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Acanthomorpha (spiny-rayed shes) is a clade of teleosts tht includes more than
15, 000 extant species. Their deep phylogenetic intrarelanships, rst reconstructed
using morphological characters, have been extensively resed with molecular data.
Moreover, the deep branches of the acanthomorph tree are dtilargely unresolved, with
strong disagreement between studies. Here, we review the kiorical propositions for
acanthomorph deep intrarelationships and attempt to resele their earliest branching
patterns using a new morphological data matrix compiling ath revising characters
from previous studies. The taxon sampling we use constitue a rst attempt to
test all previous hypotheses (molecular and morphologicahlike) with morphological
data only. Our sampling also includes Late Cretaceous fodstaxa, which yield new
character state combinations that are absent in extant taxaAnalysis of the complete
morphological data matrix yields a new topology that showsemarkable congruence
with the well-supported molecular results. Lampridiforms (oar shes and allies) are the
sister to all other acanthomorphs. Gadiformes (cods and adls) and Zeiformes (dories)
form a clade with Percopsiformes (trout-perches) and the eagmatic Polymixia(beard sh)
and Stylephorus (tube-eye). Ophidiiformes (cusk-eels and allies) and Bathoidiformes
(toad shes) are nested within Percomorpha, the clade thatnicludes most of modern
acanthomorph diversity. These results provide morphologal synapomorphies and
independent corroboration of clades previously only recared from molecular data,
thereby suggesting the emergence of a congruent picture of eanthomorph deep
intrarelationships. Fossil taxa play a critical role in a@ving this congruence, since a
very different topology is found when they are excluded frorthe analysis.

Keywords: Acanthomorpha, Teleostei, Actinopterygii, morph ological phylogeny, Lampridiformes, Gadiformes,

Zeiformes, Percomorpha
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INTRODUCTION the original study because of a mere lack of resolution.
Springer and Orrell (20048xplored acanthomorph relationships
Nearly one third of modern vertebrate diversity is containe through the gi”-musde characters 0n|y' y|e|d|ng a di erent
within  Acanthomorpha, a group of teleosts (Teleosteitopology that is weakly supported by their datlirande
Actinopterygii) collectively known as the spiny-rayed shes(2016) analyzed a large dataset of combined molecular and
(Rosen, 1973; Nelson et al., 2p1&he more than 15,000 morphological data covering the diversity of actinopterygia
acanthomorph species occupy every aquatic environment, witfincluding acanthomorphs). However, this work does not irde
a strong preponderance in marine ecosystems. The phenotypig analysis of morphological data alone; moreover, at thd leve
diversity of acanthomorphs is considerable: They includehsu of deep acanthomorph relationships, the parsimonious tree
widely divergent morphotypes as seahorses (Syngnathidaghtained from the analysis of molecular data alone does net di
at shes (Pleuronectiformes), pu er shes (Tetraodontifanes),  from the proposed nal hypothesis obtained with combined data,
ying shes (Exocoetidae), and oar shes (Regalecidae)eB8v \which suggests that morphological data did not fundamenptall
important model organisms such as the meda®ayzias latipgs  in uence the combined topology. Other phylogenetic analyses
the fugu (Takifugu rubripel and the sticklebackGQasterosteus using morphology alone were either based on a smaller subset
aculeatup are also part of the groupQhen et al, 2004  of acanthomorphs, for example Gadiformés(lo, 2002; Grand
Deciphering acanthomorph phylogeny is then crucial for bettefzt al., 201), Percopsiformes and related taxalrray and
understanding patterns and mechanisms of diversi cationyison, 1999and ZeiformesTyler et al., 2003; Tyler and Santini,
in vertebrates. However, it has proven di cult to resolve, 352005’ or were centered on ear|y fossil ta)@téro et al., 1995;
was pointed out in pioneering phylogenetic studies based otero and Gayet, 1996; Alvarado-Ortega and Than-Marchese,
morphology Greenwood et al., 1966; Rosen, 1973; Stiassnyp12; Davesne et al., 2014; Delbarre et al.,)2Théis, to date no
1986; Patterson and Rosen, 1989; Johnson and Pattersol), 19¢gorphological dataset has been capable of challenging thitses

Subsequent molecular phylogenetic studies have signilgantof Jjohnson and Patterson (199®jigure 1A).
impacted acanthomorph phylogeny\ley et al., 2000; Miya
et al., 2001, 2003; Chen et al., 2003, 2014; Dettai and ltexoin Current Knowledge of Deep

Grande et al., 2013; Near et al., 2013; Malmstrom et al.)201&jnce the beginning of the twenty-rst century, molecular
triggering the emergence of some new and increasingly sta ylogenetic studies have signi cantly revised acanthomorph
patterns of relationships. However, many parts of the treqy, i5geny, including the deep intrarelationships at the baskef
remain poorly resolved, notably for the deep intrarelatiops ;o Figure 1B). Acanthomorph phylogeny based on molecular
of acanthomorphs, corresponding to a phase of di_ver§i calionyata is simultaneously: (1) signicantly dierent from what
that occurred beforeT the end-Cretaceous mass extinctiemtev , - proposed by the morphological data alone: (2) increasingly
(Patterson, 1993; Friedman, 2910 stable, due the repetition of some results from one indepehden
study to another, and using di erent sets of markers; (3) still
CONTEXT OF THE STUDY largely unresolved because the di erent molecular dataszie

Contribution of Morphology to consistently diverged on many key pointgure 1B).

Acanthomorph Phylogeny Acanthomorph Monophyly

In the late 1960s and 1970s, pioneering studies of morphalbgicThe taxa currently grouped under the name Acanthomorpha
characters began to organize acanthomorph classi catiah wi were initially treated as three distinct groups$sreenwood

a phylogenetic scope. Such was the caseGofenwood et al., 196§ Paracanthopterygii (see below), Atherinomorpha
et al. (1966)Rosen and Patterson (196%9nd Rosen (1973) (including killi shes, ying shes, needle shes, silvades, etc.),
the latter naming the clade Acanthomorpha for the rst and Acanthopterygii (centered on “perciforms”). These three
time. Along with subsequent works bgtiassny (1986and  groups were later united in Acanthomorpha, on the basis of the
Patterson and Rosen (198#hese successive studies contributegresence of true spines in dorsal, anal and sometimes pelvic ns
greatly to our present knowledge of acanthomorph evolution(Rosen, 1973 Subsequent studies corroborated acanthomorph
notably by proposing major acanthomorph clades supportednonophyly by adding morphological synapomorphies for
by morphological synapomorphies. Computed phylogenetithe clade Rosen, 1985; Stiassny, 1986; Stiassny and Moore,
analyses of acanthomorphs based on taxon-by-charactergaatr 1992; Johnson and Patterson, 1R94olecular data, however,
began to be available in the 1990s, with studiesSyassny are much more ambiguous regarding the monophyly of
and Moore (1992)and Johnson and Patterson (199Who  Acanthomorpha. While acanthomorph monophyly has
proposed a comprehensive hypothesis for deep acanthomorgieen supported by studies based on combined nuclear and
intrarelationships Figure 1A). Wiley et al. (2000)proposed mitochondrial markers\{Viley et al., 2000; Dettai and Lecointre,

a phylogenetic analysis using combined morphological an@005; Grande et al., 20} 3nitochondrial genomesHroughton,
molecular data. Their morphological dataset is essentiEsed 2010, and large datasets of multiple nuclear markeksdr

on Johnson and Patterson's, and their tree topology based ari al., 2012, 2013; Betancur-R et al., 2013; Faircloth et al.,
anatomical data alone\iley et al., 2000 Figure 8A—and 2013; Malmstrgm et al., 20)6it has also been questioned
not Figure 8C as stated in the article) does not contradicby studies based on mitochondriaC¢lgan et al., 2000; Miya
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FIGURE 1 | Consensus of the phylogenetic hypotheses for Acant  homorpha, summarizing previously published results. (A) Morphological hypothesis
(Patterson and Rosen, 1989; Johnson and Patterson, 1993; Oley et al., 1993). (B) Molecular hypothesis based on the latest large-scale acahbmorph datasets
(Miya et al., 2005, 2007; Broughton, 2010; Betancur-R et al.2013; Grande et al., 2013; Near et al., 2013; Chen et al., 201}

et al., 2001, 2003, 2005, 2007; Poulsen et al.),266@bined 1989; Murray and Wilson, 1999Mitochondrial data support
(Chen et al.,, 2003, 2014; Mirande, 2Pland nuclear (i  Percopsiformes anBolymixiaas closely related to Gadiformes-
et al., 2008 species tree ofaircloth et al., 200)3datasets. In Zeiformes, either as sequential sister groujgsyé et al., 2003;
the latter case, Lampridiformes (opahs, oar shes and allie®roughton, 201)) or forming a clade togetherMiya et al.,
Figure 20, at least, form a clade with Myctophiformes (the 2005, 2007; Dillman et al., 2011Studies based on either
lantern shes;Figure 2B), considered as the extant sister groupnuclear markers, or a combination of nuclear and mitochaadr
to acanthomorphs on the basis of morphologyasen, 1973; markers, have suggested di erent positions for these two taxa:
Stiassny, 1986, 1996; Johnson, )9This uncertainty about Either sequential sister groups to Gadiformes-Zeiforniestiai
acanthomorph monophyly is probably linked to the uncertaintyand Lecointre, 2005; Grande et al., 2013; Chen et al.,) 214
about the position of Lampridiformes: They have been assigned Lampridiformes [i et al., 200} sister to Acanthopterygii
to almost every possible position within the acanthomorph tredor Polymixiaand to Gadiformes-Zeiformes for Percopsiformes
in the successive molecular studies, often associatedlaith (Betancur-R et al., 20),3or forming together a clade which
support valuesavesne et al., 20).4 is in turn sister to all other acanthomorph$léar et al., 2013;
Malmstrgm et al., 2006 The phylogenetic position of these two

. o taxa is, therefore, far from being settled on the basis ofenitr
Unresolved Position for Polymixiiformes and data Eigure 1B).

Percopsiformes

Other acanthomorph groups also have a very variable positio@omposition of Paracanthopterygii

from one study to another. Polymixiiformes (representedapd According to its rst delimitation Greenwood et al,
only by the genud?olymixig beard shesFigure 2D) has been 196§, Paracanthopterygii was a series of teleosts sister
classi ed in BeryciformesGreenwood et al., 19%@nd possibly to  Acanthopterygii, and including  Percopsiformes,
ParacanthopterygiiRosen and Patterson, 196However, the Batrachoidiformes (toad shes;Figure 2L), Gobiesociformes
latest anatomical studies supported Polymixiiformes as aftling shes), Lophiiformes (angler shes), Gadiformes dep
isolated lineageHigure 1A), sister to all other acanthomorphs hakes and alliegigure 2H), Ophidiiformes (cusk-eels and allies;
except for LampridiformesStiassny and Moore, 1992; JohnsonFigure 2J, and Zoarcoidei (eelpouts).

and Patterson, 1993Percopsiformes (trout-perches and allies; Rosen and Patterson (196@yoposed a list of characters
Figures 2E,)F has been consistently supported as part olupporting Paracanthopterygii, which they later revised
Paracanthopterygii (see below arfdgure 1A) by anatomists and completed Ratterson and Rosen, 19389In their
(Gosline, 1963; Rosen and Patterson, 1969; Patterson and,Rosdenition, Paracanthopterygii only includes Percopsiforse
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o adf

FIGURE 2 | Examples of species from the taxa studied. (A)  Aulopiformes, Synodus saurus MNHN/SBMC uncataloged. (B) Myctophiformes, Myctophum
punctatum, MNHN/SBMC uncataloged. (C) Lampridiformes, Lampris guttatus, SBMC 2004-0006. (D) Polymixiiformes,Polymixia lowej NOAA uncataloged.(E)
Percopsiformes, Aphredoderus sayanus painting. (F) Percopsiformes, Percopsis omiscomaycus painting. (G) Stylephoriformes,Stylephorus chordatus
MNHN.IC.2004-1316. (H) Gadiformes, Pollachius pollachius MNHN/SBMC uncataloged. (I) Zeiformes, Zeus faber, MNHN/SBMC uncataloged. (J) Ophidiiformes,
Cataetyx laticeps MNHN/SBMC uncataloged. (K) Beryciformes, Hoplostethus mediterraneus MNHN/SBMC uncataloged. (L) Batrachoidiformes, Halobatrachus
didactylus, MNHN/SBMC uncataloged. (M) Beryciformes, Sargocentron hastatum MNHN 2013-0848. (N) Percomorpha, Dicentrarchus labrax MNHN/SBMC
uncataloged. Abbreviations: adf, adipose n; sdf, spinous st dorsal n. Scale bar equals 10 mm(A,B, D—F), 50 mm (G—N), 100 mm (C). Sizes are based on
specimen measurements, or on the “common length” measure gien in FishBase (D-F). Photos D. Davesne (G), courtesylofésias (2014)A,B, H-N), NOAA (D) and
Wikimedia Commons(D,E).
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Batrachoidiformes, Lophiiformes, Gadiformes, and The rst molecular (mitogenomic) phylogenetic analysisttha
Ophidiiformes  Figure 1A). This assemblage has beenincludes this speciedVfya et al., 200y proposed a di erent
controversial since its inception, and most of its constitiiaxa  position for Stylephoruswithin the Gadiformes-Zeiformes clade
have been excluded from it at one point or another on the basi@-igure 1B). This result has been corroborated subsequently in
of their anatomy Gosline, 1968; Fraser, 1972; Gill, 1996; Chanevery other analysis of mitochondrial and nuclear markérsgr
et al., 2013; Grande et al., 201Moreover, molecular data have et al., 2012, 2013; Betancur-R et al., 2013; Grande et &B; 20
consistently shown the polyphyly of Paracanthoptengginsu Malmstrgm et al., 200 and by the shared loss of the immune
Patterson and Rosen (see below for details), implying that thgystem'sx gene Golbakken et al., 20).6T'his new arrangement
delimitation of the group should be comprehensively rees=sgts has also been supportedsiande et al., 20)3and opposed
(Roberts, 20120on the basis of morphology, each time without
Gadiformes-Zeiformes Clade a comprehensive phylogenetic analysis.
Gadiformes have always been part of Paracanthopterygii since
the rst de nition of the group (Greenwood et al., 1966; The Status of Beryciformes
Rosen and Patterson, 1969; Patterson and Rosen,).198Beryciformes has been variably interpreted over time. aitj
Zeiformes (doriesFigure 21) were considered as close relativest was viewed as a paraphyletic assemblage of acanthoptesygian
of Tetraodontiformes (trigger shes, pu er shes, and alljeand ~ (Patterson, 1964; Greenwood et al., J96Gater studies
Caproidae (boar shes) in the rst detailed study of their ppsn  (Johnson and Patterson, 1993; Patterson, ).Bage supported a
amongst acanthomorphsRpsen, 1984 Later on, studies monophyletic Beryciformes thatincludes Berycidae (alioos),
including a larger sampling of acanthomorph representativegrachichthyidae  (roughies; Figure 2K),  Holocentridae
suggested that Zeiformes lies within Acanthopterygii, hutsale ~ (soldier shes and squirrel shes; Figure 2M), and other
Percomorpha$tiassny and Moore, 1992; Johnson and Pattersorelated families. Stephanoberyciformes (deep sea taxa such
1993. Subsequent analyse§y(er et al., 2003; Tyler and as ridgeheads, whale shes, and prickle shes) was regarded a
Santini, 200% provided arguments for the monophyly and either an independent orderJ¢hnson and Patterson, 1993
intrarelationships of Zeiformes, while once again proposing @r included in BeryciformesNoore, 1993. In these studies,
clade that unites them with Tetraodontiformes and Caproidae Beryciformes was seen as the sister group to percomorphs
Since their earliest attempts at resolving acanthomorphvithin Acanthopterygii Figure 1A). At least one anatomical
phylogeny, studies based on molecular datasets have seggeststudy, using characters of the pelvic girdle, challenged the
very di erent position for both ordersKigure 1B) by supporting monophyly of Beryciformes by recovering holocentrids aseslos
a Gadiformes-Zeiformes clad&\{ley et al., 2000; Miya et al., to percomorphs than to other beryciforms{iassny and Moore,
2001, 2003; Chen et al., 2003; Dettai and Lecointre, 2004992.
2009. The subsequent molecular studies have also consistently Molecular studies have supported diverse arrangements
supported this cladel( et al., 2009; Near et al., 2012, 2013for Beryciformes Figure 1B. They have been resolved as
Betancur-R et al., 2013; Grande et al., 2013; Chen et ad; 20monophyletic, either excluding/(iley et al., 200Por including
Malmstrgm et al., 2006 Stephanoberyciformes/jya et al., 2001, 2005; Near et al., 2012,
Despite some early claims\{ley et al., 200)) this grouping 2013; Grande et al., 20)18r as paraphyleticfolgan et al., 2000;
(or, at least, an inclusion of Zeiformes within Paracanttesggii)  Li etal., 2009; Betancur-R et al., 2013; Chen et al. )2014
had already been anticipated by some morphologiStsudant,
1979; Gayet, 1980a,b; Gill, 199Fhis hypothesis seems to indeed Ophidiiformes and Batrachoidiformes in
be supported by numerous morphological charactessrlen Percomorpha
et al., 2013; Grande et al., 20,1But has never been formally The inclusion of Ophidiiformes and Batrachoidiformes in
tested by a comprehensive morphological phylogenetic analysi€aracanthopterygii is consistently rejected by molecutiadies
(Wiley et al., 2000; Miya et al., 2003, 2005; Li et al., 2009; Near
Stylephorus Outside Lampridiformes et al., 2012, 2013; Betancur-R et al., 2013; Chen et al.).2014
Stylephorus chordatithe tube-eyeFigure 2G) is a distinctive According to these studies, they are included in Percomoypha
mesopelagic acanthomorph with an elongate body, a reducet successive sister groups to all other percomoripigsi(e 1B).
caudal n, and extremely modi ed jaws forming a protrusible The same studies consistently group Lophiiformes with
tube-like feeding device. Several interpretations havegiiez Tetraodontiformes instead of Batrachoidiformeslifa et al.,
regarding the position of Stylephorus-including possible 2003; Dettai and Lecointre, 2005; Yamanoue et al., 2007r¢fblc
a nities with “amphibians” rather than with teleosts accardy ~and Wiley, 2008; Betancur-R etal., 2013; Near et al. )2and at
to its original describer in 1791P(etsch, 1978—but once the least some anatomical data also support this hypotheSisufet
discovery of more specimens allowed for further investayati et al., 2012, 20)3
on its morphology, it was included in Lampridiforme&¢gan,
1908, 1924; Starks, 1908&Stylephoruswas classied within Aims of the Study
the lampridiform suborder TaeniosomiF{gure 1A), alongside Within the new phylogenetic framework brought by molecular
RadiicephalusLophotidae, Trachipteridae, and Regalecidae irstudies, it is time to revisit the large-scale acanthomorph
subsequent worksdelschlager, 1983; Olney, 1984; Olney et alintrarelationships with morphological data, to address the
1993. following issues: (1) are the morphological data adequate to
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robustly resolve deep phylogenetic divergences; (2) are thetrachichthyid (Hoplostethusand a holocentrid $argocentron
topologies supported by these data congruent with previousepresent Beryciformesensu latoThe inclusion of these both
hypotheses supported by morphologicilgure 1A), molecular families leaves open the possibility of recovering a paraplyleti
data Figure 1B) or neither; (3) do fossil taxa have an impact on Beryciformes, as suggested by some studigsgsny and Moore,
the topology? 1992; Betancur-R et al., 2Q1Bicentrarchugnd Latesrepresent

The sampling we use allows testing all previous phylogenetigeneralized' representatives of Percomorpha, which do not
hypotheses, morphological as well as molecular. This was nshow extreme morphological specializations that could hinder
the case of the previous studies based on morphology, whigihylogenetic reconstruction.
used a reduced subset of acanthomorph diversity, not inolgdi  The seven fossil taxaFigure 3) have been chosen for
some key taxa. For example, Gadiformes, Batrachoidiformetheir potential phylogenetic positions (as suggested by previous
and Ophidiiformes were all absent from the matrix &fhnson studies) that span the entire tregCtenothrissa from the
and Patterson (1993)Our sampling also includes fossil taxaCenomanian (Late Cretaceous) of England and Lebanon
from the Late Cretaceous; that is, amongst the oldest know(Figure 3A), was described as either a stem-acanthomorph
acanthomorphs. They are expected to display character stateatterson, 1964or a stem-ctenosquamateGaudant, 1978,
combinations that are absent in extant taxa. A number 0fl979. The a nities of TPycnosteroidegom the Cenomanian of
previous studies have stressed the importance of fossil taxa fHajula, Lebanon Kigure 3C), have been interpreted di erently
phylogenetic inferenceQauthier et al., 1988; Donoghue et al.,depending on the authors, owing to its singular character
1989; Cobbett et al., 20))Tncluding in acanthomorphsYantini  state combination. According to previous phylogenetic asedy
and Tyler, 2004; Davesne et al., 20T¢he experimental design tPycnosteroides a member of LampridomorphaD@vesne
of the present study permits us to estimate the in uence ofifess et al., 2014; Delbarre et al., 2),18longside witht*Aipichthys
on the results by analyzing the dataset with and without them (Figure 3B) and tAipichthyoidegboth from the Cenomanian

of Near East and England). In the present study, the character

MATERIALS AND METHODS coding for t*AipichthyS was based on the speciegA.”
minor and t“A.” velife; which are phylogenetically distinct

Taxon Sampling from tA. pretiosusthe type species of the genuSe(barre

Our taxon sample includes 26 taxa, of which 19 are extant. et al., 201% tSphenocephalusrom the Campanian (Upper

Synodus and Gymnoscopelusrepresent Aulopiformes Cretaceous) of Germanyfigure 3D) has been described as a
(lizard shes; Figure 2A) and Myctophiformes (lantern shes; paracanthopterygian, closely related to at least Percops#ferm
Figure 2B), respectively. Together, they represent two ofind Gadiformes Rosen and Patterson, 1969; Patterson and
the closest extant acanthomorph relatives, according to thBosen, 1989; Murray and Wilson, 1999; Grande et al., 2013;
morphological Rosen, 1985; Stiassny, 1986, 1996; Johnson abdvesne et al., 20)L.4fOmosomopsigrom the Cenomanian of
Patterson, 1993nd most molecular evidencBioughton, 2010; Jbel Tselfat, MoroccoF{gure 3B, has been interpreted as a
Near et al., 2012, 2013; Betancur-R et al., 2013; Grande, et pblymixiiform (Patterson, 1993; Taverne, 2),14ut some of its
2013. The inclusion of a myctophiform in the analysis allowscharacters suggest a close relationship to paracanthojses/g
testing the alternative hypothesis of acanthomorph polyphylyOtero and Gayet, 1996tStichocentrysfrom the Cenomanian
(see above). of Hajula, Lebanon Kigure 3F, is a probable beryciform

Our sampling of extant acanthomorphs includes at leasthat has been regarded as related to modern holocentrids
one representative for each of the groupings identi ed by both(Gayet, 1980c, 19R2It has been chosen amongst numerous
molecular and morphological dat&igure 1). Thus, the minimal other, closely related coeval taxa, because it has been well-
taxonomic coverage that is needed to test the various topedog described morphologicallyP@tterson, 1967; Gayet, 19p@nd
found in the literature is included. Its focus is on the mainproposed as a fossil calibration point for divergence-time
relationships between acanthomorph clades and some portioranalyses of acanthomorph phylogenge(ton et al., 2005
of the acanthomorph tree are not covered enough to resolvie theAll the fossils in our sampling come from Late Cretaceous
relationships (e.g., percomorphs). Further, more detailediss  deposits, more specically from the Cenomanian (with the
would be needed to address these other phylogenetic questiongxception offSphenocephaluund exclusively in Campanian

Velifer, Lampris, and Regalecusepresent Lampridiformes; deposits). In consequence, they are coeval with the oldestin
and Stylephorusias been included, in order to test its position acanthomorph body fossil$atterson, 1993
among Lampridiformes or other acanthomorphBolymixia
represents Polymixiiformes. Aphredoderus and Percopsis Character Coding
(for Percopsiformes), Merluccius and Bregmaceros(for  The morphological characters were observed on dissectiots a
Gadiformes), Halobatrachus (for Batrachoidiformes) and dry osteological preparations, or on uid-preserved specimens
Brotula (for Ophidiiformes) allow testing the composition of housed in public collections (Appendix 1 in Supplementary
the Paracanthopterygii, as de ned byatterson and Rosen Material). When preserved in uid, the specimens were X-ray
(1989) We did not include Lophiiformes, because all moleculatomographed (GE Phoenix v-tome-x L240, microfocus 240 kV
data and some anatomical evidence suggest a deeply nestadhe AST-RX platform, Muséum national d'Histoire naturelle
position within PercomorphaZeusand Cyttus are added in Paris) and the skeleton was virtually reconstructed in 3D by
order to test the proposed Gadiforn@Zeiformes relationship. means of theMimics software (version 17.0 64-bit). The list
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FIGURE 3 | Six of the seven fossil taxa used in the analyses. (A)  fCtenothrissa signifer NHMUK PV P47524.(B) 1'Aipichthys velifer MNHN.F.HAK57.(C)
tPycnosteroides levispinosus MNHN.F.HDJ105. (D) tSphenocephalus ssicaudus NHMUK PV P9059.(E) fOmosomopsis simum MNHN.F.DTS222d.(F)
TStichocentrus liratus MNHN.F.HDJ97. Scale bar equals 10 mm(A-D, F), 5 mm (E). Photos by D. Davesne, C. Lemzaouda, and P. Loubry.

of specimens used in the study is provided in Appendix 1 ond 66 characters. It is available in electronical version o
Supplementary Material. We coded the remaining taxa by usinylorphoBank O'Leary and Kaufman, 2011, 2Q1project 2349
data from the literature (e.gSwidnicki, 1991; Otero, 204 (http://morphobank.org/permalink/?P2349). There is 7.58% of

The morphological characters that we use for our phylogenetimissing data, noted as “?” in the matrix. Most of them are
analyses (Appendix 2 in Supplementary Material) are mostldue to incomplete preservation of fossil taxa. 5.24% of the
compiled from previous studiesS{iassny, 1986; Pattersoncharacter states are scored as inapplicable. They are noted
and Rosen, 1989; Stiassny and Moore, 1992; Johnson aasl “-” in the matrix and are mainly a consequence of
Patterson, 1993; Otero and Gayet, 1996; Grande et al.).201the coding strategy used for characters 2-3, 31-32, 35-36,
Almost all characters are coded from the skeleton. Theand 65-66. Character 24 is the only one to be parsimony-
resulting data matrix (Supplementary Table 1) contains 2@ taxuninformative.
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Phylogenetic Analyses 0.609 Figure 5B). The topology is entirely compatible with
We performed three phylogenetic analyses. Analysis 1 is that of Analysis 1, withtPycnosteroidesOmosomopsisand
simultaneous analysis of all 26 taxa of our sampling, AnalysisSphenocephalugrouped together and forming a clade with
2 includes the 19 extant taxa only, and Analysis 3 include$Stichocentryswhile t'Aipichthy$ and tAipichthyoidesform

the seven fossil taxa only. Analysis 2 and Analysis 3 allow wsother clade.

to estimate the impact of fossil taxa on the results. Characte The relatively low trees' retention indexes, bootstrap &alu
polarity was determined by the outgroup criterion. Trees ever and Bremer supports for most cladeSidures 4 5) re ect the
rooted with the aulopifornrSynodusn Analyses 1 and 2, becauserelatively high level of homoplasy in the dataset. For ins&n
every morphological and molecular study to date has recaveran Analysis 1 only 15 characters (23% of the total) have a RI of
Aulopiformes outside of Acanthomorpha. The trees were rooted..000, representing uniquely derived characters (Supplement
with TCtenothrissgas the only fossil taxon in our dataset that Table 2).

is not a crown-acanthomorph) in the third analysis. In all

analyses, every character was treated as unordered. Treetdra DISCUSSION

matrix was submitted to parsimony analyses using both PAUP

version 4.0a1475wo ord, 2003 and TNT version 1.1Golobo  Acanthomorph Intrarelationships

et al., 2008 With PAUP , we performed a heuristic search with The three main clades recovered by Analysis 1 have been
a random addition sequence and the "TBR" branch-swappingiven various names in dierent classications, even when
algorithm (10000 replicates, holding 10 trees at each stejth W their taxonomic content is essentially the sandel{nson and
TNT we performed a new technology search with the defaulPatterson, 1993; Wiley and Johnson, 2010; Betancur-R et al.,
parameters for sectorial search, ratchet (10 iterationsf, A0  2014; Nelson et al., 20)Ldn order to maintain clarity in the
cycles) and tree-fusing, and hitting minimal tree lengtl@lilnes.  discussion, we give the following provisional names to these
We also used TNT to run 1000 replicates of a bootstrap analysigades:

retaining all clades found with a frequency0%, and to estimate

the Bremer support values. - Lampridomorpha: Lampridiformes and their extinct close

relatives ¢enswavesne et al., 20);4
- Clade A: “Beryciformes” and Percomorpha (including
Ophidiiformes and Batrachoidiformes). This clade is either
RESULTS named EuacanthopterygiiJ¢hnson and Patterson, 1993
Acanthopterygii lelson et al., 20)Gor Euacanthomorphacea
(Betancur-R et al., 20)4
H Clade B: Polymixiiformes, Percopsiformes, Gadiformes,
Zeiformes,Stylephorusand their extinct close relatives. This
assemblage is alternatively named Paracanthoptei@giirde

The results of all analyses are identical whether PADIPTNT
is used. The simultaneous analysis of the extant and fassl t
(Analysis 1) yielded one parsimonious tree, with a length o
198 steps, a consistency index (Cl) of 0.419 and a retention
index (RI) of 0.684 Figure 4). The consistency and retention
indexes of each character after this analysis are presemtbé i et al., 2013; Nelson et al., 2016r Paracanthomorphacea
Supplementary Table 2. (Betancur-R et al., 2013, 2014

The tree showgCtenothrissas a sister to Acanthomorpha, These three clades are unambiguously recovered by our Asialys
which include three main clades: (1) a clade Lampridomorpha, but the support values of Clades A and B are relatively
(sensu Davesne et al., 20)4including t*Aipichthys, |ow (Figure 4). Further anatomical work (including on “soft’
tAipichthyoides Velifer, Lampris and Regalecysbut not tissues)on character distribution and homology would be meed
tPycnosteroidef?) a clade (“Clade A’) that includes beryciformsin order to nd supplementary synapomorphies for the clades
in paraphyly with PercomorphagénsuViley and Johnson, 2010; recovered by this study. Adding more representative taxadch
Betancur-R et al., 20} 4vhich, in turn, includesDicentrarchus acanthomorph group could also prove valuable to increase the
and Latesas sequential sister groups to Batrachoidiformesupport of these deep relationships.
(Halobatrachugsand Ophidiiformes Brotuld); (3) a clade (“Clade
B”) that includes tPycnosteroidesPolymixia TOmosomopsis Acanthomorph Monophyly
tSphenocephaluamnd Percopsiformes as sequential sister groupg/e recovered the clade Acanthomorpha in the two analyses
to a clade that unites Gadiformes, Zeiformes, &@tgllephorus that tested its monophyly Higures4 5A). With Analysis
Lampridomorpha is sister to all remaining acanthomorphs. 1, Acanthomorpha is supported by three unambiguous

Analysis 2 (extant taxa only) yielded four parsimonioussynapomorphies: The presence of unpaired and unsegmented
trees with a length of 166 steps, a Cl of 0.482 and a RI afpines Figures 6A,B on the dorsal (3% and anal ns (48),
0.676 Figure 5A). It shows a largely incongruent topology: and the contact between the lateral ethmoids and the vomer (8
Polymixia and Percopsiformes are sister groups to the otheFigure 6Q). All three characters were previously used to de ne
acanthomorphs, including the Clade A of Analysis 1 in paraphylyAcanthomorpha Gtiassny, 1986; Johnson and Patterson, JL1993
with Zeiformes, Gadiformes and “traditional” Lampridifores tCtenothrissés recovered as sister to crown-acanthomorphs,
(including Stylephorus in a position that somehow re ect$atterson's (1964jdeas

Analysis 3 (fossil taxa only) yielded one parsimoniousut contradicts later studiesGaudant, 1978, 1979; Davesne
tree with a length of 43 steps, a Cl of 0.791 and a RI oét al., 2011 This topology, while well-supported by our data,
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FIGURE 4 | Parsimonious tree obtained from Analysis 1 (complete analysis, extant and fossil taxa). Length D 198, CID 0.419, RID 0.684. Support values
are above branches: Bremer indexes (bigger font)/bootstrapalues (italics). Unambiguous synapomorphies are below énches.

should be taken with caution, since the sampling of non- anterior to the ventral tip of the distal postcleithrum
acanthomorph taxa is too limited to ensure a de nitive placeme
of fCtenothrissaThe four unambiguous synapomorphies of- Two characters that have been previously optimized as

this ftCtenothrissaC Acanthomorpha clade also characterize synapomorphies of Lampridomorphd@évesne et al.,

acanthomorphs if fossils are not taken into account:

- The loss of the adipose n (39, implying the independent

re-acquisition of this attribute in modern Percopsiformes

(Figure 2B);

- The anterior position of the pelvic girdle (B¢ A
“trend” toward an anterior migration of the pelvic n
in acanthomorphs was already described Byeenwood

et al. (1966) and

later more

in details byStiassny

and Moore (1992)and Parenti and Song (1996)More
speci cally, it is rede ned here as the pelvic girdle insegtin (13%) and the presence of facets on the rst vertebral centrum for

(Figure 6B);

2014
The pelvic girdle contacts the pectoral girdle at the levehef t
coracoids (58), and the hyomandibula bears only one articular
head with the cranium (1%—both of these characters undergo
numerous reversions within Acanthomorpha.

Finally, two synapomorphies are ambiguous for Acanthomorpha
because there is no data regarding their presence in
tCtenothrissaNonetheless, they are unique to acanthomorphs
if only extant taxa are considered. These are the close bonding
between the dorsal limb of the posttemporal and the epioccipital
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FIGURE 5 | (A) Strict consensus of the four parsimonious trees obtained @m Analysis 2 (extant taxa only). Lengtb 166, CI D 0.482, RID 0.676. (B) Tree obtained
from Analysis 3 (fossil taxa only). Length 43, CID 0.791, RID 0.609. The clade names on the right refer to the results of Ardgsis 1 Figure 4). Support values are
above branches: Bremer indexes (bigger font)/bootstrap vaks (italics). Unambiguous synapomorphies are below brahes.

its articulation with exoccipital condyles (28 Both characters Position of Lampridiformes
were already regarded as acanthomorph synapomorphiésalysis 1 recovered Lampridomorpha (with lampridiforms
(Rosen, 1985; Stiassny, 186 as its only extant members) as the sister group to all other
With these nine synapomorphies in total, our study stronglyacanthomorphs (Clade &£ Clade B). This topology is usually
supports the monophyly of Acanthomorpha, in accordance withrecovered by morphologyl¢hnson and Patterson, 1993; Davesne
earlier anatomical worksStiassny and Moore, 1992; Johnson ancet al., 201)tbut is poorly supported by molecular data, both
Patterson, 1993; Davesne et al., JCdrd with most molecular within datasets (associated support values are often low) and
studies based on nuclear markerSefancur-R et al., 2013; from one study to another. This suggests that incongruemnce i
Faircloth etal., 2013; Near et al., 2DaAd in contradistinctionto  the phylogenetic positions of Lampridiformes might be driven
most of the molecular studies using part or all of the mitoger®o by sampling or branch-length artifacts rather than by a strong
(Miya et al., 2003, 2005; Chen et al., 2014; Mirande, 2016 phylogenetic support.
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FIGURE 6 | Examples of acanthomorph synapomorphies. (A)  Relative positions of the pelvic and pectoral girdle (leféand dorsal n (right) of a
non-acanthomorph, Myctophum nidulum, MNHN.IC.1993.2333. (B) Relative positions of the pelvic and pectoral girdle (lefflorsal ns (right), and anal n (below) of
an acanthomorph, Dicentrarchus labrax MNHN uncataloged. (C) Ethmoid region of an acanthomorph,Sparus aurata MNHN uncataloged. Abbreviations: afr, anal- n
soft rays; afsp, anal- n spines; apt, anal pterygiophore; clcleithrum; co, coracoid; dfr, dorsal- n soft rays; dfsp, darsal- n spines; dpcl, distal postcleithrum; dpt,
dorsal pterygiophores; leth, lateral ethmoid; meth, mesémoid; pcfr, pectoral- n rays; pcr, pectoral radials; pvg, pelvic girdle; pvfr, pelvic- n rays; sc, scapula; sn,
supraneurals; vo, vomer. Scale bar equals 1 mn¢A,B), 10 mm (C). C&S preparations N. K. Schnell. Photos D. Davesne and N. K.chnell.

In the present study, two synapomorphies unambiguouslPosition and Status of Polymixiiformes
support the monophyly of (Clade & Clade B): According to Analysis 1Polymixiais included in Clade B,

) ) ) sister to the clade formed by Percopsiformes, Gadiformes,
- The premaxilla bears a postmaxillary process),(avhich Stylephorusand Zeiformes, echoing the molecular analyses that
is absent in lampridomorphs and non-acanthomorphsinci,de mitochondrial dataNliya et al., 2003, 2005: Broughton,
(Figure 7A); 2010; Chen et al., 20).4Clade B also includes the fossil taxa

- The supraoccipital bears a spina occipitalisftBat separates tOmosomopsand tPycnosteroidé&igure 4).
exoccipitals medially and reaches the dorsal roof of the The interpretation of tPycnosteroidesaries considerably
foramen magnum. The spina occipitalis is absent in albetween authors. It has been referred to as a member of
modern Lampridiformes, while the state is unknown in fossilBeryciformes Patterson, 1964; Gayet, 19R0RPolymixiiformes
lampridomorphs. (Taverne, 2011; Murray and Wilson, 2Q14Acanthomorpha

Frontiers in Ecology and Evolution | www.frontiersin.org 11 November 2016 | Volume 4 | Article 129



Davesne et al. Intrarelationships of Spiny-Rayed Fishes

FIGURE 7 | Examples of synapomorphies for Gadiformes  C Zeiformes. (A) Left premaxillae in lateral view of (from top to bottom and feto right) Synodus
scituliceps, PB-6475; Dicentrarchus labrax MNHN uncataloged; Merluccius gayi PB-5124; Zeus faber, MNHN uncataloged. (B) Posterior region of the neurocranium
and anteriormost vertebrae in lateral view dflerluccius merluccius MNHN uncataloged; Zeus faber, MNHN uncataloged. Abbreviations: alp, alveolar processfahe
premaxilla; asp, ascending process of the premaxilla; bodyasioccipital; eocc, exoccipital condyle; ns1, neural spie of the rst vertebra; pmp, postmaxillary process
of the premaxilla; pmpn, posterior notch on the postmaxilley process of the premaxilla; ptt, posttemporal; soc, supraccipital; vc, vertebral centrum. Scale bar equals
10 mm. Photos D. Davesne and Osteobase (http://osteobase.mhn.fr/).

incertae sedipossibly related to AcanthopterygiPétterson, Percopsiformes than toPolymixia as in the analysis by
1993 and Lampridomorpha [Pavesne et al., 2014; DelbarreOtero and Gayet (1996)The unambiguous synapomorphies
et al., 201} The present study contradicts all previous results byhat support this relationship are the losses of the anterior
showingTPycnosteroidess the sister to modern representativessupramaxilla (4), of the basisphenoid (1)}, and of one
of Clade B, this being supported by two unambiguousepural (46).
synapomorphies: The long neural spine of the second preural The characters that unitedPycnosteroidefOmosomopsiand
vertebra (44) and the reduction of the number of principal Polymixia according to recent taxonomic revisiongagerne,
caudal- n rays to 18 (53). 2011; Murray and Wilson, 20)4re the long neural spine on
tOmosomopsishas been presented as a member oNPU2 and the 18 principal caudal rays, two character states that
Polymixiformes and Polymixiidae byPatterson (1993) are shown here to be synapomorphies of the larger Clade B. In
based on its modied anterior branchiostegals ¥230n the light of these results, it appears that a rede nition of the
the contrary, our analysis suggests that this characteie stacomposition and synapomorphies of a putative Polymixiiformes
might be convergent between these two taxa. Indeedlade (including other early fossil taxa, not analyzed heése)
tOmosomopsisis found to be more closely related to much needed.
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Percopsiformes, Gadiformes, and Zeiformes Clade (181). The latter two synapomorphies are unique for this clade,
Our analyses did not recover a clade Paracanthoptesggisu and therefore not found in any gadiform or lampridiform. In
Patterson and Rosen (1989n Analysis 1, Gadiformes and addition, the rst vertebra ofStylephorus much reduced and its
Percopsiformes form a clade with Zeiformes aStylephorus neural spine is closely associated with the neurocraniunk)(29
instead of Ophidiiformes and Batrachoidiformes, themselveGadiformesC Zeiformes synapomorphygure 7B) also absent
nested within Percomorpha in clade Kifure 4). in Lampridiformes.

tSphenocephaluss recovered here as the sister to Conversely, several synapomorphies that are exclusive to
PercopsiformesC GadiformesC Zeiformes, echoing earlier Lampridiformes are absent iStylephorusit lacks the frontal
works (Otero and Gayet, 1996; Murray and Wilson, 1999vault (1), the condylar articulation between the anterior
Grande et al., 2013; Davesne et al., 30The characters ceratohyal and the ventral hypohyal 2%Figure 8), and its
that support this relationship are the presence of a notchrst dorsal pterygiophore is not inserted anterior to the
in the postmaxillary process of the premaxillal¥3-the so- rst neural spine (33). It also has four autogenous pectoral
called “gadoid” notch Figure 7A), and of no more than one radials, instead of the three (55that are observed in all
supraneural bone in front of the dorsal n (3L lampridiforms except for Veliferidae. The presence of exctisiv

Percopsiformes is sister to Gadiformes, Zeiformes, an@adiformesC Zeiformes synapomorphies, combined with the
Stylephorusin congruence with several molecular datasetgbsence of several exclusive lampridiform synapomorphies
(Dettai and Lecointre, 2005; Broughton, 2010; Betancur-&.et (all the other ones being either ambiguously present, or
2013; Grande et al., 2013; Chen et al., 20lHe synapomorphies
of this clade are the absence of supramaxilld®, ¢Be fusion of
the second ural centrum with the upper hypurals while staying
autogenous from the rst ural centrum (42, and the fusion of
proximal and distal postcleithra (38 All these three characters
are convergent with Lampridiformes and Batrachoidiformes.
addition, the monophyly of Percopsiformes is recovered herg
and supported by three unambiguous synapomorphies; it was
also previously recovered with molecular datzlifnan et al.,
2011; Grande et al., 201.but was ambiguous with morphology
(Patterson and Rosen, 1989; Murray and Wilson, 3999

The Gadiformes C Zeiformes clade (also including
Stylephorus see below) is supported by no less than nine
unambiguous synapomorphies, including the loss of palatin
teeth (26), the shortening of the second vertebral centrum
(30%; Figure 7B—previously used as a synapomorphy
of Ophidiiformes C Gadiformes C BatrachoidiformesC
Lophiiformes, and the close association between the rstrakeu
spine and the neurocranium (39 Figure 7B—previously
used as a Gadiforme€ BatrachoidiformesC Lophiiformes
synapomorphy Patterson and Rosen, 198@nother potential
synapomorphy (not included in our study due to lacking fresh
material for dissection in many taxa) is the presence, in both
Gadiformes and Zeiformes, of intrinsic sonic muscles ledito
the anterior end of the swim bladdeKésumyan, 2008

D

Stylephorus with Gadiformes and Zeiformes
The present phylogenetic analysis of morphological character
is the rst to include Stylephoruslongside lampridiforms and
acanthomorph representatives. In agreement with all mokacul
studies, Stylephorusis included within clade B alongside
Gadiformes and Zeiformes, instead of within Lampridiformes| FIGURE 8 | (A) Velifer hypselopterus MNHN.IC.1982.0025, reconstructed
However, it is recovered here as sister to Zeiforn'rdgl_(re 4)’ fr‘om virtual tomographic data. Ventral portion of the leftyoid arch, in medial
whereas molecular data suggest a closer relationship with": reversed (anterior faces eftiB) Stylephorus chordatus
. . . . MNHN.IC.2004.1317, reconstructed from virtual tomograptd data. Ventral
dif |., 2007 This Styleph f aep
Ga I ormgs .(e'ngya etal, y 1S Sty ephorugeiformes . portion of the left hyoid arch, in medial view, reversed (aetior faces left).
relationship is supported by four unambiguous synapomorphies: abbreviations: achy, anterior ceratohyal; bhy-hhy, facetf the basihyal-dorsal
The ascending processes of the premaxillae are longer thahypohyal articulation; chy-hhy, condyle of the anterior aatohyal-ventral
the articular processes ]01 the soft rays of the dorsal, anal hypohyal articulation; dhhy, dorsal hypohyal; ihy, integtal; pchy, posterior
(411) and pectoral (56 ns are unbranched and there is no ceratohyal; raphhy, retro-articular process of the ventiehypohyal; vhhy, ventral
' . hypohyal. Scale bar equals 2 mm.
contact between the quadrate and the reduced metapterygmd1
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convergent in Stylephorus strongly support the hypothesis percomorphs than to the trachichthyidoplostethugFigure 4).
of a close relationship between Gadiformes, Zeiformes, anddeed,Sargocentroand percomorphs share a separate, entirely

Stylephorus spinous anterior dorsal n (3% Figures 2M,N—with multiple

reversions within percomorphs, the fusion of the ural centra
Clade A: Beryciformes, Ophidiiformes, and together and with the upper hypurals 423") and the reduction
Batrachoidiformes in the number of hypurals (49.

The monophyly of Clade A is supported by numerous Finally, Percomorpha includes OphidiiformesBrotuld
synapomorphies. These include the double-headed crani@nd BatrachoidiformesHalobatrachul congruent with every
hyomandibular articulation (1% Figure 9A), the presence of molecular study including these taxa together. Howevehdiuld
antero-median pelvic processes {5&nd a Baudelot's ligament be kept in mind that we used a very limited taxon sampling
inserting proximally on the basioccipital rather than on amtde  for Percomorpha, and that expanding it might have changed
vertebrae (25. In ZeusandVelifer a non-homologous condition the resulting topology. Batrachoidiformes and Ophidiiforsne
shows the ligament inserting on the exoccipitals, insteadrof share several synapomorphies with the other members of Clade
the basioccipital as it is the case in members of Clade A. Th&, such as the two hyomandibular heads (there is only one
peculiar, “chain-link” articulation of the dorsal- n spineg86),  in most members of Clade B, s&égure 9A), the insertion of
and the asymmetric base of the pelvic spines'(66gure 9B)  the Baudelots ligament on the basioccipital (rather than on
are also unique to Clade AMok and Chang, 1996 but the exoccipitals or vertebrae), the asymmetrical pelvic spine
optimized ambiguously at this node due to missing data inbase Figure 9B the pelvic spine is present but extremely
fossils. Finally, the pelvic- n spine (65Figure 9B), a diagnostic  reduced in Ophidiiformes) and—only in Batrachoidiformes—
“acanthopterygian” character according tereenwood et al. the spinous anterior dorsal nKigure 2L). In addition, Brotula
(1966) has an ambiguous phylogenetic history with our topologypossesses a supramaxilla, a basisphenoid and palatine teeth,
It could either be a synapomorphy of Clade A convergent withall lost within Clade B (see above). Our ndings parallel
TPycnosteroidesd Zeiformes, or a synapomorphy of Clad€€A  those of previous authorsGpsline, 1968; Fraser, 1972; Gill,
Clade B (with multiple secondary losses). 1996; Wiley and Johnson, 20Q1&ho viewed these character
Within Clade A, “beryciforms” are recovered as paraphyleticobservations as potential challenges to the monophyly of
The holocentrid Sargocentronis more closely related to “Paracanthopterygii.”

FIGURE 9 | Examples of synapomorphies of Clade A. (A) Left hyomandibulae in medial view (anterior faces right) (from left to right)\Gadus morhua PB-A-16;
Zeus faber, MNHN uncataloged; Dicentrarchus labrax MNHN uncataloged; Batrachoides paci ci, PB-7005; Brotula clarkag PB-6515. Arrows point to the head(s) of
the cranio-hyomandibular articulation(B) Left pelvic- n spines in anterior view of (from left to rightad top to bottom) Zeus faber, MNHN uncataloged; Batrachoides
paci ci, PB-7005; Dicentrarchus labrax MNHN uncataloged. Arrows point to the base of the pelvic spie. Scale bar equals 10 mm. Photos D. Davesne and
Osteobase (http://osteobase.mnhn.fr/).
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Congruence with Molecular Results they show the same pattern of interrelationships as with
Table 1 summarizes the topologies found by relevantAnalysis 1.
morphological and molecular phylogenetic analyses. It Whatis shown here is a possible case of “character extinttion
shows that molecular analyses since 2005 have systeiyaticalhere many character state combinations were present in the
agreed on a number of points, namely the rejection of aarliest members of a group, but disappeared since, due to
paracanthopterygian clade, the monophyly of a Gadiformesither the extinction of the taxa that bore them, or extemlsiv
C Zeiformes clade (that also includestylephorysand the subsequent morphological evolution. This is for example
inclusion of Ophidiiformes and Batrachoidiformes within the case in Lampridomorpha, whose extant representatives
Percomorpha. All of these results are also recovered in oytampridiformes) are both relatively less diverse (due te th
Analysis 1 Figure 4). extinction of many clades at the end of the Cretaceous), and
Only two minor conicts remain between our topology very anatomically-distinctive compared with the oldest Wm
and this molecular “consensus’Stylephorusis sister to members of the cladeDglbarre et al., 20)60mitting the early
Zeiformes, instead of Gadiformes; and Ophidiiformes andossil taxa from the analyses can then have an e ect similar
Batrachoidiformes form a clade together, instead of beingp the “long branch attraction” that is commonly described in
sequential sister groups with other percomorphs. However, oumolecular phylogenetics, with extant taxa arti cially grodpe
percomorph sampling is much reduced and not suitable fotogether on the basis of similar character state combimatithat
providing an e ective test of percomorph interrelationships. are recovered here as non-homologous. An example occurs with
Already well-supported by their repetition from one datasetLampridiformes, Gadiformes, Zeiformes, asdylephorusthat
to another, the clades found in the “molecular consensug’ arare grouped together by numerous synapomorphies in Analysis
hereby corroborated by a diverse set of morphological charac 2, but are widely separated by fossil representatives in Asdlys
(Table 1). A similar phenomenon is observed byavesne et al. (201%When
Some results are not recovered in every molecular studipssil taxa are notincluded.
(Table 1), for example: The monophyly of Acanthomorpha and  Our results show yet another empirical example in which
the sister group relationship of Lampridiformes with other morphological phylogenetic analyses including fossil andrxt
acanthomorphs (corroborated by our results), the monophylytaxa achieve a higher congruence with molecular topologies
of Beryciformes (not corroborated by our results), the gsimg  compared with analyses that include only extant taxa. Similar
of Percopsiformes with GadiformeS Zeiformes and of this results have been found previously for the deep intrarelatidps
ensemble with Polymixiiformes (both corroborated by ourof amniotes Gauthier et al., 1988; Donoghue et al., 1989
results). However, it should be noted that these con ictimgles  arthropods (egg et al., 20)3and annelidsRarry et al., 2016
are commonly associated with comparatively low support values
(bootstrap indexes and/or posterior probabilities) in malér
studies. Therefore, these clades are neither robust, peated,a CONCLUSION AND PERSPECTIVES
combination that should be su cient to not accept them diréct
(Chen etal., 2003; Li and Lecointre, 2Dy contrast, the non- Inthe present study, we provide a morphological dataset ofexta
monophyly of acanthomorphs is an example of relationship thaand fossil taxa that consolidates our current understagdad
is simultaneously robust and not repeated. The Lampridifsmethe earliest stages of acanthomorph evolution. The phylogeny w
C Myctophiformes clade oiliya et al. (2005has a posterior recover is consistent with topologies proposed by the multiple
probability of 0.99 or 1. However, it is never repeated in aredys molecular analyses available todakalfle 1), contributing to
based on nuclear markers only, norin another study that ubed an integrative view of the interrelationships of this impaorta
mitochondrial genome Eroughton, 201)) Assessing in which clade. This congruence is a strong case that morphology can
way gene sampling a ects phylogenetic reconstruction in thisccurately resolve deep phylogenetic relationships. Thirthig
zone of the tree should be the subject of later investigation rst attempt at covering acanthomorph diversity, we show that
even well-known morphological characters can bring valeabl
support to enduring phylogenetic questions as long as a relevant
The Impact of Fossil Taxa coverage of the topology (including fossil taxa) is providad.
Our Analysis 2 of extant taxa alon€igure 5A) fails to recover good example of this is our strong support of a clade including
clades that are always present with molecular results, fimple  Gadiformes and Zeiformes, permitted by including both tamxa i
a monophyletic Clade A or a Gadiformés Zeiformes clade. an analysis of morphological characters for the rsttime.
Two of the three main acanthomorph clades of Analysis 1 are Analyses of morphological characters in fossil and extant
not recovered by this analysis: Clade A is paraphyletic anthxa should continue to be performed, even when molecular
includes part of Clade B and Lampridiformes, while Clade B islata are available, due to their key role in: (1) corroborgti
polyphyletic Polymixiaand Percopsiformes are separated fromthe molecular results with independent character sets, lwhic
Gadiformes, Zeiformes, arf8tylephorughe latter three forming increases the reliability of the repeated cladésa(ide, 1994;
a clade with Lampridiformes). Lampridomorpha (reduced toMiyamoto and Fitch, 1995; Chen et al., 20@) providing
extant Lampridiformes) is monophyletic, but with dierent a framework for the evolution of morphological characters;
intrarelationships Regalecuss sister toVelifer C Lamprig. On  (3) integrating taxon and character evolution in deep tirbg,
the other hand, when fossil taxa are analyzed aléiigure 5B),  explicitly supporting phylogenetic positions for fossil taxa that
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TABLE 1 | Summary of the main studies presented in this article, a

nd associated phylogenetic hypotheses.

Stiassny and Johnson and Patterson and Wiley et al., 2000 Miya et al., Broughton, 2010
Moore, 1992 Patterson, 1993 Rosen, 1989 2005/2007
Clades tested Morphology Morphology Morphology MorphologyC 1 mitoch. Complete Protein-coding
(pelvic girdle only) C 1 nuclear rDNAs mitogenomes mitochondrial genes
Acanthomorpha Yes Yes Outgroups Yes No Yes
absent
Clade AC Clade B Ambiguous Yes La. absent Yes Yes (La. outside Yes
Acanthomorpha)
La.C Pe.C Ga.C Ze. No-Ga. absent No-Ga. absent La., Ze. absent No No No
La. C Clade A Ambiguous No La. absent No No No
Po.C Pe.C Ga.C Ze. No-Ga. absent No-Ga. absent No No Yes Yes
(Clade B)
Po. C Pe. Ambiguous No No No Yes No
Pe.C Ga.C Ze. No-Ga. absent No-Ga. absent Ze. absent No No Yes
Pe.C Ga.C Op. C Ba. Assumed yes Assumed yes Yes No No No
Ga. C Ze. Ga. absent Ga. absent Ze. absent Yes Yes Yes
StylephorusC Ga.C Stylephorusand Stylephorusand Stylephorusand Stylephorusabsent Yes (2007 only) Stylephorusabsent
Ze. Ga. absent Ga. absent Ze. absent
Clade A No Yes Assumed yes Yes Yes Yes
Ze.C Clade A Yes Yes Assumed yes No No No
Beryciformes No Yes Absent No Yes Yes
Op. in Percomorpha Assumed no Assumed no No Yes Yes Yes
Ba. in Percomorpha Assumed no Assumed no No Yes Yes Ba. absent
Li et al., 2009 Grande et al., 2013 Near et al., 2013 Betancur- Retal., Chen et al., 2014
2013
Clades tested 4 nuclear markers 4 nuclear/3 mitoch. markers @ nuclear 20 nuclear markers 6 nuclear/3
markers mitochondrial markers
Acanthomorpha Ambiguous yes Yes Yes No with RY-coding/
yes without
Clade AC Clade B No Yes (using parsimony) No No No
La.C Pe.C Ga.C Ze. YesC Po. No No Yes No with RY-coding/
yes without
La. C Clade A No Yes (using likelihood) Yes No No
Po. C Pe.C Ga. C Ze. (Clade B) Ye<L La. Yes No No Yes
Po. C Pe. No No Yes No No
Pe.C Ga.C Ze. No Yes No Yes Yes
Pe.C Ga.C Op. C Ba. No No No No No
Ga.C Ze. Yes Yes Yes Yes Yes
StylephorusC Ga. C Ze. Stylephorus Yes Yes Yes Stylephorusabsent
absent
Clade A Yes Yes Yes Yes Yes
Ze.C Clade A No No No No No
Beryciformes No Yes Yes No No
Op. in Percomorpha Yes Yes Yes Yes Yes
Ba. in Percomorpha Yes Yes Yes Yes Yes

Molecular “consensus” Present analysis—complete Present a nalysis—no fossils
Clades tested Morphology Morphology
Acanthomorpha Ambiguous Yes Yes
Clade AC Clade B Ambiguous Yes No
La.C Pe.C Ga.C Ze. Ambiguous No No
La. C Clade A Ambiguous No No

(Continued)
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TABLE 1 | Continued

Molecular “consensus”

Present analysis—complete

Present a nalysis—no fossils

Po. C Pe.C Ga. C Ze. (Clade B) Ambiguous Yes No
Po. C Pe. Ambiguous No Ambiguous
Pe.C Ga.C Ze. Ambiguous Yes No
Pe.C Ga.C Op. C Ba. No No No
Ga.C Ze. Yes Yes No
StylephorusC Ga. C Ze. Yes Yes No
Clade A Yes Yes No
Ze.C Clade A No No No
Beryciformes Ambiguous No No
Op. in Percomorpha Yes Yes No
Ba. in Percomorpha Yes Yes No

Ba., Batrachoidiformes; Ga., Gadiformes; La., Lampridiformes; Op., ghidiiformes; Pe., Percopsiformes; Po., Polymixiiformes; Ze., Zeiformes.

could be subsequently used for divergence time analysesereit Pruvost (MNHN), Emma Bernard, Zerina Johanson, James
directly or as calibration pointsBenton and Donoghue, 2007; Maclaine, Martha Richter (NHMUK), Markus A. Krag (ZMUC),
Radford Arrindell (AMNH), and Rivka Rabinovich (HUJ). We
A more generalized and fruitful dialogue between morphologyalso sincerely thank the following for fruitful discussiam
and molecular data is needed in phylogenetics. Moleculamorphological characters and their coding: Ralf Britz (NHMUK)
analyses may provide a broad and detailed phylogeneti@iorgio Carnevale (Universita degli Studi di Torino), Bruno
framework, but maintaining a lively research program inChanet (MNHN), Matt Friedman (University of Oxford),
morphology is still necessary in order to provide independentG. David Johnson (National Museum of Natural History,
evidence to the molecular phylogenies and, more generally, ®mithsonian Institution), and Nalani Schnell (MNHN). CT-
understand the history of the relationships between formd anscan data was acquired at the AST-RX platform (UMS 2700
functions in an evolutionary contextiribet, 2015; Lee and Palci, OMSI, Muséum national d'Histoire naturelle) with the help
of Miguel Garcia-Sanz. Iconography was kindly provided by
Samuel Iglésias, Christian Lemzaouda, Philippe Loubry, and
Nalani Schnell (MNHN), as well as by Philippe Béarez and

Parham et al., 2012; Sauquet, 2013

2015.
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