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Ray-finned fishes make up half of all living vertebrate species.
Nearly all ray-finned fishes are teleosts, which include most
commercially important fish species, several model organisms for
genomics and developmental biology, and the dominant compo-
nent of marine and freshwater vertebrate faunas. Despite the
economic and scientific importance of ray-finned fishes, the lack
of a single comprehensive phylogeny with corresponding diver-
gence-time estimates has limited our understanding of the evolu-
tion and diversification of this radiation. Our analyses, which use
multiple nuclear gene sequences in conjunction with 36 fossil age
constraints, result in a well-supported phylogeny of all major ray-
finned fish lineages and molecular age estimates that are generally
consistent with the fossil record. This phylogeny informs three long-
standing problems: specifically identifying elopomorphs (eels and
tarpons) as the sister lineage of all other teleosts, providing a unique
hypothesis on the radiation of early euteleosts, and offering a prom-
ising strategy for resolution of the “bush at the top of the tree” that
includes percomorphs and other spiny-finned teleosts. Contrasting
our divergence time estimates with studies using a single nuclear
gene or whole mitochondrial genomes, we find that the former
underestimates ages of the oldest ray-finned fish divergences, but
the latter dramatically overestimates ages for derived teleost line-
ages. Our time-calibrated phylogeny reveals that much of the di-
versification leading to extant groups of teleosts occurred
between the late Mesozoic and early Cenozoic, identifying this
period as the “Second Age of Fishes.”

Actinopterygii | molecular clock | species tree | Teleostei | Percomorpha

Ray-ﬁnned fishes (Actinopterygii) are one of the most successful
radiations in the long evolutionary history of vertebrates, yet
despite the rapid progress toward reconstructing the Vertebrate
Tree of Life, only 5% of the ray-finned fish phylogeny is resolved
with strong support (1). Actinopterygii contains more than 30,000
species (2), with all but 50 being teleosts (3). Compared with other
large vertebrate radiations, such as mammals (4) or birds (5),
a general consensus on the phylogenetic relationships and timing
of diversification among the major actinopterygian and teleost
lineages is lacking (3, 6, 7). This uncertainty about relationships
has prevented the development of a comprehensive time-cali-
brated phylogeny of ray-finned fishes, which is necessary to un-
derstand macroevolutionary processes that underlie their diversity.

Most working concepts of actinopterygian relationships are
based on morphological data (6, 8), and unlike other clades of
vertebrates, there has been no comprehensive effort to resolve the
phylogeny of actinopterygians and teleosts using molecular data
that sample multiple nuclear genes and include taxa that span the
major lineages. Despite the long history of using morphological
data in the phylogenetics of ray-finned fishes, there are several
areas of uncertainty and disagreement regarding some of the
most fundamental relationships. First, there are two competing
hypotheses on the phylogenetic relationships that reflect the
earliest diversification of teleosts: either the Osteoglossomorpha
[bony tongues (9, 10)] or Elopomorpha [eels, tarpons, and bonefish

www.pnas.org/cgi/doi/10.1073/pnas.1206625109

(11, 12)] are the sister lineage of all other teleosts. Second, the
relationships of lower euteleosts (e.g., salmons, smelts, pikes,
slickheads, and galaxiids), or “protacanthopterygians,” has changed
frequently as a result of phylogenetic analyses of different mor-
phological datasets (13-15). Third, with at least 16,950 species (2),
the staggering diversity of spiny-rayed fishes, and particularly per-
comorphs, has impeded phylogenetic resolution of this lineage,
prompting Nelson (16) to label the Percomorpha as the “bush at
the top of the [teleost] tree.”

Applications of molecular data to these three long-standing
questions in teleost phylogenetics have yielded mixed results. For
example, analyses of nuclear and mtDNA gene sequences have
supported all three possible relationships among osteoglosso-
morphs, elopomorphs, and all other teleosts [i.e., clupeocephalans
(17-20)]. Molecular phylogenies have agreed with morphological
inferences that “protacanthopterygians” are not monophyletic
(8, 13, 14, 19, 21, 22); however, molecular inferences resolve
relationships, such as a clade containing salmonids (salmon and
trouts) and esociforms (pikes and mudminnows) (21-23), which
are not supported in analyses of most morphological datasets
(13, 14). Investigations of percomorph phylogeny using mo-
lecular data have resulted in the exciting discovery of new
clades, such as monophyly of tetraodontiforms (pufferfishes) plus
lophiiforms (anglerfishes) (19, 24), and the resolution of an in-
clusive clade of more than 4,800 species, containing cichlids,
atherinomorphs (silversides), blennioids (blennies), pomacentrids
(damselfishes), embiotocids (surfperches), mugilids (mullets), and
other less known lineages (25). However, molecular phylogenetic
analyses that have sampled the most broadly among the disparate
lineages of Percomorpha have not resulted in strongly supported
resolution of the deepest nodes in the clade (19, 26, 27).

Resolution of phylogenetic relationships of teleosts is critical
to understanding the timing of their diversification. Currently
there is discordance between the estimated age of divergence for
teleosts, as inferred from the fossil record and molecular studies.
Fossils of four of the earliest teleost lineages (Elopomorpha,
Osteoglossomorpha, Clupeiformes, and Ostariophysi), as well as
stem-lineage euteleosts (e.g., TLeptolepides, T = an extinct taxon)
appear in a very short time interval between the Late Jurassic
and Early Cretaceous (11). In contrast, molecular and genomic
inferences consistently indicate that there may be a gap in the
fossil record of crown-lineage teleosts, as the age estimates for
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the most recent common ancestor of living teleosts range from
310 to 350 Ma based on whole mtDNA genome sequences (28),
~320 Ma based on comparisons of paralogous gene copies
resulting from the teleost whole-genome duplication (WGD)
event (29), and 173-260 Ma based on fossil-calibrated nuclear
gene phylogenies (7, 19, 20). Although these studies estimated
ages for the crown teleost clade that are older than the fossil
record, molecular age estimates across ray-finned fish lineages
include those that are older, as well as younger, than fossil-based
estimates. For example, the fossil record implies an origin of
crown-lineage actinopterygians in the Devonian, ~385 Ma (30).
However, relaxed-molecular clock analyses of a single nuclear
gene resulted in an age that is younger (299 Ma) than the so-
called Devonian “Age of Fishes” [416-359 Ma (19, 20)]. Dis-
cordance between these molecular and fossil age estimates, along
with uncertainty in the phylogeny, contribute to a lack of un-
derstanding of this fundamental aspect of vertebrate evolution.

We investigated phylogenetic relationships and divergence
times of all major lineages of Actinopterygii and Teleostei using
DNA sequences of nine unlinked protein-coding nuclear genes
sampled from 232 species. We used 36 well-justified absolute time
calibrations from the fossil record of ray-finned fishes in relaxed-
molecular clock analyses to estimate divergence times. Phyloge-
nies resulting from these analyses were well resolved, the majority
of phylogenetic inferences were supported with strong node sup-
port values, were robust to inferences using new “species tree”
methods, and provide a comprehensive molecular perspective on
areas of long-standing disagreement and uncertainty in the rela-
tionships of teleost fishes. Divergence times estimated from re-
laxed-molecular clock analyses yield a comprehensive time-scale
of actinopterygian diversification that is remarkably close to ages
inferred from the fossil record.

Results and Discussion

Maximum-likelihood analyses of the nine nuclear gene dataset
resolved 89% of the 232 nodes in the actinopterygian phylogeny
with bootstrap replicate scores (BS) >70% and the phylogenies
inferred using the Bayesian method had 91% of the nodes strongly
supported posterior probabilities (BPP) > 0.95 (Fig. 1, and Figs.
S1 and S2). Relationships of nonteleostean actinopterygians were
consistent with traditional morphologically-based inferences (6)
with polypterids (bichirs and ropefish) resolved as the sister line-
age of all other actinopterygians (Actinopteri) in the relaxed-clock
analysis (Fig. 1). In addition, Acipenseriformes (sturgeons and
paddlefishes) were the sister lineage of Neopterygii with strong
support (BS = 100%, BPP = 1.00), and Holostei (bowfin and gars)
was resolved as the sister lineage of teleosts [BS = 100%, BPP =
1.00 (Fig. 1, and Figs. S1 and S2)]. These results contrast with
earlier molecular studies that either resolved acipenseriforms and
holosteans as an “ancient-fish” clade (31) or acipenseriforms and
polypteriforms as a weakly supported clade (32).

Our results provide resolution to three of the most compelling
questions in teleost phylogenetics. The molecular phylogeny
resulted in the strongly supported position (BS = 97%, BPP =
1.00) of elopomorphs as the sister lineage of all other teleosts (Fig.
1, and Figs. S1 and S2). This result is also strongly supported in
a species tree analysis, which accounts for potential discordance
among individual gene histories, with a bootstrap proportion of
100% (Fig. S3). Evidence for Osteoglossomorpha as the sister
lineage of all other teleosts was based on the presence of a single
character state in the caudal fin skeleton (9, 10). On the other
hand, the hypothesis that Elopomorpha is the sister lineage of all
other teleosts was based on eight derived character-state changes
identified from optimization of a matrix containing 135 discretely
coded morphological characters (11). Our results strongly support
the latter hypothesis, illustrating agreement between phylogenetic
inferences from a robust morphological data matrix and our
densely sampled nuclear gene DNA sequence dataset.
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With regard to the relationships of early euteleosts, our phy-
logenetic analyses support several results from previous molec-
ular studies and a new result that places Galaxiidae as the sister
lineage of Neoteleostei (without stomiiforms) [BS = 95%, BPP =
1.00 (Fig. 1, and Figs. S1 and S2)]. Lineages previously treated as
“protacanthopterygians” (3) are polyphyletic in the molecular
phylogeny because the alepocephaliforms (slickheads) are re-
solved in a clade containing clupeomorphs (anchovies and her-
rings) and ostariophysians (catfish and minnows) [BS = 94%,
BPP = 1.00 (21, 33)], the enigmatic freshwater Australian species
Lepidogalaxias salamandroides is the sister lineage to all other
Euteleostei (15, 23) [BS = 100%, BPP = 1.00 (Fig. 1, and Figs. S1
and S2)], salmonids (trouts and salmon) and esociforms (pikes
and mudminnows) are resolved as a clade [BS = 100%, BPP =
1.00 (21, 23)], and there is strong support for a clade containing
stomiiforms (dragonfishes), osmeriforms (smelts), and retro-
pinnids (southern smelts) [BS = 100%, BPP = 1.00 (23)]. Al-
though most of these relationships were reflected in the species
tree, Lepidogalaxias was resolved as the sister lineage of Gal-
axiidae (Fig. S3). However, only one of the two gene trees
(ragl) that sampled both Lepidogalaxias and Galaxiidae re-
solved these lineages as sharing a common ancestor. The phy-
logenetic resolution of these early euteleost lineages using
morphology is thought to have been hampered by a mosaic of
highly modified and ancestral character states (3, 13). The
relationships inferred in our trees provide a phylogenetic
framework to investigate the evolution of morphological char-
acter state changes, which have proven difficult to use in the
inference of relationships among early diverging euteleost lin-
eages (e.g., ref. 34).

One of the most important problems in vertebrate phyloge-
netics is the resolution of the major lineages of Percomorpha. The
phylogeny confirms several results presented in previous molecu-
lar analyses, including the resolution of ophidiiforms (cusk eels)
and batrachoidids (toadfish) as early diverging percomorphs (25,
26), a clade containing tetraodontiforms and lophiiforms (19, 24),
a clade dominated by percomorphs with demersal eggs that
includes cichlids, pomacentrids, blennies, ricefishes, and sil-
versides (Atherinomorpha) (25), and the revised placement of
sticklebacks with scorpionfishes, eelpouts, and perches (Perci-
formes) rather than their historical placement with seahorses
(24-27, 35). Our molecular phylogeny provides substantial reso-
lution and node support for the deepest percomorph relationships
(Fig. 1, and Figs. S1 and S2). The degree of resolution in our
phylogeny among the earliest diverging percomorphs is en-
couraging, and holds promise that increased taxon sampling
for these molecular markers will result in the phylogenetic
resolution of both the deepest and the most apical nodes in the
“bush on the top of the tree” that has long vexed vertebrate
biologists (6).

The phylogenetic resolution offered by the nine nuclear gene
dataset not only has broad implications for understanding the
evolutionary history of actinopterygians, but also provide the
necessary basis for estimating their divergence times. Molecular
age estimates from the nine nuclear genes agree with published
analyses using whole mtDNA genomes for older nodes and with
the ragl nuclear gene for younger nodes (Fig. 24 and Table S1),
which is reflected in the proportion of fossil calibrations shared
between those studies and our relaxed-clock analyses (Fig. 2B).
This finding offers an explanation and reconciliation for several
points of disagreement observed between molecular age esti-
mates for ray-finned fishes and the fossil record. For example, we
estimate a Silurian-Devonian origin of extant Actinopterygii,
between 438.9 and 383.4 Ma (Fig. 24 and Table S1), which is
consistent with the first occurrences of crown actinopterygian
fishes (e.g., TMimipiscis toombsi) in the fossil record (30).
This finding contrasts with previous efforts using ragl that esti-
mated the age of living ray-finned fishes between 337 and 284 Ma
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in the Carboniferous-Permian [Fig. 24 (19, 20)]. This discrep-
ancy is likely because of the use of the putative neopterygian
tBrachydegma caelatum, which dates to the Early Permian
(Artinskian-Sakmarian boundary) ~284 Ma (7), as a minimal age
calibration for the crown actinopterygian clade in the rag/-based
studies (19, 20). Using the same ragl gene with our calibration
strategy, we estimated the age of ray-finned fishes between 402.3
and 384.3 Ma in the Devonian (Fig. 24). Similarly, discrepancies
between our molecular age estimates and those obtained from
whole mtDNA genome analyses may be because of the use of
entirely different sets of fossil calibrations that are younger than
100 Ma (Fig. 2B), and their application of biogeographic cali-
brations that constrain the ages of the derived percomorph lineage
Cichlidae to correspond with specific events in the fragmentation
of Gondwana that range between the Late Jurassic and Late
Cretaceous [145-85 Ma (28)].
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In general, published molecular age estimates for derived tel-
eost lineages using whole mtDNA genomes are much older than
the known fossils for these clades, implying the existence of sub-
stantial gaps in the fossil record that often exceed 100 Ma [Fig. 24
(28, 36)]. However, our molecular age estimates reject the ne-
cessity for invoking such temporally large gaps in the geological
record, as our age inferences are much closer to the fossil age
estimates (Fig. 24 and Table S1). For example, the published
mtDNA age estimate for crown tetraodontiforms (pufferfishes
and relatives) span the Cretaceous and Jurassic between 184 and
124 Ma (37), but the earliest definitive fossils assigned to this
lineage are from Paleogene deposits in the late Paleocene (Tha-
netian) ~59-56 Ma (38). The lower bound of our age estimate
for crown tetraodontiforms is less than 10 Ma older than these
earliest fossils (Fig. 24 and Table S1). The same pattern of sub-
stantial difference between our age estimates and those using whole
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mtDNA genome sequences was observed for the most recent
common ancestors of Cypriniformes (minnows), Characiformes
(piranhas and tetras), Siluriformes (catfishes), Acanthomorpha
(spiny-rayed fishes), Percomorpha (perch-like fishes), and Lophii-
formes (anglerfishes), with our estimates being much closer to the
oldest known fossils of these lineages (Fig. 24 and Table S1). We
obtained these results without using any of the fossil ages for these
younger lineages as calibrations in our study.

The reconciliation of molecular divergence time estimates
with ages implied by the fossil record allows us to investigate the
age of teleosts, which has proven difficult to infer using pale-
ontological information (11). We estimated that crown lineage
teleosts first diverged during the Carboniferous to early Permian
(Fig. 24) (333.0-285.8 Ma), following the Devonian Age of
Fishes. This estimate agrees with analyses of whole mtDNA
genomes (28) and the assessment of a WGD event occurring in
teleosts (29). The credibility of teleosts diversifying in the Pa-
leozoic was challenged by analyses of the ragl nuclear gene that
estimated teleosts diversified during the Late Triassic to Middle
Jurassic (20). However, when we analyzed the ragl locus using
the set of calibrations presented in this study, the age of teleosts
shifted nearly 100 Ma, ranging from the Carboniferous to Early
Triassic (305.6-237.3 Ma) (Fig. 24). A Paleozoic origin for
crown teleosts differs considerably from estimates based
on paleontological data. The earliest fossil representatives of
the teleost crown are Late Jurassic elopomorphs and ostar-
iophysians, and these are preceded by a series of stem-teleost
clades that appear between the Late Triassic and Middle Ju-
rassic, and in roughly the temporal sequence dictated by phy-
logeny (11). If our molecular age estimates are accurate, then the
first 100 million years of crown-teleost history is absent from the
fossil record. This “teleost gap” has been noted in previous re-
laxed-molecular clock studies, which have attributed this discrep-
ancy to a relatively poor record of ray-finned fishes in the latest
Paleozoic (7). When taken together, our molecular age estimates,
those of mtDNA based inferences, as well as the “genomic fossils”
in the form of the WGD event, imply a missing record of crown
teleost fossils from the Permo-Carboniferous to Middle Jurassic.
We suggest that additional systematic work is needed on fossil
fishes from this stratigraphic interval. If this gap in the teleost
fossil record is genuine, it may be a direct consequence of a lack of
suitable fossil deposits. The nearly 70-million-year span between
the mid-Carboniferous and earliest Triassic is characterized by
a paucity of species-rich fish Lagerstitten (exceptional fossil
deposits yielding abundant articulated material), with existing sites
of this age subject to comparatively little research (39). We hope
that the recurring disagreement between timescales for the
emergence of crown teleosts based on molecular and fossil data-
sets will encourage renewed paleontological research on this
critical stratigraphic interval.

Despite the apparent gap in the fossil record for early crown—
group teleosts, we find that most major teleost lineages origi-
nated in a period spanning the late Mesozoic into the early
Cenozoic (Figs. 1 and 24), which corresponds to patterns ap-
parent in the fossil record (39). We identify this interval as the
“Second Age of Fishes.” The Devonian Age of Fishes is char-
acterized by the presence of all major vertebrate lineages re-
ferred to as “fishes,” both living and extinct [e.g., ostracoderms,
placoderms, acanthodians, chondrichthyans, and so forth (40)].
Although this period in time appears to mark the origin of crown
Actinopterygii (Figs. 1 and 24), it does not correspond to the
divergence of the major lineages that comprise the bulk of living
actinopterygian biodiversity. Instead, the Second Age of Fishes
represents the interval in geologic time where these species-rich
lineages (e.g., otophysians and acanthomorphs) originated and
eventually flourished, becoming the dominant vertebrate com-
ponent of marine and freshwater habitats.
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Ray-finned fishes include half of the entire species richness of
vertebrates (2, 3), but had ranked last, by a wide margin, in the
degree of phylogenetic resolution offered by available DNA se-
quence and genomic resources (1). Our phylogeny, based on
a multilocus dataset, provides robust resolution and strong sup-
port across all major lineages of ray-finned fishes and teleosts.
Additionally, our divergence time estimates reconcile inferences
from paleontology with those obtained from other studies that
used molecular methods, providing a molecular time scale that is
more consistent with ages implied by the fossil record. This
comprehensive molecular perspective on the evolutionary diver-
sification of one-half of all vertebrate species provides DNA se-
quence data and calibration information from which to integrate
resolution of clades at lower taxonomic levels (e.g., families) and
estimate ages of actinopterygian lineages that lack a fossil record.

Materials and Methods

Collection of DNA Sequence Data and Phylogenetic Analyses. Standard phenol-
chloroform extraction protocol or Qiagen DNeasy Blood and Tissue kits were
used to isolate DNA from tissue biopsies sampled from 232 ray-finned fish
species (Table S2). Previously published PCR primers were used to amplify
and sequence an exon from each of nine nuclear genes [Glyt, myh6, plagl2,
Ptr, rag1, SH3PX3, sreb2, tbr1, and zic1 (22, 41)]. The genes were aligned by
eye using the inferred amino acid sequences. No frame mutations or DNA
substitutions that resulted in stop codons were observed in the aligned DNA
sequences. The combined nine-gene dataset contained 7,587 base pairs.

Twenty-seven data partitions were designated that corresponded to the
three separate codon positions for each of the nine genes. A GTR+G sub-
stitution model was used in a portioned maximum-likelihood analysis using
the computer program RAXML 7.2.6 (42) run with the -D option. Support for
nodes in the RAXML tree was assessed with a thorough bootstrap analysis
(option —f i) with 1,000 replicates.

A species tree was inferred using gene tree parsimony implemented in the
computer program iGTP (43). Individual gene trees estimated using RAXML
were used as input files. Several rooting strategies were used. The individual
gene trees were rooted using Erpetoichthys calabaricus or Polypterus
ornatipinnis, except in three cases when these species were not sampled for
a specific gene. In these cases the individual gene trees were rooted using
Scaphirhynchus platorynchus, Amia calva, or Atractosteus spatula. A heu-
ristic search using randomized hill climbing was performed to find the
species tree that minimized the reconciliation cost for deep coalescence. This
search was bootstrapped by performing it 100 times and bootstrap pro-
portions for the resulting species trees were calculated using SumTrees in
the DendroPy package (44).

Relaxed-Molecular Clock Analyses. Divergence times of ray-finned fish line-
ages were estimated using an uncorrelated lognormal (UCLN) model of
molecular evolutionary rate heterogeneity implemented in the computer
program BEAST v1.6.1 (45, 46). The nucleotide substitution models for the
nine-gene dataset were partitioned by gene and codon as in the RAXML
analysis above, but the UCLN molecular clock models were partitioned by
gene. Thirty-six lognormal calibration priors from the fossil record of ray-
finned fishes were used in the UCLN analyses (S/ Text). To assess the rooting
of the ray-finned fish phylogeny, the node representing the most recent
common ancestor of Actinopteri was assigned a lognormal age prior and the
monophyly of this clade was not enforced. Preliminary analyses resulted in
monophyly of Actinopteri with a Bayesian posterior support = 1.0. A birth-
death speciation prior was used for branching rates in the phylogeny. The
BEAST analyses were run four times with each run consisting of 2.0 x 10®
generations, sampling at every 5,000 generations. The resulting trees and
log files from each of the five runs were combined using the computer
program LogCombiner v1.6.1 (http://beast.bio.ed.ac.uk/LogCombiner). Con-
vergence of model parameter values and estimated node-heights to their
optimal posterior distributions was assessed by plotting the marginal pos-
terior probabilities versus the generation state in the computer program
Tracer v1.5 (http://beast.bio.ed.ac.uk/Tracer). Effective sample size (ESS)
values were calculated for each parameter to ensure adequate mixing of
the Markov chain Monte Carlo (ESS > 200). The posterior probability
density of the combined tree and log files was summarized as a maximum
clade credibility tree using TreeAnnotator v1.6.1 (http:/beast.bio.ed.ac.uk/
TreeAnnotator). The mean and 95% highest posterior density estimates of
divergence times and the posterior probabilities of inferred clades were
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visualized on the using the computer program FigTree v1.3.1 (http://beast.
bio.ed.ac.uk/FigTree).

Fossil Calibration Age Priors. For each fossil calibration prior, we identify the
calibrated node in the ray-fin fish phylogeny, list the taxa that represent the
first occurrence of the lineage in the fossil record, describe the character
states that justify the phylogenetic placement of the fossil taxon, provide
information on the stratigraphy of the rock formations bearing the fossil,
give the absolute age estimate for the fossil, outline the prior age setting in
the BEAST relaxed-clock analysis, and provide any additional notes on the
calibration (S/ Text). Each calibration is numbered and the phylogenetic
placement of the calibration is highlighted in Fig. S2.
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SI Text

Fossil Calibration Age Priors. For each fossil calibration prior, we
identify the calibrated node in the ray-fin fish phylogeny, list the
taxa that represent the first occurrence of the lineage in the fossil
record, list the resolution of the fossil taxon in phylogenetic
analyses (if any), describe the character states that justify the
phylogenetic placement of the fossil taxon, provide information on
the stratigraphy of the rock formations bearing the fossil, give the
absolute age estimate for the fossil, outline the prior age setting in
the BEAST relaxed-clock analysis, and provide any additional
notes on the calibration. Each calibration is numbered and the
phylogenetic placement of the calibration is highlighted in Fig. S2.

Calibration 1. Node: Crown-group Actinopterygii. First occurrence:
TMimipiscis toombsi and TMoythomasia durgaringa. Gogo Forma-
tion, Western Australia, Australia (1). Resolution in phylogenetic
analyses: both ftMimipiscis and TMoythomasia are resolved as
crown lineage actinopterygians, relative to Polypterus, in a maxi-
mum parsimony analysis of morphological characters (figure 10 in
ref. 1). Character states: perforated proterygium; bases of marginal
rays embrace propterygium; lateral cranial canal; (for fMoytho-
masia only) ascending process of the parapshenoid lining the spi-
racular groove (2). Stratigraphy: lower Frasnian, transitans conodont
zone (3). Absolute age estimate: 382.5 Ma (4). Prior setting:
a lognormal prior with the mean = 2.3 and SD = 0.8 to set 382.5
Ma as the minimal age offset and 419 Ma as the 95% soft upper
bound. The upper bound is based on the age of osteichthyian
tGuiyu oneiros that provides a minimal age estimate for the
MRCA of Actinopterygii and Sarcopterygii (5) Note: THow-
qualepis might represent an older crown group actinopterygian
than either of our examples (1, 6). However, this taxon is known
from lacustrine deposits that cannot easily be correlated to
marine sequences, and is known from less satisfactory materials
than either TMoythomasia or TMimipiscis.

Calibration 2. Node: Crown-group Actinopteri. First occurrence:
tCosmoptychius striatus. Wardie Shales, Lower Oil Shale Group,
Scotland (7). Resolution in phylogenetic analyses: see Coates
(figure 9C in ref. 6). Character states: pituitary vein canal oblit-
erated; unpaired myodome (6, 8). Stratigraphy: Asbian regional
stage, but often correlated with the upper Viséan. We have ap-
plied the youngest date estimates for the regional stage rather
than the slightly older estimated upper boundary for the Viséan
(7, 9). Absolute age estimate: 325.5 Ma (10). Prior setting: a log-
normal prior with the mean = 2.555 and SD = 0.8 to set 325.5
Ma as the minimal age offset and 373 Ma as the 95% soft upper
bound. The upper bound is based on the calculation of FAgs
following Marshall (11).

Calibration 3. Node: Stem-lineage Halecomorphi, dating the most
recent common ancestor (MRCA) of Holostei, which is subtended
by Amia and Atractosteus. First occurrence: tWatsonulus eugna-
thoides. Middle Sakamena Formation, Sakamena Group, Ambi-
lombe Bay, Madagascar (12). Resolution in phylogenetic analyses:
maximum parsimony analysis of 60 morphological characters re-
solves a monophyletic Holostei containing tWatsonulus and Amia
(e.g., figure 3 in ref. 13). Character states: maxilla with posterior
excavation; symplectic participates in lower jaw joint (14). Stra-
tigraphy: Induan-Olenekian, (‘Scythian’) (15). Absolute age estimate:
245.9 Ma (16). Prior setting: a lognormal prior with the mean =
2.86 and SD = 0.8 to set 245.9 Ma as the minimal age offset and
311 Ma as the 95% soft upper bound. The upper bound is based on
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the age of tMesopoma planti that is resolved as a stem lineage
actinopteran in a maximum parsimony inferred phylogeny based
on 72 morphological characters (figure 7 in ref. 17), and dated to
the Kasimovian-Moscovian (Westphalian) at 311 Ma (6). Note:
We have reexamined the type material of {Brachydegma caela-
tum (MCZ 6503), a Permian actinopterygian previously identi-
fied as a stem halecomorph and the oldest crown-group
holostean and neopterygian (18). We find evidence in support of
this interpretation lacking. Most notably, this taxon lacks both
a maxilla that is free from (i.e., fails to contact) the pre-
operculum and a supramaxilla, two features that otherwise
characterize neopterygians. Furthermore, we are unconvinced by
the putative synapomorphies said to link {B. caelatum with other
halecomorphs (e.g., an enlarged median gular, which is broadly
distributed phylogenetically; an intended posterior margin of the
maxilla, which is not apparent in {B. caelatum).

Calibration 4. Node: Stem lineage Polyodontidae, dating the
MRCA of Polyodon and Scaphirhynchus. First occurrence: tPro-
topsephurus liui. Jianshangou beds, lower Yixian Formation, Jehol
Group, Liaoning Province, China (19). Resolution in phylogenetic
analyses: maximum parsimony analysis of 62 morphological char-
acters resolve a clade containing the two sampled polyodontid
species, Polyodon spatula and {Protopsephurus liui (figure 17 in
ref. 20). Character states: stellate bones; long median dorsorostral
and ventrorostral bones; anterior, middle and posterior divisions
of fenestra longitudinalis; microctenoid scales (19). Stratigraphy:
latest Barremian-earliest Aptian (19). Absolute age estimate: 124.6
Ma, as ash beds in the lower Yixian Formation have been radio-
metrically dated to 124.6 = 0.2, 124.6 + 0.3, 125.0 + 0.18, and
125.0 + 0.19 Ma using Argon (*’Ar/*’Ar) isotope ratios (21, 22).
Prior setting: a lognormal prior with the mean = 1.948 and SD =
0.8 to set 124.6 Ma as the minimal age offset and 150.8 Ma as the
95% soft upper bound. The upper bound is based on the age of
FPeipiaosteus pani that is from the Late Jurassic (Tithonian) and
phylogenetically resolved as a stem acipenseriform (figures 17 and
23 in ref. 20).

Calibration 5. Node: Stem lineage Notopteridae, dating the MRCA
of Gymnarchus, Gnathonemus, Xenomystus, and Chitala. First oc-
currence: tPalaeonotopterus greenwoodi. Kem-Kem Beds, southern
Morocco (24-26). Resolution in phylogenetic analyses: maximum
parsimony analysis of morphological characters resolve fPalae-
onotopterus and Notopteridae as sister lineages (figure 134 in ref.
25). Character states: elongate foramen for N.V + N.VII straddling
suture between prootic and pterospohenoid in orbital wall; audi-
tory fenestra between prootic and basioccipital; saggita with
prominent anterior process (25). Stratigraphy: uppermost Albian-
lowermost Cenomanian (25, 27). Absolute age estimate: 99.6 Ma
(28). Prior setting: a lognormal prior with the mean = 1.36 and
SD = 0.8 to set 99.6 Ma as the minimal age offset and 114.1 Ma as
the 95% soft upper bound. The upper bound is based on the cal-
culation of FAys following Marshall (11).

Calibration 6. Node: Stem lineage Chanidae, dating the MRCA of
Chanos and Cromeria. First occurrence: TRubiesichthys gregalis.
Montsec, Lérida, Spain (29). Resolution in phylogenetic analyses:
maximum parsimony anlaysis of 130 morphological characters
results in a clade containing Chanos, Rubiesichthys, TGordich-
thys, tTharrhias, tParachanos, tDastilbe, and fAethalionopsis
(figure 7.9 in ref. 30). Character states: frontals broad anteriorly;
premaxilla broad with long oral process; ascending process of
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premaxilla absent; high coronoid process; mandible depth greatest
at midlength; mandibular notch present; quadrate/articular joint
located anterior to orbit; opercular bone broad; suprapreopercular
bone broad; neural arches anterior to dorsal fin autogenous; hy-
pural one independent from first ural centrum (31, 32). Stratigra-
phy: Berriasian-Valanginian (29, 33). Absolute age estimate: 133.9
Ma. Prior setting: a lognormal prior with the mean = 1.51 and
SD = 0.8 to set 133.9 Ma as the minimal age offset and 150.8 Ma
as the 95% soft upper bound. The upper bound is based on the
Tithonian stem-lineage ostariophysian {7ischlingerichthys viohi (34).

Calibration 7. Node: Stem lineage Ictaluridae, dating the MRCA of
Ameiurus and Cranoglanis. First occurrence: tAstephus sp. Polecat
Bench Formation, Cedar Point Quarry, Wyoming, United States
(35). Resolution in phylogenetic analyses: TAstephus is resolved as
the sister lineage of Ictaluridae in phylogenetic trees based on
morphological data (figure 1 in ref. 36). Character states: posterior
skull roof bears ridges and pitting; base of supraoccipital process
broad; cranial fontanelles widely open (35). Stratigraphy: Se-
landian, chron 26r; lower Tiffanian North American Land Mam-
mal Age (NALMA) (37). Ash bed below dated to 59.0 + 0.30
based on laser-fusion and 59.11 + 0.34 based on “’Ar/*°’Ar dating
(37). Absolute age estimate: 59.0 Ma. Prior setting: a lognormal prior
with the mean = 1.135 and SD = 0.8 to set 59.0 Ma as the
minimal age offset and 70.6 Ma as the 95% soft upper bound. The
upper bound is based on the earliest known siluriform fossils that
date from the Maastrichtian and Campanian of Argentina, Bo-
livia, and Brazil. These fossils consist of fragmentary remains of fin
spines, pectoral girdles, and neurocrania, but cannot be assigned
to any of the crown-lineage Siluriformes (reviewed in ref. 38).

Calibration 8. Node: Stem lineage Ictiobinae, dating the MRCA of
Ictiobus and Hypentelium. First occurrence: tAmyzon brevipenne
and fAmyzon aggregatum. Allenby Formation, Pleasant Valley,
British Columbia, Canada (fA. brevipenne); Horsefly beds, British
Columbia, Canada; Green River Formation (Laney Shale
Member), Fontenelle Reservoir, Wyoming, United States;
Klondie Mountain Formation, Republic, Washington, United
States (fA. aggregatum) (39, 40). Resolution in phylogenetic
analyses: phylogenetic anlaysis of 157 morphological characters
resolves fAmyzon as the sister lineage of a clade containing Ictio-
bus and Carpiodes (41: Fig. 6). Character states: a widely separated
and robust hypohyal process, first transverse process is long, a wide
and laterally elevated dermethmoid shape, five to seven large su-
praneurals, and the dermethmoid spine is moderate and expanded
at the base (41). Stratigraphy: Ypresian-Lutetian or Bridgerian
NALMA (40, 42, 43); Klondike Mountain Formation radiometri-
cally dated to 49.42 + 0.54 Ma using “’Ar/*°Ar (44). Absolute age
estimate: 49.4 Ma. Prior setting: a lognormal prior with the mean =
0.764 and SD = 0.8 to set 49.4 Ma as the minimal age offset and
57.0 Ma as the 95% soft upper bound. The upper bound is based
on the oldest fossil remains of crown lineage cypriniforms that are
isolated cleithra, similar to those of f4myzon, from the Paskapoo
Formation dated to the middle Thanetian (37, 45).

Calibration 9. Node: Stem lineage Esocidae, dating the MRCA of
Esox and Novumbra. First occurrence: TEstesesox foxi. Milk River
Formation, Alberta, Canada (46). Resolution in phylogenetic
analyses: none. Character states: ‘c’-shaped bases for depressible
dentary teeth (46). Stratigraphy: upper Campanian, radiometri-
cally dated between 76.4 and 78.2 Ma (47). Absolute age estimate:
76.4 Ma. Prior setting: a lognormal prior with the mean = 1.091
and SD = 0.8 to set 76.4 Ma as the minimal age offset and 8§7.5 Ma
as the 95% soft upper bound. The upper bound is based on the
calculation of FAys following Marshall (11).

Calibration 10. Node: Stem lineage Salmoninae, dating the MRCA
of Thymallus, Salvelinus, Hucho, and Coregonus. First occurrence:
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FEosalmo driftwoodensis. Driftwood Creek, Allenby, and Klondike
Mountain formations of British Columbia, Canada, and Wash-
ington, United States (48). Resolution in phylogenetic analyses:
resolved as the sister lineage of Salmoninae in a maximum par-
simony analysis of 54 morphological characters (48). Character
states: small scales; posterior part of frontal expanded over
autosphenotic; hyomandibular fossa on pterotic long; posterior
portion of entopterygoid overlapped by metapterygoid and
quadrate; premaxillary process of the maxilla extends dorsally
at an angle exceeding 10° suprapreopercle present; anterior
end of preopercular canal on horizontal arm of preopercle turns
anteroventrally; first uroneural expanded, forming a fan-shaped
stegural (48). Stratigraphy: middle Ypresian, U-Pb zircon dated
to 51.77 + 0.34 Ma (49). Absolute age estimate: 51.8 Ma. Prior
setting: a lognormal prior with the mean = 1.618 and SD = 0.8 to
set 51.8 Ma as the minimal age offset and 76.4 Ma as the 95%
soft upper bound. The upper bound is based on the age of
TEstesesox foxi (see calibration 9).

Calibration 11. Node: Stem lineage Polymixiiformes, dating the
MRCA of Polymixia and Percopsiformes (Percopsis, Aphredoderus,
and Chologaster). First occurrence: THomonotichthys dorsalis.
Lower Chalk of Sussex and Kent, United Kingdom (50). Reso-
lution in phylogenetic analyses: none. Character states: four full-
sized branchiostegals; anterior branchiostegals reduced and
forming support for chin barbel (50, 51). Stratigraphy: middle-
upper Cenomanian, zone of Holoaster subglobosus (50, 52).
Absolute age estimate: 93.6 Ma (28). Prior setting: a lognormal
prior with the mean = 0.476 and SD = 0.8 to set 93.6 Ma as
the minimal age offset and 99.6 Ma as the 95% soft upper
bound. The upper bound is based on the Cenomanian aged
stem-lineage acanthomorph ctenothrissiform taxa fAulolepis,
FCtenothrissa, and THeterothrissa (50, 53).

Calibration 12. Node: Stem lineage Percopsidae, dating the MRCA
of Percopsiformes (Percopsis, Aphredoderus, and Chologaster). First
occurrence: TMassamorichthys wilsoni. Paskapoo Formation, Joffre
Bridge, Alberta, Canada (54). Resolution in phylogenetic analyses:
maximum parsimony analysis of 47 morphological characters re-
solves a clade containing ftMassamorichthys, Percopsis, TAmphi-
plaga, TErismatopterus, and {Lateopisciculus (figure 2 in ref. 55).
Character states: dorsal process of maxilla present; supraoccipital
crest extends posterior to first neural spine (55). Stratigraphy:
Thanetian, or middle Tiffanian NALMA (56). Absolute age esti-
mate: 57.0 Ma (37). Prior setting: a lognormal prior with the
mean = 0.525 and SD = 0.8 to set 57.0 Ma as the minimal age
offset and 65.3 Ma as the 95% soft upper bound. The upper
bound is based on the calculation of FAgs following Marshall (11).

Calibration 13. Node: Stem lineage Aphredoderidae, dating the
MRCA of Aphredoderus and Chologaster. First occurrence: 1Tri-
chophanes foliarum. Florissant Formation, Colorado, United
States (57). Resolution in phylogenetic analyses: T Trichophanes and
Aphredoderus form a clade in a maximum parsimony anlaysis of 47
characters (figure 2 in ref. 55). Character states: ventral margins of
lachrymal and infraorbitals serrate; alveolar process of premaxilla
divided into separate segments (55, 573. Stratigraphy: upper Pria-
bonian, radiometrically dated using “°Ar/°Ar isotope ratios to
34.07 Ma (58). Absolute age estimate: 34.1 Ma. Prior setting: a log-
normal prior with the mean = 1.899 and SD = 0.8 to set 34.1 Ma
as the minimal age offset and 59.0 Ma as the 95% soft upper
bound. The upper bound is based on the age of the percopsid
TMassamorichthys wilsoni (see calibration 12).

Calibration 14. Node: Stem lineage Zeiformes, dating the MRCA
of Zeiformes (Cyttopsis, Zenopsis, and Zeus), Gadiformes (Lota
and Coryphaenoides), and Stylephorus chordatus. First occurrence:
FCretazeus rinaldii. “Calcari di Melissano,” Cavetta quarry, Lecce
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province, Italy (59). Resolution in phylogenetic analyses: maximum
parsimony analysis of 107 morphological characters placed fCre-
tazeus in a polytomy subtending all sampled extant zeiform spe-
cies, but this clade was derived relative to the stem fArchaeozeus
and fProtozeus (figure 7 in ref. 60). Character states: mobile pal-
atine; dorsal- and anal-fin rays unbranched; hypurals 1-4 consol-
idated; metapterygoid small; paraphypural not in contact with last
centrum; procumbent neural spines of posterior abdominal and
anterior caudal vertebrate; one supraneural; two epurals; bran-
chiostegals 3+4; two anal-fin spines (59). Stratigraphy: latest
Campanian-earliest Maastrichtian (59). Absolute age estimate:
70.6 Ma (28). Prior setting: a lognormal prior with the mean =
1.016 and SD = 0.8 to set 70.6 Ma as the minimal age offset and
80.9 Ma as the 95% soft upper bound. The upper bound is based
on the calculation of FAes following Marshall (11). Note: phy-
logenetic analysis of 107 morphological characters that are re-
stricted to zeiform taxa with two outgroups resolve fCretazeus in
a more derived position than used in this calibration age prior
(figure 9 in ref. 60)

Calibration 15. Node: Stem lineage Zenopsis, dating the MRCA of
Zenopsis and Zeus. First occurrence: TZenopsis clarus, TZenopsis
tyleri, and {Zenopsis hoernesi. Lower Maikopian series, Psheka
Horison of the Belaya River, Caucasus (61), and Lower Dyso-
dylic shales, Strujinoasa-Dragusina and Piatra Neamt, Romania
(62); Lower Dysodylic shales, Piatra Neamt, Romania (62);
Lasko (Tuffer), Slovenia (62). Resolution in phylogenetic analyses:
maximum parsimony analysis of 45 morphological characters
resulted in a tree where TZ. clarus, tZ. tyleri, and ¥Z. hoernesi,
and Zenopsis oblongus are resolved in a clade (figure 1 in ref. 63).
Character states: slender lachrymal; pelvic-fin spines absent;
buckler-like plates present along ventral midline of abdomen,
and along dorsal ridge from middle of spinous to end of soft
dorsal fin (63). Stratigraphy: lower Rupelian [P18], lower Kha-
dumian regional stage (64). Absolute age estimate: 32 Ma (65).
Prior setting: a lognormal prior with the mean = 0.231 and SD =
0.8 to set 32.0 Ma as the minimal age offset and 36.7 Ma as the
95% soft upper bound. The upper bound is based on the cal-
culation of FAys following Marshall (11).

Calibration 16. Node: Stem lineage Lampridae dating the MRCA
of Lampris, Regalecus, and Trachipterus. First occurrence:
tTurkmene finitimus. Danatinsk Suite, Uylya-Kushlyuk locality,
Turkmenistan (66, 67). Resolution in phylogenetic analysis: none.
Character states: first dorsal-fin pterygiophore strongly reclined
posteriorly; enlarged pectoral fins inserting high on flank; pec-
toral girdle broad ventrally, with expanded coracoid; long para-
pophyses absent from abdominal vertebrate (67). Stratigraphy:
uppermost Thanetian-lowermost Ypresian (68). Absolute age
estimate: 55.8 Ma (65). Prior setting: a lognormal prior with the
mean = 2.006 and SD = 0.8 to set 55.8 Ma as the minimal age
offset and 83.5 Ma as the 95% soft upper bound. The upper
bound is based on the Campanian aged veliferid {Nardovelifer
altipinnis (69). Veliferidae is resolved as the sister lineage of all
other lampriforms in morphological and molecular phylogenetic
analyses (70, 71).

Calibration 17. Node: Stem lineage Trachichthyoidei dating the
MRCA of Beryciformes. First occurrence: tHoplopteryx lew-
esiensis and THoplopteryx simus. Lower Chalk of Sussex and
Kent, United Kingdom (50). Resolution in phylogenetic analy-
ses: none. Character states: teeth form vertical band at dentary
symphysis, extending ventral to sensory canal; sclerotic ossicle
unossified (51). Stratigraphy: middle-upper Cenomanian, zone of
Holoaster subglobosus (50, 52). Absolute age estimate: 93.6 Ma
(28). Prior setting: a lognormal prior with the mean = 0.479 and
SD = 0.8 to set 93.6 Ma as the minimal age offset and 105.8 Ma
as the 95% soft upper bound. The upper bound is based on the
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Albian aged aulopiform fApateodus glyphodus from the Gault
Clay Formation, United Kingdom (72).

Calibration 18. Node: Stem lineage Myripristinae, dating the
MRCA of Myripristis and Sargocentron. First occurrence: tEo-
holocentrum macrocephalum, {Berybolcensis leptacanthus, and
FTenuicentrum pattersoni. Pesciara beds of “Calcari nummulitici,”
Bolca, Italy (73-75). Resolution in phylogenetic analyses: analysis of
72 morphological characters resolve fEoholocentrum, iBer-
ybolcensis, and {Tenuicentrum as stem-lineage Myripristinae
(figure 10 in ref. 76). Character states: tooth-bearing platform
expanded and overhangs lateral side of dentary near symphy-
sis; premaxillary tooth field curves dorsally toward ascending
process at symphysis; edentulous ectopterygoid (FBerybolcensis
and {Tenuicentrum); spinous procurrent caudal-fin rays reduced
to four in the upper and three in the lower lobe (fBerybolcensis
and fTenuicentrum) (76). Stratigraphy: upper Ypresian [NP14]
(77). Absolute age estimate: 50 Ma (65). Prior setting: a lognormal
prior with the mean = 0.672 and SD = (.8 to set 50.0 Ma as the
minimal age offset and 57.3 Ma as the 95% soft upper bound.
The upper bound is based on the calculation of FAgs following
Marshall (11).

Calibration 19. Node: Stem lineage Gephyroberyx dating the MRCA
of Gephyroberyx, Hoplostethus, and Paratrachichthys sajadema-
lensis. First occurrence: tGephyroberyx robustus. Lower Maikopian
Series, Belaya, Malyi Zelenchuk, and Gumista rivers, Caucasus
(61). Resolution in phylogenetic analyses: none. Character states:
ventral ridge of body bears a series of scute-like scales; pre-
opercular bears pronounced spine at posterior angle; eight dorsal-
fin spines (78, 79). Stratigraphy: lower Rupelian [P18] lower
Khadumian regional stage (64). Absolute age estimate: 32 Ma (65).
Prior setting: a lognormal prior with the mean = 0.231 and SD =
0.8 to set 32.0 Ma as the minimal age offset and 36.7 Ma as the
95% soft upper bound. The upper bound is based on the calcu-
lation of FAys following Marshall (11).

Calibration 20. Node: Crown lineage Syngnathiformes, dating the
MRCA of Fistularia, Syngnathus, Aulostomus, Aeoliscus, and
Macroramphosus. First occurrence: tGasterorhamphosus zuppi-
chinii. “Calcari di Melissano,” Porto Selvaggio, Lecce province,
Italy (80). Resolution in phylogenetic analyses: none, but Orr (81)
argues that fGasterorhamphosus is a stem lineage of a clade
containing Macrorhamphosidae and Centriscidae. Character
states: anal-fin spine absent; enlarged dorsal-fin spine with ser-
rated posterior margin; elongated tubular snout; pleural ribs
absent; cleithrum bears enlarged posterodorsal process; rod-like
anteroventral process of coracoid; pectoral rays simple (81, 82).
Stratigraphy: uppermost Campanian-lowermost Maastrichtian
(83). Absolute age estimate: 70.6 Ma (28). Prior setting: a lognor-
mal prior with the mean = 1.016 and SD = 0.8 to set 70.6 Ma as
the minimal age offset and 80.9 Ma as the 95% soft upper
bound. The upper bound is based on the calculation of FAos
following Marshall (11).

Calibration 21. Node: Stem lineage Centriscidae, dating the MRCA
of Centriscidae (Aeoliscus and Macroramphosus) and Aulostomus.
First occurrence: tParamphisile weileri and {Paraeoliscus robinetae.
Pesciara beds of “Calcari nummulitici,” Bolca, Italy (84). Resolu-
tion in phylogenetic analyses: none. Character states: caudal fin di-
rected posteroventrally (Paraeoliscus); dorsal spine jointed distally
(81). Stratigraphy: upper Ypresian [NP14] (77). Absolute age esti-
mate: 50 Ma (65). Prior setting: a lognormal prior with the mean =
0.672 and SD = 0.8 to set 50.0 Ma as the minimal age offset and
57.3 Ma as the 95% soft upper bound. The upper bound is based
on the calculation of FAgs following Marshall (11).
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Calibration 22. Node: Stem lineage Syngnathidae, dating the
MRCA of Syngnathus and Fistualria. First occurrence: T“Syngna-
thus” heckeli and fProsolenostomus lessinii. Pesciara beds of
“Calcari nummulitici,” Bolca, Italy (84). Resolution in phyloge-
netic analyses: none. Character states: greatly elongated body; body
completely encircled by armoured plates; median fins greatly re-
duced or absent (81). Stratigraphy: upper Ypresian [NP14] (77).
Absolute age estimate: 50 Ma (65). Prior setting: a lognormal prior
with the mean = 0.672 and SD = 0.8 to set 50.0 Ma as the
minimal age offset and 57.3 Ma as the 95% soft upper bound.
The upper bound is based on the calculation of FAys following
Marshall (11).

Calibration 23. Node: Stem lineage Carangidae, dating the MRCA
of Carangidae (Caranx, Seriola, and Trachinotus), Echeneis,
Coryphaena, and Rachycentron. First occurrence: TArchaeus ob-
longus. Danatinsk Suite, Uylya-Kushlyuk locality, Turkmenistan
(66). Resolution in phylogenetic analyses: none. Character states:
broad gap between second and third anal-fin spines (85). Stra-
tigraphy: uppermost Thanetian-lowermost Ypresian (68). Abso-
lute age estimate: 55.8 Ma (65). Prior setting: a lognormal prior
with the mean = 0.776 and SD = 0.8 to set 55.8 Ma as the
minimal age offset and 63.9 Ma as the 95% soft upper bound.
The upper bound is based on the calculation of FAgs following
Marshall (11).

Calibration 24. Node: Stem lineage Echeneidae, dating the MRCA
of Echeneis, Coryphaena, and Rachycentron. First occurrence:
tOpisthomyzon glaronensis and unnamed echeneid cf. Eche-
neis. TOpisthomyzon, Engi Slates, Matt, Glarus province, Swit-
zerland (86); cf. Echeneis “fish shales,” Frauenweiler clay pit,
Germany (87). Resolution in phylogenetic analyses: none.
Character states: no supraneurals; multiple anal-fin pter-
ygiophores insert anterior to first haemal spine; spinous dorsal
fin modified as adhesion disk (88, 89). Stratigraphy: Engi slates:
Rupelian, but younger than ca. 31.7 Ma as radiometric dates
for underlying Taveyannaz Formation; K/Ar: 31.7 + 1.6 and
32.4 + 1.6 Ma; *°Ar/°°Ar: 31.96 + 0.9 Ma (90, 91). Absolute age
estimate: 30.1 Ma (92). Prior setting: a lognormal prior with the
mean = 0.165 and SD = 0.8 to set 30.1 Ma as the minimal age
offset and 34.5 Ma as the 95% soft upper bound. The upper bound
is based on the calculation of FAgs following Marshall (11).

Calibration 25. Node: Stem lineage Luvaridae, dating the MRCA
of Luvarus, Zanclus, and Acanthuridae (Acanthurus and Naso).
First occurrence: FAvitoluvarus dianae, TAvitoluvarus mariannae,
tKushlukia permira, and tLuvarus necopinatus. Danatinsk Suite,
Uylya-Kushlyuk locality, Turkmenistan (93). Resolution in phy-
logenetic analyses: maximum parsimony analysis of 50 mor-
phological characters resolves a clade containing fAvitoluvarus,
tKushlukia, tLuvarus necopinatus, and Luvarus imperialis, which
is sister to Zanclidae + Acanthuridae (figure 18 in ref. 93).
Character states: median pterygial truss surrounding most of
body; two or fewer dorsal-fin spines; no anal-fin spines; distal
end of first anal-fin pterygiophore greatly elongated anteriorly;
hypurals 1-4 fused; caudal fin-rays broadly overlap hypurals;
pelvic fin rudimentary in adults; teeth absent or greatly re-
duced (93). Stratigraphy: uppermost Thanetian-lowermost
Ypresian (68). Absolute age estimate: 55.8 Ma (65). Prior set-
ting: a lognormal prior with the mean = 0.776 and SD = 0.8 to
set 55.8 Ma as the minimal age offset and 63.9 Ma as the 95%
soft upper bound. The upper bound is based on the calculation
of FAys following Marshall (11).

Calibration 26. Node: Stem lineage Siganidae, dating the MRCA
of Siganus and Scatophagidae (Scatophagus and Selenotoca).
First occurrence: Siganopygaeus rarus. Danatinsk Suite, Uylya-
Kushlyuk locality, Turkmenistan (94). Resolution in phylogenetic
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analyses: maximum parsimony analysis of 12 morphological traits
resolves four Eocene and Oligocene taxa, including {Siganopy-
gaeus, as stem lineage Siganidae (figure 20 in ref. 94). Character
states: two pelvic-fin spines; seven or more anal-fin spines; 10 or
fewer anal-fin rays (94). Stratigraphy: uppermost Thanetian-
lowermost Ypresian (68). Absolute age estimate: 55.8 Ma (65).
Prior setting: a lognormal prior with the mean = 0.776 and SD =
0.8 to set 55.8 Ma as the minimal age offset and 63.9 Ma as the
95% soft upper bound. The upper bound is based on the cal-
culation of FAys following Marshall (11).

Calibration 27. Node: MRCA of Bothus, Pseudopleuronectes, Sa-
mariscus, Symphurus, and Heteromycteris. First occurrence: TEo-
bothus minimus. Pesciara beds of “Calcari nummulitici,” Bolca,
Italy (95, 96). Resolution in phylogenetic analyses: tEobothus is the
sister lineage of Citharus (figure 2 in ref. 95). Character states:
complete orbital asymmetry; dorsal fin extends above orbit; hook-
shaped urohyal; parahypural not in articulation with pural cen-
trum 1; long neural spine on preural centrum 2 (95). Stratigraphy:
upper Ypresian [NP14] (77). Absolute age estimate: 50 Ma (65).
Prior setting: a lognormal prior with the mean = 0.672 and SD =
0.8 to set 50 Ma as the minimal age offset and 57.3 Ma as the 95%
soft upper bound. The upper bound is based on the calculation of
FAos following Marshall (11).

Calibration 28. Node: Stem lineage of Soleidae + Cynoglossidae,
dating the MRCA of Samariscus, Symphurus, and Heteromycteris.
First occurrence: tEobuglossus and T Turahbuglossus. Mokkatam
Formation, Gebel Turah, Egypt (97). Resolution in phylogenetic
analyses: none. Character states: blind side preopercular canal
terminating on ventral margin of preopercular; convex portion of
blind side dentary anterior to angulo-articular (for fEobu-
glossus). Chanet (97) argues that TEobuglossus can be identified
as a soleid on the basis of the geometry of the ascending process
of the blind side premaxilla. We are not convinced that the state
in this fossil can be meaningfully distinguished from the condi-
tion found in cynoglossids (98). Stratigraphy: upper Lutetian (97).
Absolute age estimate: 40.4 Ma (65). Prior setting: a lognormal prior
with the mean = 0.946 and SD = 0.8 to set 40.4 Ma as the
minimal age offset and 50 Ma as the 95% soft upper bound. The
upper bound is based on the age of TEobothus (see calibration 27).

Calibration 29. Node: Stem lineage Bothidae, dating the MRCA
of Bothus and Pseudopleuronectes. First occurrence: TOligobothus
pristinus. Lower Dysodilic shales, Piatra Neamt, Romania (99).
Resolution in phylogenetic analyses: none. Character states: my-
orhabdoi present (99). Stratigraphy: upper Rupelian [NP 23] (99).
Absolute age estimate: 30 Ma (65). Prior setting: a lognormal prior
with the mean = 0.165 and SD = 0.8 to set 30.0 Ma as the
minimal age offset and 34.4 Ma as the 95% soft upper bound.
The upper bound is based on the calculation of FAys following
Marshall (11).

Calibration 30. Node: Stem lineage of Chaetodontidae, dating the
MRCA of Chaetodontidae (Chaetodon, Prognathodes, Chelmon,
and Forcipiger) and Leiognathidae (Leiognathus and Gazza).
First occurrence: Chaetodontidae cf. Chaetodon (tholichthys-
stage larva). “Fish shales,” Frauenweiler clay pit, Germany (87,
92). Resolution in phylogenetic analyses: none. Character states:
Larva conforms to the Tholichthys pattern of anatomy. Stratig-
raphy: Rupelian (92). Absolute age estimate: 30.1 Ma (92). Prior
setting: a lognormal prior with the mean = 0.165 and SD = 0.8 to
set 30.1 Ma as the minimal age offset and 34.5 Ma as the 95%
soft upper bound. The upper bound is based on the calculation
of FAys following Marshall (11).

Calibration 31. Node: Stem lineage Chaetodon, dating the MRCA
of Chaetodon and Prognathodes. First occurrence: TChaetodon
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ficheuri. Saint-Denis du Sig, Raz-el-Ain, Les Planteurs, and
Eugene, Algeria (100). Resolution in phylogenetic analyses: none.
Character states: overlapping, sequential articulation between
first dorsal fin pterygiophores, supraneurals, and supraoccipital
crest; second infraorbital excluded from orbital margin; two sets
of lateral processes on each side of first dorsal-fin pterygiophore
define a clear groove; distal head of second supraneural longer
than that of first supraneural (100, 101). Stratigraphy: Messinian
(constrained between 7.12 and 5.96 Ma) (102-104). Absolute age
estimate: 7.1 Ma. Prior setting: a lognormal prior with the mean =
0.1 and SD = 0.3 to set 7.1 Ma as the minimal age offset and
8.9 Ma as the 95% soft upper bound. The upper bound is based
on the calculation of FAys following Marshall (11).

Calibration 32. Node: Stem linage Gazza, dating the MRCA of
Gazza and Leiognathus. First occurrence: TEuleiognathus tottori
(initially named as species of Leiognathus). Iwami Formation,
Tottori Group, Japan (105, 106). Resolution in phylogenetic anal-
yses: none. Character states: long ascending processes of premax-
illae; paddle-like expansions of neural and haemal spine of preural
centrum 4; single supraneural; serrated anterior margins of fin
spines; caniniform teeth (107). The final character is unique to
Guazza within leiognathids (106, 108). The nesting of Gazza high
within the leiognathid phylogeny indicates caniniform teeth are
derived within the clade (107, 109). Stratigraphy: middle Miocene
(105, 106). Absolute age estimate: 11.6 Ma (110). Prior setting:
a lognormal prior with the mean = 1.602 and SD = 0.8 to set 11.6
Ma as the minimal age offset and 23.1 Ma as the 95% soft upper
bound. The upper bound is based on the age of Chaetodontidae cf
Chaetodon (see calibration 30).

Calibration 33. Node: Stem lineage Diodontidae, dating the
MRCA of Diodontidae (Diodon and Chilomycterus) and Tet-
raodon. First occurrence: TProdiodon tenuispinus, tProdiodon
erinaceus, THeptadiodon echinus, and tZignodon fornasieroae,
Pesciara beds of “Calcari nummulitici,” Bolca, Italy (111). Res-
olution in phylogenetic anlayses: maximum parsimony analysis of
219 morphological characters results in a clade containing
tP. tenuispinus, tP. erinaceus, TH. echinus, tZ. fornasieroae, Di-
odon holocanthus, and Chilomycterus schoepfi (figure 4 in ref.
111). Character states: premaxillae fused along midline; dentaries
fused along midline; jaws massive (111). Stratigraphy: upper
Ypresian [NP14] (77). Absolute age estimate: 50 Ma (65). Prior
setting: a lognormal prior with the mean = 0.672 and SD = 0.8 to
set 50.0 Ma as the minimal age offset and 57.3 Ma as the 95%
soft upper bound. The upper bound is based on the calculation
of FAys following Marshall (11).
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Calibration 34. Node: Stem lineage Ostraciidae, dating the MRCA
of Rhinesomus and Aracana. First occurrence: tEolactoria sorbi-
nii. Pesciara beds of “Calcari nummulitici,” Bolca, Italy (111).
Resolution in phylogenetic anlayses: maximum parsimony analysis
of 219 morphological characters results in a clade containing
tEolactoria, Acanthostracion, and Ostracion (figure 4 in ref. 111).
Character states: dermal carapace closed behind dorsal and anal
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Fig. S1. (Continued)
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To Supplemental Figure 1c
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—— 0.05 substitutions per site

9 of 14


www.pnas.org/cgi/content/short/1206625109

® = 100% bootstrap replicates
To Supplemental Figure 1b 0O =99-90% bootstrap replicates
A

Monopterus albus @ =89-70% bootstrap replicates

Betta splendens | Anabantoidei
Helostoma temminckii

Bothus lunatus
Pseudopleuronectes americanus
Samariscus latus
Symphurus atricaudus

Heteromycteris japonicus
Sphyraena barracuda

Lates niloticus
Centropomus undecimalis
Psettodes erumei .
Xiphias gladius Carangiformes
Toxotes jaculatrix
Mene maculata
Seriola dumerili
Caranx crysos
Trachinotus carolinus
Echeneis naucrates
Coryphaena hippurus
Rachycentron canadum
Y Lachnolaimus maximus .
Halichoeres bivittatus | Labridae
Maccullochella peelii

Elassoma zonatum
Micropterus salmoides Centrarchif
Lepomis macrochirus entrarchitormes
Ambloplites rupestris
Archoplites interruptus
Serranus tigrinus

Cephalopholis argus
Etheostoma atripinne

Dissostichus eleginoides
Sebastolobus alascanus
Sebastes fasciatus
Cottus carolinae
Paraliparis meganchus

Liparis mucosus

Lycodes terraenovae
Hypoptychus dybowskii
Gasterosteus aculeatus
Gasterosteus wheatlandi

SR el

]

= e

Perciformes

Morone chrysops
Luvarus imperialis
Zanclus cornutus .
%mnmurus nigricans | Acanthuroidei
62 Naso lituratus
o Aplodinotus grunniens

& Gazza minuta : .
T— | eiognathus equulus ‘ Leiognathidae
Chelmon rostratus
Forcipiger flavissimus .
Chal;r%don striatus Chaetodontidae
Prognathocisqs aculeattlls'
iganus vulpinus |c; . .
Siganus spinus ‘Slganldae
Selenotoca multifasciata .
Scatophagus argus ‘ Scatophagidae
Lophius americanus
Chaunax suttkusi
Himantolophus sagamius
Antennarius striatus
Histiophryne cryptacanthus
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Fig. S1. Phylogeny of 232 actinopterygian species inferred from a partitioned maximum-likelihood analysis of nine nuclear genes. Filled black circles identify

clades supported with a bootstrap score of 100%, unfilled circles identify clades supported with a bootstrap score between 99% and 90%, and filled red circles
identify clades supported with a bootstrap score between 89% and 70%. The shaded portion of the phylogeny along the side of the figure indicates placement
of clades in the full actinopterygian phylogeny. Major clades are indicated and the phylogeny is presented in three parts, labeled (A), (B), and (C).
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Fig. S2. Fully annotated Actinopterygian time-calibrated phylogeny chronogram based on nine nuclear genes and 36 fossil age constraints. Bars represent the
posterior distribution of divergence time estimates. Gray bars identify nodes supported with Bayesian posterior probabilities (BPP) > 0.95, and white bars mark
nodes with BPP < 0.95. Nodes with age priors taken from the fossil record are numbered and specific information on calibrations are given in the S/ Text.
Calibration labels are placed on the branch leading to the node if it would completely obscure the bar depicting the posterior distribution. The time-calibrated
tree is scaled to the geological time scale with absolute time given in millions of years. The shaded portion of the phylogeny along the side of the figure
indicates placement of clades in the full actinopterygian phylogeny. The time-calibrated phylogeny is presented in three parts, labeled (A), (B), and (C).
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Fig. S3. Species tree phylogeny of 232 actinopterygian species inferred using gene tree parsimony. Bootstrap values are given at nodes. Major actinopterygian

clades are labeled.
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