Negaprion

33 Carcharhinus tilstoni + C. limbatus + C. amblyrhynchoides + C. fitzroyensis + C. melanopterus + C. cautus
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Table A3-S4: Taxa and habitat preference data used for habitat stochastic mapping. Taxa were

scored as shelf, deepwater (occurrence at depths > 200 m), and pelagic.

Taxon name Habitat
Chlamydoselachus anguineus deepwater
Notorynchus cepedianus shelf
Hexanchus griseus deepwater
Heptranchias perlo deepwater
Pliotrema warreni deepwater
Pristiophorus cirratus deepwater
Pristiophorus nudipinnis shelf
Squatina africana deepwater
Squatina squatina shelf
Squatina aculeata deepwater
Squatina oculata shelf
Squatina tergocellatoides shelf
Squatina japonica shelf
Squatina legnota deepwater
Squatina formosa shelf
Squatina australis shelf
Squatina albipunctata deepwater
Squatina tergocellata deepwater
Squatina pseudocellata deepwater
Squatina armata shelf
Squatina californica shelf
Squatina dumeril deepwater
Squatina guggenheim shelf
Squatina occulta shelf
Echinorhinus brucus deepwater
Echinorhinus cookei deepwater
Euprotomicrus bispinatus pelagic
Squaliolus aliae deepwater
Isistius brasiliensis pelagic
Dalatias licha deepwater
Zameus squamulosus deepwater
Scymnodon ringens deepwater
Oxynotus paradoxus deepwater
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Taxon name Habitat
Oxynotus centrina deepwater
Centroscymnus owstonii deepwater
Centroscymnus coelolepis deepwater
Centroscymnus plunketi deepwater
Deania profundorum deepwater
Deania hystricosa deepwater
Deania calcea deepwater
Centrophorus squamosus deepwater
Centrophorus granulosus deepwater
Centrophorus niaukang deepwater
Centrophorus moluccensis deepwater
Centrophorus isodon deepwater
Centrophorus atromarginatus deepwater
Centrophorus zeehaani deepwater
Centrophorus uyato deepwater
Squalus megalops deepwater
Squalus brevirostris shelf
Cirrhigaleus australis deepwater
Cirrhigaleus barbifer deepwater
Squalus acanthias shelf
Squalus suckleyi shelf
Squalus crassispinus deepwater
Squalus hemipinnis deepwater
Squalus edmundsi deepwater
Squalus albifrons deepwater
Squalus japonicus deepwater
Squalus nasutus deepwater
Squalus grahami deepwater
Squalus cubensis deepwater
Squalus chloroculus deepwater
Squalus montalbani deepwater
Squalus mitsukurii deepwater
Somniosus rostratus deepwater
Somniosus microcephalus deepwater
Somniosus pacificus deepwater
Somniosus antarcticus deepwater
Aculeola nigra deepwater
Centroscyllium kamoharai deepwater
Centroscyllium fabricii deepwater
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Taxon name Habitat
Centroscyllium ritteri deepwater
Centroscyllium granulatum deepwater
Centroscyllium nigrum deepwater
Trigonognathus kabeyai deepwater
Etmopterus lucifer deepwater
Etmopterus molleri deepwater
Etmopterus dislineatus deepwater
Etmopterus brachyurus deepwater
Etmopterus decacuspidatus deepwater
Miroscyllium sheikoi deepwater
Etmopterus bigelowi deepwater
Etmopterus pusillus deepwater
Etmopterus sentosus deepwater
Etmopterus pseudosqualiolus deepwater
Etmopterus splendidus deepwater
Etmopterus fusus deepwater
Etmopterus virens deepwater
Etmopterus schultzi deepwater
Etmopterus polli deepwater
Etmopterus gracilispinis deepwater
Etmopterus dianthus deepwater
Etmopterus unicolor deepwater
Etmopterus baxteri deepwater
Etmopterus granulosus deepwater
Etmopterus princeps deepwater
Etmopterus spinax deepwater
Heterodontus francisci shelf
Heterodontus portusjacksoni shelf
Heterodontus galeatus shelf
Rhincodon typus pelagic
Stegostoma fasciatum shelf
Nebrius ferrugineus shelf
Chiloscyllium punctatum shelf
Chiloscyllium griseum shelf
Chiloscyllium hasseltii shelf
Chiloscyllium indicum shelf
Chiloscyllium plagiosum shelf
Orectolobus ornatus shelf
Orectolobus floridus shelf
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Taxon name

Habitat

Sutorectus tentaculatus

Orectolobus parvimaculatus

Orectolobus hutchinsi
Orectolobus halei
Orectolobus maculatus
Orectolobus japonicus
Orectolobus leptolineatus

Mitsukurina owstoni

Pseudocarcharias kamoharai

Odontaspis ferox
Megachasma pelagios
Alopias pelagicus
Alopias superciliosus
Alopias vulpinus
Carcharias taurus
Cetorhinus maximus
Lamna ditropis

Lamna nasus
Carcharodon carcharias
Isurus oxyrinchus
Isurus paucus
Proscyllium habereri
Pseudotriakis microdon
Gollum attenuatus

Schroederichthys bivius

Atelomycterus marmoratus

Atelomycterus baliensis
Aulohalaelurus labiosus
Atelomycterus marnkalha
Atelomycterus fasciatus
Holohalaelurus punctatus
Halaelurus lineatus
Parmaturus xaniurus
Galeus sauteri

Galeus eastmani

Galeus polli

Galeus murinus

Figaro boardmani

Asymbolus parvus
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shelf
shelf
shelf
shelf
shelf
shelf
shelf
deepwater
pelagic
deepwater
pelagic
pelagic
pelagic
pelagic
shelf
pelagic
pelagic
pelagic
shelf
pelagic
pelagic
shelf
deepwater
deepwater
shelf
shelf
shelf
shelf
shelf
shelf
deepwater
shelf
deepwater
shelf
deepwater
deepwater
deepwater
deepwater
shelf



Taxon name Habitat
Galeus melastomus deepwater
Galeus atlanticus deepwater
Asymbolus rubiginosus deepwater
Apristurus longicephalus deepwater
Apristurus australis deepwater
Apristurus aphyodes deepwater
Apristurus kampae deepwater
Apristurus fedorovi deepwater
Apristurus manis deepwater
Apristurus albisoma deepwater
Apristurus microps deepwater
Apristurus profundorum deepwater
Apristurus pinguis deepwater
Apristurus exsanguis deepwater
Apristurus japonicus deepwater
Apristurus platyrhynchus deepwater
Apristurus melanoasper deepwater
Apristurus laurussonii deepwater
Apristurus brunneus deepwater
Scyliorhinus retifer deepwater
Scyliorhinus canicula shelf
Scyliorhinus stellaris shelf
Scyliorhinus torazame deepwater
Poroderma pantherinum shelf
Cephaloscyllium ventriosum shelf
Cephaloscyllium silasi deepwater
Cephaloscyllium umbratile shelf
Cephaloscyllium variegatum deepwater
Cephaloscyllium sufflans deepwater
Cephaloscyllium speccum deepwater
Cephaloscyllium laticeps shelf
Cephaloscyllium albipinnum deepwater
Cephaloscyllium fasciatum deepwater
Cephaloscyllium hiscosellum deepwater
Leptocharias smithii shelf
lago omanensis deepwater
Galeorhinus galeus shelf
Hypogaleus hyugaensis shelf
Triakis semifasciata shelf
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Taxon name Habitat
Triakis scyllium shelf
Furgaleus macki shelf
Hemitriakis japanica shelf
Hemitriakis falcata shelf
Mustelus norrisi shelf
Mustelus mosis shelf
Moustelus mustelus shelf
Mustelus lunulatus shelf
Mustelus californicus shelf
Moustelus canis shelf
Mustelus henlei shelf
Mustelus punctulatus shelf
Scylliogaleus quecketti shelf
Triakis megalopterus shelf
Mustelus schmitti shelf
Moustelus manazo shelf
Mustelus asterias shelf
Mustelus lenticulatus shelf
Moustelus antarcticus shelf
Chaenogaleus macrostoma shelf
Hemigaleus australiensis shelf
Hemigaleus microstoma shelf
Galeocerdo cuvier shelf
Eusphyra blochii shelf
Sphyrna zygaena shelf
Sphyrna mokarran shelf
Sphyrna lewini shelf
Sphyrna corona shelf
Sphyrna tiburo shelf
Sphyrna tudes shelf
Sphyrna media shelf
Loxodon macrorhinus shelf
Scoliodon laticaudus shelf
Rhizoprionodon taylori shelf
Rhizoprionodon acutus shelf
Rhizoprionodon lalandii shelf
Rhizoprionodon porosus shelf
Rhizoprionodon terraenovae shelf
Carcharhinus signatus pelagic



Taxon name Habitat
Negaprion acutidens shelf
Negaprion brevirostris shelf
Lamiopsis temminckii shelf
Glyphis garricki shelf
Glyphis glyphis shelf
Carcharhinus cautus shelf
Carcharhinus melanopterus shelf
Carcharhinus fitzroyensis shelf
Carcharhinus limbatus shelf
Carcharhinus tilstoni shelf
Carcharhinus amblyrhynchoides shelf
Carcharhinus altimus shelf
Carcharhinus plumbeus shelf
Carcharhinus albimarginatus shelf
Carcharhinus falciformis pelagic
Prionace glauca pelagic
Carcharhinus amblyrhynchos shelf
Carcharhinus brachyurus shelf
Carcharhinus brevipinna shelf
Triaenodon obesus shelf
Carcharhinus amboinensis shelf
Carcharhinus leucas shelf
Carcharhinus isodon shelf
Carcharhinus acronotus shelf
Nasolamia velox shelf
Carcharhinus macloti shelf
Isogomphodon oxyrhynchus shelf
Carcharhinus porosus shelf
Carcharhinus sealei shelf
Carcharhinus dussumieri shelf
Carcharhinus sorrah shelf
Carcharhinus perezii shelf
Carcharhinus longimanus pelagic
Carcharhinus obscurus shelf
Carcharhinus galapagensis shelf
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Table A3-S5: Carcharhinid taxa and habitat preference data used for the ancestral state

reconstruction. Taxa were scored as brackish, shelf, reef-associated, or coastal-pelagic.

Taxon name

Habitat

Carcharhinus acronotus
Carcharhinus albimarginatus
Carcharhinus altimus
Carcharhinus amblyrhynchoides
Carcharhinus amblyrhynchos
Carcharhinus amboinensis
Carcharhinus brachyurus
Carcharhinus brevipinna
Carcharhinus cautus
Carcharhinus dussumieri
Carcharhinus falciformis
Carcharhinus fitzroyensis
Carcharhinus galapagensis
Carcharhinus isodon
Carcharhinus leucas
Carcharhinus limbatus
Carcharhinus longimanus
Carcharhinus macloti
Carcharhinus melanopterus
Carcharhinus obscurus
Carcharhinus perezii
Carcharhinus plumbeus
Carcharhinus porosus
Carcharhinus sealei
Carcharhinus signatus
Carcharhinus sorrah
Carcharhinus tilstoni
Glyphis garricki

Glyphis glyphis
Isogomphodon oxyrhynchus
Lamiopsis temminckii
Loxodon macrorhinus
Nasolamia velox
Negaprion acutidens
Negaprion brevirostris
Prionace glauca
Rhizoprionodon acutus
Rhizoprionodon lalandii
Rhizoprionodon porosus
Rhizoprionodon taylori
Rhizoprionodon terraenovae
Scoliodon laticaudus
Triaenodon obesus
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reef

reef

reef
coastal-pelagic
reef

reef

reef

reef

reef

reef

reef

shelf

reef

shelf

reef

reef
coastal-pelagic
shelf

reef

reef

reef
coastal-pelagic
brackish

reef
coastal-pelagic
reef

shelf

brackish
brackish
brackish
brackish

shelf

shelf

reef

reef
coastal-pelagic
shelf

shelf

reef
coastal-pelagic
brackish
brackish

reef
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Figure A3-S2: Bayesian timetree inferred using BEAST and concatenated gene sequences with
individual partitions. Black circles indicate monophyly constraints and black circles with
numbers indicate shark fossil calibration points. Calibration point numbers refer to Table S2

fossils. Outgroups and associated fossil calibrations not shown.
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Notorynchus cepedianus
Notorynchus maculatus

' griseus
Hexanchus vitulus
Heptranchias perio
Pliotrema warreni
Pristiophorus nudipinnis
Pristiophorus cirratus
quatina africana
Squatina aculeata
Squatina squatina
Squatina oculata
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q
Squatina japonica

Squatina australis
Squatina albipunctata
Squatina pseudocellata
Squatina tergocellata
Squatina armata
Squatina californica
Squatina dumeril
Squatina occulta
Squatina guggenheim
Echinorhinus brucus
Echinorhinus cookei
Dalatias licha
Isistius brasiliensis
Squaliolus aliae
Euprotomicrus bispinatus
Zameus squamulosus
ringens
Oxynotus centrina
Oxynotus paradoxus
Centroscymnus owstoni
Centroscymnus plunketi
Centroscymnus coelolepis
Deania profundorum
Deania calcea
Deania hystricosa
squamosus

Mimil
!
%

Centrophorus granulosus
Centrophorus moluccensis
o -

Centrophorus atromarginatus
Centrophorus uyato
Centrophorus zeehaani
Squalus brevirostris

Squalus megalops

Cirrhigaleus australis
Cirrhigaleus barbifer
Squalus suckleyi
Squalus acanthias
Squalus crassispinus
Squalus edmundsi
Squalus hemipinnis
Squalus albifrons
Squalus nasutus

Squalus japonicus
Squalus grahami

Squalus mitsukurii
Squalus montalbani
Squalus chloroculus
Squalus cubensis
Somniosus rostratus
Somniosus microcephalus

Somniosus pacificus

Aculeola nigra
Centroscyllium kamohari
Centroscyllium nigrum
Centroscyllium granulatum
Centroscyllium ritteri
Centroscyllium fabricii
Trigonognathus kabeyai
Etmopterus brachyurus
Etmopterus sheikoi
Etmopterus

Etmopterus lucifer
Etmopterus dislineatus
Etmopterus molleri
Etmopterus pusillus
Etmopterus bigelowi

Etmopterus gracilispinis
Etmopterus polli
Etmopterus dianthus




H francisci
L
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galeatus
Heterodontus portusjacksoni
Rhincodon typus

Nebrius ferrugineus
Stegostoma fasciatum
Chiloscylli ctat

Chiloscyllium plagiosum
Chiloscyllium indicum
Chiloscyllium hasseltii
Chiloscyllium griseum
Orectolobus omatus
Sutorectus tentaculatus
Orectolobus floridus
Orectolobus hutchinsi
Orectolobus parvimaculatus
Orectolobus halei
Orectolobus maculatus
Orectolobus leptolineatus
Orectolobus japonicus

Mitsukurina owstoni

Alopias superciliosus

Alopias pelagicus

Alopias vulpinus
Pseudocarcharias kamoharai

M pelagios

O is ferox

C: ias taurus
Cotorhi i

Lamna ditropis
Lamna nasus
Carcharodon

Isurus oxyrinchus
Isurus paucus

Pr llium habereri
Gollum attenuatus
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P
bivius

Atelomycterus baliensis
Atelomycterus marmoratus
Aulohalaelurus labiosus
Atelomycterus fasciatus
Atelomycterus mamkalha
Holohalaelurus punctatus

Halaelurus lineatus

Cephalurus sp

Px Xaniurus

Galeus

Galeus sauteri

Galeus polli

Galeus boardmani
Galeus murinus
Asymbolus rubiginosus
Galeus atlanticus
Galeus melastomus
Asymbolus parvus
Apristurus australis

Apristurus aphyodes
Apristurus fedorovi
Apristurus kampae
Apristurus manis
Apristurus albisoma
Apristurus microps
Apristurus pinguis
Apristurus profundorum

ot

Apristurus platyrhynchus
Apristurus japonicus
Apristurus melanoasper
Apristurus brunneus
Apristurus laurussonii
Scyliorhinus retifer
Scyliorhinus stellaris
Scyliorhinus canicula

Seviiorhi
Y

D,

I L

Cephaloscvili

Cephaloscyllium umbratile

Cephaloscyllium silasi
Cenhalosovili .

Cephaloscyllium suffians
Cephaloscyllium pictum
Cephaloscyllium speccum
Cephaloscyllium laticeps
Cephaloscyllium albipinnum
Cephaloscyllium hiscosellum
Cephaloscyllium fasciatum



Leptocharias smithii
lago omanensis
Hypogaleus hyugaensis
Galeorhinus galeus
Triakis scyllium
Triakis semifasciata
Furgaleus macki
Henmitriakis falcata
Hemitriakis japonica
Mustelus mosis
Mustelus norrisi
Mustelus mustelus
Mustelus californicus
Mustelus henlei
Mustelus intermedius
Mustelus canis
Mustel hlat
Triakis megalopterus

Sruli

Mustelus schmitti
Mustelus manazo
Mustelus asterias
Mustelus antarcticus
Mustelus lenticulatus

Hemigaleus australiensis
Gal fo cuvier
Eusphyra blochii
Sphyma mokarran
Sphyma zygaena
Sphyma lewini
Sphyma corona
Sphyma tiburo
Sphyma media
Sphyma tudes

Loxodon macrorhinus
Rhizoprionodon taylori
Rhizopric on acutus
Rhizoprionodon lalandii
Rhizoprionodon terraenovae
Rhizoprionodon porosus

C: inus signatus

N L
Negaprion acutidens
Lamiopsis temminckii
Glyphis garricki

Glyphis glyphis
Carcharhinus melanopterus
Carcharhinus cautus
Carcharhinus fitzroyensis
Carcharhinus limbatus
Carcharhinus amblyrhynchoides
Carcharhinus tilstoni
Carcharhinus plumbeus
Carcharhinus altimus
Carcharhinus albimarginatus
Carcharhinus falciformis
Carcharhinus amblyrhynchos
Prionace glauca
Carcharhinus leucas
Carcharhinus isodon
Nasolamia velox

Carcharhir

Carcharhinus amboinensis
Triaenodon obesus
Carcharhinus brevipinna
Carcharhinus brachyurus
Carcharhinus sorrah
Carcharhinus perezii
Carcharhinus longimanus
Carcharhinus galapagensis
Carcharhinus obscurus
Isogomphodon oxyrhynchus
Carcharhinus macloti
Carcharhinus porosus
Carcharhinus dussumieri
Carcharhinus sealei

250 200 150

Millions of years
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