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Spiny-rayed fishes, or acanthomorphs, comprise nearly one-third
of all living vertebrates. Despite their dominant role in aquatic
ecosystems, the evolutionary history and tempo of acanthomorph
diversification is poorly understood. We investigate the pattern of
lineage diversification in acanthomorphs by using a well-resolved
time-calibrated phylogeny inferred from a nuclear gene super-
matrix that includes 520 acanthomorph species and 37 fossil age
constraints. This phylogeny provides resolution for what has been
classically referred to as the “bush at the top” of the teleost tree, and
indicates acanthomorphs originated in the Early Cretaceous. Pale-
ontological evidence suggests acanthomorphs exhibit a pulse of
morphological diversification following the end Cretaceous mass
extinction; however, the role of this event on the accumulation of
living acanthomorph diversity remains unclear. Lineage diversifica-
tion rates through time exhibit no shifts associated with the end
Cretaceous mass extinction, but there is a global decrease in lineage
diversification rates 50 Ma that occurs during a period when mor-
phological disparity among fossil acanthomorphs increases sharply.
Analysis of clade-specific shifts in diversification rates reveal that
the hyperdiversity of living acanthomorphs is highlighted by several
rapidly radiating lineages including tunas, gobies, blennies, snail-
fishes, and Afro-American cichlids. These lineages with high diver-
sification rates are not associatedwith a single habitat type, such as
coral reefs, indicating there is no single explanation for the success
of acanthomorphs, as exceptional bouts of diversification have
occurred across a wide array of marine and freshwater habitats.
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With more than 18,000 species, acanthomorph fishes com-
prise almost one-third of living vertebrates (1–3). Acan-

thomorphs, or spiny-rayed fishes, are present in nearly all marine
and freshwater habitats from tropical coral reefs, freezing waters
around Antarctica, alpine mountain lakes, and hadal trenches in
the deepest parts of the world’s oceans known to harbor animal
life (2). Acanthomorphs exhibit substantial morphological dispar-
ity, with body plans as diverse as flatfishes, pufferfishes, sword-
fishes, seahorses, and flyingfishes (3), and adult body sizes that
range from among the smallest of all vertebrates to the largest
bony fishes (4, 5). In addition, acanthomorphs include some of
the most economically and scientifically important fish species,
such as cods, tunas, sticklebacks, and cichlids. Investigating the
processes that have resulted in the success of acanthomorphs is
key to understanding the origins of the rich biodiversity of living
vertebrates.
Resolution of the phylogenetic relationships among acantho-

morphs, particularly the species-rich Percomorpha, has ranked
among the most important and vexing problems in vertebrate
biology (3, 6–9). High species richness in particular has posed
a challenge to investigating relationships of the group. For ex-
ample, Percomorpha contains more than 17,000 species, has
been shown to exhibit exceptional species richness relative to
other lineages of jawed vertebrates (10, 11), and is described as

“a bush at the top” of the teleost tree in reference to the his-
torical lack of resolution of its basic phylogenetic intrarelation-
ships (12). Studies using morphological and molecular datasets
offer alternative perspectives on the evolutionary relationships of
acanthomorphs (6, 8, 13–15). Molecular phylogenies support the
monophyly of several traditionally recognized taxonomic groups
of percomorphs as well as the resolution of several novel clades
(13, 14, 16–19); however, a consistent and well-supported reso-
lution of the phylogenetic relationships among these major
groups has eluded the scientific community.
In addition to the uncertainty surrounding phylogenetic rela-

tionships, there are conflicting observations from molecular
phylogenies and the fossil record regarding the temporal history
of acanthomorph diversification (20). Recent analyses of lineage
diversification using time-calibrated molecular phylogenies
identified an unnamed subclade of percomorphs, with an esti-
mated age of ∼110 Ma (9–11, 19), as exhibiting a shift to an
exceptionally high lineage diversification rate (10, 11). In con-
trast, acanthomorph and percomorph species preserved in the
fossil record show relatively little morphological disparity
through the Late Cretaceous, but extensive expansion of mor-
phospace from the Cretaceous–Paleogene (K-Pg) boundary to
the early Eocene (7). The signature of increased morphological
disparity in the fossil record of acanthomorphs was interpreted in
the context of recovery from the K-Pg mass extinction event (7).
These two results indicate that the timing of a shift to an in-
creased lineage diversification rate in acanthomorphs is at least
45 My older than the expansion of morphological disparity.
However, the taxon sampling in the molecular time tree analyses
were designed to assess patterns of diversification among more
inclusive vertebrate lineages, and did not target specific acan-
thomorph clades that may have diversified around the K-Pg (10,
11). Despite these important observations, it is not known how
the K-Pg mass extinction event affected the accumulation of
lineage diversity in acanthomorphs, or if there are global shifts in
rates of lineage origination coincident with the increase of mor-
phological disparity following the K-Pg.
We investigated the timing and tempo of acanthomorph di-

versification by using a time-calibratedmolecular phylogeny inferred
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by using 10 nuclear genes sampled from 579 species that included
520 acanthomorphs, representing all major lineages and tradition-
ally recognized taxonomic orders and suborders (2). The analyses of
diversification rates through time in acanthomorphs are analyzed in
the context of the K-Pg mass extinction event and the timing of
morphological expansion detected in the fossil record. We also in-
vestigate clade-specific shifts in diversification rates, which identify
several percomorph lineages that exhibit exceptionally high rates of
lineage accumulation. Our results provide a phylogenetic and tem-
poral perspective from which to investigate the evolutionary pro-
cesses that resulted in the origin of one of the most species rich
clades of living vertebrates.

Results and Discussion
The supermatrix of 10 combined nuclear genes is 84.5% com-
plete, with the proportion of missing taxa among the 10 genes
ranging from 3.6% for patched domain containing 4 (Ptr) to
36.5% for super conserved receptor 2 (sreb2). The aligned DNA
sequences are available from the Dryad Digital Repository (DOI
10.5061/dryad.d3mb4). Maximum likelihood and Bayesian anal-
yses resulted in well-resolved and consistent phylogenetic trees in
which more than 78% of the nodes in the maximum likelihood
tree are supported with bootstrap values (BS) ≥70% (Fig. 1A
and Figs. S1 and S2). Similar to separate analyses of nine of the
10 individual nuclear genes (9), the acanthomorph molecular
phylogeny resolves Paracanthopterygii as polyphyletic with a clade
(BS = 91%) containing Polymixia and the trout-perches (Percop-
siformes) as the earliest diverging lineage of acanthomorphs. A
clade uniting Zeiformes (dories), Stylephorus (tube-eye), and
Gadiformes (cods) is resolved with strong support (BS = 100%).
Previous phylogenetic analyses had resolved Lampriformes
(opahs) as the sister lineage of all other acanthomorphs (8, 15,
21, 22), but our molecular phylogeny places the clade in a more
derived position (BS = 99%) as the sister lineage of Acan-
thopterygii or the clade containing dories, tube-eyes, and cods
(Fig. 1B and Fig. S1). Beryciformes (squirrelfishes and prickle-
fishes) is monophyletic and resolved as the sister lineage of Per-
comorpha (BS = 79%), a result in agreement with assessments
using whole mtDNA genomes and nuclear genes (9, 13), but di-
vergent from morphological and molecular studies that support
beryciform paraphyly (8, 19, 23).
Our phylogenetic analyses provide well-supported resolution

of relationships among major lineages of the species-rich Per-
comorpha, which has remained the last frontier in the phylogeny
of living vertebrates (2, 3). This phylogeny resolves all sampled
percomorphs into 14 major lineages with BS >75%, some of
which are incongruent with current taxonomic classifications (2,
19, 24). Percomorph lineages discovered in previous molecular
analyses are supported by our phylogenies (6, 9, 13, 14, 19), in-
cluding the early divergence of cusk-eels (Ophidiiformes) and
toadfishes (Batrachoidiformes; Fig. 1B), a clade uniting angler-
fishes and pufferfishes, as well as Ovalentaria, a clade containing
cichlids, engineer gobies (Pholidichthys), silversides, livebearers,
and ricefish (Atherinomorpha), surfperches (Embiotocidae),
damselfishes (Pomacentridae), mullets (Mugilidae), clingfishes
(Gobiesocidae), and blennies (6). Our results also support a clade
uniting swamp eels (Synbranchiformes), armored sticklebacks
(Indostomus), Asian leaffishes (Nandidae), gouramies and snake-
heads (Anabantomorpha), flatfishes (Pleuronectiformes), jacks
(Carangidae), sharksuckers (Echeneidae), billfishes (Xiphioidei),
and barracudas (Sphyraena), as well as a clade containing tem-
perate basses (Moronidae) and a large collection of marine
percomorphs that include butterflyfishes (Chaetodontidae),
grunts (Haemulidae), angelfishes (Pomacanthidae), anglerfishes
(Lophiiformes), and pufferfishes (Tetraodontiformes; Fig. 1A and
Figs. S1 and S2).
In addition to providing much-needed resolution for one of

the most unyielding problems in vertebrate phylogenetics, calibrating

the molecular phylogeny with the teleost fossil record provides im-
portant insights into the timing and tempo of acanthomorph di-
versification. A set of time-calibrated phylogenies were estimated
using Bayesian methods and 37 well-justified fossil-based prior age
constraints that included 33 acanthomorph taxa, of which 24 were
percomorphs (SI Text), ranging from Early Cretaceous (∼134 Ma) to
Miocene (∼12 Ma) in age. The estimated ages of Acanthomorpha,
between 133 and 152 Ma, and Percomorpha, between 109 and 120
Ma (Table S1), are consistent with those implied by the fossil record
and previous molecular clock analyses (7, 9–11, 25). Major non-
percomorph acanthomorph lineages, such as the Beryciformes,
originate in the Cretaceous (Figs. 1 A and B and 2A). However, we
find no clear signature of lineage origination centered on the K-Pg
because many percomorph lineages predate or postdate the age of
the mass extinction event (Figs. 1A and 2A and Table S1). For
example, the species rich clades Gobiiformes, Syngnathiformes,
and Ovalentaria all originate well before the K-Pg, between 91.4
and 88.1Ma, whereas Perciformes sensu stricto, Centrarchiformes,
and Scombriformes diversified after the K-Pg between 54.6 and
34.5 Ma (Fig. 2A and Table S1).
Similar to patterns of lineage origination, there is no corre-

lation of the K-Pg with the ages of percomorph lineages that
exhibit elevated rates of diversification. By using a diversity tree
that contained species richness information for all unsampled
lineages and a stepwise information theoretic approach to detect
shifts in lineage diversification rates (10), we identify eight clades
that exhibit higher rates of lineage diversification relative to the
background rate of euteleost fishes (Fig. 1 A and C and Table
S2). Two of the detected shifts occur at unnamed percomorph
clades that predate the K-Pg, including one that was identified as
exceptionally diverse in a previous analysis that sampled all
major lineages of jawed vertebrates (10). Within these two un-
named percomorph lineages, there are five inclusive clades of
percomorphs that exhibit exceptionally high rates of lineage di-
versification (Fig. 1A and Table S2). However, each is younger
than the K-Pg, some by as much as 45 My (Fig. 1A and C).
Among these five clades, gobies, blennies, and Afro-American
cichlids have been proposed to contain unusually high species
diversity (2, 26, 27); however, exceptional lineage diversification
rates have never been detected in tunas (Scombriformes) and
snailfishes (Liparidae).
We used a maximum likelihood-based birth-death-shift (BDS)

model to explicitly test for global changes in the diversification of
acanthomorph lineages through time (28). The BDS analysis
does not detect a global shift in lineage diversification of acan-
thomorphs at the K-Pg, but instead supports a model of constant
lineage origination from their origin, through the K-Pg, and into
the Paleogene (Fig. 2C). The diversification rate of acantho-
morphs declined globally at ∼50 Ma. In contrast, previous anal-
yses show that morphological disparity of acanthomorph fossil
taxa was low through the Cretaceous (Fig. 2B), but increased
significantly in the time interval from the K-Pg to the early Eocene
(∼48 Ma). This increase in disparity involved expansion into
regions of morphospace previously occupied by nonacanthomorph
teleost lineages, such as pachycormiforms, ichthyodectiforms,
and enchodontids, which all make last appearances in the fossil
record shortly before the K-Pg. (7, 29). However, the decline in
diversification rates in the Eocene is coincident with the age of
stratigraphic bin 3 (Fig. 2B), bounded by the K-Pg and the early
Eocene, in which morphological disparity of fossil acanthomorphs
increases significantly following the K-Pg and does not change
appreciably over the younger bins (7) (Fig. 2 B and C). The
temporal congruence between the increase in morphological
disparity and decrease in lineage diversification rates may reflect
the results of a rapid filling of vacant niches by acanthomorphs in
the Paleogene, and eventual tapering off of lineage diversification
in response to limited ecological opportunities following a period of
rapid morphological and ecological expansion (30).
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A

B C

Fig. 1. Time-calibrated phylogenetic tree of Acanthomorpha and results of lineage diversification rate analyses. (A) Bayesian inferred maximum clade credibility time
tree of 520 acanthomorph species calibrated with 37 fossil-based age constraints. Branch colors and circled numbers identify the nine best-fitting lineage di-
versification regimes identified using MEDUSA. The dashed gray circle at 66 Ma denotes the K-Pg boundary. The 14 major percomorph clades delimited in this
phylogeny are labeled with Roman numerals (I–XIV). Maximum likelihood bootstrap and Bayesian posterior clade support values are given in Figs. S1 and S2. (B) Time-
calibrated phylogeny detailing the earliest divergences within Acanthomorpha. Bars at nodes represent 95% highest posterior density intervals of age estimates, with
light blue bars showing Bayesian posterior clade support of 0.95 or greater. (C) Net diversification rate (birth rate minus death rate) estimates with 95% CIs of the nine
identified lineage diversification regimes. Colors and circled numbers correspond to clades denoted in Fig. 1A. Fish line drawings are by A.D., K. L. Tang, and W.L.S.
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The lack of a detected shift in lineage diversification rates of
acanthomorphs through the K-Pg boundary indicates that the
patterns of species richness among one-third of all living verte-
brates were not entirely a result of recovery from the K-Pg mass
extinction event (Fig. 2C). The end Cretaceous mass extinction
has been interpreted as a key event in the evolution of terrestrial
vertebrates such as snakes, lizards, birds, and mammals (31–34);
however, analyses of time-calibrated molecular phylogenies show
that many major clades of birds and mammals predate the K-Pg
and do not exhibit pulses of diversification around 66 Ma (35–
37). These results, along with our estimates of Cretaceous origins
for many species-rich percomorph clades and constant lineage
diversification of acanthomorphs across the K-Pg, suggest that
much of the living biodiversity of aquatic vertebrates was not
generated solely in response to the K-Pg mass extinction event.
The phylogenetic resolution of all major acanthomorph and

percomorph lineages presented in this study offers insight into
the evolutionary relationships of nearly one-third of all verte-
brate species, as well as revealing that the currently accepted
classification for these fishes is dramatically discordant with the
inferred phylogeny (2, 24). Previous explanations for the species
richness of acanthomorphs have focused on a narrow set of
marine habitats, namely coral reefs, as driving diversification (38,
39). Our temporal analyses reveal that the five percomorph
lineages with the highest rates of diversification comprise more
than 5,400 species (Fig. 1C and Table S2) and occupy diverse
habitat types that include freshwater (cichlids), pelagic oceanic
(tunas and allies), cold temperate seafloor (snailfishes), and coral
reefs (blennies and gobies). Although specific habitat types may
drive exceptional lineage diversification in teleosts (38, 40), our
results suggest that acanthomorphs generally, and percomorphs
specifically, have radiated into a wide range of freshwater and
marine habitat types, many of which provided opportunities for
exceptional diversification and species richness.

Materials and Methods
Phylogenetic Data and Analyses. Standard phenol-chloroform extraction pro-
tocol or Qiagen DNeasy Blood and Tissue kits were used to isolate DNA from
tissue biopsies sampled from 579 teleost species (Table S3). Previously pub-
lished PCR primers (41, 42) were used to amplify and sequence a single exon
from each of 10 unlinked nuclear encoded genes: ENC1, Glyt, myh6, plagl2,
Ptr, rag1, SH3PX3, sreb2, tbr1, and zic1. These 10 protein coding gene regions
were aligned by using the inferred amino acid sequences. No frame muta-
tions or DNA substitutions that resulted in stop codons were observed in the
aligned sequences. The combined 10-gene dataset contained 8,577 bp. Seven
sampled ostariophysan species were used as outgroup taxa in all phylogenetic
analyses (Table S3).

Thirty data partitions were designated that corresponded to the three
separate codon positions for each of the 10 protein coding genes. A GTR+G
substitution model was used in a partitioned maximum likelihood analysis
using the computer program RAxML 7.2.6 (43), run with the –D option, and
1,000 maximum likelihood searches. Support for nodes in the RAxML tree was
assessed with a thorough bootstrap analysis (option –f i) with 1,000 replicates.

Relaxed-Molecular Clock Analyses. Divergence times of the sampled teleost
species were estimated by using an uncorrelated lognormal (UCLN) model of
molecular evolutionary rate heterogeneity implemented in the computer
program BEAST, version 1.6.1 (44, 45). The 10-gene dataset was partitioned as
in the maximum likelihood phylogenetic analysis described earlier, unlinking
the nucleotide substitution models among the 30 codon-based partitions and
UCLN clock model among the 10 genes. Thirty-seven calibration priors from
the fossil record of teleost fishes were used in the UCLN analyses (SI Text).

The BEAST analyses were run four times with each run consisting of 1.0 ×
109 generations, sampling every 10,000 generations. The resulting trees and
log files from each of the four runs were combined by using the computer
program LogCombiner, version 1.6.1 (http://beast.bio.ed.ac.uk/LogCombiner).
Convergence of model parameter values and node-height estimates was
assessed by plotting the marginal posterior probabilities versus the generation
state in the computer program Tracer, version 1.5 (http://beast.bio.ed.ac.uk/
Tracer). Effective sample size values were calculated for each parameter to
ensure adequate mixing of the Markov chain Monte Carlo. All effective

sample size values were greater than 200 (Table S4). The posterior probability
density of the combined tree and log files was summarized as a maximum
clade credibility tree by using TreeAnnotator, version 1.6.1 (http://beast.bio.ed.
ac.uk/TreeAnnotator). The posterior probabilities of inferred clades and the
mean and 95% highest posterior density interval of divergence time estimates
were visualized by using the computer program FigTree, version 1.3.1 (http://
beast.bio.ed.ac.uk/FigTree).

Assessing Patterns of Lineage Diversification. To determine if any acantho-
morph lineages exhibit shifts in their diversification rate relative to a back-
ground rate of euteleost lineage diversification, we used a stepwise
information theoretic approach, MEDUSA, to incrementally fit increasingly
complex models of lineage diversification to a diversity tree that contained
information on species richness for all unsampled lineages (10). The diversity
tree was constructed by collapsing lineages with missing taxa and assigning
a species richness value from the Catalog of Fishes (1) to these resulting
stem lineages (Table S5). We calculated the fit, based on the Akaike in-
formation criterion (AIC), of incrementally adding two-parameter birth-death
or single-parameter Yule (pure birth) models of diversification with an asso-
ciated shift point to the time-calibrated diversity tree. We repeated the model
selection process using the stepwise function, retaining the more complex
parameter rich model and comparing its fit to a model that includes an ad-
ditional model of cladogenesis and shift point parameter, until the iterative
model building process no longer offered an improvement in AIC score.

To estimate diversification rate and shifts over time among living acan-
thomorph lineages, we used the TreePar package (28) in R (46). The euteleost
diversity tree constructed for the MEDUSA analysis described earlier
was used to account for unsampled lineages (Table S5), but all non-
acanthomorph lineages were pruned from this phylogeny. We calculated
AIC values for models estimating zero to six shifts in the rate of lineage
diversification over time at 1-My intervals ranging from 40 to 141.9 Ma
(mean crown age estimate for acanthomorphs). The lowest AIC supported
a model with a single rate shift at ∼50 Ma (ΔAIC for 0–1 shifts, 18.674). We
also estimated the 95% highest posterior density in magnitude and timing
of rate shifts by using a wrapper for TreePar to include 1,000 phylogenies
sampled randomly from the posterior distribution of BEAST inferred time-
calibrated acanthomorph phylogenies (Fig. 2C).

Morphometric Analysis and Measurement of Disparity. Patterns of morpho-
logical diversification in fossil Acanthomorpha shown in Fig. 2B are taken
from a previous publication (7). However, we include a brief description of
analytical protocols. A series of 22 landmarks were placed on each of 1,336
images representing photographs or specimen drawings of whole-body
acanthomorph fossils. Landmarks were digitized by using the software
tpsDig (http://life.bio.sunysb.edu/morph/morphmet/tpsdig2w32.exe). Four-
teen fixed landmarks were tied to specific anatomical features, such as the
position of fin insertions or the lower jaw joint. Eight sliding semilandmarks
were distributed evenly across the dorsal and ventral margins of the body to
capture the curvature of overall shape. This landmark scheme corresponds
closely to those applied in studies of shape-based variation in extant fishes
(47). Taphonomically distorted specimens were avoided, but landmark
constellations for individuals showing smooth curvature along the spine
resulting from postmortem muscle contraction were retrodeformed by using
the software package tpsUtil (http://life.bio.sunysb.edu/morph/morphmet/
tpsutilw32.exe). The 1,336 images contained examples of 605 nominal spe-
cies, so landmark coordinates for congeneric specimens were averaged.
Landmark constellations were subject to Procrustes alignment and relative
warps analysis by using the software package tpsRelw (http://life.bio.sunysb.
edu/morph/morphmet/tpsrelww32.exe).

Only those relative warp axes explaining more than 5% of overall variance
were retained for subsequent disparity analysis. Species were divided into six
composite stratigraphic bins of more comparable duration than standard
stage- or epoch-level chronostratigraphic units, and which allowed for the
placement of taxa of somewhat imprecisely constrained ages. These bins are
as follows: the early Late Cretaceous (Cenomanian–Santonian; duration, 16.9
My), the late Late Cretaceous (Campanian–Maastrichtian; duration, 17.6
My), the Paleocene–early Eocene (Danian–Ypresian; duration, 18.2 My), the
middle-late Eocene (Lutetian–Priabonian; duration, 13.9 My), the Oligocene
(Rupelian–Chattian; duration, 10.87 My), and the Miocene (Aquitanian–
Messinian; duration, 17.697 My). Morphological variation, or “disparity,”
within each of these time bins was calculated as the sum of variances on
retained morphospace axes (multivariate variance). In contrast to other
measures of disparity, multivariate variance has the desirable property of
being relatively insensitive to variation in sample size (48).
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A

B

C

Fig. 2. Temporal scale of acanthomorph diversification during the past 140 My. The dashed line at 66 Ma denotes the K-Pg boundary. (A) Time-calibrated
phylogenetic tree of Acanthomorpha with select major clades highlighted with alternating blue and yellow boxes that correspond with group names. (B)
Morphological disparity of acanthomorph fossil taxa measured in six numbered stratigraphic bins that extend from the Cretaceous through the Neogene. The
drawing of the Cretaceous fossil taxon †Pycnosteroides is taken from ref. 7. (C) Maximum-likelihood BDS estimates of diversification rates. The blue line
represents the diversification rate estimated from the maximum clade credibility time tree (Fig. 1A), and the red lines denote the diversification rate estimates
from BDS analyses across 1,000 posterior time trees. Fish line drawings are by A.D. and K. L. Tang.
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