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Abstract:

The EocengYpresian)faunaof Bolca, Italy yieldsa famous assemblage of marine tropical
teleosts. One of the most anatomically distinctive tesdostn Bolca is theenigmatic
tBajaichthys elegangenerallyinterpretecas a member dfampridiformesoarfisresand

allies).Re-examination of the type and only specimen Béjhichthyscontradicts this
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attribution, and we propose thtt original description ®#a member of Zeiformddories)

was in fact correctfBajaichthysbears numerous derived features of zeiforms not found in
lampridiforms, including:a pelvic spine, a first vertebra closely associated with the
neurocranium, and a reduced metapterygoid not contacting the quadmageidiformlike
attributesyineluding a greatly elongated ascending process of the premaxikapamn to be
convergent between this group and Zeiformes. Using a combination of morphological and
molecular data, we“confirm thisvised interpretation and resolve the positionBdjdichthys
within zeiferm phylogeny. In terms of overall shape, the very elondgdgichthyscontrasts
with deepbaodied Zeiformes and probably hdidtinctiveecological habits. Our inferred
placement of Bajaichthysand other fossil taxa witbxtended caudal peduncles (e.qg.
tArchaeozeyssuggests that the elongate morphotype is ancestral far@ei$ as a whole,
and thathe deegbodied geometry typical of extant taxa probably apgetseveral times
independently. However, these inferences must be considered preliminary due to low support
for patterns of relationships within Zeiform@$e systenatic reattribution of Bajaichthys
expands the taxonomic diversity of the Bolca fauna as well as the morphological and

ecological diversity of the zeiform clade.

Key wor@S®™Eeeene; Bolca; Teleostegmpridiformes; Zeiformes

Theearly Eocene (Ypresiafquna of Bolcaltaly, is famouswvorldwidefor its rich diversity
of marine taxa, often preservadstunning anatomical detailhe Bolcalocalitiesprovide a
key windowinto an earlyCenozoianarine teleost assemblage, dominategfgy-rayed
teleostfishes(Acanthomorpha) as in modern marine environm@itst 1980; Carnevalet
al. 2014) It represents the oldest example of a modepical reefassociated fauna
(Bellwoodet-al:2016; Marramat al. 2016)andincludes some dhe oldest representatives
of manyemblematic acanthomorph clades, such as the asymmetrical flaffisieesnan
2012) or the"ultradiverse gobioids (Bannikov and Carnevale 2016).

One of thesmogpuzzling teleost known fromthis fauna is Bajaichthys elegansepresented
by a singlesmalkspecimenvith an elongated body, very high dora] elongatedoelvic

fins, and highly protrusible jaw&igs 1-3). tBajaichthyswasinitially describedby Sorbini
(1983)as a memér of Zeiformesa clade of acanthomorptisat includes welknown
shallow water species such as the John Doey¢ faberalong with rarer, deepea taxaHe
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later changed his view (Sorbini and Bottura 1988), and attribihedaxorto Lampridiformes
(opahs, oarfisheand allies).This interpretationprimarily based on the elongate body,
extremely mobile jaws and apparent lack of doraatt anafin spinesof tBajaichthys
persists in théiterature(Bannikov 2014, b; Carnevaleet al. 2014). Howeversome
anatomicafeaturesapparent in available descriptiossem to contradidhis attribution

Here we redescribéhe osteology othe holotype and only known specimen Bijaichthys

with the goalef decipherinigs precise phylogenetic attribution

MATERIAL AND METHOD

[Figs 1-3 abeutdrerg

The specimestudied herés part of the Baja collection, housed at the Museo Civico di Storia
Naturale (MCSNV), Verona, Italyt was examined using a Leica M80 stereomicroscope
equipped wth a camera lucida drawing arm and measurements were taken with a compass.
To enhance.details, the specimen was moistened with alcohol. All extinct taxa are marked

with daggers (1) preceding their names.

SYSTEMATIC PALAEONTO LOGY

ACANTHOMORPHA Rosen 1973
OrderZEIFORMESRegan 1910sensuwJohnson and Patterson, 1998e below)
Family TBAJAICHTHYIDAE Bannikov & Sorbinijn Bannikov 2014
Genus BAJAICHTHYSSorbini, 1983

tBajaichthys elegamSorbini, 1983

Emendeddiagnosi€eiform with an anteriorly deep body that tapers posteriorly. Skin
covered with protuberances and small spikesd large, with a low supraoccipital crest.
Vertebral column including 35 (8+27) vertebrae. Dorsal fin shasedout high, consisting

of five spifesiand six unbranched soft rays. Ten dorsal-fin pterygiophores. Anal fin ognsisti
of two serratedpines and 28 unbranched soft rays, converging with the caudal fin. 27 anal-
fin pterygiophores, the first one enlarged and with three supernumerary elements$fiGauda
asymmetrical, with between five and seven r&gvic fins long, jugulanyith oneserrated

spine and six soft rays.
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Holotype.MCSNV T.922/T.923, a complete specimen in part and counterpart (Figs. 1—
38.5 mm SL, from the Ypresian (late early Eocene) of the Pesciara site, Montgl@&bjca

Thespecies is represented by the holotype only.

SystematiC history

A description of MCSNV T.922/T.92ftrst appearedh the catalogue of the Baja collection of
Bolca fossils, presented at thkiseo Civico di Storia Naturale, Verona (Sorbini 1983). In the
first edition"efsthisbook, Sorbini proposea new genus and species due to the peculiar
appearance of the fossil, and suggesfédity with Zeiformes (and proximity with family
Zeidae) due.to "the characters of the head skeleton, the number of vertebrae and the shape of
the caudal fin'{Serbini 1983, translated from the Italia@pnsistent with a zeiform
interpretatiommSerbini (1983) reported spiny rays in the dorsal, anal and pelvia nkatér
edition of tAessame catalogue, published in 1885 systematic attribution dBajaichthyss
changed tg'tampridiformes, with no reference to spiny rays in the description. In a
subsequent; mere complete description of the genus (Sorbini and Bottura 1988), its unusual
mix of charactersvasused to justify the lampridiforimterpretationlmobile jaws, absence of
spiny raysgpresence of an orbitosphenoid). Moreover, this study pBagdchthysn a new
suborder due to similarities to both existing ‘Bathysomi’ (low vertebral counts, vertical
pectoral gigdle, deep head; this group is now known to be paraphyletic: €lak$993;

Wiley et al. 1998) and Taeniosomi (elongate body, reduced caudal fin and similar
integument). Subsequent authors concurred with this interpre(@ioeyet al. 1993;

Bannikov 999mCarnevale 2004¢ading Banikov (2014) to erectthe new family
TBajaichihyidaes

Description

Body elongate and tapering posterigifiygs 1- 3), its maximum depth is contained less than
three times irstandard length (SL)The head itarge its depth is contained slightly more than
three times in SL. The snout is wekveloped and the orbit is moderately large. The dorsal

profile of the body is characterized by a huhie-structureassociated witlthe dorsal fin.
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The shortbased dorsal fin is extremetygh (its heightis contained less than two times in

SL), similar to the pelvic fins (their length being contained slightly more than two times in
SL). The anafin baseshows remarkable posterior extension, and converges with the caudal
fin. The mouth igerminal with a relatively short gape. Because of the very anterior insertion
of the anal finpthe abdominal cavity is much reduced.

MeasurementsStandard lengt(SL): 38.5 mm Maximum body depthl4.2 mm(36.9% SL)
Head length: 14.0 mm (36.4% Sltjead depth: 12.4 mif82.2% SL) Snout length: 7.8 mm
(20.3% SL) Orbit diameter: 3.1 mm (8.1% SLPredorsal length: 15.5 mm (40.3% SBre
pectoral length:14.3 mm (37.1% SPrepelvic length: 11.8nm (30.6% SL)Preanal
length: 14.3'mmy(37.1% SiPelvic fin length: 16.4 mm (42.6% SlDorsal fin length: 21.2
mm (55.1%"SL).

[Fig. 4 about herk

NeurocraniumThe neurocranium is two times longer than deep. The ethmoid region was not
fully ossified,.as/is clearly evident from thenspicuous gap between lateral ethmoids and
vomer(vom; Rig: 4) This hiatus results in an apparent remarkable anterior extension of the
parasphenoid‘and vomer beyond the anterior margin of the lateral ethmoid. The morphology
of the mesethmoid is difficult to interpret, possibly because it was largely cartilaginous.
However, a mediaanterior bony lamina andraedianbar (extending posteriorly and visible
through the orb)tpossiblyrepresenthe anterior anghosterior procegsof the mesethmoid
respectivelyThe median anterior bony lamina of the mesethrioiet; Fig.4) was

erroneously considered as a nasal by SorbinBartlira (1988)The kteral ethmoid is

columnar, robustwith a notched ventral margin, and a lateral flange that forms the anterior
wall of the'orbit it does not articulate with the parasphenoid and vomerine region
syndesmoticallyjithereby suggesting that a relatively large cartilage was present in this region
(let; Fig.4)=Thesfrontals are the largest bones of the skull exmth frontal articulates

medially withsits’counterparforming a ventral groove which is expressed ventrally as a

ridge, visiblesthrough the orbfr; Fig. 4). Such a modified anterior part of the skull roof
probably aceammodated the elongated ascending processes of the premaxillae and the
associated rostral cartilagehe ventrally depressed medial part of the frontals was interpreted
by SorbiniandBottura (1988 as & orbitosphenoidbut we cannot observe any trace of this
bone in the fossilA short median cres$ present omhe posterior portion of the frontals,
representing an anterior extension of the supraoccipital Gtessupraoccipital is dorvie,
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with irregular dorsal and posterior margins. The otic region of the neurocrandlifficidt to
interpret. The basisphenoid (bsp; Figishelativelylong and thick and almost contacts the
parasphenoid ventrally. The basioccipital is robust. The parasphenoid is veryeloegaly
straight anteriorly and slightly curved in its posterior redjuas; Fig4). Thevomer is very
small andspeerly’preserved. The presence or absence of teeth on this bone cannot be

determined:

Jaws The premaxillgpmx; Fig.4) has a very elongaéscending process, almost twice as
long as the alveolar process. A spatulate articular process emerges along the posterior margin
of the ascending process. A short postmaxillary process is present but does notfsgara t
notchwith the@lveolar proces¥he maxilla(mx; Fig.4) has an irregular morphology, with a
distally expanded dorsal region. There is no supramaXitle.dentary has @oncave anterior
profile, awell-developed coronoid process and a shanmtrally directd spine at the
symphysis (den; Fig. 4The angularticular(ang; Fig. 4 is approximately triangular with a
concave anterior margin and an irregular serration posteridrgre is a wide fenestra
between the posterior margin of the dentary and the anterior margin of the angulbrasti
small retroarticular can bévserved at the posterior corner of the lower jalere is no
evidence of‘oral'teeth aitherthe premaxilleor dentary.

SuspensoriunThe hyomandibula has a single articular head and a relatively short and nearly
straight ventral shafhyo; Fig. 4). The opercular process is short and slightly ventrally
oriented. The quadrate is large, fdike, and beara robust articular hea@u; Fig. 4).The
symplectic is rodike and relatively weldevelopedsym; Fig. 4). The metapterygaiohpt,

Fig. 4)is remarkably reduced; its postarmargin is closely associated with the
hyomandibulaln theearlierdescription of the material, Sorbini and Bottura (1988)
erroneously identified the endopterygoid as the metapterygoid. The enlarged endopterygoid
(enpt; Fig.4)sissquadrangular and separates the metapterygoid from the quadrate. The
ectopterygeidecpt Fig. 3) is oblong, with an expanded antero-dorsal €hd.palatingpal;

Fig. 4)is oriented oblique to the parasphenarassive and irregular in outline; the maxijia
process Is shoend does not contact the maxilkuggesting that the palatiagiculates only

with the lateral ethmoidThere is no trace of palatine or pterygoid teeth.

Opercular seriesOverall, the bones of the opercular series are much reduced. The preopercle
(pop; Fig. 4 is narrow, elongate and slightly curved with a smooth posterior margin. The
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opercle(op; Fig.4) is roughly triangular with a thickened antexentral margin. The
interopercle(iop; Fig. 4) is oblong and laminar and remarkably shorter than the overlying

preopercleThe subopete is not exposed in the fossil

Hyoid and gillkarchesThe hyoid bar is elongate and shallow. The hypohyals; (filgy4)
cannot be distinguishdtcom each other. The anterior ceratohighlyg Fig. 4)is constricted

in its anterior‘halind strongly expanded posteriorly, forming a prominent ventral notch.
Along its dersal margin, a small concavity is bordered by two small symaietaurved
processethat terminate in point3.his peculiarembayment might represent a dorsally open
‘beryciform’ foramen. The posterior ceratohigdlyp; Fig. 4)is approximately triangular, with
a sigmoid postero-ventral margin; a cotiyléts posteredorsal corner accommodates the
interhyal. The articulation betweethe ceratohyals is not interdigitatetihereareseven
branchiostegal rays, of which the anterior three articulate with the anterior ceratohyal and the
remaining four with the posterior ceratohyal. Two additional short disartidulate
branchiostegal rays are visible at the level of the articulation batiwgoohyals and anterior

ceratohyal buttheir original position cannot be determin&dl arches are not visible

Vertebral columnThe vertebral column consists of 35 (8+27) vertefifags 1-3) including
the urostylar centrunT.he first vertebrdvl; Figs 4, B) is closely articulated with the
occipital region of the neurocranium, and its nearahes and spines agpandedntero
posteriorly.lt was notmentionedn earlier description§Sorbini 1983; Sorbini and Bottura
1988).The"second vertebral centrum is antposteriorly compressg@?; Fig 5B). The
otherabdominalkcentra are subrectangulargherthanlong. The caudal centra heigta-

length ratio decreases posteriorly and they become longer than high around thid fiftee
centrum(Figs 13). The four posterior abdominal vertebrae bear robust parapophyses of
gradually increasing size. The bases of the neural spines of the abdominal andanidabr
vertebrae aresweakly ossifiethe neural spines of the second to sixth abdominal vertebrae
are bent poesteriorly, while the followirames are nearly verticaloward the posterior end of
the body, the'neural spines become gradually shorter and bent posteriorly. The haemal spine
are stouter than their neural counterpartey are short dorsal and ventral pre- and post-
zygapophyses throughout the coluniihere is no evidence of pleural ritbéowever,a few
fragmented epineurals can be recognized irattierior part of thebdominal region, and

theseseem taarticulate athe base of the neural arches.
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[Fig. 5 about herk

Median fins and support3he caudal skeleton and fin appear talbesoventrally
asymmetricThe distal portions of at least twagpuralscan be recognized in the counterpart
T.923 but the caudal region is too poorly preservedai@rmineconfidently the number of
elements:ortheir identiti€&igs 1-3). Five to seven caudal-fin rayse feebly preserved.
They do net overlap with the caudal skeleton.

No supraneuralis‘preservéieig. B), but the presence afcartilaginous oneannot be
excluded:The dorsal fin originates at the level of the tratilominal vertebra and contains
elevenelementsupported by ten pterygiophores (Figs 1-3). All of these ardiforcated
and nonsegmented anithe first five ardentatively regarded apines because of their
robustnessrand pointed distal tipbe first spine is in supernumerary association with the first
dorsal pterygiophore (FigBj. It is much shorter than thposteriorones Stout spimles
diverge dorsolaterally from the base of the rdy® first dorsafin pterygiophore (dptl; Fig.
5B) inserts In the first interneural spadéethird andfifth interneural spaces are vacarte
main shaft of the pterygiophores is robust and supports anterior and posterior bong.lamina
The anal finnserts at the level of the fourth abdominal vertebreotisists otwo spines plus
28 rays, supported by 27 pterygiophaofegs 1-3).All therays are nomifurcated andall

but the posterianost are norsegmentedAll the rays have ventriaterally protruding spines
at their baseandserratedateralmargirs. The anal-fin spinearealso serrated anteriorly
(asp12;'Fig.5C). The spinesand theanteriormost rayre in supernumerary association on
the first anaffin pterygiophorgapt; Fig.5C). This firstanalfin pterygiophore is greatly
expanded, with a strongly curved anterior profile.

Paired fins and girdlesThe posttemporal arglipracleithrum are not clearly recognizable.
The cleithrum is crescesshaped, with a spatulate ventral okl Fig. 5A). The scapula and
coracoid are weltleveloped. The scapular foramen is not recognizablereis an elongate,
sabreshapedostcleithrum(pcl; Fig. 5A). It appears to havan expanded proximal portion
that articulates-with the cléithrutwe cannot determine if this expansiepresents a
separat@ostcleithraklement.There aredur, weakly ossified pectordin radials(rad Fig.

5A). At leastiten apparentiynbranched ray@cr; Fig. 5A) are supported by the pectofai-
radials.The pectoral fin inserts at mitkight along the flanks. The pelvic fins are jugular and
contain a single spine with an anterior serrated marginspiusultifurcated raygFig. 5C).

The two anterior rays are the long&3te main shaft of the basipterygium (pvg; Fi§) %
nearly vertical and reaches the ventral margin of the cleithrum. There is an anterior process
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with an irregular profile corresponding to the external ventral wir§fiassnyand Moore
(1992). The post-pelvic process is short and stout.

IntegumentThe entire body, including the nape and cheek, is covered with modified scales.
Each of thesesscales consists obanded base from which a single pointed posteriorly
recurvedspinuleprotrudes Posterior to the dorsal fin, the dorsal margin of the body is
characterized"by'a'dense accumulation of larger scale spinules with dorsally oriented tips.
series of modifiedpinyscales occurs on the ventral margin of the body between the pelvic
and anal finsrasc;Fig. 5C). A large, subrectangular scale with a serrated anteroventral

marghn partially overlaps the anteroventtigl of the first anafin pterygiophore. On both

dorsal andspelvie fins, the membrane that originally connected the rays is preserved as a thin
pigmented film(Figs 1-3).

SYSTEMATIC POSITION OF tBAJAICHTHYS

tBajaichthysas a Lampridiform

Most modern representatives of Lampridifornres.ampriformes irNelsonet al. 2016)have

a very peculiamorphology, exemplified by the large, elongated laterally flattened
Taeniosomi (oarfisks, crestfishes, ribbonfisnekampridiformes are also characterized by
highly mobile upper jawspwing tospecialisationsf the palatine, premaxilla, maxilla and
frontal bones.(Oelschlager 1976, 1983). For this reason, several other elongateteleost
taxa with very mobile jaws have been at some point aligned with Lampridiformes, macludi
AteleopodidaeyMirapinnidae and Stylephoridae (Rosen and Patterson TI9€$9 thretaxa

are now-excluded from Lampridiformes amgognized respectively as a separate non
acanthomaorphorder Ateleopodiformes, as larval CetomimiBaey€iforme§ and as an
isolated lineage'close to Gadiformes and Zeifor(dseyet al. 1993; Miyaet al. 2007,
Johnsoret al.2009; Neaet al. 2012; BetancuR. et al.2013; Grandet al. 2013a; Chemet

al. 2014y

Similarly, our clesee-examination of Bajaichthyssuggests that it does not belong to
Lampridiformes It does not show some synapomorphies of the larger clade Lampridomorpha
(Davesneet al.2014; Delbarret al. 2016), such as the overlap of the caudal-fin rays with the

caudal skeleton (hypurostegy). However, numerous synapomorphies of Lampridiformes are

This article is protected by copyright. All rights reserved



either missing or show nogguivalent state@lneyet al. 1993; Davesnet al.2014, 2016):
(1) there is no frontal vayl(2) the mesethmoid expands anteriorly and posteriorly to the
lateral ethmoids, while in modern langiiforms it only expands posteriorl{3) the
articulation between the anterior ceratohyal and the ventral hypohyal is not co(#)tlae
anteriormost-dorsdln pterygiophore inserts posterior to the first neural sphadelitional
featuresfoand inall Lampridiformes except for Veliferidg®Ineyet al. 1993)are also
missing in"Bajaichthys (1) there ardour autogenous pectoréit radials(instead of three)
(2) thereare35 vertebrae in totglnstead oimore than 4Q)(3) the base of the pectoral fin is
vertically oriented(instead of horizontalFinally, the dorsal-fin base is always longer than
theanalfinthasedn lampridiformsespecially in taeniosomes that have a redecebsent
anal fin(Olpey@hal. 1993; Bannikov 1999). By contrasBdjaichthyshas an andiin base
that greatly'@xceeds the length of the dorsal-fin Hasthe light of these observationge

rejectits attribution to Lampridiformes

tBajaichthysasa Zeiform

Modern diversity withirthe exclusively maringeiformesconsistof approximately30
speciedividedbetweersix recognized familiegTyler et al. 2003; Nelsoretal. 2016)
Cyttidae (leokdown dories: gen@yttug, Oreosomatidae (ored®reosomaPseudocyttus
AllocyttusandNeocyttuy, Parazenidae (smooth dori€srazen CyttopsisandStethopristes
Zeniontidae érmoreyedories:Zenion CyttomimusandCapromimu¥ Grammicolepididae
(tinselfishesGrammicolepisMacrurocyttusandXenolepidichthylsand Zeidae (dorieZeus
andZenopsis

The fossil record of Zeiformesxtends tdhe Late Cretaceous, wittCtetazeus rinaldifrom
the outcrep®i-Cava, neaNardo, Italy(Tyler et al. 2000),tentatively considereth be
Campanianin‘agéschluteret al. 2008; Cheret al. 2014).Another putative Cretaceous
genus, Palaeocyitus princepsom the Cenomanian of Portugal (Gaudant 19i88)yen
older. However, the holotype and only specimen is poorly preserved and provides few
convincing charactergasting doubt over its attribution teiformes(Patterson 1993; Tyler
et al. 2003). Two'additionalfossil genera are knowirom theearly Palaeogene:Archaeozeus
skamolensisind Protozeus kuehngirom theearliest EocenéYpresian)Fur Formatiorof

Denmark(Tyler et al. 2000; Baciwet al. 2005).Another undescribed zeifortaxonis also
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found in this formation (Bondet al.2008).Most postEocene fossiteiforms are attributable

to the extant geneZeusandZenopsigBaciuet al. 2005; Santinet al. 2006).
tBajaichthysshowsnumerous characters regardedasapomorphies deiformes(Tyler et

al. 2003; Tyler and Santini 2005)L) the metapterygoid is reduced in size and does not
contact the-quadraté?) the anterior ceratohyal has a prominent ventral n¢&gtihere is

seven bramchiostegal rayd) (he dorsal fin inserts in the first interneural spaBgthere are

two anatin"spiRes®™6) pectoralfin rays are unbranched)(there is a singlpelvic-fin spine
Moreover,gBajaichthysshows several of the synapomorphies supporting a larger Gadiformes
+ Zeiformes_ clademany of which are absent in Lampridiforn{€andeet al.2013a
Davesnestial. 2016) (1) the neural spine of the first abdominal vertebra is closely associated
with the ne#irg€raniun{?) the second abdominal vertebra is shortened; (3) the orbitosphenoid
is absent (althotigh described present by Sorbini and Bottura; 1988)e palatineloes not

bear teeth

Finally, some reductiveharacters are shared bgajaichthys lampridiforms and zeiforms
(Olneyet al. 1993; Tyler and Santini 2005)hese include the absence of supramaxittae,
elongateascending processes of premaxilfbet the articular and postmaxillary processes are
well-developed.in Bajaichthysand Zeiformeswhile it is not the case in lampridiformshe
reduction‘in‘number of caudal-fin rays and the unbranched dorsal- anithaagis (only in
taeniosome lampridiforms); we interpret these as convergent.losses

This combination of characters confirms Sorbiffi'g83)initial intuition that 1Bajaichthysis

a zeiformrather than a lampridiformn order to establish ifsrecisephylogenetic position

within the group, we performed a series of phylogeraetalysesising a combination of

morphological and molecular datasets.

PHYLOGENETIC ANALYSE S

Previous phylogenetic studies of Zeiformes

[Fig.6 abaut herg

The phylogenetic position of Zeiformes amongst Acanthomorpha has been the subject of
considerable debate. A clade uniting them with Tetraodontiformes (pufferfistiedlias)

and Caproidae (boarfishespsproposed on the basis of osteologe@umentgRosen 1984)
andformal phylogenetic analys€3yler et al. 2003; Tyler and Santini 2008ased on a
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survey of all major acanthomorph groups, JohnsorPatigrsor{1993)placedZeiformes as
thesisterlineage ofBeryciformes andPercomorphéthe latter including caproids and
tetraodontiforms), and within Acanthopterygii. On the other hand, phylogenetic studids base
on molecular data consistently fitlthtZeiformes ae close relatesto Gadiformes (cods and
allies) and-thestubeye StylephorugWiley et al. 2000; Miyaet al. 2001, 2003, 2007; Dettai
and Lecointre 2005; Betanc®-et al.2013; Grandet al. 2013a Nearet al. 2013; Cheret

al. 2014), excluding them from both Percomorpha and Acanthopterygginmidst recent
placementias found additional support in the reinvestigation of morphological data (Borden
et al.2013; Grandet al. 2013a Davesneet al. 2016).

In contrast to the wide body of literature targeting the placement of zeiforms within
acanthomarphsefv studies have exploredlationships within Zeiformes (Fig). Based on a
survey of merphological characterghin awide acanthomorph sampling, Johnsaord
Pattersor{1993)proposed that Parazenidae and Zeniontataprobably sister to all
remainingZeiformes, as they retain plesiomorphic conditions for several chatrantdusling

a first neural spine not entirely appliemithe neurocraniumand a single vacant interneural
space below.therdorsal fin. The morphologioalrix of Tyler et al. (2003) includes a
comprehensive_coverage@feryzeiform family and genus, and 20 out of about 30 extant
speciesiHowever, doesnot include any fosstaxa A subsequent studyyler and Santini
2005) addédthe-fossils €retazeustProtozeusand #Archaeozeut thesame morphological
zeiform 'dataset. Both studies malge of an extensive outgroup including representatives of
‘Beryciforme§ 'Percoidej Tetraodontiformes and Caproidae, following the hypothesis that
the lattetwo and Zeiformes form a claq®osen 1984).

The analyses of Tylest al. (2003) support differermgatterns okeiform intrarelationships
depending onvhether particular characters are assigned ordered or unorderedrstatés,

B). However, lhe position of Cyttidae as sister to all other Zeiformes tla@dister group
relationshipof Grammicolepididae and Zeidae, are recovered in both cases. Thesaoflysi
Tyler andSantini=(2005)ields yet another topology (Fig. 6@hen a ‘reducedutgroup
consistingenly-of 'Beryciformes' is usédrammicolepididae Zeidae issister to a clade
formed byParazenand Zeniontidae, while Cyttidae and Oreosomatataesisteigroups.
tArchaeozeuand Protozeusare recovered as successive outgroups to the zeiform crown
while fCretazeuss nested within the crowgroup, as sister tthe parazenid€yttopsisand
Stethopristes

No molecular phylogenetic studg date has been desigrszecifically to resolve zeiform
intrarelationshipsinstead most molealar datasets include only a few representative zeiform
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taxa in order to constrain the placement of the clade as a wihelelataset dliya et al.
(2003), consisting afomplete mitogenomergcoves ParazemandZenionas outgroups to a
clade formed by Oreosomatidae and Zeidae @BJ. The most comprehensive molecular
study performed to date (Graneeal. 2013a, b)ncludes seven zeiform terminal tabat

seven nuclear-and mitochondiati. It recoverLCyttopsisas sister to all other Zeiformes,
followed byParazenandZenion The oreosomatidllocyttusis sister to a clade formed by
the grammicolepidiKenolepidchthysand zeids (Fig. ). Both molecular studies then agree
in the position of Parazenidae and Zeniontidae outside of a clade formed by Oreospomatidae
Zeidae and_praobably Grammicolepididae. In this regard, they contradict existing
morphological studies (Fi$B, C), except when morphologiaaiaracters are ordered (Fig.
6A).

Analyses performed

In order toinfer the phylogenetic position oBhjaichthyswithin Zeiformes we performed
two phylogenetic analyses. The associated tebypnharacter matrices are freelyailable
online ontheDryad Digital Repository(Davesnest al. 2016)

Analysisl. Insthis analysiswe added Bajaichthysto the morphological dataset of Tyler and
Santini (2005). The original version of the dataset includes a range of outgroup taxa
(tetraodontiformsgaproid3 whose close relationship with zeiforme®verwhelmingly
contradicted bynolecular(Miya et al. 2003; Holcroft 2004; BetancR- et al.2013; Grande
et al.2013a Nearet al.2013) and morphological evidence (Johnson and Patterson 1993;
Chanetet al.2013). Hence, @ excluded thesmxafrom the analysis, retaining the
‘berycifarms'SargocentrorandMelamphaegas in théreducedtataset of Tyleand Santini).
In addition weincludedMerlucciusasa representative of Gadiforméle probable closest
zeiformoutgroup. We used TNT version 1.1 (Golobetffal. 2008) to perform a new
technology“parsimongearch with the default parameters for sectorial search, ratchet, drift (10
iterationss.each) and tree fusing, and hitting minimal tree length ten #heéke characters
were unordered,areksignedn equal weight of Jyith taxashowing multiple states of the

same charactdreated as polymorphiéll networkswererooted ornSargocentron
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Analysis2. The results of the morphological and molecular analysesifairm

intrarelationships differ markedly (Fig), making a consensus difficult to reach. Moreover,
our analysis of morphological data alone providesifficient resolution tanake wel

supported claims about either zeiform phylogeny or the positioBahichthys(see Results
below).We thereforecombined the morphological data ohAlysisl to the molecular dataset
of Grandeet al. (2013h), currently the most comprehensive molecular sampling of Zeiformes
taxa. The original"molecular dataset includes 65 species of acanthomorphs and chdsely rel
taxa, ten of them (including akevenZeiformes) being also present in Analysidtlises
sequencefom seven markes: the mitochondrial tRNA/al, 12S and 16S rDNA and four
nuclear loci28S rDNA ENC1, histone H3 and RAGI)Ve downloadedhe original dataset
from Dryad/(Grandet al. 2013), retainingthe original alignment

The datasetof combined aligned molecular and morphologicaintaides a total 082 taxa

and 4134charactersWe analysed this dataset with TNT, using the same parameters as for
Analysis 1. We also used TNT to run 100 replicates of a bootstrap analysis, rettining a

clades found with a frequenex0%. Treeswere rooted wittMaurolicus(Stomiiformes).

Results

[Figs 78 about herg

Analysis 1T his analysis yielded6 parsimonious trees, with a lengti386 steps, a
consistency index (Cl) of 0.584 and a retention index (RI) of 0.604sffiseconsensus tree
(Fig. 7)recovers Bajaichthyswithin a monophyletic Zeiformes, confirming our new
systematic attributiantArchaeozeuand Protozeusare successive sister groups to a clade
consistingof.all other zeiformsExtant families Cyttidae, Grammicolepididae, Zeidae and
Oreosomatidae-are recovered as monophyletic, but their interrelationshipsesaived.
Families Parazenidae and Zeniontidae are not recowetkd strict consensus tree. The
precise phylogenetic position o€tetazeusnd Bajaichthyswithin Zeiformes isunclear
Given thatithe dataset used for this analysis gialtlmostentirely resolved zeiform
phylogeny vinenyBajaichthysis not included (Tyler and Santini 2008)is likely that the
unusual combinationf anatomical features observed Bafaichthysexplainsthis decrease

in resolution.

This article is protected by copyright. All rights reserved



Analysis 2This analysigielded one parsimonious tree, with a length of 13 220 steps, a CI of
0.332 and a RI of 0.560. Outside of Zeiformes, the topology is identical to the one of the
original study(Grandeet al. 2013a) Within Zeiformes, e tree (Fig. Bshows fArchaeozeus
tBajaichthysand Protozeusas successive sister groupshezeiform crown tCretazeuss

sister to theextantparazenidsStethopristeandCyttopsis while Parazens separated from

the other members of the family. Zeniontidae and Cyttidae form a clade, as do
Oreosomatidae, Grammicolepididae and Zeid&e. support for this topology is low:

bootstrap values exceeding 5@%& only associated with tlestablished extant familiesd

Zeiformes as a.whole

DISCUSSION

The reinterpretation ofBajaichthysas a zeiforntonsiderably expands the morphological
diversity found.within the order. Unique for zeiforms is the very long anal fin that cosverge
with the caudal fin, while the dorsal fin is much shorter and very elongdiede features
occur convergentlyn other teleosts such dacrouridae (Gadiformeshteleopodidae
(AteleopodiformespandHalosauridae (Notacanthiforme3hese taxa angrincipally
demersalusing undulations of the postabdominal region of the bogyopel themselves at a
short distancérom the sea bottorwhile feedng (Marshall 1979; Coheet al. 1990). Given
theirremarkableoverall resemblance, it gossiblethat Bajaichthyshad a similar ecology
(Bannikov2014). However, these modern taxa are mostly found in deep waters, while the
Bolca fossil sites were deposited in a shallow webetext(Marramaet al. 2016). Most

modern zeiforms are found in greater depths as well, which could explainBaigichthyss

so far the only.representative of the order known in the Bolca fauna (Bannikdy, 2014
Carnevaleet.al.2014).Its redescription as a member of Zeiforntesreforeexpands the
taxonomie and-ecological diversity of the Bolca fauna.

The notable elongation of the body observedBajdichthyscontrasts with the typical deep
bodied appearance of most zeiforms. However, somewhat elongate bodies with a notably
slender caudal peduncle are also observed in the fossil@agtateustArchaeozeusand the
undescribed taxen from the early Eocene of Denr(igyler et al.2000; Bondeet al. 2008).

The phylogenetic positionsf TArchaeozeuand Bajaichthysas stenZeiformes according to
our combined phylogenetic analysis (Figs8ygestshat this elongate morphotype might
representhe ancestral condition for the clade as a wi®leen that the closesixtant
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relatives of Zeiformes are the elongate GadiformesStyléphorusour phylogenetic results
then support the hypothesis that the deep-bodied morphotype of most zeiforms is a derived
condition. Howeverinferredrelationships within crowZeiformessuggest a more complex
morphological evolution. It has been proposed that Zeniontidae and Parazenidaaosta

of the aneestral-<characters of modern zeifofdosinson and Patterson 1993) and
representati®s of these families are more elongate than the others, especially the genera
ParazemandZenion'However, our combineanalysis (Fig8) recovers the moderately deep
bodiedStethopristeandCyttopsisas theearliest divergingnodern taxa, while zeniontids and
Parazenare placed as sister lineagessvad different deefpodied clades. It itherefore

possible that thdeepbodied morphotype evolved several times independently in Zeiformes,
being partieularly pronounced in thiade includingOreosomatidagZeidae and
Grammicolepididae.

These inferences must be tempered by thetliattthe phylogenetic relationships recovered
by our resultsre weaklysupportedand that the morphological datasepearsighly

sensitive to the addition of new taxa this casefBajaichthysandMerlucciug. Moreover,

the combined.topology is largely congruent with the ones recovered by molecular data alone
(Fig. 6D, E),.suggesting that it is largely structured or asterongly influenced by the latter.
The instability'of results supported by morphological data alone (Fig. 7), alontheviidack

of a molecular.datasetith adense sampling within Zeiformeasisesthe possibilitythat our
reconstructed relationships might not reflect zeiform evolution accurately.

Obtaining a weHlresolved and well-supported phylogenyZeiformes iscrucialfor
answeringkey questions related to the pattern and the timmgjof divergences and
sequence of character evolution within this unusual group. For instance, th pagiéon

of tCretazeusnested within the crowgroup, implies that at least five different zeiform
lineages were present in the Campanian,no other Late Cretaceousiform fossils are yet
known that migat'substantiate this predictioim many ways, Zeiformes represents an ideal
teleost groupsfemintegrated phylogenetic study. Despite numbering only a few dozes,speci
modern zeifermes display ample morphological and ecological variety, and their modest
numbers render neaxhaustive sampling of lineages tractable. This modern diversity is
complemented,by a suite of weléscribed fossil€Tyler et al. 2000; Baciwet al. 2005; Tyler

and Santini 2005)pening a window on phenotypic diversity in the earlier history of the
clade.If the most conspicuous shortcomings are overcome, by obtaixi@gsive molecular

data for several poorly-known deepa ineages and by investigating overlooked
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morphological complexes (e.g. muscles, soft tissues), integrative phylogenéigs sould

increase substantially our understanding of this peculiar teleost group.
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FIGURE CAPTIONS
Fig. 1. fBajaiehthys eleganphotograph of the holotyddCSNV T.922 Scale bar represents
5 mm.[Intended Tor 2/3 page width]

Fig. 2. tBajaichthys eleganghotograph of the holotype MCSNV T.923 (counterpart). Scale
bar represents 5 mrfintended for2/3 page width; if possible on the same page as Fig. 1]

Fig. 3. tBajaichthys elegansnterpretative drawing of the holotype MCSNV T.922/T.923.
Thegreyrareas-are pigmented in the fossil. The grey linedraven from MCSNV T.923.
Scale bar represents 5 miimtended for 2/3 page width; if possible on the same double page

as Fig. 1 and=aligned with it]

Fig. 4. Reconstruction of the head dBdjaichthys eleganis left lateral view based on the
holotype (MCSNV T.922/T.923Scale bar represents 1 mimbreviationsang,
anguloarticular; bsp, basisphenoid; chya, anterior ceratohyal; chyp, posteriohgaladen,
dentary; ecpt, ectopterygoid; enpt, endopterygoid; fr, frontal; hhy, hypohyals; hyo,
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hyomandibula; iop, interopercle; let, lateral ethmoid; met, mesethmoid; reapterygoid;

mx, maxilla; op, opercle; pal, palatine; pas, parasphenoid; pmx, premaxilla; pop, pesopercl
gu, quadrate; sym, symplectic; v1, antenaost vertbra; vom, vomerjintended for 2/3 page
width]

Fig. 5. Interpretative drawings of some postcranial element8afaichthys elegani left
lateral view basedn the holotype specimgiMCSNV T.922). Scale bar represents 1 mm. A,
detail of the pectoral girdle and pectefial insertion. B,detail of theanteriorvertebrae and
dorsal-fin insertion. C, detail of the pelvic girdle and fin and anterior part @irthkfin.
Abbreviations apt, analfin pterygiophore; asp, anéih spine; cl, cleithrum; cor, coracoid;

dpt, dorsal<finfpterygiophore; dsp, doréial-spine; msc, modified ventral scales; pcl,
postcleithrum; pcr, pectordin rays; psp, pelvic-fin spine; pvg, pelvic girdle; pvelyc-fin

rays; rad, pectorégin radials; sca, scapulal, anteriormost vertebrgIntended for 2/3 page
width]

Fig. 6. Former.phylogenetic hypotheses of Zeiformes intrarelationships. Only thanzgiot

of the tres'is shawn. A, topology of Tyleat al. (2003), based on morphological data, with
characters'treated as ordered. B, topology of Tetlat. (2003), based on morphological data,
with characters-treated as unordered. C, topology of Tyler and Santini (2005), based on
morphological data, using onargocentrorandMelamphaess outgroup taxa. D, topology

of Miya et al. (2003), based on mitogenomic data. E, topology of Grahde(2013a), based

on molecular data (three mitochondrial and four nuclear markkesiresolution reflects
differences in tree topology when data are analysed using parsimony or maximum likelihood.

[Intended for page width]

Fig. 7. Result of Analysis 1, withBajaichthysandMerlucciusadded to the morphological
dataset of Fylerand Santini (2005). Strict consensus of the 16 parsimonious treds=Lengt
386, Cl = 0:5844 Rl = 0.604intended for single columwidth]

Fig. 8. Result of analysis 2, with the morphological data of Analysis 1 combwitadhe
molecular dataset of Grandeal.(2013a). Only the zeiform part of the tree is shown.
Parsimonious tree, length = 13 220, Cl = 0.332, RI = 0.B66tstrap values are shownthé
nodes whem50%. Abbreviations Cytt., Cyttidae; Gram., Grammicolepididae; Oreo.,
Oreosomatidae; Para., Parazenidae; Zei., Zeidae; Zen., Zeniohtiddlee species names,
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see Fig. 5[Intended for 2/3 page width]
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