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Abstract

The osteologic and myologic characteristics of the family Pentacerotidae are described in detail. The family Pentaceroti-
daeisamonophyletic group supported by 11 synapomorphiesfound in all family members. Of their synapomorphies, two
(the second infraorbital and endopterygoid articulate with lateral ethmoid conditions) are considerably rare in percoids
and strongly support the monophyly of the family. A comparison of 44 transformation series among all species revealed
four equally parsimonious trees, and a strict consensus tree was adopted. On the basis of the inferred phylogenetic rela-
tionships of the Pentacerotidae, this family was cladistically classified into two subfamilies and seven genera: Histiopter-
inae (Histiopterus, Evistias, Zanclistius, Pentaceropsis, Paristiopterus, and Parazanclistius) and Pentacerotinae
(Pentaceros). The center of origin of pentacerotids was inferred to be the Southern Australian region. | propose that the
two families, Ostracoberycidae and Chaetodontidae, are closely related with Pentacerotidae.

Key words: Phylogeny, Pentacerotidae, monophyly, cladistic classification, zoogeography
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|. Introduction

The family Pentacerotidae, commonly called armorheads, is classified into the perciform suborder Percoidei (sensu
Nelson, 2006). This family comprises 7 genera and approximately 12 species (sensu Nelson, 2006) that inhabit the
bottoms of shallow to deep waters in the subantarctic to temperate waters of the Indo-Pacific and southwestern
Atlantic (e.g., Hardy, 1983a; Hoese et al., 2006; Nelson, 2006). Pentacerotidae is characterized by exposed
tubercles on the head, strong body compression, and absent supramaxillae (e.g., Hardy, 1983a). This family
includes species such as Pseudopentaceros wheeleri, Kusakari-tsubodai in Japanese, which is commercialy
valuable as a fishery resource (Boehlert and Sasaki, 1988; Seki and Somerton, 1994).

Pentacerotidae have been variously classified by previous ichthyologists (Table. 1). For example, Jordan
(1907) recognized eight genera (Histiopterus, Evistias, Zanclistius, Richardsonia [=Paristiopterus], Quinquarius
and Quadrarius [=Pentaceros]|, Gilchristia [=Pseudopentaceros] and Pentaceropsis) and two subfamilies,
Histiopterinae and Quinquariinae (=Pentacerotinae), in the Histiopteridae, which is the previous name of this
family. Smith (1964) subdivided Pentacerotidae into the subfamilies Histiopterinae and Pentacerotinae, and
recognized five genera (Histiopterus, Zanclistius, and Paristiopterus in the subfamily Histiopterinae, and
Pentaceropsis and Pentaceros in subfamily Pentacerotinae). Hardy (1983a, b) recognized eight genera in the
family and subdivided the family into three subfamilies: Histiopterinae (including Histiopterus, Zanclistius,
Bvistias, and Parazanclistius), Paristiopterinae (including Paristiopterus and Pentaceropsis), and Pentacerotinae
(including Pentaceros and Pseudopentaceros). The classification of the family has not been adequately evaluated,
because the interrelationships of the family have not yet been reconstructed, which can provide the basis of the
classification. In addition, the monophyly of Pentacerotidae has not been evaluated on the basis of the concept of
synapomorphy.

The purposes of the present study are to describe the comparative anatomy of the family Pentacerotidae based
on osteologic and myologic observations, to verify and estimate the monophyly of the Pentacerotidae, to
reconstruct the phylogenetic relationships within the Pentacerotidae, and to propose a classification of the family
based on the phylogenetic relationships. The zoogeography of pentacerotids and taxa closely related with the
family are also discussed on the basis of anatomic observations and reconstructed phylogenetic relationships, and
comparison of the synapomorphy of the family and derived characters found in the Percoidei.

TABLE 1. Mgjor previous classification recognized in Pentacerotidae.

Author Subfamily Genus

Jordan (1907) Histiopterinae Histiopterus, Evistias, Zanclistius, and Richardsonia
Quinguariinae Quinquarius, Quadrarius, Gilchristia, and Pentaceropsis

Smith (1964) Histiopterinae Histiopterus, Zanclistius, and Paristiopterus
Pentacerotinae Pentaceropsis and Pentaceros

Hardy (19833, b) Histiopterinae Histiopterus, Zanclistius, Evistias, and Parazanclistius
Paristiopterinae Paristiopterus and Pentaceropsis
Pentacerotinae Pentaceros and Pseudopentaceros

1. Materialsand Methods

The osteologic and myologic examinations were made on specimens stained with the Alizarin Red-S and Alcian
Blue, and under a stereomicroscope with a camera lucida (Leica MZ-7.5 and MZ-9.5). The terminology generally
follows that used in the recent literature regarding percoids, e.g., Sasaki (1989) and Kim (2002) for osteology, and
Winterbottom (1974) for myology. The definitions of higher taxonomic categories in the materials list are in
accordance with Nelson (2006). Measurements and counts were made according to Hubbs and Lagler (1958).
Standard length is abbreviated as SL. Institutional abbreviations follow Eschmeyer (1998), except for the
Hokkaido University Museum, Hakodate, Japan (HUMZ), and the South African I nstitute for Aquatic Biodiversity,
National Research Foundation, Grahamstown, South Africa (SAIAB). The materials examined for anatomy and
abbreviations used in this study are listed below.
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Materialsused for dissection and observation.
Perciformes
Per coidel

Pentacerotidae. Histiopterus typus (Temminck and Schlegel, 1844), HUMZ 72430 (145 mm SL); Evistias
acutirostris (Temminck and Schlegel, 1844), HUMZ 97737, 114459 (123.3, 143 mm SL); Zanclistius elevatus
(Ramsay and Ogilby, 1888), NMNZ P.010834 (180.3 mm SL); Pentaceropsis recurvirostris (Richardson, 1845),
NMV A 1294, A 1305 (200.9, 190.7 mm SL); Paristiopterus labiosus (Giinther, 1872), AMS 1.23955-001 (175.8
mm SL); P. gallipavo (Whitley, 1944), HUMZ 33215 (288.3 mm SL); Parazanclistius hutchinsi (Hardy, 1983),
HUMZ 33239 (196.5 mm SL); Pentaceros capensis (Cuvier, 1829), SAIAB 8292 (142.5, 254.2 mm SL); P.
decacanthus (Gunther, 1859), NMNZ P021397, P032853 (190.8, 183.7 mm SL); P. japonicus (Steindachner,
1883), HUMZ 36478, 90278 (143.1, 114.0 mm SL); P. quinquespinis (Parin and Kotlyar, 1988), HUMZ 164613
(214.4 mm SL); Pseudopentaceros richardsoni (Smith, 1844), NMNZ P.15180 (319.9 mm SL); P. wheeleri (Hardy,
1983), HUMZ 147629 (261.0 mm SL).

L atidae. Lates mariae (Steindachner, 1909), HUMZ 125944 (97.7 mm SL).

Percichthyidae. Coreoperca herzi (Herzenstein, 1896), CNUC 37660 (139.8 mm SL).

Acropomatidae. Synagrops japonicus (Doderlein, 1883), HUMZ 79944 (107.7 mm SL); Doederleinia
berycoides (Hilgendorf, 1879), HUMZ 79421 (135.8 mm SL).

Ostracoberycidae. Ostracoberyx dorygenys (Fowler, 1934), HUMZ 143188, 193736 (72.8, 76.2 mm SL); O.
paxtoni (Quéro and Ozouf-Costaz, 1991), AMS1.27693-005 (88.8 mm SL).

Banjosidae. Banjos banjos (Richardson, 1846), HUMZ 199907 (85.6 mm SL).

Centrarchidae. Lepomis macrochirus (Rafinesque, 1819), HUMZ 119326 (97.4 mm SL).

L utjanidae. Macolor macularis (Fowler, 1931), HUMZ 63074 (123.4 mm SL).

Pempheridae. Pempheris japonica (Ddderlein, 1883), HUMZ 49213 (100.2 mm SL).

Chaetodontidae. Chaetodon modestus (Temminck and Schlegel, 1844), HUMZ 199873, 199875 (95.5, 89.7
mm SL).

Kyphosidae. Microcanthus strigatus (Cuvier, 1831), HUMZ 105899 (107.8 mm SL).

Anatomic abbreviations.

The following abbreviations are used in the Figures.

Bones and cartilages

ACP, ascending process of premaxillary; ACT, actinost; ALP, alveolar process; ANG, anguloarticular; ARP,
articular process, ASK, accessory subpelvic keel; BB, basibranchial; BO, basioccipital; BR, branchiostega ray;
BSP, basisphenoid; CB, ceratobranchial; CC, cranial condyle; CH, ceratohyal; CIHPU, interhemal spine cartilage
of preura centra; CINPU, inter-neural spine cartilage of centra; CLE, cleithrum; COM, coronomeckelian; COR,
coracoid; CPEP, post-epural cartilage; CPHPU, post-hemal spine cartilage of preural centra; CPHY, post-hypural
cartilage; DEN, dentary; DHH, dorsal hypohyal; DP, distal pterygiophore; EB, epibranchial; ECP, ectopterygoid,;
EH, epihyal; ETH, ethmoid; EO, epiotic; EN, epineural; ENP, endopterygoid; EP, epura; EXO, exoccipital; FRO,
frontal; HB, hypobranchial; HS, hemal spine; HY, hypural; HY O, hyomandibular; IAC, interarcua cartilage; I1C,
intercalar; |H, interhyal; 10, infraorbital; 10P, interopercle; LET, lateral ethmoid; LP, lateral process of maxilla;
MAX, maxillary; MEC, meckelian cartilage; MEP, metapterygoid; NA, nasal; NS, neural spine; OP, opercle; PA,
parietal; PAL, palatine; PB, pharyngobranchial; PC, premaxillary condyle; PCL, postcleithra; PHY, parhypurdl;
PMP, postmaxillary process; POP, preopercle; PP, postpelvic process; PR, pleura rib; PRM, premaxilla; PRO,
prootic; PRPT, proximal pterygiophore; PS, parasphenoid; PT, posttemporal; PTO, pterotic; PTS, pterosphenoid;
PU, preural centrum; PV, pelvic girdle; QUA, quadrate; RC, rostral cartilage; RET, retroarticular; SBP, subpelvic
process, SCA, scapula; SCL, supracleithrum; SN; supraneural; SO, supraoccipital; SOP, subopercle; SPO,
sphenotic; SS, subocular shelf; ST, supratemporal; STA, stay; SYM, symplectic; UN, uroneural; US, urostyle; V,
vomer; VHH, ventral hypohyal.

Muscles and ligaments

A1-3 and Aw, adductor mandibular sections 1-3 and w; AAP, adductor arcus palatini; ABP, abductor profundus;
ABS, abductor superficialis; ABSP, abductor superficialis pelvicus; AD, adductor; ADP, adductor profundus;
ADPP, adductor profundus pelvicus; ADR, adductor radialis; ADS, adductor superficialis; ADSP, adductor
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superficialis pelvicus; AH, adductor hyomandibulae; AO, adductor operculi; ARD, arrector dorsalis; ARDP,
arrector doorsalis pelvicus; ARV, arrector ventralis; ARV P, arrector ventralis pelvicus; BL, Baudelot's ligament;
CO, coracoradialis; DO, dilatator operculi; DED, depressores dorsales; DEA, depressores anales; EPAX, epaxialis;
ERA, errectores anades; ERD, erectores dorsales; EXP, extensor proprius; FD, flexor dorsalis, FDS, flexor dorsalis
superior: FV, flexor ventralis, FVE, flexor ventralis externus; FV1, flexor ventralisinferior; HAB 1-2, hyohyoidei
abductors section 1-2; HAD, hyohyoidei adductores; HL, hypochordal longitudinalis; HPAX, hypaxidis; IFCP,
infracarinalis posterior; IFM, infracarinais medius; IM, intermandibularis; INA, inclinatores anales; IND,
inclinatores dorsales; INT, interradialis;, LAP, levator arcus palatini; LAS, lateral superficiais;, LE, levatores
externi; LEPR, levator posterior; LO, levator operculi; LI, levatores interni; LP, ligamentum primordium; OBD,
obliqui dorsales; OBP, obliquus posterior; OBS, obliquus superioris; OBI, obliquus inferioris; OBV, obliqui
ventrales; PH, protractor hyoidei; PCE, pharyngoclavicularis externus; PCI, pharyngoclavicularis internus; PP,
protractor pectoralis; RC, rectus communis; RD, retractor dorsalis; RV, rectus ventralis; SO, sphincter esophagi;
SPCA, supracarinalis anterior; SPCP, supracarinalis posterior; STH, sternochyoideus, TDA, transversus dorsalis
anterior; TDP, transversus dorsalis posterior; TEB2, transversus epibranchialis 2; TPB2, transversus
pharyngobranchialis 2; TVA, transversus ventralis anterior; TVP, transversus ventralis posterior.

I11. Systematic M ethodology

The cladistic methodology formulated by Hennig (1966) was adopted for estimation of the phylogenetic
relationships of the Pentacerotidae. Outgroup comparisons were used to determine the character polarity (Watrous
and Wheeler, 1981; Wiley, 1981).

The pentacerotids belong to the suborder Percoidei (Nelson, 2006), but taxa closely related with the
Pentacerotidae have not been adequately examined. The suborder Percoidel is used as an outgroup for the
determination of character polarity, because the suborder is considered to be the most primitive group within the
order Perciformes (e.g., Johnson, 1993; Mooi, 1993; Imamura and Yabe, 2002). Typical percoid characters are
treated as outgroup conditions, based on the percoid taxa examined in this study and in the literature (e.g.,
Matsubara, 1943; Yabe, 1985; Saseki, 1989; Tyler et al., 1989; Johnson and Patterson, 1993; Ishida, 1994;
Imamura, 2000; Kim, 2002).

When all pentacerotids commonly have the same characters and they are not found in typical percoids, such
characters are treated as apomorphic, as discussed under “Synapomorphies of Pentacerotidae’. Transformation
series (TS) recognized in this study are divided into two categories. When the character variation within the
Pentacerotidae is recognized in a TS and the character polarity is determinable, the TS is discussed under
“Character recognition”. Unpolarized characters, autapomorphic characters recognized only in termina taxa, and
characters considered to have intraspecific variations having no effect on the determination of the relationship are
discussed under the other category, “Other variations”.

The data were analyzed using PAUP* 4.0b10 (Swofford, 2002), including ACCTRAN and DELTRAN
optimizations and the heuristic search option. Character evolution was assumed as “ordered” (Wagner parsimony:
Farris, 1970) when character order was decidable, or “unordered” (Fitch parsimony: Fitch, 1971) when character
order was equivocal due to many modifications. When characters in an outgroup are not specified, a question mark
(?) is coded for the conditions in the data matrix.

V. Comparative Anatomy

1. Osteology

1-1. Circumorbital bones
(Figs. 1, 2)

Description
The circumorbital bones comprise six infraorbitals. They form a serial tubular structure for the infraorbital sensory
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canal, which is continuous with the tubular structures of the head. Many exposed tubercles are present on the lateral
surface of the infraorbitalsin all pentacerotids, except for Paristiopterus gallipavo and Pentaceropsis.

The first infraorbital (=lachrymal), the largest bone among the circumorbital bones, is situated anterior to the
second infraorbital and connects posteriorly with the second infraorbital bone. The first infraorbital partially
overlaps with the anterior portion of the maxilla anteriorly. This bone is L-shape in Histiopterus, Zanclistius,
Evistias, and Parazanclistius (Fig. 1A-D); robust and triangular in Paristiopterus (Fig. 1E-F); rod- like in
Pentaceropsis (Fig. 2A); square in Pentaceros (Fig. 2B-E); and sharp and triangular in Pseudopentaceros (Fig.
2FG). Severa bridges cover the sensory canal running through the first infraorbital.

SS3

FIGURE 1. Dorsal (above) and lateral (below) aspects of circumorbital bones. A, Histiopterus typus; B, Zanclistius elevatus;
C, BEvistias acutirostris; D, Parazanclistius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo. Dorsal aspects of 105 and 106
are not shown. 106 of A, B, and F are figured with the neurocranium. B and E are shown as mirror images. Scale bar =5 mm.

The second infraorbital is a rectangular or triangular bone, and located posterior to the first infraorbital. It
articulates with the lateral ethmoid anteromedially. The bone has a well-developed subocular shelf dorsomedially
and also a simple ridge dorsolaterally in Pentaceros and Pseudopentaceros, whereas the shelf and ridge are absent
in the others.

Thethird infraorbital isarod-like bone. Thisboneis firmly attached to the second infraorbital anteriorly and to
the fourth infraorbital posteriorly. It has a well-developed subocular shelf in all pentacerotids, except for
Pentaceropsis recurvirostris in which the shelf is completely lacking. The shelf is pointed anteromedialy and
articulates with the lateral ethmoid.
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$S1 SS2 SS3

FIGURE 2. Dorsal (above) and lateral (below) aspects of circumorbital bones. A, Pentaceropsis recurvirostris; B, Pentaceros
capensis; C, P. decacanthus; D, P. japonicus; E, P. quinquespinis; F, Pseudopentaceros richardsoni; G, P. wheeleri. Dorsal aspects of
105 and 106 are not shown. 106 of B to G is figured with the neurocranium. A to C and F are shown as mirror images. Scale bar =5
mm.

The fourth infraorbital is a tubular bone. It is sutured with the third infraorbital anteriorly and with the fifth
infraorbital posteriorly. This bone has a well-developed subocular shelf in Pentaceropsis, Pentaceros, and
Pseudopentaceros, whereas adistinct shelf is absent in the others. The posteroventral margin of this boneis sutured
with the preopercle in Pentaceros and Pseudopentaceros, whereas it is adjacent to the preopercle in the others.

The fifth infraorbital is a tubular bone. This bone is attached to the fourth infraorbital ventrally and to the six
infraorbital dorsally. This bone have a well-developed subocular shelf in Pentaceros and Pseudopentaceros, while
adistinct shelf is absent in the others.
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The sixth infraorbital (=dermosphenotic) is situated on the sphenotic and is loosely connected to the frontal. It
is firmly attached to the sphenotic in Pentaceros and Pseudopentaceros, whereas it is loosely attached to the
sphenotic in the others. The sensory canal of this boneis continuous with the canal of the frontal and pterotic.

Synapomor phies of Pentacerotidae
SA 1. Second infraorbital articulating with the lateral ethmoid.

The pentacerotids have a second infraorbital that articulates with the lateral ethmoid anteromedially. Thisisa
derived character, because in the primitive condition in typical percoids, the lateral ethmoid usually articulates with
first infraorbital, but not with the second infraorbital (e.g., Gosline, 1984; Yabe, 1985; pers. obs.).

Character recognition
TS 1. Exposed tubercles on theinfraorbitals. (0: absent; 1: present)

Ingroup. Many exposed tubercles are present on the lateral surface of the infraorbitals in all pentacerotids
(character 1-1), except for Paristiopterus gallipavo and Pentaceropsis (character 1-0).

Outgroup. The exposed tubercles on the infraorbitals are typically absent (character 1-0) in percoids (e.g.,
Gregory, 1933; Imamura, 1996; pers. obs.).

TS 2. First infraorbital shape. (1: L-shape; 2: robust and triangular; 3: rod like; 4: square; 5: sharp and triangular)
(unordered)

Ingroup. Thefirst infraorbital is L-shaped in Histiopterus, Zanclistius, Evistias, and Parazanclistius (character
2-1); robust and triangular in Paristiopterus (character 2-2); rod-like in Pentaceropsis (character 2-3); square in
Pentaceros (character 2-4); and sharp and triangular in Pseudopentaceros (character 2-5).

Outgroup. Thefirst infraorbital has various shapesin percoids. For example, it isround in the mullids, rod-like
in the acropomatids Doederleinia and Synagrops, and the epigonid Florenciella; square in the banjosid Banjos and
centrarchid Lepomis; sharp and triangular in the ostracoberycid Ostracoberyx; and triangular in the latid Lates and
chaetodontid Chaetodon (e.g., Mok and Shen, 1983; Prokofiev, 2007b; pers. obs.). Therefore, a typical percoid
condition cannot be determined and outgroup condition is coded as“?".

TS 3. Subocular shelf on the second infraorbital. (0: absent; 1: present)

Ingroup. The subocular shelf is present on the second infraorbital in Pentaceros and Pseudopentaceros
(character 3-1), whereas it is absent in the others (character 3-0).

Outgroup. The shelf is absent on the second infraorbital in typical percoids (character 3-0) (e.g., Smith and
Bailey, 1962; Johnson, 1980; Gosline, 1984; Kim, 2002; pers. obs.).

TS 4. Subocular shelf on the fourth infraorbital. (0: absent; 1: present)

Ingroup. The subocular shelf is present on the fourth infraorbital in Pentaceropsis, Pentaceros, and
Pseudopentaceros (character 4-1), whereas a distinct shelf is absent in the others (character 4-0).

Outgroup. The shelf is absent on the fourth infraorbital in typical percoids (character 4-0) (e.g., Gosline, 1984;
Westneat, 1993; Carpenter and Johnson, 2002; pers. obs.).

TS5. Connection between the fourth infraorbital and preopercle. (O: separated; 1. sutured)

Ingroup. The posteroventral margin of the fourth infraorbital is sutured with the preopercle in Pentaceros and
Pseudopentaceros (character 5-1), whereas these bones are separated in the others (character 5-0).

Outgroup. The fourth infraorbital is separated from the preopercle in typical percoids (character 5-0) (e.g.,
Gosline, 1968; Imamura, 1996; pers. obs.).

TS6. Subocular shelf on the fifth infraorbital. (0: absent; 1: present)

Ingroup. The subocular shelf is present on the fifth infraorbital in Pentaceros and Pseudopentaceros (character
6-1), whereas a distinct shelf is absent in the others (character 6-0).

Outgroup. The subocular shelf is absent on the fifth infraorbital in typical percoids (character 6-0) (e.g., Smith
and Bailey, 1962; Gosline, 1984; pers. abs.).

TS 7. Connection between thefifth infraorbital and sphenotic. (0: loosely attached; 1: firmly attached)

Ingroup. The fifth infraorbital isloosely attached to the sphenotic in most pentacerotids (character 7-0), while
itisfirmly attached to the sphenotic in Pentaceros and Pseudopentaceros (character 7-1).

Outgroup. The fifth infraorbital is loosely attached to the sphenotic in typical percoids (character 7-0) (e.g.,
Sasaki, 1989; Imamura, 1996; pers. obs.).
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Other variations

Subocular shelf on the third infraorbital. The subocular shelf is present on the third infraorbita in most
pentacerotids, as well as in typical percoids (e.g., Baldwin and Johnson, 1993; pers. obs.), while it is lacking in
Pentaceropsis recurvirostris. Therefore, the latter condition can be treated as an autapomorphy of Pentaceropsis
recurvirostris and is not used for phylogenetic analysis.

1-2. Neurocranium
(Figs. 3-13)

Description

The neurocranium comprises 6 unpaired elements (vomer, ethmoid, parasphenoid, basisphenoid, supraoccipital,
and basioccipital) and 11 paired elements (nasal, lateral ethmoid, frontal, pterosphenoid, sphenctic, prootic,
parietal, pterotic, epiotic, intercalar, and exoccipital).

The nasa boneis aflat tubular bone, and has a simple sensory canal continuous with the supraorbital sensory
canal on the frontal bone. The bone is connected with the frontal and lateral ethmoid posteriorly. This bone is
firmly attached to the ethmoid posteromedially in Pentaceros and Pseudopentaceros, whereasit isloosely attached
in the others. Many exposed tubercles are present on the dorsal surface of the nasal in all pentacerotids, except for
Paristiopterus and Pentaceropsis.

The vomer is a triangular bone situated on the anteroventral region of the neurocranium. This bone is
connected with the ethmoid and lateral ethmoid dorsally, and the parasphenoid posteriorly. It is aso connected with
the palatine by a strong ligament anterolaterally. The vomer possesses villiform teeth anteroventrally in Pentaceros
and Pseudopentaceros, whereas it lacks teeth in other pentacerotids.

The ethmoid forms the anterior border of the neurocranium. The bone is connected with the vomer anteriorly,
the lateral ethmoid laterally and the frontal posteriorly. This bone bears an anterior projection; the projection is
sharp in most pentacerotids, whereas it is blunt in Pentaceropsis, Pentaceros, and Pseudopentaceros. The ethmoid-
maxillary ligament connects the anterior process of ethmoid and lateral process of the maxillary. This ligament is
also connected with the ventral surface of the nasal bone in Pentaceros and Pseudopentaceros, wheress it is free
from the nasal bone in the others. Many exposed tubercles are present on the dorsal surface of the ethmoid in
Pentaceros capensis, whereas they are absent in other pentacerotids.

Thelateral ethmoid isatriangular bone that connects with the frontal bone dorsally, the ethmoid anteriorly, and
the parasphenoid ventrally. This bone articulates with the dorsal process of the second and third infraorbitals
laterally. Many exposed tubercles are present on the lateral surface of the lateral ethmoid in all pentacerotids,
except for Paristiopterus and Pentaceropsis.

The frontal is the largest bone in the dorsal skull roof. It is connected with the ethmoid, nasal, and lateral
ethmoid anteriorly; the supraoccipital, parietal, and pterotic posteriorly; and the sixth infraorbital, sphenotic, and
pterotic posteroventrally. The supraorbital sensory canal penetrates this bone, and is continuous with the cana of
the nasal anteriorly, and those of the sixth infraorbital and pterotic bones laterally. Many exposed tubercles are
present on the dorsolateral surface of the frontal bone.

The parietal is a triangular bone on the posterodorsal region of the neurocranium. It is attached to the frontal
anteriorly, the pterotic laterally, the epiotic posteriorly, and the supraoccipital medially. Many exposed tubercles are
present on the lateral surface of the parietal in all pentacerotids, except for Paristiopterus and Pentaceropsis.

The sphenotic is located on the posterodorsal corner of the orbit. It is usually connected with the frontal
anteromedially, the pterotic posteriorly, the pterosphenoid anteroventrally, the prootic ventrally, and the sixth
infraorbital dorsally.

The pterosphenoid is a square shape bone situated below the posterodorsal wall of the orbit. It is connected
with the frontal dorsally, the sphenotic laterally, and the prootic and basisphenoid ventrally.

The parasphenoid is along bone situated on the ventral portion of the neurocranium. It is usually sutured with
the vomer and lateral ethmoid anteriorly, the prootic posteriorly, and the basioccipital posteriorly.

The basisphenoid is located on the posteroventral margin of the orbit, and is usually sutured with the prootic
and pterosphenoid of both sides posteriorly, and the parasphenoid anteroventrally.
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FIGURE 3. Neurocranium of Histiopterus typusin the dorsal (upper), ventral (middle), and lateral (lower) aspects. Scale bar =
5mm.
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FIGURE 4. Neurocranium of Zanclistius elevatusin the dorsal (upper), ventral (middle), and lateral (Ilower) aspects. Shown as
amirror image. Scale bar =5 mm.
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FIGURE 5. Neurocranium of Evistias acutirostrisin the dorsal (upper), ventral (middle), and lateral (lower) aspects. Scale bar
=5mm.
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FIGURE 6. Neurocranium of Parazanclistius hutchinsi in the dorsal (upper), ventral (middle), and lateral (lower) aspects.
Scale bar =5 mm.
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FIGURE 7. Neurocranium of Paristiopterus labiosus in the dorsal (upper), ventral (middle), and lateral (lower) aspects.
Shown asamirror image. Scale bar =5 mm.
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FIGURE 8. Neurocranium of Pentaceropsis recurvirostrisin the dorsal (upper), ventral (middle), and lateral (lower) aspects.
Shown as amirror image. Scale bar =5 mm.
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FIGURE 9. Neurocranium of Pentaceros capensisin the dorsal (upper), ventral (middle) and lateral (lower) aspects. Shown as
amirror image. Scale bar =5 mm.
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FIGURE 10. Neurocranium of Pentaceros decacanthus in the dorsal (upper), ventral (middle), and lateral (lower) aspects.
Shown asamirror image. Scale bar =5 mm.
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FIGURE 11. Neurocranium of Pentaceros japonicus in the dorsal (upper), ventral (middle), and lateral (lower) aspects. Scale
bar =5 mm.
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FIGURE 12. Neurocranium of Pentaceros quinquespinis in the dorsal (upper), ventral (middle), and lateral (lower) aspects.
Scale bar =5 mm.
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FIGURE 13. Neurocranium of Pseudopentaceros wheeleri in the dorsal (upper), ventral (middle), and lateral (lower) aspects.
Scale bar =5 mm.
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The prootic is a square bone that forms the posteroventral region of the neurocranium. It is connected with the
pterosphenoid anteriorly; the basisphenoid anteromedially; the basioccipital, exoccipital, and intercalar posteriorly;
the sphenotic and pterotic dorsally; and the parasphenoid ventrally. The anteroventral region of this bone is
connected to the first pharyngobranchial. This bone has two trigeminofacial chambers, located in the anterodorsal
region of the bone, through which the trigeminal and facial nerves separately pass. These foramina are covered
with abroad bridge. The prootic possesses an elongated socket for articulation with the cartilaginous condyle of the
hyomandibula posterodorsally.

The pterotic comprises apair of rectangular bones, situated on the dorsolateral region of the neurocranium. Itis
connected with the frontal and sphenotic bones anteriorly, the parietal and epioccipital bones medially, and the
prootic and intercalar bones ventrally. The temporal sensory canal passes through the tubular structure of this bone,
and continues in the supratemporal sensory canal posteriorly, the preoperculo-mandibular sensory canal laterally,
and the frontal sensory canal anteriorly. It possesses a socket for articulation with the cartilaginous condyle of the
hyomandibula anterodorsally.

The epiotic is atriangular bone located on the posterior margin of the neurocranium. This bone is attached to
the parietal bone dorsally, the supraoccipital medially, the pterotic ventrally and the exoccipital posteriorly. This
bone is aso connected to the dorsal limb of the posttemporal.

The intercalar occupies the posterolateral region of the neurocranium. It connects with the prootic anteriorly,
the pterotic laterally, and the exoccipital medially. The posteromedial region of the intercalar forms a facet for
connection with the ventral limb of the posttemporal.

The supraoccipital forms the posteromedial roof of the neurocranium, and is connected with the frontal
anteriorly, the parietal and epiotic laterally, and the exoccipital ventrally. The supraoccipital crest iswell developed
dorsally (high and stout). The posterior tip of the supraoccipital crest is forked and sandwiches the first supraneural
bilaterally.

The exoccipital is situated on the posteromedial wall of the neurocranium. This bone is connected with the
supraoccipital dorsally, the prootic anteriorly, the intercalar and pterotic dorsolaterally, and the basioccipital
ventrally. It has a posterior condyle for articulation with the first vertebra.

The basioccipital lies on the posteroventral position of the neurocranium, and is connected with the exoccipital
dorsally, the prootic anteriorly, and the parasphenoid ventrally. It has a posterior condyle for articulation with the
first vertebra. This bone provides the origin of Baudelot’s ligament laterally.

Synapomor phies of Pentacerotidae
SA 2. Many exposed tubercles are present on the dorsal and lateral surfaces of the head (including frontal,
supraoccipital and pterotic).

Many exposed tubercles are present on the dorsal and lateral surfaces of the head (including frontal,
supraoccipital, and pterotic) in pentacerotids. The exposed tubercles are absent on the head in typical percoids (e.g.,
Gregory, 1933; Imamura, 1996; pers. obs.). The exposed tubercles are present in pentacerotids, and are therefore a
synapomorphy.

SA 3. Supraoccipital crest high and stout.

The supraoccipital crest is low and thin in typical percoids (e.g., Gosline, 1985; Yabe, 1985; Sasaki, 1989;
Tyler et al., 1989; pers. obs.), while the supraoccipita crest is high and stout in pentacerotids. This condition is a
synapomorphy of the family.

Character recognition
TS 8. Connection between nasal and ethmoid. (0: loosely attached; 1: firmly attached)
Ingroup. The nasa bone is firmly attached to the ethmoid posteromedially in Pentaceros and
Pseudopentaceros (character 8-1), whereasit is |oosely attached to the ethmoid in the others (character 8-0).
Outgroup. The nasal bone is loosely attached to the ethmoid in typical percoids (character 8-0) (e.g.,
Tominaga, 1968; Sasaki, 1989; Imamura, 1996; pers. obs.).
TS9. Exposed tubercles on the nasal, lateral ethmoid, and parietal bones. (0: absent; 1: present)
Ingroup. Many exposed tubercles are present on the lateral or dorsal surface of the nasal, lateral ethmoid, and
parietal bonesin all pentacerotids (character 9-1), except for Paristiopterus and Pentaceropsis (character 9-0).
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Outgroup. These exposed tubercles are typically absent (character 9-0) in percoids (e.g., Gregory, 1933;
Imamura, 1996; pers. obs.).
TS 10. Teeth on vomer. (O: present; 1: absent)

Ingroup. Teeth are present on the vomer in Pentaceros and Pseudopentaceros (character 10-0), whereas they
are absent in other pentacerotids (character 10-1).

Outgroup. The vomerine teeth are typically present in percoids (character 10-0) (e.g., Katayama, 1959; Yabe,
1985; Prokofiev, 2007b; pers. obs.).
TS 11. Ethmoid projection. (0: sharp; 1: blunt)

Ingroup. The ethmoid projection is sharp in most pentacerotids (character 11-0), whereas it is blunt in
Pentaceropsis, Pentaceros, and Pseudopentaceros (character 11-1).

Outgroup. The ethmoid projectionis sharp in typical percoids (character 11-0) (e.g., Sasaki, 1989; Otero, 2004;
pers. obs.).
TS 12. Ethmoid-maxillary ligament. (O: free from nasal; 1: connected with nasal)

Ingroup. The ethmoid-maxillary ligament is connected with the ventral surface of the nasal bone in Pentaceros
and Pseudopentaceros (character 12-1), whereasit is free from the nasal bone in the others (character 12-0).

Outgroup. The ethmoid-maxillary ligament is typically free from the nasal bone in percoids (character 12-0)
(e.g., Yabe, 1985; Shinohara, 1994; pers. obs.).

Other variations.

Exposed tubercles on the ethmoid. Exposed tubercles are absent on the ethmoid in most pentacerotids, as well
as in typical percoids, (e.g., Gregory, 1933; Imamura, 1996; pers. obs.), while this bone has many exposed
tubercles dorsally in Pentaceros capensis. Because the latter condition is an autapomorphy of Pentaceros capensis,
however it is not used for the phylogenetic analysis.

1-3. Jaws
(Figs. 14-17)

Description

The jaws consist of the premaxilla and maxillain the upper jaw, and the dentary, anguloarticular, retroarticular, and
coronomeckelian in the lower jaw. A supramaxilla is absent. Cartilaginous elements, the rostral cartilage in the
upper jaw, and Meckelian cartilages in the lower jaw are also present.

The premaxilla is an L-shaped bone situated on the anterior portion of the upper jaw region. This bone has
three processes: a process formed by the ascending and articular processes, an aveolar process, and a
postmaxillary process. The ascending and articular processes continue to form a common process lacking a distinct
notch. This process is attached with the rostral cartilage medially. Therostral cartilage articulates with the ethmoid
medially. The alveolar process has villiform teeth medially in all pentacerotids, whereas enlarged cylindrical teeth
are also present in Paristiopterus. The triangular postmaxillary process is situated on the posterodorsal region of
the premaxilla. This process is attached to the maxillamedially.

The maxilla is a rod-like bone situated on the posterodorsal of the premaxilla. This bone consists of a head
bearing a lateral process, premaxillary and cranial condyles, and an enlarged shaft like posterior part with a small
ventral process. The lateral process and premaxillary condyle is ventromedially directed and forms a deep groove.
A long and slender ligament interconnects the lateral process and the anterior process of the ethmoid, and the other
short ligament interconnects the lateral process and the anterior tip of the nasal bone. The crania condyle extends
dorsaly. It articulates with the premaxillary condyle anteromedially and is connected with the vomer
anterolaterally. The basal portion of the crania condyle is connected with the anterior process of the palatine. The
ventral process on the posteroventral portion of the maxillais connected with the alveolar process of the premaxilla
posteriorly. The ligamentum primordium is inserted onto the anterolateral surface of the shaft of the maxilla, and a
tendon from the adductor mandibulae section 1 isinserted onto the posterior surface of the premaxillary condyle.

The dentary is a boomerang-shaped bone situated on the anterior margin of the lower jaw. It has villiform teeth
dorsomedially in all pentacerotids, while it also has cylindrical teeth in Paristiopterus. This bone has a well-
developed groove medialy, onto which the adductor mandibulae section w is inserted. The preoperculo-
mandibular sensory canal runsin the ventral tubular structure of this bone, and is continuous with the angular
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FIGURE 14. Lateral aspects of jaws. A, Histiopterus typus; B, Zanclistius elevatus; C, Evistias acutirostris; D, Parazanclistius
hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo. B and E are shown as mirror images. Scale bar = 5 mm.
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FIGURE 15. Lateral aspects of the jaws. A, Pentaceropsis recurvirostris, B, Pentaceros capensis; C, P. decacanthus; D, P.
japonicus; E, P. quinquespinis; F, Pseudopentaceros richardsoni; G, P. wheeleri. A to C and F are shown as mirror images.
Scale bar =5 mm.
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FIGURE 16. Media aspects of the jaws. A, Histiopterus typus, B, Zanclistius elevatus, C, Evistias acutirostris; D,
Parazanclistius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo. B and E are shown as mirror images. Scale bar = 5 mm.

PHYLOGENY OF THE FAMILY PENTACEROTIDAE (PISCES : PERCIFORMES) Zootaxa 3366 © 2012 Magnolia Press - 27



FIGURE 17. Media aspects of the jaws. A, Pentaceropsis recurvirostris; B, Pentaceros capensis; C, P. decacanthus; D, P.
japonicus; E, P. quinquespinis; F, Pseudopentaceros richardsoni; G, P. wheeleri. A to C and F are shown as mirror images.
Scale bar =5 mm.
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posteriorly. Four large pores are present on the lateral surface of this tubular structure. The dentary is connected
with the anguloarticular posteriorly and the Meckelian cartilage medially. Many exposed tubercles are present on
the lateral surface of the dentary in Pentaceros and Pseudopentaceros, whereas they are absent in the others.

The anguloarticular is a wedge-shape bone that occupies the posterior region of the lower jaw. The anterior
projection of this bone isinserted into the deep notch of the dentary. This bone has a glenoid cavity dorsolaterally
for articulation with the quadrate. The margin of this glenoid cavity has a developed edge. The preoperculo-
mandibular sensory canal runs in the tubular structure of this bone ventromedialy. The anguloarticular bone is
attached to the retroarticular ventrally. Many exposed tubercles are present on the lateral surface of the
anguloarticular in Pentaceros and Pseudopentaceros, whereas they are absent in the others.

The retroarticular forms the posteroventral corner of the lower jaw. It is connected with the anguloarticular
posteromedially and has a strong ligamentous connection with the interopercle.

The Meckelian cartilage is a slender rod-like bone, lying on the medial surface of the lower jaw. A tendon
extending from the adductor mandibul ae section 3 inserts below this bone.

The coronomeckelian is atiny bone situated between the anguloarticular bone and the Meckelian cartilage. A
tendon extending from the adductor mandibulae section 2 inserts into this bone.

Synapomor phies of Pentacerotidae
SA 4. Ascending and articular processes continuous.

The ascending and articular processes continue to form a common process lacking a distinct notch in
pentacerotids. A notch between the ascending process and cranial condyle is present in typical percoids (e.g.,
Fraser, 1968; Tominaga, 1968; Sasaki, 1989; Imamura, 1996; pers. obs.). The lack of the notch is considered a
synapomorphy.

SA 5. Supramaxilla absent.

The supramaxillais primitively present in percoids (e.g., Tominaga, 1968; Baldwin and Johnson, 1993; Kim,
2002; pers. obs.), and the absence of such supramaxillais regarded as an apomorphy. The supramaxillais absent in
pentacerotids.

SA 6. Distal ends of premaxilla and maxilla articurate.

The distal ends of the premaxillary and maxillary bones have a specialized articulation in pentacerotids. In
most typica percoids, the distal ends of the premaxilla and maxilla are not articulated (e.g., Sasaki, 1989; Kim,
2002; pers. obs.). Thus, the former condition can be regarded as a synapomorphy.

Character recognition
TS 13. Exposed tubercles on dentary and anguloarticular bones. (O: absent; 1. present)

Ingroup. Many exposed tubercles are present on the lateral surface of the dentary and anguloarticular bonesin
Pentaceros and Pseudopentaceros (character 13-1), whereas they are absent in the others (character 13-0).

Outgroup. The exposed tubercles are typically absent on the dentary and anguloarticular in percoids (character
13-0) (e.g., Gregory, 1933; Fraser, 1972; Imamura, 1996; pers. obs.).
TS 14. Teeth on jaws. (0: villiform; 1: villiform and enlarged cylindrical)

Ingroup. Villiform teeth are present in both jaws in most pentacerotids (character 14-0), whereas the jaws also
have enlarged cylindrical teeth in Paristiopterus (character 14-1).

Outgroup. The jaws only have villiform and/or small conical teeth in typica percoids (character 14-0) (e.g.,
Tominaga, 1968; Sasaki, 1989; pers. abs.).

1-4. Suspensorium and opercular bones
(Figs. 18-21)

Description
The suspensorium consists of seven elements: the palatine, ectopterygoid, endopterygoid, metapterygoid, quadrate,
symplectic, and hyomandibular. The opercular consists of four elements; the preopercle, opercle, interopercle, and
subopercle.

The palatine is a stick-like bone situated on the anterior portion of the suspensorium. It possesses a
cartilaginous cap anteriorly. The anterior portion of the palatine extends and articul ates with the head region of the
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maxilla anteroventrally. It has a well-developed socket for articulation with the ethmoid cartilage anterodorsally.
The palatine also articulates with the lateral ethmoid posterodorsally and is connected with the endopterygoid and
ectopterygoid posteriorly. A large facet, articulating with the head of the lateral ethmoid, is present on the middle
part of the palatine in Paristiopterus labiosus and P. gallipavo (Figs. 18E, F), while it is absent in the others. The
palatine lacks teeth.

FIGURE 18. Latera aspects of the suspensorium and opercular bones. A, Histiopterus typus; B, Zanclistius elevatus; C,
Evistias acutirostris; D, Parazanclistius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo. B and E are shown as mirror
images. Scale bar =5 mm.

The ectopterygoid is a small boomerang-shaped or triangular bone. This bone is connected with the
endopterygoid viaa narrow cartilage dorsally and with the palatine anteriorly. A short triangular extension from the
posteroventral portion of this bone runs along the anterior edge of the quadrate.
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FIGURE 19. Lateral aspects of the suspensorium and opercular bones. A. Pentaceropsis recurvirostris, B, Pentaceros
capensis; C, P. decacanthus; D, P. japonicus; E, P. quinquespinis; F, Pseudopentaceros richardsoni; G. P. wheeleri. A to C and
E are shown as mirror images. Scale bar =5 mm.
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The endopterygoid is a thin oval bone situated below the orbit, and has a strong projection anterodorsally,
which articulates with the latera ethmoid. The bone is connected with the palatine anterodorsally and the
metapterygoid posteroventrally.

The metapterygoid is afan-shaped bone attached to the quadrate and sympletic viaa narrow cartilaginous band
anteroventrally and ventrally, respectively. It possesses alaminar process, the metapterygoid lamina, dorsolaterally.
The bone is connected to the anteroventral part of the hyomandibula and posterior pointed tip of the endopterygoid.
The metapterygoid has an ascending process posterodorsally, forming a space where the lateral part of the levator
arcus palatini inserts with hyomandibula.

The quadrate is a triangular bone situated on the ventral region of the suspensorium. This bone is connected
with the ectopterygoid anteriorly, the metapterygoid dorsally, the preopercle posteriorly, and the symplectic
medially. This bone has a condyle for articulation with the angul oarticular anteroventrally.

The symplectic is a stick-like bone. It overlaps with the quadrate anterolaterally and connected to the
metapterygoid by a narrow cartilage dorsally. The symplectic has a cartilaginous cap on its anterior tip and a
cartilaginous socket posteriorly for articulation with the interhyal.

FIGURE 20. Media aspects of the suspensorium and opercular bones. A, Histiopterus typus; B, Zanclistius elevatus; C,
Evistias acutirostris; D, Parazanclistius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo. B and E are shown as mirror
images. Scale bar =5 mm.
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FIGURE 21. Medial aspects of the suspensorium and opercular bones. A. Pentaceropsis recurvirostris; B, Pentaceros
capensis; C, P. decacanthus; D, P. japonicus; E, P. quinquespinis; F, Pseudopentaceros richardsoni; G. P. wheeleri. A to C and
F are shown as mirror images. Scale bar = 5mm.

The hyomandibulais situated on the posterodorsal region of the suspensorium and forms along shaft ventrally.
A low ridge, serving as the levator arcus palatini and a tendon from the third infraorbital, is present along the shaft
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on the ventral portion of the hyomandibula. The hyomandibula has two dorsal condyles articulating with a facet
formed by the prootic and sphenotic, and a facet formed by the pterotic, and has a posterodorsal condyle
articulating with afacet on the anterodorsal corner of the opercle. It is sutured to the metapterygoid anteroventrally
and is firmly attached to the preopercle posteriorly. It is also attached to the symplectic and interhyal
ventromedially.

The preopercle is a crescent-shaped bone that has a supporting structure for the preoperculo-mandibular
sensory canal. The canal is continuous with that of the anguloarticular anteroventrally and that of the pterotic
dorsally. The sensory canal runs along a series of grooves and is partly covered by narrow bony bridges in
Histiopterus typus, Zanclistius elevatus, Evistias acutirostris, Parazanclistius hutchinsi, Paristiopterus labiosus, P.
gallipavo, and Pentaceropsis recurvirostris, whereas it penetrates a series of tubular structures with some openings
in Pentaceros capensis, P, decacanthus, P. japonicus, P. quinquespinis, Pseudopentaceros richardsoni, and P.
wheeleri. It is attached to the hyomandibula and quadrate anteriorly, and the opercle, subopercle, and interopercle
posteriorly. This bone has a serrated posterior margin, but no preopercular spines. Many exposed tubercles are
present on the lateral surface of the preoperclein all pentacerotids, except for Paristiopterus gallipavo.

The opercle is athick, bow-shaped bone that articulates with the hyomandibular anteriorly. This bone overlaps
with the subopercle ventromedially. Spines are absent in this bone. Many exposed tubercles are present on the
lateral surface of the operclein al pentacerotids, except for Parazanclistius and Paristiopterus gallipavo in which
they are lacking.

The subopercleis a crescent-shaped bone situated on the posterior portion of the opercular region. It is attached
to the opercle ventrally, the anteroventral margin of the preopercle anteriorly, and the interopercle anterolaterally.
The ventral portion of the subopercle is unossified.

The interopercle is an elongated bone situated medial to the ventral portion of the preopercle. The interopercle
isthick in all pentacerotids, except for Pentaceros and Pseudopentacerosin which it isthin. It is connected with the
retroarticular anteriorly via a strong ligament. The ventra margin of the interopercle is weakly expanded in
Histiopterus, Zanclistius, Paristiopterus, and Pentaceropsis, while it is concave in Pentaceros and
Pseudopentaceros.

Synapomor phies of Pentacerotidae
SA 7. Palatineteeth are absent.

The palatine teeth are present in most typical percoids (e.g., Johnson, 1980; Kim, 2002; Imamura, 2004; Otero,
2004; pers. obs.), whereas the palatine teeth are absent in pentacerotids; therefore, this condition is a
synapomorphy.

SA 8. Endopterygoid articulating with the lateral ethmoid.

The endopterygoid articulates with the lateral ethmoid in all pentacerotids. This condition is a synapomorphy,
because in the typical percoids the palatine usually articulates with the lateral ethmoid, and not the endopterygoid
(e.g., Gosline, 1984; Sasaki, 1989; Kim, 2002; pers. obs.).

Character recognition
TS 15. Facetson the palatine. (0: absent; 1: present)

Ingroup. A large facet for articulation with the head of the lateral ethmoid is present on the middle part of the
palatine in Paristiopterus labiosus and P. gallipavo (character 15-1), while it is absent in the others (character 15-
0).

Outgroup. A facet is absent on the middle part of the palatine in typical percoids (character 15-0) (e.g., Sasaki,
1989; Kim, 2002; pers. obs.).

TS 16. Sensory canal on the preopercle. (0: covered by narrow bridges; 1. covered by wide bridges)

Ingroup. The preopercular sensory cana runs through a series of grooves partly covered by narrow bony
bridges on the lateral side of preopercle in Histiopterus, Zanclistius, Evistias, Parazanclistius, Paristiopterus, and
Pentaceropsis (character 16-0), whereas it penetrates a tubular structure of the preopercle in Pentaceros and
Pseudopentaceros (character 16-1).

Outgroup. The preopercle sensory canal runs through a groove-like structure of the preopercle partly covered
by narrow bridges (character 16-0) in typical percoids (e.g., Westneat, 1993; Otero, 2004; Prokofiev, 2007a: pers.
obs.).

34 . Zootaxa 3366 © 2012 Magnolia Press KIM



TS 17. Exposed tubercles on opercle. (0: absent; 1: present)

Ingroup. Many exposed tubercles are present on the lateral surface of the operclein all pentacerotids (character
17-1), except for Parazanclistius and Paristiopterus gallipavo (character 17-0).

Outgroup. The tubercles on the opercle are typically absent (character 17-0) in percoids (e.g., Gregory, 1933;
Imamura, 1996; pers. obs.).

TS 18. Interopercle. (0: thick; 1: thin)

Ingroup. The interopercle is thick in all pentacerotids (character 18-0), except for Pentaceros and
Pseudopentacerosin which it isthin (character 18-1).

Outgroup. The interopercle is thick in typical percoids (character 18-0) (e.g., Gregory, 1933; Johnson, 1980;
Gill and Mooi, 1993; pers. obs.).

TS19. Ventral margin of interopercle. (0: expand; 1: concaved)

Ingroup. The ventral margin of the interopercle is weakly expanded in Histiopterus, Zanclistius, Evistias,
Paristiopterus, and Pentaceropsis (character 19-0), while it is concave in Pentaceros and Pseudopentaceros
(character 19-1).

Outgroup. The ventral margin of the interopercle is expanded in typical percoids (character 19-0) (e.g.,
Carnevale, 2006; Prokofiev, 2007a; pers. obs.).

Other variations.
None.

1-5. Hyoid arch
(Figs. 22-28)

Description
The hyoid arch, situated on the ventrolateral portion of the head, consists of the hypohyals, ceratohyal, epihyal,
interhyal, branchiostegal rays, urohyal, and basihyal.

The hypohyals comprise two (dorsal and ventral) elements. The dorsal hypohyal is atriangular bone located on
the anterodorsal portion of the hyoid arch. This bone is connected to the ventral hypohyal anteroventrally and the
ceratohyal posteriorly by a cartilaginous intervention. The ventral hypohyal is a rectangular bone situated on the
anteroventral portion of the hyoid arch. This bone is connected to the dorsal hypohyal dorsally and the ceratohyal
posteriorly by a cartilaginous intervention.

The ceratohyal is a large, flattened bone situated in the middle portion of the hyoid arch. This bone is
connected to the hypohyals anteriorly and the epihya posteriorly by the cartilaginous intervention. This bone
suspends four or five branchiostegal rays ventrally. The ceratohyal has a large beryciform foramen dorsally. The
dorsal margin of this bone is covered with narrow cartilage, which is continuous with the cartilage between the
ceratohyal and epihyal.

The epihyal is a triangular bone located on the posterior part of the hyoid arch. This bone attaches to the
ceratohyal by the cartilaginous intervention. This bone suspends two branchiostegal rays ventrolateraly. The
posterior corner of the epihyal articulates with the interhyal dorsdly.

The interhyal is a short and rod-like bone that interconnects the hyoid arch and suspensorium. It possesses a
cartilaginous cap dorsally and ventrally. The interhyal articulates with the epihyal ventrally and with a cartilaginous
socket surrounded by the hyomandibular, symplectic, and preopercle dorsally.

The branchiostegal rays, long and slender elements, are situated on the ventral region of the hyoid arch. There
are seven branchiostegal raysin al pentacerotids, except for Pseudopentaceros wheeleri, which has seven or eight.
The anterior three rays are supported by the anteromedial region of the ceratohyal, the middle two by the
posterolateral region of the ceratohyal, and the posterior two by the lateral region of the epihyal ventrally.

The urohyal (Fig. 27) is a thin plate-like bone, lying on the midline below the basibranchias. This bone
connects with the ventral hypohyals on both sides by strong ligaments anteriorly. It attaches to the first
basibranchia dorsally.

The basihyal (Fig. 28) is a simple rod-like bone situated on the anterior tip of the hyoid arch. This bone has a
cartilaginous cap anteriorly and is connected with the first basibranchial by a strong ligament posteroventrally.
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FIGURE 22. Lateral aspects of the hyoid arch. A, Histiopterus typus; B, Zanclistius elevatus; C, Evistias acutirodtris; D,
Parazanclistius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo. B and E are shown as mirror images. Scale bar = 5 mm.
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FIGURE 23. Lateral aspects of the hyoid arch. A, Pentaceropsis recurvirostris; B, Pentaceros capensis; C, P. decacanthus; D,
P. japonicus; E, P. quinquespinis; F, Pseudopentaceros richardsoni. A to C and F are shown as mirror images. Scales bar = 5
mm.

Synapomor phies of Pentacerotidae
None.

Character recognition
No variations were recognized that were useful for the phylogenetic analysis.

Other variations

Eight branchiostegal rays (Fig. 26). There are seven branchiostegal rays in all pentacerotids, as well as in
typical percoids (e.g., McAllister, 1968; Johnson, 1984), except for one species (Pseudopentaceros wheeleri
HUMZ 147629, Fig. 26A), which has eight. Therefore, the eight-ray condition is considered a derived character.
This variation is intraspecific in one species, however, and has no effect on reconstruction of the phylogenetic
relationships. Accordingly, the variation is not included in the analysis.

PHYLOGENY OF THE FAMILY PENTACEROTIDAE (PISCES : PERCIFORMES) Zootaxa 3366 © 2012 Magnolia Press - 37



FIGURE 24. Media aspects of the hyoid arch. A, Histiopterus typus; B, Zanclistius elevatus; C, Evistias acutirogtris; D,
Parazanclistius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo. B and E are shown as mirror images. Scale bar =5 mm.
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FIGURE 25. Medial aspects of the hyoid arch. A, Pentaceropsis recurvirostris; B, Pentaceros capensis; C, P. decacanthus; D,
P. japonicus; E, P. quinquespinis; F, Pseudopentaceros richardsoni. A to C and F are shown as mirror images. Scale bar = 5
mm.

FIGURE 26. Lateral aspects of the hyoid arch in Pseudopentaceros HUMZ 147629; B, HUMZ 146164. Scale bar =5 mm.
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FIGURE 27. Lateral aspects of urohyal. A, Histiopterus typus; B, Zanclistius elevatus; C, Evistias acutirostris;, D,
Parazanclistius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo; G, Pentaceropsis recurvirostris; H, Pentaceros capensis;
I, P. decacanthus; J, P. japonicus; K, P. quinquespinis; L, Pseudopentaceros richardsoni; M, P. wheeleri. B, E, G H, |, and L are
shown as mirror images. Scale bar =5 mm.
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FIGURE 28. Latera (top), dorsal (center) and ventral (bottom) aspects of basihyal. A, Histiopterus typus; B, Zanclistius
elevatus, C, Evistias acutirostris; D, Parazanclistius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo; G, Pentaceropsis
recurvirostris; H, Pentaceros capensis; |, P. decacanthus; J, P. japonicus, K, P. quinquespinis; L, Pseudopentaceros
richardsoni; M, P. wheeleri. B, E, G H, I, and L are shown as mirror images. Scaale bar =5 mm.

1-6. Branchial arch
(Figs. 29, 30)

Description
The branchia arch comprises two (lower and upper) elements. The lower element includes three medial
basibranchials, three pairs of hypobranchials, and five pairs of ceratobranchials; the upper element contains four
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pairs of epibranchials, and four pairs of pharyngobranchials. A long interarcua cartilage is present between the
first epibranchial and second pharyngobranchial.

The basibranchias are three plate-like bones and one central cartilage. These elements are situated on the
midline of the oral floor. The first basibranchial is a pointed rod-like bone. This bone has a tiny cartilaginous cap
anteriorly. It is connected with the basihyal via a strong ligament anterodorsally and with the second basibranchial
posteriorly by a cartilaginous intervention. The second basibranchial is a rod-like bone situated between the first
and third hypobranchials. The second basibranchia is connected with the third basibranchial posteriorly by a
cartilaginous intervention. The third basibranchial is a wedge-like bone covered with a cartilaginous cap
posteriorly. This bone is connected with the second basibranchial anteriorly. The posterior portion of the third
basibranchia is situated below the central cartilage.

The hypobranchials are three paired bones becoming progressively smaller posteriorly. The first hypobranchial
has an anteriorly-pointed projection lateraly and is connected with the dorsal hypohyals by a strong ligament. It
articulates with a cartilage between the first and second basibranchials anteriorly and with the first ceratobranchial
posteriorly. The second hypobranchial is a stick-like bone that and articulates with a cartilage between the second
and third basibranchials anteriorly and with the second ceratobranchials posteriorly. The third hypobranchial is a
crescent-shape bone that is connected with the posterior part of the third basibranchia anteriorly and with the third
ceratobranchial posteriorly.

The ceratobranchials comprise four pairs of rod-like bones and a pair of triangular-toothed bones. The first to
third ceratobranchials articulate with the hypobranchial facets anteriorly and with the epibranchial facets
posteriorly on the anterior three arches. The fourth ceratobranchial articulates with the central cartilage anteriorly
and with the fourth epibranchial posteriorly. It bears a small canine tooth row posteriorly only in Pentaceros
quinguespinis (Fig. 29K), while it lacks the tooth row in the others. The fifth ceratobranchial is situated on the
posteroventral region of the branchial arch and bears a tooth plate dorsally. This bone is projecting anteriorly and
connected with the central cartilage by a strong ligament.

The epibranchials are four paired rod-like bones without tooth plates, and situated between the
pharyngobranchials and ceratobranchials. The first epibranchial articulates with the first pharyngobranchial
medially and the first ceratobranchial laterally. This bone has an uncinate process, which articulates with the
interarcual cartilage medially. The second epibranchial articulates with the ventral region of the second
pharyngobranchial and the lateral region of the third pharyngobranchia medialy, and with the second
ceratobranchial laterally. The third epibranchial articulates with the posterolateral region of the third
pharyngobranchial and the anterolateral region of the fourth pharyngobranchial medially in most pentacerotids,
whereas this bone articulates only with the anterolateral region of the fourth pharyngobranchial medialy in
Zanclistius elevatus. This bone aso articulates with the third ceratobranchial laterally. The fourth epibranchial
articulates with the posterior corner of the third pharyngobranchial and the anterolateral region of the fourth
pharyngobranchial medially in most pentacerotids, while it articulate only with the anterolateral region of the
fourth pharyngobranchial medially in Zanclistius elevatus. This bone aso articulates with the fourth
ceratobranchial laterally.

The pharyngobranchials are a pair of small and toothless bones (first), and three pairs of toothed bones (second
to fourth). The first pharyngobranchia is a stick-like bone and connected with the prootic of the neurocranium
dorsally and with the first epibranchial ventrally. The second pharyngobranchial is a flat bone connected with the
second epibranchial laterally and with the interarcual cartilage anteriorly. In addition to a tooth plate on the second
pharyngobranchial, this bone has an autogenous tooth plate at the articulatory portion with the second epibranchial
ventrally in Pentaceros capensis, P. decacanthus, P. japonicus, Pseudopentaceros richardsoni, and P. wheeleri,
while it lacks such a tooth plate in the others. The third pharyngobranchia is the largest element in the upper
branchial arch. This bone is fused with the fourth pharyngobranchial only in Paristiopterus gallipavo (Fig. 30F),
while it is separated from the fourth pharyngobranchial in the others. The fourth pharyngobranchial is acircle-like
bone, having a tooth plate on its oral surface. It is continuous with the third pharyngobranchial only in
Paristiopterus gallipavo.

42 - Zootaxa 3366 © 2012 Magnolia Press KIM



FIGURE 29. Dorsal aspects of the lower branchial arch. A, Histiopterus typ_us; B, Zanclistius elevatus; C, Evistias ac_utirostris;
D, Parazanclitius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo; G, Pentaceropsis recurvirostris, H, Pentaceros
capensis; |, P. decacanthus; J, P. japonicus; K, P. quinquespinis, L, Pseudopentaceros richardsoni; M, P. wheeleri. B, E, G H,

I, and L are shown as mirror images. Scale bar =5 mm.
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FIGURE 30. Dorsal aspects of the upper branchia and the ventral aspect of its tooth-plate. A, Histiopterus typus; B,
Zanclistius elevatus, C, Evistias acutirostris; D, Parazanclistius hutchins; E, Paristiopterus labiosus; F, P. gallipavo; G,
Pentaceropsis recurvirostris, H, Pentaceros capensis, |, P. decacanthus; J, P. japonicus, K, P. quinquespinis; L,
Pseudopentaceros richardsoni; M, P. wheeleri. B, E, G H, |, and L are shown as mirror images. Scale bar =5 mm.
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Synapomor phies of Pentacerotidae
SA 9. Absence of atooth plate on the third epibranchial.

The third epibranchial tooth plate is present in most typical percoid (e.g., Tominaga, 1968; Kim, 2002;
Imamura, 2004; Otero, 2004; pers. obs.), whereas the epibranchial tooth plate is lacking in pentacerotids, and is
therefore a synapomorphy.

Character recognition
TS 20. Autogenous tooth plate on the second pharyngobranchial toothplate. (O: present; 1: absent)

Ingroup. The second pharyngobranchial has an autogenous tooth plate at the articulatory portion with the
second epibranchia ventrally in Pentaceros capensis, P. decacanthus, P. japonicus, Pseudopentaceros richardsoni,
and P. whedleri (character 20-0), while it lacks such atooth plate in the others (character 20-1).

Outgroup. The second pharyngobranchial typically has an autogenous tooth plate in the percoids (character 20-
0) (e.g., Stiassny, 1991; Imamura, 2004; pers. obs.).

Other variations.

Small canine tooth row on the fourth ceratobranchial. A small canine tooth row is present on the fourth
ceratobranchial posteriorly in Pentaceros quinquespinis. In contrast, such a tooth row is absent in other
pentacerotids. The former condition is regarded as an apomorphy, because it is not found in typical percoids (e.g.,
Sasaki, 1989; Imamura, 1996; Kim, 2002; pers. obs.). It is an autapomorphy of Pentaceros quinguespinnis,
however, and is therefore excluded from the phylogenetic analysis.

The third pharyngobranchial is fused with the fourth pharyngobranchial. The third pharyngobranchial is
separated from the fourth pharyngobranchia in most pentacerotids, as well asin typical percoids (e.g., Tominaga,
1968; Yabe, 1985; Sasaki, 1989; pers. obs.), while these bones are fused each other in Paristiopterus gallipavo.
Therefore, the latter condition can be treated as an autapomorphy of Paristiopterus gallipavo and is not used for the
phylogenetic analysis.

1-7. Pectoral girdle
(Figs. 31-34)

Description
The pectoral girdle is comprised of the supratemporals, posttemporal, supracleithrum, cleithrum, scapula, coracoid,
actinosts, and postcleithra.

The supratemporal s (=extrascapula) are situated on the posterodorsal region of the head. The bones are loosely
attached to the posterolateral region of the neurocranium in many pentacerotids, whereas it is firmly attached to the
posterolateral region of the neurocranium in Pentaceros and Pseudopentaceros. The bones are firmly connected
with the parietal laterally and the pterotic ventraly in Histiopterus, Zanclistius, Evistias, Parazanclistius, and
Paristiopterus, and with the pterotic laterally in Pentaceros and Pseudopentaceros. They are also firmly connected
with the posttemporal ventrally. Many exposed tubercles are present on the lateral surface of the supratemporalsin
all pentacerotids, except for Parazanclistius, Paristiopterus, and Pentaceropsis. Two supratemporals are present in
Pentaceros, Pseudopentaceros, and a specimen of Histiopterus typus (HUMZ 72430, 200078); three bones in
Paristiopterus, Pentaceropsis and a specimen of H. typus (HUMZ 199821, 200034); and four bones in Zanclistius
and Parazanclistius. The bones are narrow and tubular in Histiopterus, Zanclistius, Evistias, Parazanclistius, and
Paristiopterus (Fig. 31), whereas they are wide and disk-like with tubular structure in Pentaceros and
Pseudopentaceros (Fig. 32). They support the temporal sensory canal; the canal is supported by the lowermost
supratemporal and is continuous with that in the pterotic anteriorly and that of the posttemporal posteriorly, and is
branched in this bone to form an additional sensory cana supported by upper supratemporal(s). The additional
canal is further branched to form many subcanals and their openings in Histiopterus, Zanclistius, Evistias, and
Pentaceropsis, whileit is not branched in other pentacerotids.

The posttemporal is a tubular bone situated between the supratemporal and supracleithrum. This bone is
anteriorly forked to form the dorsal and ventral limbs. The dorsal limb is connected with the epiotic dorsomedially.
The ventral limb is connected with the intercalar posteroventrally by a ligament. This bone is penetrated by the
temporal sensory canal, which is continuous with that in the lowermost supratemporal anteriorly and that in the
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FIGURE 31. Lateral aspects of the pectora girdle. A, Histiopterus typus; B, Zanclistius elevatus; C, Evistias acutirostris; D,
Parazanclistius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo; G, Pentaceropsisrecurvirogtris. B, E, and G are shown as
mirror images. Scale bar =5 mm.
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supracleithrum posteriorly. In the posttemporal, the canal is branched intricately to form several subcanals and their
openings in Histiopterus, Zanclistius, Evistias, Parazanclistius, Paristiopterus, and Pentaceropsis, whereas such
subcanals or openings are absent in the others. Many exposed tubercles are present on the lateral surface of the
posttemporal in Histiopterus, Zanclistius, Evistias, Paristiopterus labiosus, Pentaceros, and Pseudopentaceros,
while they are absent in Parazanclistius, Paristiopterus gallipavo, and Pentaceropsis.

The supracleithrum is a shield-like bone that attached with the cleithrum ventromedially. It articulates with the
posttemporal anterodorsally. It has a short tubular structure on the anterodorsal corner where the temporal sensory
canal connects to lateral line on the body. This bone is connected with Baudelot’'s ligament medially. Many
exposed tubercles are present on the lateral surface of the supracleithrum in al pentacerotids, except for
Parazanclistius.

The cleithrum iswing-like and is the largest bone in the pectoral girdle. It is connected with the supracleithrum
dorsolaterally, with the scapula posterodorsally, the coracoid posteroventraly, and the postcleithrum
dorsomedially. Many exposed tubercles are present on the lateral surface of the cleithrum in al pentacerotids,
except for Parazanclistius.

The scapula is a rectangular bone with a large scapular foramen anteriorly for the passage of nerves and
vessels. It is sutured to the cleithrum anteriorly, and connected with three actinosts posteriorly and with the scapula
ventrally viaa narrow cartilaginous band.

The coracoid is an anchor-like bone situated on the ventrolateral region of the pectoral girdle. This bone has
the long anterior process loosely connected with the cleithrum anterodorsally by the cartilaginous intervention, and
has the beak-like process reaching the postcleithrum region.

The actinosts are comprised of four column-like bones supporting the pectoral fin rays posteriorly. The upper
three actinosts articulate with the scapula anteriorly, and the lowermost one articulates with the cartilaginous band
between the scapula and coracoid anteriorly.

FIGURE 32. Lateral aspects of the pectoral girdle. A, Pentaceros capensis, B, P. decacanthus, C, P. japonicus; D, P.
quinquespinis, E, Pseudopentaceros richardsoni; F, P. wheeleri. A, B, and E are shown as mirror images. Scale bar =5 mm.

PHYLOGENY OF THE FAMILY PENTACEROTIDAE (PISCES : PERCIFORMES) Zootaxa 3366 © 2012 Magnolia Press - 47



The postcleithra are comprised of two long leaf-like bones and situated on the posterior region of the pectoral
girdle. The upper postcleithrum is connected with the medial surface of the posterior process of the cleithrum
dorsolaterally and with the lower postcleithrum ventromedially.

sensory canal
from supratemporals

sensory canal
from posttemporals
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FIGURE 33. Supratemporals and posttemporal, showing the sensory canal (dotted areas). A, Histiopterus typus; B, Zanclistius
elevatus, C, Evistias acutirostris; D, Parazanclistius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo; G, Pentaceropsis
recurvirostris. B, E, and G are shown as mirror images. Scale bar =5 mm.
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FIGURE 34. Supratemporals and posttemporal, showing the sensory canal (dotted areas). A, Pentaceros capensis, B, P.
decacanthus; C, P. japonicus; D, P. quinquespinis; E, Pseudopentaceros richardsoni; F, P. wheeleri. A, B, and E are shown as
mirror images. Scale bar =5 mm.]

Synapomor phies of Pentacerotidae
None.

Character recognition
TS 21. Connection between the supratemporal and neurocranium. (0: loosely attached; 1: firmly attached)

Ingroup. The supratemporal is loosely attached to the neurocranium in many pentacerotids (character 21-0),
whileitisfirmly attached to the neurocranium in Pentaceros and Pseudopentaceros (character 21-1).

Outgroup. The supratemporal isloosely attached to the neurocranium in typical percoids (character 21-0) (e.g.,
Sasaki, 1989; Imamura, 1996; pers. obs.).

TS 22. Exposed tubercleson the supratemporal. (0: absent; 1: present)

Ingroup. Many exposed tubercles are present on the lateral surface of the supratemporal in all pentacerotids
(character 22-1), except for Parazanclistius, Paristiopterus, and Pentaceropsis (character 22-0).

Outgroup. The exposed tubercles on the supratemporal are typically absent in percoids (character 22-0) (e.g.,
Gregory, 1933; Fraser, 1972; Imamura, 1996; pers. obs.).

TS 23. Shape of the supratemporal. (0: narrow and tubular; 1: wide and disk like)

Ingroup. The supratemporal is narrow and tubular in Histiopterus, Zanclistius, Evistias, Parazanclistius,
Paristiopterus, and Pentaceropsis (character 23-0), while it is wide and disk-like in Pentaceros and
Pseudopentaceros (character 23-1).

Outgroup. The supratemporal is narrow and tubular in typical percoids (character 23-0) (e.g., Tyler et al., 1989;
pers. obs.).
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TS 24. Position of the connection of the supratemporalswith the pterotic. (0: lateral; 1: ventral)

Ingroup. The supratemporals are connected with the pterotic laterally in Pentaceros and Pseudopentaceros
(character 24-0), while it is connected with the bone ventrally in Histiopterus, Zanclistius, Evistias,
Parazanclistius, Paristiopterus, and Pentaceropsis (character 24-1).

Outgroup. The supratemporals are typically connected with the pterotic laterally in the percoids (character 24-
0) (e.g., Sasaki, 1989; Kim, 2002; pers. obs.).

TS 25. Sensory canal supported by the upper supratemporal(s). (0: not branched; 1. branched to form
subcanals)

Ingroup. The sensory canal is supported by the upper supratemporal(s) and is branched to form many
subcanals and their openings in Histiopterus, Zanclistius, Evistias, and Pentaceropsis (character 25-1), whereas it
is not branched in Parazanclistius, Paristiopterus, Pentaceros, or Pseudopentaceros (character 25-0).

Outgroup. The sensory cand is not branched in typical percoids (character 25-0) (e.g., Harrington, 1955;
Branson and Moore, 1962; Yabe, 1985; pers. obs.).

TS 26. Exposed tubercles on the posttemporal. (0: absent; 1. present)

Ingroup. Many exposed tubercles are present on the lateral surface of the posttemporal in all pentacerotids
(character 26-1), except for Parazanclistius, Paristiopterus gallipavo, and Pentaceropsis (character 26-0).

Outgroup. The tubercles on the posttemporal are typically absent in the percoids (character 26-0) (e.g.,
Gregory, 1933; Imamura, 1996; pers. obs.).

TS 27. Sensory canal supported by the posttemporal. (0: not branched; 1: branched)

Ingroup. The sensory canal is supported by the posttemporal and branched to form subcanals and their
openingsin Histiopterus, Zanclistius, Evistias, Parazanclistius, Paristiopterus, and Pentaceropsis (character 27-1),
whereas it is not branched in Pentaceros and Pseudopentaceros (character 27-0).

Outgroup. The sensory cana is not branched in typical percoids (character 27-0) (e.g., Harrington, 1955;
Branson and Moore, 1962; pers. obs.).

Other variations

Number of supratemporals. The number of supratemporals varies from two to four in the pentacerotids,
whereas there are only two in typical percoids (e.g., Branson and Moore, 1962; Yabe, 1985; pers. obs.). Therefore,
conditions of three and four supratemporals are regarded to be derived. Intraspecific variation is observed, however
in the number in Histiopterus (two and three); and therefore the variation is not used in this study.

1-8. Pelvic girdle
(Figs. 35-39)

Description

The pelvic girdle comprises a pair of elongated triangular pelvic bones, and is situated below the pectoral girdle.
The pelvic bone articulates with the anteroventral part of the cleithrum ventrally. It bears the pelvic fin comprised
of one spine and five soft rays posteriorly. This bone has a cartilaginous cap on its anterior tip, and a cartilaginous
margin for articulation with the pelvic fin rays posteriorly. The pelvic spine has two well developed processes at its
basal portion for articulation with the pelvic bone. The two processes are separated distally in most pentacerotids,
whereas the processes are attached to each other and form a ring-like structure in Pentaceros and
Pseudopentaceros. A deep facet for articulation with the pelvic spineis present on the mid-lateral on posterolateral
corner of the pelvic bone in most pentacerotids, while a small penetrated pore, interlocked with the ring-like
structure of the pelvic spine, is present there in Pentaceros and Pseudopentaceros. This bone has three processes
ventrally; a process from the accessory subpelvic keel, a subpelvic process, and a postpelvic process. The accessory
subpelvic keel iswell developed and extends anteroventrally in most pentacerotids, whileit isweakly developed in
Pentaceros and Pseudopentaceros. The subpelvic process is V-shaped and is situated on the anteromedial portion
of the pelvic bone. The subpelvic processis well developed and long in most pentacerotids, whereas it is short in
Pentaceros and Pseudopentaceros. The postpelvic process is situated on the posterior end of this bone and the
processes on both sides are separated from each other posteriorly. This process is well developed and extends
backward.
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Synapomor phies of Pentacerotidae
None.

Character recognition
TS 28. Articulation between the pelvic bone and pelvic spine. (0: articulating; 1: interlocked)

Ingroup. The mid-lateral corner of the pelvic bone has a deep facet for articulation with the pelvic spine in
most pentacerotids (character 28-0), while it possesses a small penetrated pore that isinterlocked with the ring-like
structure of the pelvic spine in Pentaceros and Pseudopentaceros (character 28-1).

Outgroup. The pelvic bone has a deep facet for articulation with the pelvic spinein typica percoids (character
28-0) (e.g., Katayama, 1959; Tominaga, 1968; Mok and Shen, 1983; Imamura, 1996; pers. obs.).

FIGURE 35. Dorsal (above), lateral (middle) and ventral (below) aspects of the pelvic girdle. A, Histiopterus typus; B,
Zanclistius elevatus, C, Evistias acutirostris, D, Parazanclistius hutchinsi. B is shown as mirror images. Scale bar =5 mm.
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TS 29. Accessory subpelvic keel. (0: weakly developed; 1: well developed and extending anteroventrally)

Ingroup. The accessory subpelvic keel is well developed and extends anteroventrally in most pentacerotids
(character 29-1), whileit isweakly developed in Pentaceros and Pseudopentaceros (character 29-0).

Outgroup. The accessory subpelvic keel is typically weakly developed in percoids (e.g., Tominaga, 1968;
Sasaki, 1989; Kim, 2002; pers. obs.).
TS 30. Subpelvic process. (0: short; 1: long)

Ingroup. The subpelvic process iswell developed and long in most pentacerotids (character 30-1), whereasit is
short in Pentaceros and Pseudopentaceros (character 30-0).

Outgroup. The subpelvic processis typically short in percoids (character 30-0) (e.g., Tominaga, 1968; Sasaki,
1989; Prokofiev, 2007a; pers. obs.).

FIGURE 36. Dorsal (above), lateral (middle), and ventral (below) aspects of the pelvic girdle. A, Paristiopterus labiosus; B, P.
gallipavo; C, Pentaceropsisrecurvirostris. A and C are shown as mirror images. Scale bar =5 mm.
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FIGURE 37. Dorsal (above), lateral (middle) and ventral (below) aspects of the pelvic girdle. A, Pentaceros capensis; B, P.
decacanthus; C, P. japonicus; D, P. quinquespinis. A and B are shown as mirror images. Scale bar =5 mm.
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FIGURE 38. Dorsa (above), latera (middle), and ventral (below) aspects of the pelvic girdle. A, Pseudopentaceros
richardsoni; B, P. wheeleri. A is shown as mirror images. Scale bar = 5mm.

B

processes

FIGURE 39. Lateral aspect of the basal portion of the pelvic spine. A, Parazanclistius hutchinisi; B, Pentaceros japonicus.
Scale bar =5 mm.

1-9. Axial skeleton and median fin supports
(Figs. 40-42)

Description

The axial skeleton is comprised of the vertebrae, epineurals (sensu Patterson and Johnson, 1995), and pleura ribs.
The median fin supports consist of the proximal and distal pterygiophores, and stays. The supraneura is also
described here.

Axial skeleton. The vertebrae are comprised of two (abdominal and caudal) elements. The abdominal
vertebrae possess the neural prezygapophyses anterodorsally, the neural postzygapophyses posterodorsally, and the
neural arches and neural spines dorsally. The first abdominal vertebra has along neural spine and articul ates with
the exoccipitals of both sides anterodorsally and with the basioccipital anteroventrally. This bone possesses the
epineuras and pleurals. The number of the abdominal vertebrae is 12 in Histiopterus, Zanclistius, Parazanclistius,
Paristiopterus, Pentaceros, and Pseudopentaceros, whereas it is 13 in Evistias and Pentaceropsis. The caudal
vertebrae possess the hemal prezygapophyses anteroventrally, the hemal postzygapophyses posteroventrally, and
the hemal arches and hemal spines in addition to structures of the abdominal vertebrae. The number of the caudal
vertebrae is 11 in Pentaceropsisrecurvirostris, 12 in Zanclistius el evatus, Paristiopterus labiosus, P. gallipavo, and
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Pentaceros capensis; 13 in Histiopterus typus, Parazanclistius hutchinsi, Pentaceros decacanthus, P. japonicus, P.
quinguespinis, and Pseudopentaceros wheeleri; and 14 in Evistias acutirostris and Pseudopentaceros richardsoni.

The epineurals are rod-like slender bones, attached with the lateral surface of the first and second abdominal
vertebrae, and with the lateral surface of the pleura ribs of other abdominal vertebrae.

The pleural ribs are well developed rod-like bones, attached with the lateral surface of the abdominal
vertebrae.

Media fin supports. The proximal pterygiophores are |leaf-like bones supporting the dorsal and anal rays.
These bones are inserted between the neural spines (dorsal fin proximal pterygiophores) and between the hemal
spines (anal fin proximal pterygiophores) of the vertebrae. The first dorsal proximal pterygiophore bears two spines
dorsdly in al pentacerotids, except for Histiopterus and Evistias having one spine on the bone. The first dorsal
proximal pterygiophore is inserted into the space between the first and second neural spinesin most pentacerotids,
whereas it is inserted into that between the second and third neural spines in Pentaceros and Pseudopentaceros.
The base of the anterior edge of the anterior dorsal spines, except for the first spine is serrated in Pentaceros and
Pseudopentaceros, whereas it is smooth in the others. Most of the ana proximal pterygiophores are inserted into
the space between the hema spines, while the first anal proximal pterygiophore is situated anterior to the first
hemal spine. Thefirst anal proximal pterygiophore bears two spines ventrally.

The distal pterygiophores are small bony and cartilaginous elements, located on the posterior tip of each
proximal pterygiophore, except the last dorsal and anal proxima pterygiophores. The distal pterygiophores
supporting spines are unpaired bones, while those supporting soft rays are paired bones.

The stay is a small, plate-like bone situated on the posterior tip of the last dorsa and anal proximal
pterygiophores.

The two supraneuras are rod-like bones. The first supraneura is inserted into the space between the
neurocranium posterior tip of and the first neural spine, and its anterior tip is attached to the posterior tip of
supraoccipital. The second supraneural is inserted into the space between the first and second neural spines along
with the first dorsal fin proximal pterygiophore.

Synapomor phies of Pentacerotidae
None.

Character recognition
TS 31. Number of abdominal vertebra. (0: 10; 1: 12; 2: 13) (ordered)

Ingroup. The number of the abdominal vertebrae is 12 in Histiopterus, Zanclistius, Parazanclistius,
Paristiopterus, Pentaceros, and Pseudopentaceros (character 31-1), whereas it is 13 in Evistias and Pentaceropsis
(character 31-2).

Outgroup. The number of the abdominal vertebrae is 10 in typical percoids (character 31-0) (e.g., Tominaga,
1968; Sasaki, 1989; Kim, 2002; pers. abs.).

TS 32. Number of spineson first dorsal proximal pterygiophore. (0: two; 1. one)

Ingroup. The first dorsal proximal pterygiophore bears two spines dorsally in all pentacerotids (character 32-
0), except for Histiopterus and Evistias having spine on the bone (character 32-1).

Outgroup. The first dorsal proximal pterygiophore bears two spines in typical percoids (character 32-0) (e.g.,
Smith and Bailey, 1962; Gosline, 1966; Johnson, 1983; pers. obs.).

TS 33. Insertion of first dorsal proximal pterygiophore. (0: between second and third neural spines; 1: between
first and second neural spines)

Ingroup. The first dorsal proximal pterygiophore isinserted into the space between the first and second neural
spines in most pentacerotids (character 33-1), whereas it is inserted into that between the second and third neural
spines in Pentaceros and Pseudopentaceros (character 33-0).

Outgroup. The first dorsal proximal pterygiophore is inserted into the space between the second and third
neural spines in typical percoids (character 33-0) (e.g., Yabe, 1985; Sasaki, 1989; Kim, 2002; Prokofiev, 20073,
pers. obs.).

TS 34. Base of anterior edge of anterior dorsal spines. (0: smooth; 1: serrated)

Ingroup. The base of the anterior edge of the anterior dorsal spines, except for the first spine, is serrated in

Pentaceros and Pseudopentaceros (character 34-1), whereasit is smooth in the others (character 34-0).

PHYLOGENY OF THE FAMILY PENTACEROTIDAE (PISCES : PERCIFORMES) Zootaxa 3366 © 2012 Magnolia Press - 55









FIGURE 42. Lateral aspects of the third dorsal spine. A, Histiopterus typus; B, Pentaceros capensis. Scale bar = 5 mm.

Outgroup. The base of the anterior edge of the anterior dorsal spines is smooth in typical percoids (character
34-0) (e.g., Tominaga, 1968; Tyler et al., 1989; pers. obs.).

1-10. Caudal skeleton
(Figs. 43-45)

Description

The caudal skeleton consists of the hypurals, parhypural, uroneural, epurals, and urostyle, plus hemal spines on the
second and third preural centra. The upper caudal obe supports eight branched fin raysin Parazanclistius hutchinsi
and Pentaceros capensis, nine in Histiopterus typus, Paristiopterus labiosus, P. gallipavo, Pentaceros decacanthus,
P. japonicus, P. quinquespinis, Pseudopentaceros richardsoni, and P. wheeleri, and 10 in Zanclistius €levatus,
Evistias acutirostris, and Pentaceropsis recurvirostris. The lower caudal 1obe supports seven branched fin raysin
most pentacerotids, whereas it supports eight branched rays in Zanclistius elevatus and Pentaceropsis
recurvirostris.

The hypurals consists of five plate-like bones situated on the posterior portion of the urostyle, and supports the
caudal fin rays posteriorly. Three elements occur in the upper cauda lobe and two in the lower lobe. These bones
are separated from each other in most pentacerotids, while the third and fourth are fused in Paristiopterus labiosus.

The parhypural is a plate-like bone located under the lowermost hypural. This bone has well developed
parhypurapophysis dorsally. The parhypurapophysis is sharp in most pentacerctids, whereas it is robust in
Pentaceros and Pseudopentaceros.

The uroneurals are comprised of two long rod-like bones and are situated anterior to the upper hypurals. There
are two of these bones in most pentacerotids, whereas there is only one in Pentaceros capensis. The first uroneural
is attached with the ventral surface of the urostyle and the second uroneural is situated between the posterior-most
epural and the uppermost hypural.

The epurals are three rod-like bones, located above the uroneural. The anterior epural is longer than the other
two epurals, and its ventral tip lies over the neural spine of the second preural centrum. The epurals are becoming
progressively shorter posteriorly.

The urostyle awedge-like bone, free from other caudal skeleton elements. It articul ates with the second preural
centrum anteriorly. The posterior portion of the urostyle has a long spine in Histiopterus, Pentaceropsis,
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Pentaceros capensis, P. decacanthus, and Pseudopentaceros wheeleri, while it lacks a spine in Zanclistius,
Evistias, Parazanclistius, Paristiopterus, Pentaceros japonicus, P. quinquespinis, and Pseudopentaceros
richardsoni.

The second preural centrum is located anterior to the urostyle. It bears a short neura spine dorsally in most
pentacerotids, whereas it has a long neural spine in Pentaceropsis recurvirostris. The third preural centrum is
situated anterior to the second preura centrum and bears a long neural spine dorsally. The hemal spines on the
second and third preural centra are free from the centra.

The cauda skeleton has the following six distal cartilaginous: inter-neural spine 4 cartilage of preural centra
(CINPU4); post-epural 2 and/or 3 cartilage (CPEP2, 3); post-hypural 5 cartilage (CPHY 5); post-hemal spine 2
cartilage of preural centra (CPHPU 2); interhemal spine 3 cartilage of preural centra (CPHPU 3); and interhemal
spine 4 cartilage of preural centra (CIHPU 4) (sensu Fujita, 1990).

Synapomor phies of Pentacerotidae
None.

Character recognition
TS 35. Number of branched caudal fin rays supported by the upper caudal lobe. (O: 8; 1: 9; 2: 10) (ordered)

Ingroup. The upper caudal lobe supports eight branched fin rays in Parazanclistius hutchinsi and Pentaceros
capensis (character 35-0), nine in Histiopterus typus, Paristiopterus labiosus, P. gallipavo, Pentaceros
decacanthus, P. japonicus, P. quinquespinis, Pseudopentaceros richardsoni, and P. wheeleri (character 35-1), and
10 in Zanclistius elevatus, Evistias acutirostris, and Pentaceropsis recurvirostris (character 35-2).

Outgroup. The upper caudal 1obe supports eight branched fin rays in typical percoids (character 35-0) (e.g.,
Johnson, 1984; Yabe, 1985; Fujita, 1990; pers. obs.).

TS 36. Number of branched caudal fin rays supported by the lower caudal lobe. (0: 7; 1. 8)

Ingroup. The lower caudal lobe supports seven branched fin rays in most pentacerotids (character 36-0),
whereas it supports eight branched raysin Zanclistius elevatus and Pentaceropsis recurvirostris (character 36-1).

Outgroup. The lower caudal lobe supports seven branched fin rays in typical percoids (character 36-0) (e.g.,
Katayama, 1959; Patterson, 1968; Yabe, 1985; pers. abs.).

TS 37. Parhypurapophysis. (0: sharp; 1: robust)

Ingroup. The parhypurapophysis is sharp in most pentacerotids (character 37-0), whereas it is robust in
Pentaceros and Pseudopentaceros (character 37-1).

Outgroup. The parhypurapophysis is sharp in typical percoids (character 37-0) (e.g., Fujita, 1990; Hilton and
Johnson, 2007; pers. obs.).

TS 38. Posterior portion of the urostyle. (0: having spine; 1: lacking spine)

Ingroup. The posterior portion of the urostyle has a long spine in Histiopterus, Pentaceropsis, Pentaceros
capensis, P. decacanthus, and Pseudopentaceros wheeleri (character 38-0), while it lacks the spine in Zanclistius,
Evistias, Parazanclistius, Paristiopterus, Pentaceros japonicus, P. quinquespinis, and Pseudopentaceros
richardsoni (character 38-1).

Outgroup. The urostyle has along spinein typical percoids (character 38-0) (e.g., Sasaki, 1989; Fujita, 1990;
pers. obs.).

Other variations

Fusion of hypural. Five hypurals are usually separated from each other in most pentacerotids, as well asin
typical percoids (e.g., Tominaga 1968; Sasaki, 1989; pers. obs.), while the third and fourth hypurals are fused in
Paristiopterus labiosus. Therefore, the latter condition can be treated as an autapomorphy of this species and is not
used for the phylogenetic analysis.

Number of uroneurals. There are two of the uroneurals in most pentacerotids, whereas there is only one in
Pentaceros capensis. The character in Pentaceros capensisis regarded as an autapomorphy of this species, because
one uroneural is not a typical condition in percoids (e.g., Sasaki, 1989; Fujita, 1990; pers. obs.). Therefore, this
feature is excluded from the analysis.

Long neural spine of second preural centrum. The second preural centrum bears along neural spine dorsally in
Pentaceropsis recurvirostris. In contrast, the neural spine is short in other pentacerotids. The former condition is
regarded as an apomorphy, becauseit is not found in typical percoids (e.g., Sasaki, 1989; Fujita, 1990; pers. obs.).
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FIGURE 43. Latera aspects of the caudal skeleton. A, Histiopterus typus; B, Zanclistius elevatus; C, Evistias acutirostris; D,
Parazanclistius hutchinsi; E, Paristiopterus labiosus; F, P. gallipavo. B is shown as mirror image. Scale bar =5 mm.
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FIGURE 44. Lateral aspects of the caudal skeleton. A, Pentaceropsis recurvirostris, B, Pentaceros capensis, C, P.
decacanthus; D, P. japonicus; E, P. quinquespinis. A to C are shown as mirror images. Scale bar =5 mm.
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FIGURE 45. Lateral aspects of the caudal skeleton. A, Pseudopentaceros richardsoni; B, P. wheeleri. A is shown as a mirror
image. Scale bar =5 mm.

It is an autapomorphy of Pentaceropsis recurvirostris, however, and is therefore excluded from the phylogenetic
analysis.

2. Myology
2-1. Cheek muscle
(Figs. 46-48)

Description
The cheek muscle consists only of the adductor mandibulae, alarge muscle comprising four sections; A1, A2, A3,
and Aw.

Section A1 overlies the dorsolateral part of the sections A2 and A3. It originates from the hyomandibula and
anterodorsal surface of the preopercle, and inserts onto the ventromedial surface of the maxilla by a strong tendon.
This section also inserts onto the ligamentum primordium ventrally. The anterodorsal portion of this section is
medially connected with the sections A2 and A3 by a strong tendon.

Section A2 is located on the ventrolateral part of the cheek region. It originates from the ventrolateral part of
the preopercle and is usually fused with section A3 anteromedially. This section is inserted onto the lateral surface
of the coronomeckelian.

Section A3 is not well separated from section A2. It originates from the lateral surface of the metapterygoid,
symplectic, quadrate, and hyomandibular, and inserts onto the posteroventral surface of the Meckelian cartilage.

The section Aw islocated on the medial surface of the lower jaw. The Aw is quite expanded dorsally and fused
by a tendon with section A3 posterodorsally in most pentacerotids, whereas it is separated from section A3 in
Histiopterus, Zanclistius, Evistias, Parazanclistius, Paristiopterus, and Pentaceropsis. Section Aw originates from
the medial surface of the dentary and anguloarticular, and inserts onto the media surface of the quadrate by a
strong tendon.

Synapomor phies of Pentacerotidae
None.

Character recognition
TS 39. Relationship between sections Aw and A3. (0: fused; 1. separated)
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Ingroup. Section Aw is quite expanded dorsally and fused by atendon with section A3 posterodorsally in most
pentacerotids (character 39-0), whereas it is separated from section A3 in Histiopterus, Zanclistius, Evistias,
Parazanclistius, Paristiopterus, and Pentaceropsis (character 39-1).

Outgroup. The Aw is fused with A3 or a muscle formed by A2 and A3 in typica percoids (character 39-0)
(e.g., Johnson, 1980; Yabe, 1985; Gosline, 1989; Kim, 2002; pers. obs.).

Other variations
None.

Al A2 A3

FIGURE 46. Latera aspect of the cheek and other cephalic muscles in Histiopterus typus. A, superficial aspect; B, lateral
aspect after the removal of Al; B, lateral aspect after the removal of A1l and A2. Scale bar =5 mm.
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FIGURE 47. Medial aspect of the adductor mandibulae in Zanclistius el evatus (after removal of Aw, IM, and PH). Shown as a
mirror image. Scale bar =5 mm.
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FIGURE 48. Media aspects of the adductor mandibulae section w. A, Pseudopentaceros wheeleri; B, Zanclistius elevatus. B
is shown as amirror image. Scale bar =5 mm.
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2-2. Cephalic muscles between neurocranium and suspensorium-oper culum
(Figs. 49, 50)

Description
The cephalic muscles between the neurocranium and suspensorium-operculum consist of the levator arcus palatini,
adductor arcus palatini, dilatator operculi, adductor operculi, adductor hyomandibulae, and levator operculi.

FIGURE 49. Lateral aspect of the cephalic muscles (A) and medial aspect of the suspensorium and related muscles (B) of
Pentaceros japonicus. Scale bar =5 mm.

FIGURE 50. Medial aspect of the opercular muscles. A, Pentaceros japonicus; B, Evistias acutirostris. Scale bar =5 mm.
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The levator arcus palatini is situated on the posterodorsal region of the suspensorium. It originates from the
sphenotic and inserts onto the latera surface of the preopercle, hyomandibular, and metapterygoid.

The adductor arcus palatini is located below the posteroventral region of the orbit and extends to the anterior
portion of the endopterygoid. This muscle connects the parasphenoid with the hyomandibular, endopterygoid, and
metapterygoid.

The dilatator operculi originates from the sphenotic and pterotic, and inserts onto the anterior corner of the
opercle.

The adductor operculi connects the posteroventral surface of the pterotic to the medial surface of the
anterodorsal part of the opercle.

The adductor hyomandibulae, connecting with the adductor operculi posteriorly, originates from the lateral
surface of the prootic and inserts onto the medial surface of posterodorsal part of the hyomandibular.

The levator operculi originates from the posterolateral margin of the pterotic and inserts onto the dorsomedial
part of the opercle in most pentacerotids, whereas it inserts onto the posteromedial part of the opercle in
Histiopterus, Zanclistius, and Evistias.

Synapomor phies of Pentacerotidae
None.

Character recognition
TS40. Insertion of the levator operculi onto the opercle. (0: dorsomedial part; 1: posteromedial part)

Ingroup. The levator operculi inserts onto the dorsomedial part of the opercle in most pentacerotids (character
40-0), whereas it inserts onto the posteromedial part of the opercle in Histiopterus, Zanclistius, and Evistias
(character 40-1).

Outgroup. The levator operculi inserts onto the dorsomedial part of the opercle in typical percoids (character
40-0) (e.g., Winterbottom, 1974; Johnson, 1980; Yabe, 1985; pers. obs.).

Other variations
None.

2-3. Ventral muscles of head
(Figs. 51-53)

Description
The ventral muscles of head comprise the intermandibularis, protractor hyoidei, hyohyoidei abductors, and
hyohyoidei adductores.

The intermandibularis is a membranous muscle that connects the anteromedial portions of both dentaries.

The protractor hyoidei is an elongated muscle. It is separated into two layers anteriorly, which originate from
the anteromedial portion of dentary via a short tendon and sandwich the intermandibularis. This muscle inserts the
posterolateral surface of the ceratohyal, and third and fourth branchiostegal rays posteriorly.

The hyohyoidei abductores consist of two sections. Muscular masses of section 1 originate from the
anteroventral part of the ceratohyal and insert onto the proximal parts of the branchiostegal rays. The muscular
masses of section 2 interconnect the ventral hypohyal with the first branchiostegal ray of the opposite side. Bundles
of section 2 on both sides cross each other.

The hyohyoidei adductores are sheet-like muscles, and connect the branchiostegal rays with the
posteroventromedial aspect of the opercle and subopercle.

Synapomor phies of Pentacerotidae
None.

Character recognition
No variations were recognized that were useful for the phylogenetic analysis.
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Other variations
None.

A B

AW

FIGURE 52. Medial aspect of the lower jaw; showing anterior ventral muscles of the head in Zanclistius elevatus. Shown as a
mirror image. Scale bar =5 mm.
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FIGURE 53. Lateral (A) and medial (B) aspects of the hyoid arch; showing ventral muscles of the head in Evistias acutirostris.
Scale bar =5 mm.

2-4. Branchial muscles
(Figs. 54-57)

Description

The branchial muscles consist of the levatores externi, levatores interni, levator posterior, transversus dorsalis,
obliqui dorsales, retractor dorsalis, rectus communis, rectus ventralis, obliquus ventralis, transversus ventralis,
sphincter esophagi, obliquus posterior, pharyngoclaviculares, and adductor.

The levatores externi comprise four elements. These elements commonly originate from the prootic and
pterotic, and insert onto the dorsal aspect of each epibrancial.

The levatores interni are comprised of anterior and posterior elements. They originate from the prootic and
pterotic, just medial to the origin of the levatores externi. The anterior element inserts onto the dorsal surface of the
second pharyngobranchial, and the posterior element onto the third pharyngobranchial.

The levator posterior is a slender muscle bundle. It originates from the lateral surface of the intercalar, and
inserts onto the posterodorsal surface of the fourth epibranchial.

Thetransversi dorsales consist of two elements, the transversus dorsalis anterior and posterior. The transversus
dorsalis anterior is apad-like muscle. The medial portion of this element is replaced by atendon, and connects with
the midline of the parasphenoid and basioccipital. It is laterally divided into the two branches, the transversus
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pharyngobranchialis 2 and the transversus epibranchialis 2 (sensu Springer and Johnson, 2004). Transversus
pharyngobranchialis 2 lies onto the dorsal surface of the second epibranchials and second pharyngobranchials, and
the transversus epibranchials 2 is circular. The transversus dorsalis posterior lies under the obliqui dorsales,
connecting the third epibranchial and third pharyngobranchia of each side.

The obliqui dorsalis connects the posterodorsal surface of the third pharyngobranchial, and the dorsal surface
of the third and fourth epibranchials. The anterior portion of this muscle is covered with the transversus dorsalis
anterior.

The retractor dorsalis originates from the posteromedial surface of the third and fourth pharyngobranchials,
and inserts onto the ventrolateral part of the first and/or second abdominal vertebrae in most pentacerotids, while it
inserts onto the ventrolateral part of the first to third abdominal vertebra in Paristiopterus gallipavo and
Pentaceropsis recurvirostris.

LE 1-4
LEP

PP
AD

PCl

FIGURE 54. Lateral aspect of the branchial musclesin Zanclistius elevatus. Shown as a mirror image. Scale bar =5 mm.
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The rectus communis originates form the dorsal process of the urohyal, and inserts onto the fifth
ceratobranchial via atendon.

The rectus ventralis originates from the ventral surface of the fourth ceratobranchial, and inserts onto the
ventral process of the third hypobranchial.

The obliqui ventrales comprises three elements. The three elements interconnect ventral surfaces of the first to
third hypobranchials with the first to third ceratobranchials, respectively.

The transversi ventrales comprises two elements, the transversus ventralis anterior and posterior. The
transversus ventralis anterior lies between the fourth ceratobranchias, and the transversus ventralis posterior
between the fifth ceratobranchials.

The sphincter esophagi encircles the esophagus in the posterior region of the branchial arch.

The obliquus posterior connects the posterior surface of the fourth epibranchial with the posteromedia surface
of the fifth ceratobranchial.

The pharyngoclaviculares, comprising the pharyngoclavicularis externus and internus, connect the cleithrum
and fifth ceratobranchial. The externus element originates from the anteroventral surface of the cleithrum and
inserts onto the ventral surface of the fifth ceratobranchial. The externus origin is sandwiched by the posterior
portion of the sternohyoideus. The internus element originates from the anteromedia surface of cleithrum, and
inserts onto the ventral surface of the fifth ceratobranchial.

The adductores comprise two elements. Adductor 4 interconnects the fourth epibranchial and the fourth
ceratobranchial, and adductor 5 interconnects the fourth and fifth ceratobranchials.

Synapomor phies of Pentacerotidae
SA. 9. Pad-like bundle of transversus dorsalis anterior.

The transversus dorsalis anterior is a pad-like branch of muscle in pentacerotids. These conditions are
considered a synapomorphy of pentacerotids, because the transversus dorsdlis anterior is a bar-like unbranched
muscle in typical percoids (e.g., Yabe, 1985; Sasaki, 1989; Imamura, 2004; Springer and Johnson, 2004; pers.
obs.).

LI TDA (TPB2)

TDA (TEB2)

OBD

TT'--—.

i

LEP

FIGURE 55. Dorsal aspect of muscles serving the upper branchial arches of Zanclistius elevatus. Scale bar =5 mm.
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Character recognition
TS41. Insertion of theretractor dorsalis. (0: first and/or second vertebrae; 1: first to third vertebrage)

Ingroup. The retractor dorsalis inserts onto the ventrolateral part of the first and/or second abdominal vertebrae
in most pentacerotids (character 41-0), while it inserts onto the ventrolateral part of the first to third abdominal
vertebrain Paristiopterus gallipavo and Pentaceropsis recurvirostris (character 41-1).

Outgroup. The retractor dorsalis inserts onto the ventrolateral part of the first and/or second abdominal
vertebrae and is not attached to the third abdominal vertebra in typical percoids (character 41-0) (e.g.,
Winterbottom, 1974; Gobalet, 1989; Sasaki, 1989; pers. obs.).

Other variations

PCE ‘.

OBP

FIGURE 56. Ventral aspect of muscles serving the lower branchia arches of Zanclistius elevatus. Scale bar = 5 mm.
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FIGURE 57. Posterior neurocranium and anterior vertebrae. A, Pentaceros capensis, B, Pentaceropsis recurvirostris. Shown

asamirror image. Scale bar =5 mm.

2-5. Pectoral fin muscles
(Figs. 58-61)

Description
The pectora fin muscles comprise the abductor superficialis, abductor profundus, arrector ventralis, adductor

superficialis, adductor profundus, arrector dorsalis, adductor radialis, and coracoradialis. The protractor pectorais
and sternohyoideus are also described here.

T

AN
/

FIGURE 58. Dorsolatera (A) and lateral (B) aspects of muscles associated with pectoral girdle in Histiopterus typus. Scale bar

=5mm.
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FIGURE 59. Lateral aspects of pectoral girdle. A and B, Histiopterus typus; C and D, Zanclistius elevatus. B and D, after
removal of ABS. C and D shown as mirror images. Scale bar =5 mm.

The abductor superficialisis asuperficial muscle on the lateral surface of the pectoral girdle. It originates from
the posterolateral surface of the cleithrum in most pentacerotids, whereas it originates from the posterolateral
surface of the cleithrum and anterior region of the coracoid in Histiopterus, Evistias, Paristiopterus, and
Pentaceros japonicus. This muscle inserts onto the base of each pectoral fin ray, except for the uppermost one, via
a strong tendon.

The abductor profundus is situated under the abductor superficialis. It originates from the lateral aspect of the
coracoid, and inserts onto the basal portion of each ray by a strong tendon.
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FIGURE 60. Medial aspects of pectoral girdle in Histiopterus typus. B, after removal of ADS. Scale bar =5 mm.

The arrector ventralis is located on the medial aspect of the abductor superficialis and the dorsal aspect of the
abductor profundus. It originates from the posterolateral surface of the cleithrum in most pentacerotids, while it
originates from the posterolateral surface of the cleithrum and anterolateral surface of coracoid in Zanclistius
elevatus, Parazanclistius hutchinsi, Pentaceros japonicus, P. quinguespinis, Pseudopentaceros richardsoni, and P.
wheeleri. This muscle inserts onto the base of the uppermost ray.

The adductor superficialis is situated on the media surface of the pectoral girdle. It originates from the
dorsomedial surface of the cleithrum and inserts via tendons onto the medial surface of each pectoral fin ray, but
not the uppermost one.

The adductor profundus is located on the lateral aspect of the adductor superficialis. This muscle originates
from the medial aspect of the cleithrum and coracoid, and inserts onto each ray, but not the uppermost one.

The arrector dorsalis is situated on the dorsomedial surface of the cleithrum, and covered with the adductor
superficialis. It originates from the medial surface of the cleithrum and scapula, and inserts onto the basal portion
of the uppermost ray.

The adductor radialis is a small muscle situated on the medial surface of the actinosts. It originates from the
medial surface of the third actinost, and inserts onto the basal portions of the lower two pectoral fin rays.

The coracoradialis is a sheet-like muscle and connects the posterior border of the coracoid and the lowermost
actinost.

The protractor pectoralis, lying between the neurocranium and cleithrum, originates from the posterior process
of the pterotic and inserts onto the anterodorsal margin of the cleithrum.

The sternohyoideus, arobust muscle, originates from the anteroventral portions of the cleithrum and coracoid,
and inserts onto the both the lateral and ventral aspects of the urohyal.

Synapomor phies of Pentacerotidae
SA 10. Adductor radialis.

The adductor radialis originates from the media surface of the third actinost in pentacerotids. It originates
from the medial surface of all actinosts, except for the first actinost, in typical percoids (e.g., Winterbottom, 1974;
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Sasaki, 1989; Kim, 2002; pers. obs.). Thus, the former condition can be regarded as a synapomorphy of the family
for phylogenetic analysis.

ADR

FIGURE 61. Medial aspects of pectora girdle in Histiopterus typus. Scale bar = 5 mm.

Character recognition
TS42. Origin of abductor superficialis. (0: cleithrum; 1: cleithrum and coracoid)

Ingroup. The abductor superficialis originates from the posterolateral portion of the cleithrum in most
pentacerotids (character 42-0), whereas it originates from the cleithrum and coracoid in Histiopterus, Evistias,
Paristiopterus, and Pentaceros japonicus (character 42-1).

Outgroup. The abductor superficialis typically originates from the cleithrum in percoids (character 42-0) (e.g.,
Winterbottom, 1974; Yabe, 1985; Sasaki, 1989; pers. obs.).
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TS43. Origin of arrector ventralis. (O: cleithrum; 1: cleithrum and coracoid)

Ingroup. The arrector ventralis originates from the posterolateral portion of the cleithrum in most pentacerotids
(character 43-0), while it originates from the cleithrum and coracoid in Zanclistius, Parazanclistius, Pentaceros
japonicus, P. quinquespinis, Pseudopentaceros richardsoni, and P. wheeleri (character 43-1).

Outgroup. The abductor superficialis typically originates from the cleithrum in percoids (character 42-0) (e.g.,
Winterbottom, 1974; Sasaki, 1989; Kim, 2002; pers. obs.).

Other variations
None.

2-6. Pelvic fin muscles
(Fig. 62)

Description
The pelvic fin muscles, supporting the pelvic fin rays, comprise both dorsal and ventral elements. The dorsal
elements include the adductor superficialis pelvicus, adductor profundus pelvicus, arrector dorsalis pelvicus, and
extensor proprius, and the ventral elements contain the abductor superficialis pelvicus, abductor profundus
pelvicus, and arrector ventralis pelvicus.

The adductor superficialis pelvicus lies between the extensor proprius and the adductor profundus pelvicus,
and is connected with the outer three soft rays and spine vialong and strong tendons.
The adductor profundus pelvicus originates from the dorsal surface of the pelvis, and inserts onto all the soft fin ray
bases.

The arrector dorsalis pelvicus originates from the lateral surface of the pelvis and inserts onto the base of the
spine laterally.

The extensor proprius overlies the adductor superficidis pelvicus and adductor profundus pelvicus. This
muscle inserts onto the two innermost soft fin rays.

The abductor superficialis pelvicus originates from the ventral surface of the pelvis, and inserts onto the bases
of the soft fin rays by a strong tendon.

The abductor profundus pelvicus originates from the ventral surface of the pelvis, and inserts via tendons onto
the bases of thefirst to three soft fin rays.

The arrector ventralis pelvicus, which is covered with the abductor superficiais pelvicus, originates from the
lateral margin of the ventral surface of the pelvis and inserts onto the base of the spine by a strong tendon.

ADPP
ARDP ABSP
EXP ARVP.
ADSP.

FIGURE 62. Dorsal (A) and ventral (B) aspects of the pelvic fin muscles in Zanclistius elevatis. A left side, after removal of
the EXP. Scale bar = 5 mm.

76 - Zootaxa 3366 © 2012 Magnolia Press KIM



Synapomor phies of Pentacerotidae
None.

Character recognition
No variations were recognized that were useful for the phylogenetic analysis.

Other variations
None.

2-7. Caudal fin muscles
(Fig. 63)

Description

The cauda fin muscles, supporting the caudal fin rays, comprise the interradialis, hypochordal longitudinalis,
flexor dorsalis superior, flexor dorsalis, flexor ventralis, flexor ventralis externus, and flexor ventralisinferior. The
adductor dorsalisis absent in all pentacerotids.

Theinterradialis are a series of small angled muscles interconnecting each of the fin rays. They split into dorsal
and ventral elements associated with the dorsal and ventral lobes of the caudal fin, respectively.

The hypochordal longitudinalisis atriangular muscle. It originates from the anteroventral portion of hypurals,
parhypural, and urostyle, and inserts onto several upper caudal fin rays via long and strong tendons. The
anterolateral fibers of this muscle attach to the parhypurapophysis.

The flexor dorsalis superior originates from the epurals and neura spine of the third preural centrum, and
inserts via tendons onto the posterodorsal corner of the caudal fin.

The flexor dorsalis originates from the second to fourth preural centra, hemal spines, uroneural, urostyle and
the lower portion of two posterior epurals. This muscle inserts onto the bases of caudal fin rays on the upper lobe.

The flexor ventralis originates from the second and third preural centra, urostyle, lower hypurals, and
parhypural, and inserts onto the bases of the caudal fin rays on the lower lobe.

The flexor ventralis externus originates from the hemal spines, and inserts onto the bases of some upper caudal
fin rays on the lower lobe viaalong tendon.

The flexor ventralisinferior originates from the hemal spines of the second and third preural centra, and inserts
onto the caudal fin rays at the posteroventral corner of the caudal skeleton.

Synapomor phies of Pentacerotidae
None.

il i
L4

HPAX

FIGURE 63. Lateral aspects of the caudal fin muscles in Evistias acutirostris. A, superficial view; B, after removal of EPAX
and HPAX; C, after removal of the FD, FVE, and FV. Scale bar =5 mm.
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Character recognition
No variations were recognized that were useful for the phylogenetic analysis.

Other variations
None.

2-8. Muscles of median fins and their supportive elements
(Fig. 64)

Description
Muscles of median fins consist of three categories, the erector, depressor, and inclinator. These muscles attach to

the fin bases of the dorsal and anal fins.
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FIGURE 64. Lateral aspects of the median fin muscles and their supporting in Histiopterus typus. The anterior portion of the
infracarinalis medius is removed. Scale bar = 5 mm.

Muscles of dorsal fin. The dorsal fin muscles include the erectores dorsales, depressores dorsales, and

inclinatores dorsales.
The erectores dorsales originate from the anterolateral surfaces of the proximal pterygiophores of the dorsal fin

and inserts viatendons onto the anterolateral bases of the fin rays.
The depressores dorsales originate from the posterolateral region of the proximal pterygiophores of the dorsal

fin and inserts via tendons onto the posterolateral bases of the fin rays.
The inclinatores dorsales originate from the fascia between the skin and epaxialis, and inserts onto the lateral

bases of the spines or fin rays.

78 - Zootaxa 3366 © 2012 Magnolia Press



Muscles of the anal fin. The anal fin comprise the erectores anales, depressores anales and inclinatores anales.

The erectores anal es originate from the lateral surfaces of the proximal pterygiophores of the anal fin and insert
onto the anterolateral bases of the fin rays.

The depressores anales originate from the lateral surface of the proximal pterygiophores and insert on the
posterolateral bases of the anal fin rays.

The inclinatores anales originate from the fascia between the skin and the hypaxial, and insert onto the | ateral
regions of the anal fin ray bases.

Carind muscles. The carinal muscles consist of the supracarinalis anterior, supracarinalis posterior,
infracarinalis anterior, infracarinalis medius and infracarinalis posterior.

The supracarinalis anterior lies on the dorsal midline and connects the neurocranium and the anterior margin of
the first proximal pterygiophore of the dorsal fin.

The supracarinalis posterior connects the stay of the dorsal fin support and the anterior-most procurrent ray of
the upper lobe of the caudal fin.

Theinfracarinalis anterinalis connects the posteroventral surface of the cleithrum tip of the pectoral fin and the
anteroventral surface of the pelvic fin.

The infracarinalis medius connects the posterodorsal surface of the postpelvic process of the pelvic fin and the
ventrolateral surface of thefirst proximal pterygiophore of the ana fin.

Theinfracarinalis posterior connects the stay of the anal fin and supports to the anterior-most procurrent ray of
lower lobe of the caudal fin.

Synapomor phies of Pentacerotidae
None.

Character recognition
No variations were recognized that were useful for the phylogenetic analysis.

Other variations
None.

2-9. Body muscles
(Figs. 65, 66)

Description

The body muscles comprise the main musculature of the body, and are formed by segmently arranged myomeres
separated by myocommata. They are separated into three divisions: the epaxidlis, lateralis superficialis, and
hypaxialis. A swimbladder is present all pentacerotids, although both intrinsic and extrinsic muscles of the
swimbladder muscles are absent.

The epaxidlis is a large, dorsal component of the body musculature that lies above the lateral septum. This
muscle is attached to the posterior surface of the neurocranium and to the anterior surface dorsal elements of the
pectoral girdle. The posterior part of this muscle inserts onto the lateral bases of the caudal fin rays on the upper
lobe.

The lateral superficialis consists of a sheet of fibers on both sides of the lateral midline.

The hypaxialis occupies the ventral component of the body musculature lying below the lateral septum, and
comprises two elements, the obliquus superioris and obliquus inferioris. The obliquus superioris, lying just below
the horizontal septum, originates from the posterolateral region of the neurocranium (including the exoccipital and
basioccipital), cleithrum, and supracleithrum. The obliquus superioris is penetrated by the Baudelot’s ligament
anteriorly. The obliquus inferioris originates from the posterior surface of the cleithrum and coracoid, and is
usually fused with the sternohyoideus anterolaterally and also attaches to the obliquus superior ventrolaterally.

Synapomor phies of Pentacerotidae
None.
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FIGURE 65. Lateral aspect of the body muscles in Histiopterus typus. Scale bar
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FIGURE 66. Ventral aspect of the body musclesin Histiopterus typus. Scale bar =5 mm.

Character recognition
No variations were recognized that were useful for the phylogenetic analysis.

Other variations
None.

3. External mor phology
(Fig. 67)

Description

The body is strongly compressed. The body profile has moderate on deep (1.3-3.2 in SL). The infraorbital ridgeis
prominent, nearly extending backward vertically from the anterior margin of the preopercle. The mouth is small;
the supramaxilla is absent. Teeth are small, villiform and cylindrical, in broad bands on both jaws, and slightly
enlarged on the outer jaw series. The latera line is complete, rising in a strongly curved anteriorly running body
posteriorly. The scales are ctenoid and small in size. Small scales cover the cheek region and are loosely attached to
the cheeks in most pentacerotids, whereas they are scute-like and firmly attached to the skin in Pentaceros and
Pseudopentaceros. The scales are absent on the dorsal surface of the head. Body scales situated along the mesial-
lateral line anterior part of the body are loosely attached to the skin in most pentacerotids, whereas they are scute-
like and firmly attached to the skin in Pentaceros and Pseudopentaceros. The dorsal fin originates anterior to the
base of the pelvic fins. The ana fin isinserted posterior to the vent. The pectoral fin length is aimost the same as
the head length. The pelvic fin is inserted onto the region anterior to the base of the pectoral fin in Histiopterus,
Evistias, Zanclistius, and Pentaceropsis, whereas it is inserted onto the region posterior to the base of the pectoral
finin Paristiopterus, Pentaceros, and Pseudopentaceros.
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Synapomor phies of Pentacerotidae
None.

Character recognition
TS 44. Attachment of cheek scalesto skin. (0: looseg; 1: firm)
Ingroup. The cheek scales are ctenoid and loosely attached to the skin in most pentacerotids (character 44-0),
whereas they are scute-like and firmly attached to the skin in Pentaceros and Pseudopentaceros (character 44-1).
Outgroup. The scales are loosely attached to the skin in typical percoids (character 44-0) (e.g., Roberts, 1993;
Govoni et ., 2004; pers. obs.).

Other variations

Body deep and strongly compressed. All pentacerotids have a deep and strongly compressed body. Body profile
high (body depth 1.3-1.8 in SL) in Histiopterus typus, Evistias acutirostris, Zanclistius elevatus, and
Parazanclistius hutchinsi, while the body profile is moderately high (body depth 1.8-3.2 in SL) in Paristiopterus
labiosus, P. gallipavo, Pentaceros capensis, P. decacanthus, P. japonicus, P. quinquespinis, Pseudopentaceros
richardsoni, and P. wheeleri. Therefore, body shape could not be used in the analysis.

FIGURE 67. Lateral aspect of mid-cheek scales. A, Histiopterus typus, B, Pentaceros japonicus. Scale bar = 1 mm.

V. Monophyly of Pentacerotidae

Based on the detailed examination of the pentacerotids, the following 11 derived characters are commonly
recognized in all members of the family: 1) the second infraorbital articulates with the latera ethmoid
anteromedially; 2) many exposed tubercles are present on the dorsal and lateral surfaces of the head (including
frontal, supraoccipital, and pterotic); 3) the supraoccipital crest is high and stout; 4) the ascending and articular
processes of the premaxillaries are continuous; 5) the supramaxillais absent; 6) the distal ends of the premaxilla
and maxilla articulate; 7) the palatine teeth are absent; 8) the endopterygoid articulates with the lateral ethmoid; 9)
atooth plate on the third epibranchial is absent; 10) pad-like bundle of the transversus dorsalis anterior is present,
and 11) the adductor radialis originating from the medial surface of the third actinost. Accordingly, the monophyly
of the family Pentacerctidae is supported by these 11 synapomorphies. Among the percoids, other families having
this combination of synapomorphies have not been reported. Of the 11 synapomorphies, 1) and 8) are rare
conditionsin the percoids; and thus, these two synapomorphies strongly support the monophyly of the family. This
isthefirst evaluation of the monophyly of thisfamily base on synapomorphies.
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V1. Phylogenetic Relationships within the Family Pentacer otidae

Characters in 44 transformation series (TS) were accepted for the phylogenetic analysis for the Pentacerotidae
(Table 2). Primitive characters are expressed by “0”, and derived characters by “1” and “2”. The outgroup
condition in TS 2 is expressed by “?’, because the condition cannot be specified. As aresult of the analysis, four
equally mostly parsimonious trees were obtained. The consistency index was 0.66, the rescaled consistency index
0.57, and tree length 74. In this study, a strict consensus tree was constructed on the basis of these parsimonious
trees and this consensus tree was adopted as the relationships of the Pentacerotidae (Fig. 68).

TABLE 2. Matrix of charactersin 44 transformation series for examined pentacerotids. “?” indicates that the outgroup conditions are
unspecified.

SPECIES TRANSFORMATION SERIES AND CHARACTERS

15 6-10 11-15 16-20 21-25 26-30 31-35 3640 4144
1. OUTGROUP 0?000 00000 00000 00000 0O0OO0OO0 00000 00OOO OOOOO o0O0OO
2. Histiopterus typus 11000 00011 00000 01001 01011 11011 11101 00011 O0100
3. Zanclistius elevatus 11000 00011 00000 01001 01011 11011 10102 10111 0010
4. Evistias acutirostris 11000 00011 00000 01001 01011 11011 21102 00111 0100
5. Parazanclistius hutchinsi 11000 00011 00000 00001 00010 01011 10100 00110 O0O21O0
6. Paristiopterus labiosus 12000 00001 00011 01001 00010 11011 10101 00110 0100
7. P. gallipavo 02000 00001 00011 00OO1 00010 01011 10101 001210 1100
8. Pentaceropsisrecurvirostris 03010 00001 10000 01001 00011 01011 20102 10010 1000
9. Pentaceros capensis 14111 11110 11100 11110 11100 10100 10010 01000 o0OO1
10. P. decacanthus 14111 11110 11100 11110 11100 10100 10011 01000 O0OO1
11. P. japonicus 14111 11110 11100 11110 11100 10100 10011 01100 0111
12. P. quinquespinis 14111 11110 11100 11111 11100 10100 10011 01100 0OO11
13. Psaudopentacerosrichardsont 15111 11110 11100 11110 11100 10100 10011 01100 0011
14. P. wheeleri 15111 11110 11100 11110 11100 10100 10011 01000 O0O11

The monophyly of the Pentacerotidae is supported by 11 synapomorphies, as shown previously, and two
derived characters, 1-1 (many exposed tubercles are present on the lateral surface of the infraorbitals) and 31-1 (the
number of abdominal vertebrais 12), were recognized to support the monophyly based on phylogenetic analysis. In
addition, characters 9-1 (many exposed tubercles are present on the lateral or dorsal surface of the nasal, lateral
ethmoid, and parietal) and 17-1 (many exposed tubercles are present on the lateral surface of the opercle) support
the monophyly of thisfamily according to ACCTRAN.

The Pentacerotidae is divided into clades A1 and A2. Each clade among the Pentacerotidae is described below.
Asterisk and “r” indicate autapomorphic character and reversal, respectively.

Clade Al. Includes Histiopterus, Evistias, Zanclistius, Pentaceropsis, Paristiopterus, and Parazanclistius. This
clade is supported by 10 synapomorphies, 2-1* (the first infraorbital is L-shape), 10-1* (teeth are absent on the
vomer), 20-1 (autogenous tooth plate on the second pharyngobranchial is absent), 24-1* (the supratemporals are
connected to the pterotic ventrally), 27-1* (sensory canal supported by the posttemporal is branched), 29-1* (the
accessory subpelvic keel iswell developed and extends anteroventrally), 30-1* (the subpelvic processislong), 33-
1* (the first dorsal proximal pterygiophore is inserted into the space between the first and second neural spines),
38-1 (the posterior portion of the urostyle lacks spine) and 39-1* (adductor mandibulae section Aw is separated
from section A3). Clade Al isdivided into clades B1 and B2.

Clade B1. Includes Histiopterus, Evistias, Zanclistius, Pentaceropsis, and Paristiopterus. This clade is supported
by synapomorphy 35-1 (the upper caudal |obe supports nine or ten branched rays). It is also supported by character
9-0r (exposed tubercles are absent on the lateral or dorsal surface of the nasal, lateral ethmoid and parietal)
according to ACCTRAN. This cladeis divided into C1 and C2.
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FIGURE 68. Phylogenetic relationships of Pentacerotidae with characters supporting clades. Numbers of characters series
correspond to those of Table 1. Characters labeled “A” and “D” indicate apomorphies when ACCTRAN or DELTRAN was
employed, respectively. Asterisk and “r” indicate an autapomorphy and reversal, respectively.

Clade B2. Includes only Parazanclistius hutchinsi. This clade has a single derived character 43-1 (the arrector
ventralis originates from the cleithrum and coracoid). This clade aso possesses character 9-1 (many exposed
tubercles are present on the lateral or dorsal surface of the nasal, latera ethmoid, and parietal) according to
DELTRAN and character 17-Or (exposed tubercles are absent on the lateral surface of the opercle) according to
ACCTRAN.

Clade C1. Includes Histiopterus, Evistias, Zanclistius, and Pentaceropsis. This clade is supported by two
unambiguous synapomorphies, 25-1* (sensory cana supported by the upper supratemporal (s) is branched) and 35-
2 (the upper caudal 1obe supports 10 branched rays). This clade is also supported by character 17-1 (many exposed
tubercles are present on the lateral surface of the opercle) according to DELTRAN and by character 36-1 (the lower
caudal lobe supports eight branched rays) according to ACCTRAN. This cladeis divided into clades D1 and D2.

Clade C2. Includes Paristiopterus labiosus and P. gallipavo. This clade is supported by four synapomorphies, 2-2*
(the first infraorbital is robust and triangular shape), 14-1* (villiform and enlarged cylindrical teeth are present in
both jaws), 15-1* (a facet is present on the middle part on the palatine) and 42-1 (the abductor superficialis
originates from the cleithrum and coracoid).

Paristiopterus labiosus has a single derived character 26-1 (many exposed tubercles are present on the latera
surface of the posttemporal). This species a so possesses character 17-1 (many exposed tubercles are present on the
lateral surface of the opercle) according to DELTRAN. In addition P. labiosus has a single autapomorphy, the third
and fourth hypurals are fused, although this character was not used for the analysis.
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Paristiopterus gallipavo has two derived characters, 1-Or (exposed tubercles on the infraorbital s are absent) and 41-
1 (the retractor dorsalis inserts onto the ventrolateral part of the first to third abdominal vertebra). It also has
character 17-0r (exposed tubercles are absent on lateral surface of the opercle) according to ACCTRAN.

Clade D1. Includes Histiopterus, Evistias, and Zanclistius. This clade is supported by four synapomorphies, 9-1
(many exposed tubercles are present on the lateral or dorsal surface of the nasal, lateral ethmoid, and parietal), 22-
1 (many exposed tubercles are present on the lateral surface of the supratemporal), 26-1 (many exposed tubercles
are present on the lateral surface of the posttemporal) and 40-1* (the levator operculi inserts onto the posteromedial
part of the opercle). Clade D1 is divided into clade E1 and E2.

Clade D2. Included only Pentaceropsis recurvirostris. This clade has seven derived characters, 1-Or (exposed
tubercles on the infraorbitals are absent), 2-3* (the first infraorbital isrod like), 4-1 (the subocular shelf is present
on the fourth infraorbital), 11-1 (the ethmoid projection is blunt), 31-2 (the number of the abdominal vertebrae is
13), 38-0r (the posterior portion of the urostyle has a long spine) and 41-1 (the retractor dorsalis inserts onto the
ventrolateral part of the first to third abdominal vertebra). It also possesses character 9-Or (exposed tubercles are
absent on the lateral or dorsal surface of the nasal, lateral ethmoid, and parietal) according to ACCTRAN, and
characters 36-1 (the lower caudal lobe supports eight branched rays) according to DELTRAN. In addition, this
clade has two autapomorphies, the subocular shelf lacking on the third infraorbital and the second preural centrum
with along neural spine dorsally.

Clade E1. Includes Histiopterus typus and Evistias acutirostris. This clade is supported by two synapomorphies,
32-1* (one spine is present on first dorsal proximal pterygiophore) and 42-1 (the abductor superficialis originates
from the cleithrum and coracoid). It is also supported by character 36-Or (the lower caudal lobe supports seven
branched fin rays) according to ACCTRAN.

Histiopterus typus has two derived characters, 35-1 (the upper caudal lobe supports nine branched rays) and 38-0r
(the posterior portion of the urostyle has along spine), and Evistias acutirostris possesses one derived character 31-
2 (with 13 abdominal vertebrae).

Clade E2. Includes only Zanclistius elevatus. This clade has a single derived character 43-1 (the arrector ventralis
originates from the cleithrum and coracoid). It also has character 36-1 (the lower caudal lobe supports eight
branched fin rays) according to DELTRAN.

Clade A2. Includes Pentaceros and Peseudopentaceros. This clade is supported by the following 21
synapomorphies; 2-4* (the first infraorbital is square-shaped), 3-1* (the subocular shelf is present on the second
infraorbital), 4-1 (the subocular shelf is present on the fourth infraorbital), 5-1* (the posteroventral margin of the
fourth infraorbital is sutured with the preopercle), 6-1* (the subocular shelf is present on the fifth infraorbital), 7-1*
(the fifth infraorbital is firmly attached to the sphenotic), 8-1* (the nasal bone is firmly attached to the ethmoid
posteromedially), 11-1 (the ethmoid projection is blunt), 12-1* (the ethmoid-maxillary ligament is connected with
the ventral surface of the nasal), 13-1* (many exposed tubercles are present on the lateral surface of the dentary and
anguloarticular), 16-1* (the preopercular sensory canal runs along a series of grooves partly covered by a tubular
structure of the preopercle), 18-1* (the interopercle is thin), 19-1* (the ventral margin of the interopercle is
concave), 21-1* (the supratemporal is firmly attached to the neurocranium), 22-1 (many exposed tubercles are
present on the lateral surface of the supratemporal), 23-1* (the supratemporal is wide and disk-like), 26-1 (many
exposed tubercles are present on the lateral surface of the posttemporal), 28-1* (articulation between pelvic bone
and pelvic spine is interlocked with the ring-like structure), 34-1* (the base of the anterior edge of the anterior
dorsal spines, except for the first spine, is serrated), 37-1* (the parhypurapophysisis robust) and 44-1* (the cheek
scales are scute-like and firmly attached to the skin). This clade is also supported by characters 9-1 (many exposed
tubercles are present on the lateral or dorsal surface of the nasal, lateral ethmoid, and parietal bones) and 17-1
(many exposed tubercles are present on the lateral surface of the opercle) according to DELTRAN. This clade is
divided into clade F1 and F2.
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Clade F1. Includes only Pentaceros capensis, having no derived characters after the analysis. This clade has two
autapomorphies, which were not used for the analysis; those with exposed tubercles present on the ethmoid
dorsally and those with a number of tubercles located uroneurally.

Clade F2. Includes Pentaceros decacanthus, P. japonicus, P. quinguespinis, Pseudopentaceros richardsoni, and P.
wheeleri. This clade is supported by a single synapomorphy 35-1 (the upper caudal lobe supports nine branched
rays). It isdivided into clades G1 and G2.

Clade G1. Includes only Pentaceros decacanthus. This clade lacks derived characters.

Clade G2. Includes Pentaceros japonicus, P. quingquespinis, Pseudopentaceros richardsoni, and P. whedleri. This
clade is supported by two synapomorphies, 38-1 (the posterior portion of the urostyle has a long spine) and 43-1
(the arrector ventralis originates from the cleithrum and coracoid). Relationships of the four species are unresolved.
Pentaceros japonicus is characterized by a single derived character 42-1 (the abductor superficialis originates from
the cleithrum and coracoid), Pentaceros quinquespinis by a single derived character 20-1 (autogenous tooth plate
on the second pharyngobranchial is absent), Pseudopentaceros richardsoni by a single derived character 2-5 (the
first infraorbital is sharp and triangular shape) and Pseudopentaceros wheeleri by a single derived character 2-5
(the first infraorbital is sharp and triangular shape). Pseudopentaceros wheeleri also has a derived character 38-0r
(the posterior portion of the urostyle has a long spine) according to ACCTRAN. Additionally, P. quinquespinis
possesses a single autapomorphy, which was not used for the analysis; those with a small canine tooth row present
on the ceratobranchial posteriorly.

V1I. Classification

After the phylogenetic analysis, al members of the family Pentacerotidae are recognized to belong to a
monophyletic group. Therefore, the family is redefined by 11 synapomorphies commonly found in the members
and two additional synapomorphies recognized after the analysis and thus, the Pentacerotidae can be strongly
defined by 13 synapomorphiesin total.

Of the family, two monophyletic groups, clades A1 and A2, are recognized. Smith (1964) separated this family
into the subfamilies Histiopterinae (including Histiopterus, Zanclistius, and Paristiopterus) and Pentacerotinae
(Pentaceropsis and Pentaceros). My findings do not support the two subfamilies of Smith because they are not
monophyletic, compared with the phylogenetic relationships reconstructed in this study (Fig. 69). Hardy (19834, b)
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FIGURE 69. Phylogenetic relationships within Pentacerotidae and ranking at subfamilial (shown by open arrow) and generic
(show by solid arrow) levels.
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FIGURE 70. Histiopterus typus, type species of the genus (from Steindachner and Doderlein, 1883).

divided the family Pentacerotidae into three subfamilies. Histiopterinae (including Histiopterus, Zanclistius,
Evistias, and Parazanclistius), Paristiopterinae (including Paristiopterus and Pentaceropsis) and Pentacerotinae
(including Pentaceros and Pseudopentaceros). Although Hardy’'s (1983a, b) Pentacerotinae is monophyletic,
because Pentaceros and Pseudopentaceros are included into clade A2, his Histiopterinae and Paristiopterinae are
also not monophyletic groups. Therefore, the latter two subfamilies by Hardy (1983a, b) are unacceptable in this
study. Clade A1, containing the genera Histiopterus, Evistias, Zanclistius, Pentaceropsis, Paristiopterus, and
Parazanclistius, is monophyletic, supported by 10 synapomorphies, and clade A2 by 21 synapomorphies. In this
study, the names of Histiopterinae and Pentacerotinae are applied to clades A1 and A2, respectively, because the
Histiopterinae is the oldest available family group name applicable for clade A1. Histiopterinae was established by
Jordan (1907) and the other name Paristiopterinae by Hardy (1983a). Pentacerotinae is the only subfamily name
applicable for clade A2.
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When considering the generic ranking the Pentacerotidae, al the genera (Histiopterus Temminck and Schlegel,
1844, Evistias Jordan, 1907, Zanclistius Jordan, 1907, Pentaceropsis Steindachner and Ddderlein, 1883,
Paristiopterus Bleeker, 1876, Parazanclistius Hardy, 1983, Pentaceros Cuvier, 1829, and Pseudopentaceros
Smith, 1844) included into the subfamily Histiopterinae (clade Al) can be retained, because each of them is
monophyletic or monotypic. In contrast, Pentaceros, belonging to clade A2, is a non-monophyletic group, because
Pseudopentaceros is nested within the members of Pentaceros. Therefore, the two genera should be united into a
single genus cladistically. Because Pentaceros has priority over Pseudopentaceros on the basis of the International
Code of Zoological Nomenclature (ICZN, 1999), Pentaceros should be used as the genus name for this clade.

As a result, the following classification of the Pentacerotidae based on the phylogenetic relationships is
proposed:

Family Pentacerotidae

Subfamily Histiopterinae
Genus Histiopterus Temminck and Schlegel, 1844
Genus Evistias Jordan, 1907
Genus Zanclistius Jor dan, 1907
Genus Pentaceropsis Seindachner and Doderlein, 1883
Genus Paristiopterus Bleeker, 1876
Genus Parazanclistius Har dy, 1983

Subfamily Pentacer otinae
Genus Pentaceros Cuvier, 1829

Family Pentacerotidae

Diagnosis. Second infraorbital articulating with lateral ethmoid anteromedially; many exposed tubercles present on
infraorbital and head (including frontal, supraoccipital and pterotic); supraoccipital crest high and stout; ascending
and articular processes of premaxilla continuous, supramaxilla absent; distal ends of premaxilla and maxilla
articulating; palatine teeth absent; endopterygoid articulating with lateral ethmoid; pad-like bundle of transversus
dorsalis anterior present; adductor radialis originating from medial surface of third actinost; number of abdominal
vertebrae 12.

Remarks. This family is redefined by the 12 synapomorphies listed above. No percoid families have this
combination of characters. This family includes two subfamilies, 7 genera and 13 species.

Subfamily Histiopterinae

Diagnosis. Vomer toothless; supratemporals connected with pterotic ventrally; branched sensory cana extended
from posttemporal present; accessory subpelvic keel well developed and extending anteroventrally; subpelvic
process well developed and long; first dorsal fin proximal pterygiophore inserted into space between first and
second neural spines; adductor mandibulae section Aw quite expanded dorsally and fused by a tendon separated
from section A3 posterodorsally.

Remarks. The subfamily Histiopterinae includes 6 genera, Histiopterus, Evistias, Zanclistius, Pentaceropsis,
Paristiopterus, and Parazanclistius, and seven species. This subfamily differs from the Pentacerotinae in having
the vomer toothless and the supratemporas connected with the pterotic ventraly (vs. vomer with teeth and
supratemporals connected with pterotic lateraly).

Genus Histiopterus Temminck and Schlegel, 1844
(Fig. 70)

Histiopterus Temminck and Schlegel, 1844: 86 (type species: Histiopterus typus Temminck and Schlegel, 1844).
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Diagnosis. Number of abdomina vertebrae 12; upper caudal lobe supporting eight branched caudal fin rays;

posterior portion of urostyle having long spine; third and forth dorsal spines long; second anal fin spine longest.
Remarks. The genus is monotypic, containing only Histiopterus typus Temminck and Schlegel, 1844.

In addition to derived characters recognized in Histiopterus based on the phylogenetic analysis (see section V1),

two external characters, the third and fourth dorsal spines long and second anal-fin spine longest, are useful

distinguishing this genus from other pentacerotid genera (vs. spines short in others).

FIGURE 71. Evigtias acutirostris, type species of the genus (from Steindachner and Déderlein, 1883).

Genus Evistias Jordan, 1907
(Fig. 71)

Evistias Jordan, 1907: 236 (type species. Histiopterus acutirostris Temminck and Schlegel, 1844).
Evistiopterus Whitley, 1932: 334 (type species. Histiopterus acutirostrisTemminck and Schlegel, 1844).

Diagnosis. Number of abdominal vertebrae 13; upper caudal lobe supporting 10 branched caudal fin rays; posterior
portion of urostyle lacking spine; dorsal and anal fin spines short.

Remark. The genus Evistias is monotypic, including only Evistias acutirostris Jordan, 1907.
Thisgenusissimilar to the genus Histiopterusin having higher and striped body. Evistiasis distinguished from the
Histiopterus by its short dorsal and anal spines (vs. third and fourth dorsal, and third anal spines are long in
Histiopterus).
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FIGURE 72. Zanclistius elevatus, type species of the genus (from Scott et al., 1974).

Genus Zanclistius Jor dan, 1907
(Fig. 72)

Zanclistius Jordan, 1907: 236 (type species. Histiopterus elevatus Ramsay and Ogilby, 1888).

Diagnosis. Arrector ventralis originating from posterolateral portion of cleithrum and coracoid; lower caudal |obe
supporting eight branched fin rays; dark spot posteriorly on dorsal fin; number of lateral line pores 55-65.

Remark. The genus Zanclistiusis monotypic, containing only Zanclistius elevatus (Ramsay and Ogilby 1888).
This genus is separable from other members of the pentacerotids from the Australian and New Zealand waters
(e.g., Pentaceropsis, Paristiopterus, and Parazanclistius) by having fal cate-shaped body and extremely long dorsal
fin (vs. acrescent body and dorsal fin not extremely long in others).
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FIGURE 73. Pentaceropsis recurvirostris, type species of the genus (from Steindachner and Déderlein, 1883).

Genus Pentaceropsis Seindachner and Déderlein, 1883
(Fig. 73)

Pentaceropsis Steindachner and Déderlein, 1883: 13 (type species: Histiopterus recurvirostris Richardson, 1845).
Prosoplismus Waite, 1903: 59 (type species. Histiopterus recurvirostris Richardson, 1845).

Diagnosis. Exposed tubercles absent on infraorbitals, nasal, lateral ethmoid, and parietal; first infraorbital rod like;
subocular shelf present on fourth infraorbital; ethmoid projection blunt; number of abdominal vertebrae 13;
posterior portion of urostyle having long spine; retractor dorsalis inserted onto ventrolateral part of first to third
abdominal vertebra; lower cauda lobe supporting eight branched fin rays; snout deeply concave and extensively
elongating.

Remark. The genus Pentaceropsis is monotypic, containing only Pentaceropsis recurvirostris Steindachner
and Doderlein, 1883.

This genus is similar to the genera Histiopterus, Evistias, and Zanclistius in having a high body profile.
Pentaceropsis differs from Histiopterus, Evistias, and Zanclistius in that it has a deeply concave and extensively
elongated snout (Histiopterus, Evistias, and Zanclistius have a moderately cancave and somewhat elongated
snout).
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FIGURE 74. Paristiopterus labiosus, type species of the genus (from Ginther, 1872).

Genus Paristiopterus Bleeker, 1876
(Fig. 74)

Paristiopterus Bleeker, 1876: 268 [type species. Richardsonia insignis Castelnau, 1872: (junior synonym of Paristiopterus
labiosus Gunther, 1872)].

Diagnosis. First infraorbital robust and triangular; villiform and enlarged cylindrical teeth present on both jaws;
large facet for articulation with head of lateral ethmoid present on middle part of palatine; abductor superficialis
originating from posterolateral portion of cleithrum and coracoid; number of lateral line pores 78-85.

FIGURE 75. Parazanclistius hutchinsi, type species of the genus (from Hardy, 1983b).
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Remark. Two species, Paristiopterus labiosus (Glnther, 1872) (=type species), and P. gallipavo (Whitley,
1944), are included in this genus.

The genus Paristiopterus can be distinguished from other members of the family by having enlarged and
cylindrical teeth on the inner margin of both jaws (vs. enlarged cylindrical teeth absent in others).

Genus Parazanclistius Har dy, 1983
(Fig. 75)

Parazanclistius Hardy, 1983: 373 (type species. Parazanclistius hutchinsi Hardy, 1983).

Diagnosis. Arrector ventralis originating from posterolateral portion of cleithrum and coracoid; many exposed
tubercles present on lateral or dorsal surface of nasal, lateral ethmoid and parietal; exposed tubercles absent on
opercle; dark spot posteriorly on dorsal fin; number of lateral line pores 66—72.
Remark. The genus Parazanclistius is monotypic, containing only Parazanclistius hutchinsi Hardy, 1983.
This genus is similar to the genus Zanclistius in having a prominent dark spot on the dorsal fin posteriorly.
Parazanclistius has a greater number of lateral line pores (66—72) than Zanclistius (55-65).

FIGURE 76. Pentaceros capensis, type species of the genus (from Cuvier, 1829).

Subfamily Pentacer otinae

Diagnosis. Vomer toothed; supratemporals connected with pterotic laterally; branched sensory canal from
posttemporal absent; accessory subpelvic keel undeveloped; subpelvic process short; first dorsal fin proximal
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pterygiophore inserted into space between second and third neural spines; adductor mandibulae section Aw quite
expanded dorsally and tendinously fused with section A3 posterodorsally.

Remarks. The subfamily Pentacerotinae includes a single genus Pentaceros and six species. This subfamily is
distinguished from Histiopterinae by a toothed vomer and supratemporals connected with the pterotic laterally (vs.
vomer toothless and supratemporals connected with pterotic ventrally in Histiopterinag).

Genus Pentaceros Cuvier, 1829
(Fig. 76)

Pentaceros Cuvier in Cuvier and Vaenciennes, 1829: 30 (type species:
Pentaceros capensis Cuvier, 1829).

Pseudopentaceros Smith, 1844: unnumbered (type species. Pentaceros
richardsoni Smith, 1844) [junior synonym of Pentaceros Cuvier, 1829].

Diagnosis. Subocular shelf present on second infraorbital; subocular shelf present on fourth infraorbital;
posteroventral margin of fourth infraorbital sutured with preopercle; subocular shelf present on fifth infraorbital;
fifth infraorbital firmly attached to sphenotic; nasal bone firmly attached to ethmoid posteromedialy; ethmoid
projection blunt; ethmoid-maxillary ligament connected with ventral surface of nasal; preopercular sensory canal
mostly covered by wide bridges; interopercle thin; ventral margin of interopercle concave; supratempora firmly
attached to neurocranium; supratemporal wide and disk like; mid-lateral corner of pelvic bone having processes
connected, forming a small penetrated pore interlocked with ring-like structure of pelvic spine; base of anterior
edge of anterior dorsal spines, except for first spine, serrated; parhypurapophysis robust; cheek scales scute-like
and is firmly attached to skin; many exposed tubercles present on dentary, anguloarticular, nasal, lateral ethmoid,
parietal, posttemporal, and opercle.

Remarks. Pentaceros contains six species, Pentaceros capensis (Cuvier 1829) (= type species), P.
decacanthus (Gunther, 1859), P. japonicus (Doderlein in Steindachner and Ddéderlein, 1883), P. quinquespinis
(Parin and Kotlyar, 1988), P. richardsoni (Smith, 1844) and P. wheeleri (Hardy, 1983). Among them, P. richardsoni
and P. wheeleri have been previously included in the genus Pseudopentaceros, which is synonymous with
Pentaceros in this study. This genusis easily separable from other genera due to their lack of the vomerine tooth.

K ey to the genera of the family Pentacerotidae

Ta Vomerinetooth @SENt . . . . .. .. 2
1b. VOMErNE I00 N PrESENt . . . . oot Pentaceros
2a First dorsal fin proximal pterygiophore supporting tWo SPINES. . . . . ..ottt e e e 4
2b. First dorsal fin proximal pterygiophore supporting One SPINe . . .. ...ttt e e e et 3
3a. Number of theabdominal vertebrae 12 . . .. ... ... Histiopterus
3b. Number of the abdominal vertebrae 13. . . . .. ... . Evistias
4a. Lower caudal lobe supporting 8 branched caudal finrays . ... 5
4b. Lower caudal lobe supporting 7 branched caudal finrays .. ... ... i 6
5a. Number of lateral lINe pores 5505 . . . . . ..ottt e e e e e Zanclistius
5b. Number of lateral [INe Pores 78—85 . . . . . ..ottt e e e Pentaceropsis
6a. Upper caudal lobe supporting 8 branched caudal finrays ........ ... .. i Parazanclistius
6b. Upper caudal lobe supporting 9 branched caudal finrays ... e Paristiopterus

VIll. General Considerations

1. Zoogeography

The pentacerotids widely occur in the temperate subantarctic to temperate waters of the Indo-Pacific and
southwestern Atlantic (e.g., Hardy, 1983a; Hoese et al., 2006; Nelson, 2006). This family is a relatively small
group and is of a moderate size (13 species and 15-50 cm SL). The geographic ranges differ for each genus (Figs.
77-83). The origin of the pentacerotids and their dispersions are inferred and discussed here to elucidate the
zoogeographic characteristics of the family.
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FIGURE 77. Geographic distributions of the genus Histiopterus.

1-1. Distribution of pentacerotids

Histiopterus typus is distributed in southern Japan, Korea, the South China Sea, southern India, the Red Sea,
southern Africa, Bali, New Britain, northern and southern Australia, and Hawaii (Hardy, 1983a; Okamura et al.,
1985; Kailola, 1987; Randall, 1995; Kim et al., 2005; Hoese et al., 2006) (Fig. 77).

s &

L
sﬂg&, . _ g !
e §° o
~ 0
0° a ® ]

FIGURE 78. Geographic distributions of the genus Evistias.

Evistias acutirostris is known from southern Japan, Korea, southern Australia, and New Zealand, Hawaii
(Coleman, 1980; Hardy, 1983a; Kuiter, 1993; Kim et a., 2005) (Fig. 78).
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FIGURE 79. Geographic distributions of the genus Zanclistius.

Zanclistius elevatus is distributed from southern Australia, northeastern Tasmania, and New Zealand (Hardy,
19833a; Last et al., 1983; Gomon et al., 2008) (Fig. 79).
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FIGURE 80. Geographic distributions of the genus Pentaceropsis.

Pentaceropsis recurvirostris is reported from southern Australia and Tasmania (Hardy, 1983a; Last et a.,
1983; Gomon et al., 2008) (Fig. 80).
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FIGURE 81. Geographic distributions of the genus Paristiopterus.

Paristiopterus labiosus is known from southwestern Australia, northeastern Tasmania, and New Zeaand
(Hardy, 1983a; Last et al., 1983; Hoese et a., 2006; Gomon et a., 2008), and P. gallipavo from southeastern
Australia (Hardy, 1983a; Last et a., 1983; Hoese et al., 2006; Gomon et a., 2008) (Fig. 81).

FIGURE 82. Geographic distributions of the genus Parazanclistius.

Parazanclistius hutchinsi is distributed only in southern Australia (Hardy, 1983b; May and Maxwell, 1986;
Kuiter, 1993; Gomon et a., 2008) (Fig. 82).
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FIGURE 83. Geographic distributions of the genus Pentaceros.

Pentaceros capensis is distributed only in southern Africa (Smith, 1964; Hardy, 1983a; Smith and Heemstra,
1986; Hoese et a., 2006), P. decacanthus from southern and southeastern Australia, and New Zealand (Smith,
1964; Hardy, 1983a; Hoese et al., 2006), P. japonicus from southern Japan and Korea (Hardy, 1983a, Okamura et
al., 1985; Kim et al., 2005), P. quinquespinis from the eastern Pacific (Parin and Kotlyar, 1988; Pequefio, 1997), P.
richardsoni in southern Africa, southern Australia, New Zealand, Cape Horn and Chile (Smith, 1964; Hardy,
1983a; Amaoka et al., 1990; Gomon et al., 2008), and P. wheeleri in northern Japan, Hawaii, and the western coast
of Alaskato southern California (Hardy, 1983a; Mecklenburg et al., 2002; Nelson et al., 2004) (Fig. 83).
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FIGURE 84. Conceptual diagram of 12 regions characterized by geographic distributions of pentacerotids.
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1-2. Geographic origin of pentacerotid fish

Geographic regions are categorized into 12 areas on the basis distributional patterns of pentacerotids and Briggs's
(1974) marine biogeographic provinces (Fig. 84). The 12 areas are Californiaregion (CAL), Eastern Pacific region
(EP), Hawaiian region (HAW), Indian region (IDN), Northern Australia region (NAU), Northern Indian region
(NIDN), New Guinea region (NG), New Zealand region (NZ), Southern Africa region (SAF), Southern Atlantic
region (SAT), Southern Australian region (SAU) and Southern Japan region (SJP). The center of origin of
pentacerotids are inferred following the method of Sawada (1982) based on the phylogenetic relationships
reconstructed in this study and the above 12 regions (Fig. 85).
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FIGURE 85. Relationships between branching pattern and distribution of each pentacerotid species.

The distribution of the common ancestor of Histiopterus typus and Evistias acutirostris (shown as node of clad
E1) was inferred in HAW, SAU and/or SJP, and that of above two species and Zanclistius elevates (node of clade
D1) in SAU. The distribution of the common ancestor of the above three species and Pentaceropsis recurvirostris
(node of clade C1) was inferred to be in SAU. Paristiopterus labiosus and P. gallipavo had the common ancestor
(node of clade C2) distributed in SAU. Thus, the ancestor of clades C1 and C2 (node of clade B1) was also
distributed in SAU. The ancestor above six species plus Parazanclistius hutchinsi (node of clade A1) was placed in
SAU.

The ancestor of Pentaceros japonicus, P. quinquespinis, P. richardsoni and P. wheeleri (node of clade G2) was
presumed to be distributed in CAL, EP, HAW, NZ, SAF, SAT, SAU and/or SJP, and these four species plus P.
decacanthus had the common ancestor (node of clade F2) in NZ and SAU. The ancestor of above five species of
Pentaceros plus P. capensis (node of clade A2) wasranged in NZ, SAU and/or SAF.

As the result, clade A1 including seven species has the common ancestor in SAU, and clade A2 consisted of
six species has the common ancestor in NZ, SAU and/or SAF.

Finally, on the basis of the analyses of two mgjor clades Al and A2, it isinferred that the common ancestor of
all pentacerotids originated in SAU, that is South Australiaregion.
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FIGURE 86. Geographic dispersal pattern of the genus Histiopterus.

1-3. Dispersal patterns of pentacerotids
The dispersal pattern of pentacerotidsis estimated and discussed on the basis of center of their origin considered in
the previous subsection and the phylogenetic rel ationships reconstructed in this study.

Asthe result, it is presumed that the Pentacerotidae has its center of origin in Southern Australian region, and
dispersal patterns of each genus are categorized into five types as follows. The genus Histiopterus was dispersed
from the western and eastern parts of Southern Australian region northward (Northern Austraia, Indian, New
Guinea and Southern Japan regions), then further dispersed in two ways, eastward (Hawaiian region) and
southwestward (Northern Indiaand Southern Africaregions) dispersions, (Type A, Fig. 86).
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FIGURE 87. Geographic dispersal pattern of the genus Evistias.
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The genus Evistias has spread eastward (New Zealand region) and northward (Southern Japan region) over the
Southern Australian region from the western and eastern parts of the region, respectively, and next to eastward
(Hawaiian region) (Type B, Fig. 87). The genera Zanclistius and Paristiopterus dispersed eastward from the
southern Australian region (New Zealand region) (Type C, Fig. 88). The distributions of the genera Pentaceropsis
and Parazanclistius are limited in Southern Australian region and not dispersed beyond the region (Type D, Fig.
89).
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FIGURE 88. Geographic dispersal pattern of the genera Zanclistius and Paristiopterus.

FIGURE 89. Geographic dispersal pattern of the genera Pentaceropsis and Parazanclistius.
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FIGURE 90. Geographic dispersal pattern of the genus Pentaceros.

The genus Pentaceros is broadened from the western and eastern parts of Southern Australian region to
northward (Southern Japan region). Judging from the distribution of P. wheeleri, it can be inferred that the species
eastwardly dispersed from Southern Japan region to Hawaiian region and to California region. It is possible that
this genus was dispersed Southern Australian region to eastward (New Zealand region) and finaly arrived in
Southern Africa region through Eastern Pacific region and Southern Atlantic region, judging from recent
distribution of P. richardsoni, which is the sole species of this family known from Eastern Pacific region and
Southern Atlantic region, and is also known from Southern Africa region with Histiopterus typus and Pentaceros
capensis. However, when considering on Pentaceros capensis, which is presumed to be branched off from clade
A2 initialy and recently known only from South Africa region, it is also parsimonious to infer that the species
dispersed from Southern Australia region to Southern Africaregion directly (Type E, Fig. 90).
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FIGURE 91. Geographic dispersal of the pentacerotids from Southern Australian region.
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In conclusion, based on the above five patterns of pentacerotids and the dispersion of this family, it isinferred
that they dispersed from the Southern Australian region in three major directions, New Zealand eastwardly,
Northern Australian region and New Guinea region northwardly, and Southern African region westwardly (Fig.
91). After the northward dispersion, they dispersed again in two directions; i.e., westward and northward. The
ancient pentacerotids dispersed westwardly from the Northern Australian region to the Southern African region
through the Indian region and Northern Indian region. The ancient pentacerotids also dispersed northwardly to the
Southern Japan region, and then eastwardly to the Hawaiian and Californian regions. The ancient pentacerotids
also dispersed eastwardly from the New Zealand region to the Southern African region through the Eastern Pacific
and the Southern Atlantic regions. Therefore, it can be inferred that the pentacerotids in the Southern African
region originated independently from the Indian Ocean (including two possibilities) and South Atlantic Ocean.

A

FIGURE 92. Lateral aspects of neurocranium. A, Pentaceros capensis (Pentacerotidae); B, Ostracoberyx dorygenys
(Ostracoberycidae). Scale bar =5 mm.
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At present, no fossils of the family Pentacerotidae have been recorded. To discuss on the ages of origin and
dispersions of the family, the data of fossilsis required. Further study is needed to solve the question, based on the
fossil records.

2. Search for closely related taxa with Pentacerotidae

In this section, | search for candidates of taxa closely related with the family Pentacerotidae, from comparison of
characters in perciformes and the following synapomorphies recognized in the family: the second infraorbital
articulates with the lateral ethmoid anteromedially (SA 1); many exposed tubercles present on the dorsal and lateral
surfaces of the head (including frontal, supraoccipital, and pterotic) (SA 2); the supraoccipital crest high and stout
(SA 3); the ascending and articular processes continuous (SA 4); the supramaxilla absent (SA 5); the distal ends of
premaxilla and maxilla articulate (SA 6); the palatine teeth absent (SA 7); the endopterygoid articul ating with the
lateral ethmoid (SA 8); absence of atooth plate on the third epibranchial (SA 9); pad-like bundle of the transversus
dorsalis anterior present (SA 10); and the adductor radialis originating from the medial surface or the third actinost
(SA 11). In this study, | compare the Pentacerotidae and many perciformes based on data examined in this study
and also those from literature.

All Pentacerotidae have many exposed tubercles present on the dorsal and lateral surfaces of the head (SA 2).
This character is quite rare in the Percoidei, because it is usualy absent in the suborder, except for the
Ostracoberycidae, in which the exposed tubercles are also recognized. In addition, the Ostracoberycidae also
possesses two derived characters, being consistent with SA 3 (Fig. 92) and SA 10 (Fig. 93).

Mok and Shen (1983) considered that the Pentacerotidae and a monophyletic group including the
Chaetodontidae, Pomacanthidae, Scatophagidae, Siganidae, Acanthuridae, Zanclidae, and Tetraodontiformes have
a sister relationship. Tyler et al. (1989) did not accept the hypothesis by Mok and Shen (1983), because the
relationship is supported by only one derived character, the pelvic bone interlocks with the spine. In the present
study, it was revealed that the interlocked pelvic bone and spine occured only in Pentaceros in the Pentacerotidae,
and this character does not support Mok and Shen's (1983) hypothesis. Among the sister group for Pentacerotidae
proposed by Mok and Shen (1983), the Chaetodontidae larvae have an exposed and rugose head bone (e.g.,
Johnson, 1984), which is quite similar to head bones with exposed tubercles in the Pentacerotidae. In addition to
this character, the Chaetodontidae has derived characters consistent with four synapomorphies of the
Pentacerotidag; i.e., the supraoccipital crest is high and stout (SA 3), the ascending and articular processes are
continuous (SA 4) (Fig. 94), the supramaxillais absent (SA 5) (Fig. 95), and the palatine teeth are absent (SA 7)
(Fig. 96), athough these derived characters are also recognized in some percoids (for example, SA 3in Banjosidae,
Gerreidae, and Sparidae; SA 4 in Banjosidae and Mullidae; SA 5 in Pempheridae, Banjosidae, and Sciaenidae, and
SA 7 in Banjosidae and Sciaenidae) (e.g., Gregory, 1933; Katayama, 1959; Fraser, 1968; Tominaga, 1968; Vari,
1978; Johnson, 1980; Yabe, 1985; Sasaki, 1989; Imamura, 1996). In addition, although one character, the stongly
compressed body, is not recognized as a synapomorphy of the Pentacerotidae in this study; the Chaetodontidae also
possesses this character.

In this study, as pointed out above, when considering head morphology, the Pentacerotidae has derived
similarity with the Ostracoberycidae and Chaetodontidae. Of the two families, the Chaetodontidae has several
derived characters more similar to synapomorphies of the Pentacerotidae than the Ostracoberycidae. Because four
characters (SA 3, 4, 5 and 7) are not unique to the Pentacerotidae and Chaetodontidae, the four characters do not
strongly support the monophyly of the two families. Accordingly, | equally propose two families, the
Ostracoberycidae and Chaetodontidae, as candidate taxa closely related with the Pentacerotidae in this study.

IX. Summary

The present study was made to describe the comparative anatomy of the family Pentacerotidae (sensu Nelson,
2006) in detail, to infer the phylogenetic relationships of the family and related taxa based on recognized
characters, to verify the monophyly of the family Pentacerotidae, and to propose a new classification system on the
basis of the inferred relationships of the family.

104 . Zootaxa 3366 © 2012 Magnolia Press KIM



TDA

———

/ \/\\\ / :.:-*"’j:;i_- { 7: o = 7///// |

A~ N\

& Sl

FIGURE 93. Dorsal aspect of upper gill arch muscles of Zanclistius el evatus (Pentacerotidae) (A) and Ostracoberyx dorygenys
(Ostracoberycidae) (B). Scale bar =5 mm.
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FIGURE 94. Lateral aspects of premaxillaof Evistias acutirostris (A) and Chaetodon modestus (B). Scale bar =5 mm.

FIGURE 95. Lateral aspects of maxilla of Evistias acutirostris (Pentacerotidae) (A) and Chaetodon modestus
(Chaetodontidae) (B). Scale bar =5 mm.

The conclusions of present study are summarized as bel ow.

1. The osteologic and myologic characteristics of the family Pentacerotidae were described in detail, and variations of the
morphology were demonstrated.

2. The family Pentacerotidae is a monophyletic group supported by 11 synapomorphies found in all members of the family. Of
their synapomorphies, two characters (the second infraorbital articulating with the lateral ethmoid anteromedially, and the
endopterygoid articulating with the lateral ethmoid) are considerably rare in the percoids and the monophyly of the family
was strongly supported.

3. After the phylogenetic analysis using the morphologic characters recognized in 44 transformation series, four equally
parsimonious trees were obtained, and a strict consensus tree of these trees was adopted. It was inferred that the family
Pentacerotidae was divided into two major clades, initially.

4. On the basis of the inferred phylogenetic relationships of the Pentacerotidae, this family was cladistically classified into two
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subfamilies and seven genera. The genus Pseudopentaceros was regarded as a junior synonym of Pentaceros. The newly
proposed classification of the family is shown as below:

A B

FIGURE 96. Lateral aspects of palatine of Pentaceros japonicus (Pentacerotidae) (A) and Chaetodon modestus
(Chaetodontidae) (B). Scale bar =5 mm.

Family Pentacerotidae

Subfamily Histiopterinae
Genus Histiopterus Temminck and Schlegel, 1844
Genus Evistias Jordan, 1907
Genus Zanclistius Jor dan, 1907
Genus Pentaceropsis Seindachner and Doderlein, 1883
Genus Paristiopterus Bleeker, 1876
Genus Parazanclistius Har dy, 1983

Subfamily Pentacer otinae
Genus Pentaceros Cuvier, 1829
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