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Abstract

In Chapter 1, the osteology and phylogeny of Recent opsariichthines, which are the
endemic cyprind fishes of East Asia, are presented. The osteological characters within
Recent opsariichthines are systematically described in detail and illustrated five genera
nine species selected in this study are as follows: Zacco platypus (Temminck and
Schlegel, 1846), Nipponocypris temminckii (Temminck and Schlegel, 1846), N. sie-
boldii (Temminck and Schlegel, 1846), N. koreanus (Kim, Oh and Hosoya, 2005),
Parazacco spilurus (Giinther, 1868), Candidia barbatus (Regan, 1908), Opsariichthys
uncirostris (Temminck et Schlegel, 1846), O. bidens Giinther, 1873, and O. evolans
(Jordan and Evermann, 1902). The phylogenetic interrelationship within opsariichthines
based on morphology is discussed in this chapter. Results and discussions are presented
as follows: the opsariichthines divaricates off three clades, Parazacco, Zacco + Op-
sariichthys, and Candidia +Nipponocypris; the genus Prazacco is the most basal group
within opsariichthines, and the sister group of the other opsariichthines; the genus Nip-
ponocypris is not assigned to Candidia, and is distinguished from the genus Candidia
by evidence of phylogenetic characterizations; and Opsariichthys forms the paraphyletic
group, because the morphological characters of O. evolans converges with Zacco. It re-
flects that the feeding habits of O. evolans is closely similar to Zacco.

In Chapter 2, fossils of “Zacco” collected from the Middle Pleistocene Nogami For-
mation, Oita Prefecture, Northern Kyushu, Japan, which have been recognized as Zacco
cf. Z. temminckii, are systematically described. In addition, the fossil specimens are
examined by cladistic analysis with Recent opsariichthines, and discussed phylogenetic
relationships between fossil and Recent opsariichthines. Results suggest that the genus
“Zacco” from the Nogami Formation can be assigned to the genus Nipponocypris and
regarded as the first fossil record of the genus. It indicates that divergence time of N.
koreanuss is earlier than the Middle Pleistocene, and the genus Nipponocypris appeared
in East Asia by Middle Pleistocne at the latest.

In Chapter 3, a biogeographic analysis of opsariichthines fishes is examined, and the
origin and distribution of Nipponocypris temminckii are discussed based on the results
of the previous Chapters. Its results suggest that N. temminckii expanded the distribution
between the Korean peninsula and Japanese Islands when Korean peninsula and Japa-
nese Islands ware connected by a land bridge, and the genus Nipponocypris has been
endemic to Japan and Korea at least since Middle Pleistocene time. Finally, the results

and discussions in this thesis are summarized, and future prospects are presented.
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Chapter 1: Osteology and phylogeny of
Recent opsariichthines (Cyprinidae)

Introduction

The Recent Cyprinidae is the most diversified and species-rich freshwater fish family,
occurring in North America (northern Canada to southern Mexico), Eurasia, and Africa.
About 210 genera and about 2420 species in this family are known (Nelson, 2006).
Among them, about 1200 species are known from Asia (Bandrescu and Coad, 1991;
Rainboth, 1991), and therefore, we can recognize that Asia is the most diversified area
of cyprinid fishes.

The opsariichthine group (Chen, 1982) is the one of the common Asian endemic cy-
prinid fishes. The group dwells in China, Vietnam, Korea, eastern Russia, Taiwan Island,
and Japan, and consists of following five genera: Zacco Jordan and Evermann, 1902,
Opsariichthys Bleeker, 1863, Parazacco Chen, 1982, Candidia Jordan and Richardson,
1909, and Nipponocypris Chen et al., 2008, which is treated as Zacco by Chen (1982)
and other ichthyologists (see, Chen et al., 2008).

Meanwhile, the fossils of opsariichthines are known from China and Japan. For exam-
ple, Zacco honggangensis Li and Wang, 1981 occurs in the Buxin Formation (Eocene),
China (Wang et al., 1981); Zacco sp. is known from Ishikawa prefecture, Japan, proba-
bly derived from the Eozen Formation (Miocene); and Z. temminckii or Z. cf. Z. tem-
minckii are known from the Nogami Formation (Middle Pleistocene), Oita prefecture
has been reported.

After these discoveries, studies of taxonomy or molecular phylogeny of Recent op-
sariichthines have been remarkably increased (e.g. Chen et al., 2008; Hosoya et al.,
2003; Kim et al., 2006; Tang et al., 2010, 2013a, b).

Hosoya et al. (2003) demonstrated that Japanese “Zacco” temminckii and divided into
two species, “Zacco” temminckii and “Zacco” sieboldii, based on the detailed diagnostic
characters such as the number of the anal fin rays, the coloration of the anterior margin
of the pectoral and the pelvic fins, and the number of lateral line scales. As the same
way, Kim et al (2006) divided “Zacco” temminckii of southern Korea into two species,
“Zacco” temminckii and “Zacco” koreanus based on the color of the upper margin of
the eyes and the anterorateral part of the body, and the number of scales above the lat-
eral line to the dorsal fin origin. Moreover, Chen et al. (2008) suggested that Zacco
platypus was closely related the genus Opsariichthys, and “Z.” sieboldii, “Z.” tem-

minckii and “Z.” koreanus, froming the monophyletic group and closer to the genera
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Fig. 1. Previously published opsariichthines phylogenies based on molecular data. (A)
Phylogenetic tree based on mtDNA cytochrome b (cyt b) sequence (modified from Wang et al.,
2007). (B) Phylogenetic tree of based on complete mtDNA D-roop sequence (modified from
Chen et al., 2008). (C and D) Phylogenetic tree based on cyt b, cytochrome ¢ oxidase (COIl) I, 3
of recombination activating gene 1 (RAG 1) and rhodopsin (rh) sequence (C: modified from Tang
et al,. 2010; D: modified from Tang et al., 2013b). E: Phylogenetic tree based on morphology in
the present study.



Candidia and Parazacco than Z. platypus. In other words, the genus Zacco is a para-
phyletic group. Thus, Chen et al. (2008) advocated the new genus Nipponocypris for
“Z.” sieboldii, “Z.” temminckii and “Z.” koreanus. As the result of molecular phyloge-
netic study of Tang et al (2010), Candidia, Parazacco and Nipponocypris are poly-
phyletic, but low bootstrap support. In Tang et al. (2013a, b), the genus Opsariichthys
and Nipponocypris form a monophyletic group, and the genus Parazacco is the basal
taxon for opsariichthines.

However, the evidence of the morphological phylogenetic characterization of op-
sariichthines has not been clarified. In addition, it is necessary to study or revise the
taxonomy about the fossil taxa in opsariichthine group, because the study about Recent
opsariichthines are increased rapidly as mentioned above recently.

The osteology of Recent opsariichthines has been little examined, although osteologi-
cal data is necessary to study for fossil taxa. There are few examples, Hows (1980,
1982) described some osteological characters of O. bidens and Z. platypus, and com-
pared with Luciosoma, Barilius and Engraulicypris. Asiwa and Hosoya (1998) de-
scribed O. pachycephalus Giinther, 1868 and discussed systematic relationship for this
species. The other species of Recent opsariichthines are examined fragmentally, or there
is no osteological study.

The osteological study of Recent opsariichthines is necessary to understand the phy-
logenetic relationships of fossil and Recent species in this group. Here, in this Chapter,
osteology of nine opsariichthine species are described and illustrated and cladistic

analysis of ten species including previous study carried out.

Material and Method

Taxa selection

The specimens used in the present study are deposited at Kitakyushu Museum of
Natural History and Human History (KMNH).

The following nine species in five genera of opsariichthines fishes are selected to this
study:

Zacco platypus (Temminck and Schlegel, 1846), (Oita Prefecture, Japan, KMNH VR
100,128, SL 104.0 mm ; KMNH VR 100,129, SL 101.0 mm ; KMNH VR 100,130, SL
91.0 mm ).

Nipponocypris temminckii (Temminck and Schlegel, 1846), (Oita Prefecture, Japan,
KMNH VR 100, 134, SL 103.2 mm ; KMNH VR 100,135, SL 101.4 mm; KMNH VR



100,136, SL 80.7 mm).

Nipponocypris sieboldii (Temminck and Schlegel, 1846) , (Okayama, Japan, KMNH
VR 100,138, SL 92.7 mm; KMNH VR 100,139, SL 90.8 mm; KMNH VR 100,140,
SL 100.9 mm).

Nipponocypris koreanus (Kim, Oh and Hosoya, 2005), (Korea, KMNH VR 100,141,
SL 84.1 mm ; KMNH VR 100,142, SL 87.4 mm; KMNH VR 100,143, SL 101.0 mm,
KMNH VR 100,144, SL 95.0 mm).

Parazacco spilurus (Giinther, 1868), (Guangdong, China, KMNH VR 100,145, SL
79.5mm ; KMNH VR 100,146, SL 87.7 mm; KMNH VR 100,147, SL 107.0mm).

Candidia barbatus (Regan, 1908), (Kaohsiung, Taiwan, KMNH VR 100, 131,
SL 84.9 mm; KMNH VR 100, 132, SL91.6 mm; KMNH VR 100, 133, SL 88.3 mm) .

Opsariichthys uncirostris (Temminck et Schlegel, 1846) , (Siga, Japan, KMNH VR
100, 148, SL 204.7mm; KMNH VR 100, 149, SL 196.0 mm; KMNH VR 100, 150, SL
191.8 mm) .

Opsariichthys bidens Giinther, 1873 (China, KMNH VR 100, 151, SL 102 mm;
KMNH VR 100, 152, SL 79.5 mm).

Opsariichthys evolans (Jordan and Evermann, 1902) (Taiwan, KMNH VR 100, 155,
SL 73.7 mm; KMNH VR 100, 156, SL 86.5 mm; KMNH VR 100, 157, SL 70.1 mm).

Preparation

The examined specimens were cleared and double - stained using the methods de-
scribed by Kawamura and Hosoya (1991) with slight modifications. The cleared and
stained specimens were dissected following the method by Ridewood (1905) and taken
photos by Nikon Digital Camera. Each part of the skeleton was drawn on the photo us-
ing a graphics tablet-screen hybrid and a personal computer with observation of the

specimen under a microscope.

Osteological Terminology.

Names of skull bones and the anterior part of vertebrae follow Britz and Conway
(2009), Chen et al. (1984), Dahdul et al. (2010), Harrington (1955) and Uyeno and Sa-
kamoto (2005) , and caudal bones follow Fujita (1999).

Cladistic analysis
A cladistic analysis of the data matrix of Appendix 1 (summarized in Table 1) was
carried out using PAUP* (v. 4.0 Beta, Windows Swofford 2003), Mesquite (v. 2.75



Windows, Maddison and Maddison, 2011) and MS — Excel. The characters of the num-
ber 5-9, 20, 27-28, 30, 32, and 35-36 are from Dai and Yang (2003), characters of the
number 31 and 32 are Dai et al. (2005), and character of number 39 are from Caven-
der and Coburan (1991). The osteological characters of O. pachycephalus Giinther,
1868 are from Asiwa and Hosoya (1998) and the examination of additional specimens
(KMNH VR 100, 153, SL 102.0 mm; KMNH VR 100, 154, SL 110.0 mm).

. The number of vertebrae and an external morphological data are from Hosoya et al.
(2003), Kim et al. (2006), and Chen et al. (1998, 2008, 2009, 2011). The characters
were optimized to the tree using the ACCTRAN option.

Osteological description of opsariichthines

Neurocranium (Platel — 1 —Plate 2-9)
The neurocranium is grouped into four regions as follows: ethmoid region (olfactory
region of Harrington, 1955); orbital region; otic region; and occipital region (e.g. Har-
ringron, 1955))

Ethmoid region: The region occupy anterior part of neurocranium and is composed of
prevomer, preethmoid, supuraethmoid, ethmoid, kinethmoid and lateral ethmoid.

The prevomer, viewed in its entirety only from below, is a horizontal, thin, flat and
platelike bone underlying the ethmoid, and suturing with the anterior end of the paras-
phenoid ventrally. The anterior margin is concave, and connects to preethmoids on its
anterolateral sides.

The preethmoid is a pair of small and rounded bone. It is laying anterior end of eth-
moid region.

The ethmoid lies on medially at the anterior area of ethmoid region. It contact with
preethmoids anteriorly, with prevomer ventrally, with supuraethmoid dorsally, and with
lateral ethmoid posteriorly.

The supuraethmoid is a quadrilateral, thin, flat, horizontal, and plate like bone and its
anterior margin is concave. The posterior margin of this bone is connected with the an-
terior ends of the frontals.

The kinethmoid is a small median bone that lies between the processes of premaxila.

The lateral ethmoid forms the anterior margin of the orbit. The ventral part is thick-
ened which contacts with the endopterygoid, and anteroventral region laterally contacts
with the first infraorbital.

Orbital region: Orbital region is composeed of frontal, pterosphenoid, orbitsphenoid



and parasphenoid.

The frontal is a paired, broad and plate-like bone, and it forms the roof of the neuro-
cranium anterodorsally. The pair of bones connects with each other by suture. There is a
supuraorbital canal. The anterior ends of the frontals connect with the posterior part of
the supuraethmoid. The posterolateral sides connect with the pterotic and autosphenotic.
The posterior ends connect with the parietals by suture. , The lateral margin (orbital
margin) of the frontal is convex in O. uncirostris and O. bidens, has a notch in N. tem-
minckii, and is smooth in other species .

The pterosphenoid is paired bone, which elongates laterally. It connects with each
other at the anteromedially and with the autosphenotic and prootic posteriorly, and the
frontal dorsally.

The orbitsphenoid lies anterior to the pterosphenoids. The dorsal part expands later-
ally. The ventral part, interorbital septum is thin and plane, it connects with the paras-
phenoid.

The parasphenoid forms the dorsomedial part of the oral cavity. Its long and thin
shaped, and extends to the basioccipital. At the posterior part of the orbital cavity, the
parasphenoid wing is developed dorsolaterally and connects with the prootic. In only
the genus Opsariichthys, there is a groove at the ventral side of the parasphenoid.

Otic region: The otic region is composed of the parietal, autosphenotics, prootics,
pterotics, epiotics, and intercalar.

The autosphenotic lies on the anterodorsal area of the otic region. There is a projec-
tion on its anterolateral face, which is directed ventrally. It contacts with the pterosphe-
noid and the frontal dorsally, and with the prootic ventrally.

The parietal forms the dorsoanterior part of the otic region. It’s a paired bone and con-
nects each other by sutures. In only O. uncirostris, the posterior margin concaves arc
like shaped anteriolly. There is a lateral line canal and its lateral side connects with the
lateral line of the posttemporal. The lateral line canals of parietals contact each other in
C. barabatus, do not connect each other and its length is shorter than the half of the
width of the parietal in Z. platypus, and do not contact other and its length is longer
than the half of the width of the parietal in the other species. The posterior margins of
parietals connect with the anterior margin of epiotics and the supuraoccipital by sutures.

The prootics lies ventral to the autosphenotic. The trigemino—facialis chamber pre-
sents at the anterior part of the prootic. Its lateral side is short column shaped, and pos-
sesses foramen for the trigeminal nerve and foramen for the facial nerve. The posterior

parts of the prootics connect with exoccipital dorsally, and with basioccipital ventrally.



The pterotics forms the dorsolateral sides of the otic region. The lateral line sensory
canal runs through its posterior end. The pterotic spine is developed ventrally at the
posterolateral part of the pterotic. The pterotic is anteriorly in contact with the frontal,
anteroventrally with the autosphenotic, and posteriorly with the exoccipital and epiotic.

The epiotic is a pair bone and lies on the posterodorsal part of otic region. It articulates
with the supuratemporal and the pterotic ventrolaterally, and with the exoccipital pos-
teroventrally.

The intercalar is a small, thin and plate element. In Zacco and Opsariichthys, there is
the projection at the posterior end, and in the other species, there is no projection. The
intercalar connects with the pterotic and exoccipital.

Occipital region: The region occupies the posterior part of the neurocranium and con-
sists of the supraoccipital, exoccipital and basioccipital.

The supraoccipital forms the postero—medial end of the cranial roof. The supraoccipital
is characterized by having the dorsoposterior extension of the supraoccipital crest. Its
anterior edge is overlapped by the pair of parietal. The lateral sides contact with the pair
of epiotic, and the ventral side contact with the pair of exocipital.

A pair of exoccipital is located at the posterior center of the occipital region. The fora-
men magnum (fm) is located just below the supraoccipital crest. The exoccipital exhib-
its a large foramen on its lateral surface.

The basioccipital is located at the posteroventral portion of the neurocranium. It articu-
lates with the first centrum at the articulation facet for the first centrum. On the ventral
part of the basioccipital elongates psteriorly. Its middle part project ovoid in shape later-

ally.

Sensory canal bones (Platel — 1 —Plate 3-9)

Sensory canal bones consist of nasal, infraorbitals, supraorbital, and supratemporal
(posttemporal with fused lateral extrascapular of Harrington, 1955).
The nasal is a pair of tube — shaped bones, but in N. sieboldii, it is triangular. It situated
at the anterior part of frontals.
The supraorbital is a pair of thin and elongate bone, and forms the dorsal margin of the
orbit. The medial margin of the supraorbital turns downward in Z. platypus and O. evo-
lans, is strongly convexed in O. uncirostris and O. bidens, is slightly convexed in N.
temminckii,, and, is long, ovoid shaped, and smoothly sweeping in the other species.

The infraorbitals are a thin and flat plate bones forming the ventral margin of the or-

bit, and are composed of five bones. The first infraorbital (lachrymal) is a pentagonal



bone having the straight infraorbital canal with two or three pores. The posterior margin
of the first infraorbital is stolongly concaved in the genus Opsariichthys excluding O.
evolans, is snicked in the genus Parazacco, and is slightly sweeping or smooth in the
other species .

The second infraorbital is elongated and rectangular in almost species., It shape is wide
and flat in O. uncirostris and O. bidens, the anterior half of the second infraorbital is
gradually narrow from its anterior end to its posterior end in Z. platypus and O. pachy-
cephalis, and is remains almost as wide as its posterior half in the other specie.

The third infraorbital is flat, elongated and rectangular in shape, and is almost as wide
as the fourth infraorbital. In O. uncirostris and O. bidens, the third infraorbital is a wide
plate.

The width of the fourth infraorbital is the almost same width the third infraorbital in
Parazacco and all species of Nipponocypris, and it is abruptly widened below its middle
point in all species of Opsariichthys, and it is gradually widened from its anterior end to
its posterior end in Z. platypus and Candidia. The posterodorsal margin of the fourth
infraorbital is U — shaped in N. sieboldii, N. koreanus, and O. pachycephalus, and L —
shaped in Z. platypus, N. temminckii, and Candidia barbatus, and straight in the other
species.

The fifth infraorbital is the smallest bone in the infraorbital series. It is almost quad-
rangular in Candidia, Parazacco and all species of Nipponocypris, is tubular in O. un-
cirostris, O. bidens, and O. evolans, and is tubular or triangular in O. pachychephalus
and Z. platypus. There is a projection at the posterior or antiror margin of them in Pa-
razacco and all species of Nipponocypris In Candidia, the fifth infraorbital is wide
plate.

The supratemporal is the tube — shaped and very small bone, and located on the pos-
terodorsal corner of the otic region of the neurocranium. The bone connects with the

temporal canal of the pterotic and the supratemporal canal of the parietal.

Jaw bones (Plate4 — 1 —Plate 5—-9)
Jaw bones are composed of following elements: premaxilla, maxilla, dentary, anguloar-
ticular and retroarticular.
The premaxilla is located in the anterior part of the upper jaw and forms the upper rim
of the gape. Anteriorly, it expands dorsoventrally to form a prominent ascending process.
The anterior edge of ascending process of O. uncirostris and O. bidens is grooved, and

is smooth in the others. The anteroventral margin of the premaxilla is rounded in P.
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spilurus, and is strongly convex ventrally in O. uncirostris and O. bidens.
The maxilla is located in the posterior part of the upper jaw and not forms the upper rim
of the gape. The anterior part forms the articulation with three processes protruding in
various directions: the neurocranial condyle (nc) dorsally, premaxillary wing (pmw)
medially, and palatinal wing (plw) laterally. The neurocranial condyle is situated at the
dorsal part of the articulation. The neurocranial condyle is bulbous in Parazacco, Z.
platypus and O. evolans, oosphere shaped in Nipponocypris, and rounded tetragonal in
O. uncirostris, Opsariichthys bidens.
Between the premaxillary wing and the palatinal wing, the anterior part of the premax-
illa is wedged. The premaxillary wing is rounded triangular shape in Z. platypus, O.
evolans, and almost tongue - shaped in other species. The palatinal wing is elongated
tongue — shaped in O. uncirostris and O. bidens, and rounded triangular shape in other
species. The post dorsal process on the maxilla is trapezoidal shaped in Parazacco and
Candidia, triangular in Z. platypus, O. evolans and all species of Nipponocypris , and
linearly — extended O. pachycephalus, O. uncirostris and bidens.
The posterior end of the maxilla is a quadrilateral plate and connects with the posterior
end of the premaxilla.
The dentary forms the lower rim of the gape. In Z. platypus and O. evolans the dorsal
margin of dentary turns downward and in other species, it is straight or slightly curved
ventrally. The anterior end of the dentary is constricted in Parazacco, Z. platypus, O.
pachycephalus and O. evolans., hooked in O. uncirostris and O. bidens, and not con-
stricted and not hooked in Candidia, and all species of Nipponocypris. On lateral side
along the ventral margin, there is a perforated bony tubule enclosing the mandibular lat-
eral-line canal. There are two pores laterally opened in Z. platypus and O. evolans. there
are three to four pores laterally opened in O. pachycephalus and N. sieboldii,. In O.
bidens, O. pachychelus, Candidia ,and Parazacco, the pores are almost ventrally
opened, there are two pores in Candidia,and three pores in the others. In N. temminckii
and O. uncirostris pores postoroventrally opened, and there are three pores in N. tem-
minckii and three are four pores in O. uncirostris. The posterior part of dentary sends
dorsally a flat, broad, ascending process. The posterior margin of ascending process
contacts with the anterior margin of anguloarticular in O. uncirostris and O. bidens.

The anguloarticular is almost allow shaped, and the anterior half is inserted in the
dentary fossa. In internal side the meckelian cartilage lies down and extends anteriorly
into the dentary fossa. In posterior part, the saddle-like suspensorial articulation facet

(sat), which connects with quadrate presents on the dorsoposterior facet area of the bone.
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The retroarticular is the smallest bone in the jaws, located at the posteroventral corner

of the lower jaw, and attached to the ventral part of the anguloarticular.

Opercular Bones (Plate6 — 1 — Plate 7—9)
Opercular bones are composed of opercle, subopercle, preopercle, and interopercle.

The opercle is a thin, plate — like and trapezoid bone that articulates with the hyoman-
dibular at the suspensorium articulation socket (sas) anteriorly. The dorsal margin is
concave and ventral margin is convex. The posterior marigin of the opercle is convex or
straight in Z. platypus and,the genus Opsariichthys, and concave in Parazacco, Can-
didia and the genus Nipponocypris. The opeculer canal is present on the anterodorsal
part of the opercle in N. temminckii, and N. koreanus, but it is absent in other species.
The subopercle is the most interior bone in the opercular series. It gradually narrows to
a point behind, and a knife like shaped. The anterodorsal corner of subopercle projects
anterodorsally.

The preopercle is L — shaped with the preopercular — mandibular laterosensory canal in
the bony tube. It underlies the posterior end of quadrate. Preopercle overlies the hind the
ends of symplectic, the interhyal, the upper lateral surface of the interopercle the lower
posterolateral surface of the hyomandibular, and the anterior edge of the opercle.

The interopercle is a knife-like shaped bone and has the incurved upper edge. It is in

turn overlapped anterolaterally by the preopercle

Suspensorium (Plate6 — 1 — Plate 7—9 )

The suspensorium is composed of autopalatine, endopterygoid, ectopterygoid,
metapterygoid, quadrate, symplectic, and hyomandibular. The metapterygoid, quadrate,
and symplectic make the quadrate — pterygoid fenestra (qpf) (Greenwood et al., 1966).

The autopalatine is situated at the anteriormost part of the suspensorium and contin-
ues posteriorly to the ectopterygoid. The anterior end of autopalatine is trifurcate. The
lateral arm of the triforaction articulates with the lateral surface of articulation of the
maxilla. The dorsal and interior arms receive to the lateral surface of the preethmoid.
The endopterygoid is a thin bone. The anterior part is saddle — shaped and thickened,
and articulated to the posterior end of the autopalatine.

The ectopterygoid is a thin and membraneous bone.
The metapterygoid is a thin and plate like bone with sturts on the central region. It is
H-shaped and its posterior and ventral margins are strongly concaved in the genus Op-

sariichthys exclude O. evolans, and is almost quadrilateral and the posterior margin of
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metapterygoid is slightly concave in all the other species. The ventral margin of the
metapterigoid is slightly concave in Z. platypus, O. evolans and the genus Nippono-
cypris, and slightly convex in Candidia and Parazacco.

The quadrate is a fanlike bone situated at the anteroventral corner of the suspensorium,
and articulates with the angular by the articulation facet for mandibule (fmd). The dorsal
part of the quadrate strongly projects posterodorsally. The dorsal-medial surface of the
quadrate is a strong U — shaped, and upper arm of them is slightly constricted and the
same in length of the lower arm in O. uncirostris and O. bidens. In the other species the
dorsal — medial surface of them is a L shaped or weakly U — shaped.

The symplectic is a rod-shaped bone and fits in the groove on the dorso-mesial surface
of the posterior projection of the quadrate. The symplectic does not contact with the
ventral margin of the metapterygoid.

The hyomandibular is situated at the postero-dorsal part of the suspensorium, and is
divided into three portions: the articulation head, the arm rim, and the flange zone. The
articulation head is the dorsal part of the bone, that has three condyles: the anterior
condyle of hyomandibular for neurocranium (acn); the posterior condyle of hyoman-
dibular for neurocranium (pen); and the posteriormost opercular condyle (oc). The ante-
rior and posterior condyles of hyomandibular for neurocranium articulate with the lat-
eral otic region of the neurocranium. The opercular condyle articulates with the suspen-

sorium articulation socket of the opercle.

Branchial arch (Plate8 — 1 — Plate 8 — 9)

The branchial arch is composed of the basihyal, basibranchial, hypobranchial, cerato-
branchial, epibranchial, and infrapharyngobranchial (pharyngobranchial of Harrington,
1955).

The basihyal is a slender bone and located at the anterior most in the branchial arch.
The basihyal is curved ventraly. The posterior end connects with the anterior basibran-
chial.

There are three basibranchials. These are thin and cylindrical shaped. The first basi-
branchial is the shortest in the three. The second and third basibranchials are similar in
length and about twice as long as the first one.

There are three pairs of the hypobranchials adjacent respectively to the first to the
third basibranchials. The first and second hypobranchials are small bony fragment
shaped and the third one is thin arched .

There are five pairs of the ceratobranchials. The ceratobranchials are rod — like bones,
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and the longest in the branchial arche elements. These decrease slightly in length and
width posteriorly. The first to third ceratobranchials  articulate anteriorly with hypo-
branchials, but the fourth ceratobranchial does not articulate anteriorly with hypobran-
chials. The fifth ceratobranchials (pharyngeal bones) are crescent shape with pharyngeal
teeth. The dental formula is three row 2.3.4 — 4.3.2 in Z. platypus, 1.4.5 — 4.4.1 in O.
evolans, 2.4.4 —4.4.2 in O. uncirostris, 1.4.5 -5.4.1 or 0 in O. bidens, 1.4.4 —4.1.1 in C.
barbatus, 2.4.5 —5.4.2 in N. temminckii, 2.3.4 —4.3.2 in N. sieboldii, 2.4.4—4.42inN.
koreanus and two row 3.5 — 5.3 in P. spilurus. The anterior branch of the pharyngeal
bone is longer than its posterior branch in O. uncirostris and O. bidens, but it is almost
the same as the posterior branch in the other species.

There are four epibranchials, and decrease in size posteriorly. The ceratobranchials
articulate anteriorly with ceratobranchials. The lavatory process presents at the middle
part of the third and the fourth epibranchials

There are two pairs of infrapharyngobranchials. The infrapharyngobranchials are

rounded trapezoidal shape and small bone.

Hyoid Arch

The hyoid arch is composed of hypohyal, anterior ceratohyal (ceratohyal of Harrington,
1955), posterior ceratohyal (epihyal of Harrington, 1955), interhyal, branchiostegal, and
urohyal.

The hypohyal is located at the anteriormost part of the hyoid arch, and composed of
the lower hypohyal (ventral hypohyal of Britz and Conway, 2009) and the upper hypo-
hyal (dorsal hypohyal of Britz and Conway, 2009). The lower hypohyal is a thick
V-shaped bone. Its ventral limb articulates with the upper hypohyal, and its dorsal limb
articulates with the ceratohyal. The upper hypohyal is a curved subcylindrical bone, and
smaller than the lower hypohyal. The anterior end of the upper hypohyal is articulated
with the lower hypohyal, and the posterior ends of these are articulated with the anterior
ceratohyal.

The anterior ceratohyal is very broad lateroposteriorly, and thick at the dorsal part. In
the anterior end of the anterior ceratohyal terminates in two heads, and the fenstra on the
ceratohyal (fch) is opened. The dorsal head articulates with the upper hypohyal and the
ventral head articulates with the lower hypohyal. The insection of the ventral margin at
the anterior part of the anterior ceratohyal is articulated with the anterior end of the first
branchiostegal. In the posterior end, the anterior ceratohyal connects with the posterior

ceratohyal.
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The posterior ceratohyal is a rounded and trianguloid bone. The dorsal part of the
posterior ceratohyal is thick. The posterior end articulates with the interhyal on the ar-
ticulation facet for the interhyal.

The interhyal is the smallest in the hyoid arch. The interhyal is a long and thin bone in
O. uncirostris and O. bidens, and a short column bone in other species.

Three branchiostegal rays of similar length and thickness are present. These branchi-
ostegal rays are boomerang or arch shaped bones. The anteriormost one articulates on
the insection of the ventral margin at the anterior part of the anterior ceratohyal. The
middle one attaches to the external surface of the posteroventral corner of the anterior
ccratohyal. The posteriormost one attaches to the external surface of the anteroventral
corner of the posterior ceratohyal.

The urohyal is located under the medial line of the branchial archs. It is ventrally
flanged with a dorsally directed wing-like thin process extending along the midline of
the bone. The anterior end of the urohyal divides dichotomously and attaches to the
lower hypohyals. The wing-like process of the posterior margin of the urohyal is snick-
ed at the ventral part in P. spilurus, Z. platypus and O. evolans, smoothness in C. bar-
batus and the genus Nipponocypris. The ventral franged part of the urohyal is compara-

tively narrow in O. uncirostris and O. bidens.

Vertebrae (Plate12 — 1 — Plate 12-9)

Vertebrae are composed of abdominal vertebrae and caudal vertebrae, and total number
is than 41. There are 22 abdominal vertebrae + 19 caudal vertebrae in Z. platypus, 19 +
22 in O. evolans, 23 + 21 in O. uncirostris, 21 + 20 in O. bidens, 21 + 22 in P. spilurus,
22+ 19in C. barbatus, 21 + 23 in N. temminckii, 21 + 21 N. sieboldii, and 23 + 21 in N.
koreanus. The first vertebra articulates with the articuration facet for the first centrum of
the basioccipital. Each abdominal vertebra bears a paire of parapophyses, which at-
taches near the ventral part of each centrum. The first to fourth parapophyses are de-
formed for elements of Weberian osicles. The parapophyses which posterior to the
fourth one is short and nub, and articulate with the rib laterally. The last three parapo-
physes are fused with each other.

The rib is arch shaped, and thickened at the lateral margin. The medial side is wide,
and ventral end is spireing. It articulates with posterior to the forth parapophyses exclu-
sive of last three parapophyses. The last three ribs are intermuscular bones like shaped,
and not articulate with the parapophysis.

The Weberian ossicles consist of specialized the first to the fourth abdominal vertebrae
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and associated elements (parapophysis, supuraneurals, neural arch and spine, and ribs,
claustrum, intercalarium, scaphium, tripus, and os suspensorium).

The claustrum is the pair of bone that sits anterior edge of the second supraneural and
the medial side of the scaphium.

The intercalarium is small and curved bone, and posterior end is spireing. Its element
elongates to the upper part of the neural arch 3.

The scaphium is thomboid-shaped bone with the projection. Its projection spires pos-
terodorsally, and elongates to the boundary between the supraneural 2 bone and the third
neural arch.

The tripus is sickle-shaped bone, which posteriormost tip curves medially, and elon-
gates to the under the fifth centrum. Its anterior end attaches to the centrum 3. The dor-
sal face of tripus exhibits Y-shaped runnel.

The fourth parapophysis is fused with the fourth rib, and branched. The tip of the
dorsal branch is blunt, but it is tipped in Parazacco. The medial branch, the os suspen-
sorium spires and contacts with the one.

The second supraneural is rounded and trapezoidal shaped. Its dorsal margin is con-
cave.

The third supraneural is comb shaped at the dorsal margin. In N. sieboldii, its an-
terodorsal margin is projected anteriorly. .

The third neural arch is comb-shaped. There is a fenestra laterally at the middle part.
Their dorsal margins is triangular shape, and connects with the supuraneural 2 bone an-
terodorsally, with the supuraneural 3 bone posterodorsally, and the fourth neural arch
posteriolly.

The fourth neural arch is about half the length of the fifth one. It connects with the
supuraneural 2 bone and the neural arch at the anterior part.

The first parapophysis is shorter than the second one. The first and second

parapophyses extend laterally, and theirs head is spireing.

Caudal fin skeleton (Plate13 — 1 — Plate 13 -9)
The caudal fin skeleton is composed of following six elements: preuralcentrum, pleu-
rostyle, epural, uroneural, hypural, and parhypural.
The first ural vertebra (ul) is fused with the first preural centrum (pul). There is the
neural spine of preural centrum 1, which is short, wide, and spires. The second and
third neural spines of preural centra are long and thin spines with the wing, which are

projected at the lower part in N. sieboldii, the wing of the neural spine of the preural
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centrum 2 and 3 do not extend over the middle of the neural spine of the preural cen-
trum, or reach to the middle in P. spilurus. The wing of second neural spines of preural
centrum do not extend over the middle of the neural spine of the preural centrum, or
reach to the middle, but the wing of the third one extends over the middle of the neural
spine of the preural centrum in C. barbatus. In the other species, the second and third
neural spines of preural centra extends over the middle of the neural spine of the preural
centrum.

A pair of first uroneurals is fused with the first ural vertebra and the first preural cen-
trum, and makes the pleurostyle.

A pair of second uroneurals is long and thin. These locate at about the upper part of the
pleurostyle.

The epural is the rod like bone, which is located between pleurostyle and the neural
spine of the second preural centrum.

There are six hypurals. The first to third hypurals are almost the same length. The
fourth to sixth hypurals are inserted into the pleurostyle, and become progressively
shorter. The first hypural is about three times wider than the second one in Z. platypus,
O. uncirostris, C. barbatus, and N. sieboldii, and about twice wider than the second one
in the other species. The second hypural is fused with the first ural vertebra and the first
preural centrum. The width of the second hypural is almost same as the third one. The
third hypural articulates with the first ural vertebra and the first preural centrum at the
anterior part. The fourth hypural is wide and the same width as the first one. The fifth
and sixth hypurals are short, thin, and rod like bones. The sixth hypural is the smallest
in the hypural series.

The perhypural is fused with the first hypural, and articulated with the fused hypural

1 + 2. There is the hypurapophysis at the base of perhypural.

The haemal spine of preural centrum 2 is articulated (not fused) with the second ural

vertebra. The all the rest haemal spines of preural centra are fused with centrum.

Intermuscular Bones (Plate14 — 1 — Plate 14 -9)
The intermuscular bones are composed of epipleural, epineural, and supraneural bones.
The epipleural lies the posteriormost of the rib series to the neural spine of the preural
centrum 4 or 5. The some elements are long and thin bones at the anterior section, are
three-pronged at the periphery of anal fin base, and are not branched at the posterior
section.

The epineural lies between rearward of the cranium and the neural spine of the preural
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centrum 4 or 5. It is a long, thin, and three-pronged elements. These branches elongates
to anteriorly, posteriorly, and medially. The elements at the posterior section divides di-
chotomously.

There are a plates or needle-shaped supraneurals at between the Weberian apparatus
and the first proximal pterigiophores of the dorsal fin. These elements do not contact
with each other, and located at between each neural spines. The first one (the fourth su-
praneurals) is a plate and quadrangle like in the genus Nipponocypris, Candidia, Op-
sariichthys, and Zacco. The anterior margin of the fourth supraneural is snicked in P.
spilurus,. In posterior supuraneurals decrease slightly in length and width posteriorly.,
There are 8 supuraneurals in the genus Nipponocypris, 5 — 6 supuraneurals in Z. platy-
pus, O. uncirostris and O. evolans, 6 — 7 supuraneurals in C. barbatus, O. bidens , and 9

supuraneurals in P. spilurus.

Dorsal fin and its skeleton (Plate15 — 1 — Plate 15-9)

The dorsal fin is located in the middle of the body, with its origin posterior to the
pelvic insertion. The dorsal fin base is shorter than that of the anal fin base. There are
three unbranched dorsal fin rays. The first one is vestigial. The third one is extremely
long, and the length is about twice the length of the second one. There are seven dorsal
branched fin rays. The last one is branched for two at the anterior end.

These fin rays are supported by pterygiophores (proximal, median, and distal ptery-
giophores) and stay.

The proximal pterigiophores are elongated bone with wings. The first one is the large
bony plate and divides dichotomously. The dorsal margin of the first proximal pterigio-
phore contacts with the first and the second unbranched dorsal fin rays.

The median pterygiophores are small and a drum like bone, and are located in be-
tween the third or later of the proximal pterigiophores and the distal pterigiophores. The
last one articulates with the stay ventrally, and articulates with the distal pterygyophore
dorsally.

The distal pterygiophores are small bone and rounded at the both ends, and wedged

in the anterior end of the soft fin rays.

Anal fin and its skeleton (Plate15 — 1 — Plate 15-9)
The anal fin is suspended from the haemal spines of the anterior part of caudal verte-
brae. Its origin is behind the posterior end of the dorsal fin base. The anal fin composed
of 11 fin rays (iii, 8) in O. bidens. 12 fin rays (iii, 9) in N. sieboldii, C. barbatus, Z.
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platypus, O. evolans, and O. uncirostris, 13 fin lays (iii, 10) in N. temminckii and N. ko-
reanus, and 14 fin rays (iii, 11) in P. spilurus.

These fin rays are supported by the pterygiophores (proximal, median, and distal
pterygiophores). The proximal pterigiophores is elongated bone with wings. The first
proximal pterigiophore supports for the first and second anal fin rays. There are 10
proximal pterygiophores in the genus Opsariichthys, Z. platypus, N. sieboldii, and C.
barbatus. 11 proximal pterygiophores in N. temminckii and N. koreanus, and 12 proxi-
mal pterygiophores in P. spilurus.

The median pterygiophores are small and a drum like bones, and are located in be-
tween the forth or later of the proximal pterigiophores and distal pterigiophores. The last
one is articulated with the stay ventrally, and articulated with the distal pterygyophore
dorsally

The distal pterygiophores are a small bones and rounded at the both ends, and

wedged in the anterior end of soft fin rays.

Pectral girdle (Plate16 — 1 — Plate 16 —9)

The pectoral girdle is composed of posttemporal, spracleithrum, cleithrum, scapula,
coracoid, postcleithrum, pectral radial, and, distal radial.

The posttemporal is located on the upper most of the pectral girdle. The dorsal part of
them spires and it articulates with the posterolateral corner of the neurocranium dorsally.
The sensory canal on the posttemporal contacts with the supuratemporal and the sensory
canal of the spracleithrum.

The spracleithrum is the thin and long bone, which located under the posttemporal.
The dorsal part is a hook-like projection, which articulates dorsally with the ventral part
of the posttemporal. In the posterior part, the sensory canal on the spracleithrum is pre-
sent, and connects with the sensory canal on the supuratemporal at the dorsal part.

The cleithrum is the largest element of the pectoral girdle, and forms main portion of
anterior margin of the pectral girdle. It is a L-shaped, and its ventral part is flanged. The
anterodorsal margin of the lower part projects upward in Z. platypus and O. evolans,
and smooth in the other species. The cleithrum articulates with the medial face of the
supracleithrum dorsally, with the postcleithrum posteriorly, with the mesocoracoid
medially, and with the scapula and coracoid posteroventrally.

The scapula is the short column element and lies between the cleithrum and the cora-
coid as a bridge. It has scapula foramen (sf) at its center at the lateral side of the middle

part. The scapula articulates with the medial face of the cleithrum dorsally, with the
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coracoid and mesocoracoid ventrally, and with the first pectoral radial posteroventrally.

The coracoid forms ventral portion of anterior margin of pectral girdle. The antero-
dorsal part, it connects with cleithrum and forms ellipsoidal fenestra. The coracoid ar-
ticulates with the second pectral radial posterodorsally end, and with mesocoracoid and
scapura posterodorsally.

The mesocoracoid is a slender cylindrical bone. The dorsal end is attached to the me-
dian face of the cleithrum, and the ventral end is attached to the scapula and the cora-
coid. The mesocoracoid forms a bridge between the cleithrum and the coracoid.

The postcleithrum is a long, thin and gradual S-shaped element, and both ends spires
sharply. It attaches to the posteromedial face of the cleithrum.

There are three to four pectral radial, and these are thin element. The posterior end ar-

ticulates with a small-grained distal radial.

Pelvic Girdle (Plate17 — 1 —Plate 17-9)
The pelvic fin is composed of 9 segmented fin rays with one unsegmented and short fin
lay, and is located in the middle of the ventral margin of the body.

The pelvic girdle is composed of basipterygouim and three pelvic radial.

The basipterygouim divides dichotomously at the anterior part. There is the elongated
articular process at the posterior part of them, and it articulates with companion of the
basipterygouim.

The pelvic radials are located at the posterior end of the basipterygouim, and are
wedged in the pelvic fin rays. The medial side one is coronoid shaped, and two others

are sclerite shaped.

Result and discussion

The cladistic analysis using the branch—and—bound search option resulted in one par-
simonious tree (length = 93, CI =0.70, RI =0.73, RC =0.51). The parsimonious tree is
shown in Figure 2 with apomorphic states of each clades and bootstrap values (%)
based on 1000 replicates. The character matrix is shown in Table 2.

The 14 characters following below were placed at node of the opsariichthines, which
separates from its outgroup the genus Aphyocyprs (boot strap = 100); the width of the
supraorbital is narrower than the half of the length (character number 4 [status 1]); the
sensory canal on the lacrimal curved (5 [1]); the third infraorbital is almost as wide as

the fourth (8 [1]); the posterodorsal margin of the fourth infraorbital bone has a nub (10
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[1]); the fifth infraorbital bone is approximately quadrangle (12 [1]); the width of the
fifth infraorbital bone is about the same as the length (13 [1]); the pores of sensory canal
of the dentary opens laterally (15 [1]); The quadrate-pterygoid fenestra is present (21
[1]); the symplectic doesn’t contact with the ventral margin of the metapterygoid (24
[1]); the posterior region of the urohyal is wider than the anterior one in the ventral view
(26 [1]); the maximum number of the vertebrae is more than 40 (29 [1]); the fourth su-
praneural bone is snicked at the anterior margin (31 [1]); there are ten anal fin proximal
pterygiophores (33 [1]); and there are more than 40 lateral line scales (37 [1]). Within
opsariichthines divaricates off three clades, Parazacco, Zacco + Opsariichthys, and

Candidia +Nipponocypris.

Relationship of the genus Parazacco

In molecular phylogenetic studies of Wang et al. (2007) and Tang et al. (2013a, b),
Parazacco forms a sister group of the clade of Nipponocypris + Candidia and the clade
of Zacco and Opsariichthys (Fig. 1A, D). In the molecular phylogenetic trees of Chen et
al. (2008), Parazacco forms a monophyletic group with Candidia and Nipponocypris
and is located at the basal position in this clade (Fig. 1B).

In this phylogenetic study based on morphology, Parazacco forms a sister group of
the other opsariichthines (Zacco, Opsariichthys, Candidia, and Nipponocypris) (Fig.
1E). The opsariichthines expects for Parazacco has eight synapomorphies as follows:
the pharyngeal tooth are three rows (27 [1]); the end of the dorsal branch of the para-
paphysis of the fourth vertebra is blunt (30 [1]); the fourth supraneural bone is almost
quadrangular (31 [2]); the maximum number of the supraneural bones is 7 (32 [1]); the
wing of the neural spine of the preural centrum 2 extends over the middle of the neural
spine of the preural centrum 2 (34 [1]); the wing of the neural spine of the preural cen-
trum 3 extends over the middle of neural spine of the preural centrum 3 (35 [1]); the
ventral keel is absent or indistinct (40 [2]); and the color of pectoral fin is yellow and
orange or red at the margin (43 [1]).

On the other hand, Parazacco does not have these synapomorphies, and has four au-
tapomorphies as follows: the fifth infraorbitals bone has a projections (14 [1]); the pos-
terior margin of the urohyal is snicked (25 [1]); there are 12 anal fin proximal pterygio-
phores (33 [3]); and the vertical stripes are irregular pattern and black (41 [1]).

Thus, the present study concludes that the genus Prazacco is the most basal taxa
within opsariichthines, and the sister group of the other opsariichthines. Its supports
Wang et al. (2007) and Tang et al. (2013a, b) based on molecular analysis.
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Fig.2. Cladogram of opsariichthines. Two species of Aphyocyprs designated as outgroup, and all
43 characters are unordered. Number of boldface represents reversed characters. Figure in box
represents bootstrap values after 1000 replications.
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Relationship of Candidia and Nipponocypris

The clade of the genus Candidia + Nipponocypris forms a monophyletic group sup-
ported by following combination of four characters: the posterior margin of the fourth
infraorbital bone is L-shaped (11 [1]); the anterior end of dentary is not constricted (16
[2]); the maximum number of the lateral line scale is more than 51 (37 [2]); and the ver-
tical stripes are bandlike and black (41 [2]).

The genus Nipponocypris forms a monophyletic group and is distinguished from the
genus Candidia supported by combination of follows as four characters; the posterior
margin of the fourth infraorbitals bone is U-shaped (11 [2]); the fifth infraorbital bone
has a projection (14[1]); the post-dorsal process of the maxilla is a triangle shaped
(18[1]); and the maximum number of the supraneural bones is 8 (32 [0]). The character
of number 32 is reversed character.

Within the clade of the genus Nipponocypris, N. sieboldii is at the basal position in
this clade, and has three autapomorphies as follows: pores of the sensory canals of the
dentary are opened laterally (15 [0]); the wings of the neural spines of the preural cen-
trum 2 and 3 are projected at the base (34[2], 35[2]). The character of number 5 is re-
versed character.

N. temminckii and N. koreanus has two synapomorphies as follows: the maximum
number of the vertebrae is 43 (29 [2]); and there are 11 anal fin proximal pterygiophores
(33 [2]). N. temminckii is distinguished from N. koreanus by combination of the follow-
ing five characters: the posterior lateral margin of the frontal is notched (2 [1]); the pos-
terior margin of the fourth infraorbital bone is L-shaped (11 [1]); the pore of the sensory
canals of the dentary are opened posteroventrally (15 [2]); and the color of pectoral fins
is highly - colored yellow (43 [2]). The characters of number 43 and 2 are unique for N.
temminckii.

Thus, three species of the genus Nipponocypris form a monophyletic group, and are
distinguished by these characters. This supports the previous molecular phylogenetic
studies.

Wang et al. (2007) concluded that Candidia is the only available name for the clade
of C. barbatus, N. temminckii, and N. sieboldii. In Hosoya (2013) suggested, N. tem-
minckii and N. sieboldii assigned for the genus Candidia, in other words the genus Nip-
ponocypris is synonymized for Candidia based on the result of molecular phylogenetic
study of Chen et al. (2008), which is Parazacco, Candndia, and Nipponocypris form a
monophyletic group. Chen et al. (2011) treated “N. temminckii” and “N. sieboldii” as the
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genus Candidia.

As previously mentioned, in the present phylogenetic analysis based on morphology
results that the genus Nipponocypris is distinguished from Candidia. In addition, the
Candidia has seven autapomorphis as follows: the sensory canals of the parietals con-
tact each other (1 [2]); the sense canal on the lacrimal has three pores (6 [1]); the fourth
infraorbital is gradually widened from its anterior end to its posterior end (9 [2]); the
width of the fifth infraorbital bone is larger than its length (13 [2]); the wing of the neu-
ral spine of the preural centrum 2 do not extend over the middle of the neural spine of
the preural centrum 2, or extend to the middle (34 [0]); the maxillary barbels are present
(39[0)); the ventral keel is absent on the anterior half region from the pelvic fin base to
the anus (40[1]).

Thus, the present study concluded the genus Nipponocypris not assigned to Candidia,
and is distinguished from the genus Candidia by evidence of those of characteristics of
this clade .

Relationship of Opsariichthys and Zacco

The genera Opsariichthys and Zacco form a monophyletic group supported by many
previous molecular studies (e.g. Wang et al. 2007; Chen et al., 2008, 2009; Fang et al.,
2009; Tang et al., 2010; Tang et al ., 2013a, b).

In the present study, these two genera form a monophyletic group, which is supported
by eight synapomorphies as follows: the intercalar has the projection (9 [1]); the fourth
infraorbital abruptly widens below its middle point (9 [1]); The posterodorsal margin of
the fourth infraorbitals does not have a nub (10 [0]); the fifth infraorbital bone forms a
tube shaped (12 [3]); The width of fifth infraorbital bone is slender than the length of
them (13 [0]); The pores of the sensory canals of the dentary are opened laterally (15
[0]); the posterior margin of the opercular is convex (20 [1]); and the crossband of the
body is a band-like (42 [1]). The characters of number 10, 13, and 15 are reversed char-
acters. This clade divides to two groups Zacco + O. evolans clade and O. pachycephalus
+ O. uncirostris + O. bidens, and it suggested the genus Opsariichthys forms a para-
phyletic group.

The phylogenetic relationships of the genus Opsariichthys and Zacco based on mo-
lecular phylogenetic analysis has been discussed in some previous studies (e.g. Chen et
al., 2008; Tang et al., 2013b). Their studies demonstrated the genus Opsariichthys forms
a monophyletic group, and the closer relationship of O. evolans being closer to O.

pachycephalus than the genus Zacco.
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Fig. 3
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Fig.3. The feeding habits and the feeding characters trait evolution within opsariichthines. The
phylogenetic tree from Tang et al. (2013b). The datas of the feeding habits are based on Chen
and Chang (2005), Hosoya (2013), and Morimune et al. (2003). A: Feeding habits; B: Character
18, the shape of the post - dorsal process of the maxilla; C: Character 17, the dorsal margin of
the dentary; D: Character 16, the anterior end of the dentary; E: Character 22, the shape of the
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In the present study, based on morphological data, the clade of O. pachycephalus + O.
uncirostris + O. bidens has three synapomorphies: the post-dorsal process of the maxilla
is dorsally-convexed or straight, and that the dorsal margin elongates to the posterior
part (18 [2]); the metapterygoid constricts to H-shaped (22 [1]); and the urohyal is slen-
der in the ventral view (26 [0]). The character of number 26 is reversed character.

Z. platypus + O. evolans forms a monophyletic group supported by four synapomor-
phies as follows: the dorsal margin of the dentary is downloaded (17 [1]); the posterior
margin of the urohyal is snicked (25 [1]); the maximum number of the supraneural
bones is 6 (32 [2]); and the anterodorsal margin of the cleithrum is convex (36 [1]). O.
evolans does not have synapomorphies of the other species of Opsariichthys.

Thus, the present morophological phylogenetic study suggests the closer relationship
of O. evolans with the genus Zacco than the other species of the genus Opsariichthys. In
the molecular phylogenetic analysis of Chen et al. (2008) and Tang et al. (2013b), O.
evolans has closer relationships with O. pachychpharus than Zacco, and the genus Op-
sariichthys forms a monophyletic group.

The feeding habit of the genus Opsariichthys expect O. evolans is carnivorous, espe-
cially yet adult one is fish-eater (e.g. Hosoya, 2013; Morimune 2003). O. evolans, and
fishes of the genus Parazacco, Zacco, Candidia, and Nipponocypris are omnivorous
(Chen and Chang, 2005; Hosoya, 2013; Morimune, 2003).

The oral region is the one of the part, which associated with the feeding behavior (e.g.
Sibbing, 1991). Here, in this study, traced the evolution of the feeding habitat and the
jaws and metapterygoid characters on the phylogenetic tree, using the parsimony algo-
rithm implemented in Mesquite Version2.73. The tree based on the molecular phyloge-
netic tree of Tang et al. (2013Db) is similar to the present study (Fig. 3), because the fol-
lowing discussion avoids for begging the question by the present phylogenetic study.

In the post dorsal process of the maxilla, trapezoidal or triangle shaped type (Zacco,
Nipponocypris, Candidia, Parazacco, and O. evolans) is omnivorous behavior. Dor-
sally-convexed or straight, and the dorsal margin elongating to posterior part type (O.
uncirostris, O. bidens, and O. pachycephalus) are fish eating behavior (fig. 3B).

The downward the dorsal margin of the dentary type are only Zacco and O. evolans.
This two species are regarded as a herbivory-omnivorous habit species by previous
studies (e.g. Chen and Chang, 2005; Hosoya, 2013; Morimune, 2003). The straight dor-
sal margin of the dentary type is omnivorous habit or carnivorous-omnivorous habit or
and fish eating habit (fig. 3D).

In the hookced type dentary species are only O. uncirostris and O. bidens. These spe-
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cies are storongry fish eater habit (e.g. Morumune, 2003; Hosoya, 2013). In the other
types of the dentary are omnivorous habit expect for O. pachycephalus. Opsariichthys
pachycephalus is not hooked type, in spite of the species is fish eater (Fig. 3C). Mori-
mune et al. (2003) suggested that O. pachycephalus adapts not enough for fish eating
habit based on body size and intestine morphology.

The metapterygoid is the one of the related characters of attaching the adductor man-
diburae muscle Al for the pisucicous habit (Asiwa and Hosoya, 1998; Gosline, 1973;
Hows, 1980). The H-saped metapterygoid species (O. uncirostris, O. bidens, and O.
pachycephalus) are fish eating behavior. The unconstricted metapterygoid species are
omnivorous habit (fig. 3E).

Thus, the present study demonstrates that the morphology of the metapterygoid and
jaw bones in opsariichthines strongly reflects of the feeding habitat. In addition, O.
evolans bears a genetic relationship to Opsariichthys than Zacco, but morphological
characters converge with Zacco, because the feeding habit of O. evolans is closely

similar to Zacco .
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Chapter 2
The genus Nipponocypris (Pisces: Cyprinidae)
from the Nogami Formation
(Middle Pleistocene) in the southern part of the Kusu basin, Oita,
Japan.

Introduction

The Middle Pleistocene Nogami Formation of Oita Prefecture, Northern Kyushu,
Japan is lacustrine deposits, and yields many complete fossils of freshwater fishes,
which belong to Salmonidae (Oncorhyncus cf. O. masou or O. rhodums or sp),
Gobiidae (Rhinogobius giurinus and R. brumous), and Cyprinidae (Zacco. cf. Z.
temminckii, Hemibarbus barbus or Hemibarbus sp., and Acheilognathus lanceolata)
(e.g., Uyeno et al., 1975, 2000; Takahashi and Okumura, 1998; Yabumoto, 1987).
These specimens are very important for paleontologists and ichthyologists to provide an
information of the freshwater fish fauna of the East Asia at the Quaternary, because the
Quaternary deposits in the East Asia yield almost fragmentary bones and detached
pharyngeal teeth (Chang and Chen, 2008). However, there is no detailed comparative
osteology about Recent and fossil taxa, and the phylogeny of the freshwater fishes from
the Nogami Formation.

Among the above-mentioned fishes from the Nogami Formation, the genus Zacco
(Cyprinidae), which is a member of opsariichthines, studies of the taxonomy and
molecular phylogeny have been rapidly increased as mentioned in the Chapter 1(e.g.,
Chen et al., 2008; Hosoya et al., 2003; Kim et al., 2006; Tang et al., 2010, 2013a,b).
Therefore, it is necessary to study taxonomy and phylogeny about the fossil species.

In the present Chapter, the fossil opsariichthines is described from the Nogami
Formation of the Middle Pleistocene, Oita Prefecture, Japan and its phylogenetic

position within the recent opsariichthine group is discussed.

Geological setting

The southern part of the Kusu basin, Oita Prefecture of Northern Kyushu, Japan
belongs to the Hohi volcanic zone, and consists of volcanic rocks and lacustrine
deposits (Fig. 1). Stratigraphic, sedimentologic, volcanic, paleontologic, and
paleoecologic investigations have been conducted since 1950’s (e.g., Hayashi, 1959;
Iwauchi, 1998; Iwauchi and Hase, 1987; Kamata and Muraoka, 1982; Julius et al.,
2006; Ishihara et al., 2010; Suto, 1953a, b).
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Figure 1. Locality maps of the fossil fish. A, Geological map of Nogami area, southern
part of Kusu basin (modified from Iwauchi and Hase, 1987 ). Fish symbol indicates the
locality of Nipponocypris sp. B, Stratigraphic sequence of Late Cenozoic formations in the
southern part of Kusu basin (modified from lwauchi and Hase, 1987. Radiometric age
from Kamata and Muraoka, 1982, Kamata, 1985; lwauchi and Hase, 1987, Machida and
Arai, 2000; Yamada et al., 2006).
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The lower part of the Nogami Formation that fossils are yielding is mainly composed
of lacustrine diatomaceous beds with the Nakamura Lava that inflowed into the
paleo-lake (Iwauchi and Hase, 1987). The Nogami formation yields well-preserved
fossils of frogs (Nokariya and Kitabayashi 1987), plants (e.g. Iwauchi and Hase, 1987),
diatoms (e.g. Julius, et al., 2006) and freshwater fishes (e.g. Uyeno et al. 1975; 2000).

The age of Nogami Formation is the Middle Pleistocene, which is supported as
follows: the K-Ar age of the Haneyama Lava that is covered by the Nogami Formation
(e.g. 0.8+0.3Ma, 0.7+0.3Ma: Kamata and Muraoka, 1982; 0.67+0.01Ma, 0.69+0.01Ma,
0.71+0.01Ma: Yamada et al., 2006,); the K-Ar age of the Kabushidake Lava that covers
the Nogami Formation (0.27+0.11Ma, 0.32+0.05Ma, 0.33+0.02Ma: Kamata, 1985); and
the K-Ar age of the Hiwaku (Hwk) tepla (Shiromaru band of Iwauchi and Hase, 1987),
which is within the Nogami Formation (0.58+0.03Ma, 0.57+0.03Ma; Machida and Arai,
2000; fig. 1).

Material and Methods
Counts and Measurements.—Standard length measurements were done for the
estimated tip of the snout to the posterior end of the hypural along the midline of the
body. Fin ray counts were made according to Chen (1998) and vertebral counts were

made according to Uyeno (1984).

Osteological Terminology.—Names of skull bones and the anterior part of vertebrae
follow Britz and Conway (2009), Chen et al. (1984), Dahdul, et al. (2010), Harrington
(1955), Uyeno and Sakamoto (2000), and Witszman (1962), and caudal bones follow
Fujita (1999).

Comparative materials. The depository of the specimens of the Recent
opsariichthines examined is the Kitakyushu Museum of Natural History and Human
History, Kitakyushu, Fukuoka Prefecture, Kyushu Islands, Japan, with the prefix
KMNH. These specimens were transported and stained by the method of modified from
Kawamura and Hosoya (1991): Zacco platypus (Temminck and Schlegel, 1846), (Oita
Prefecture, Japan, KMNH VR 100,128, SL 104.0 mm; KMNH VR 100,129, SL 101.0
mm; KMNH VR 100,130, SL 91.0 mm). Nipponocypris temminckii (Temminck and
Schlegel, 1846), (Oita Prefecture, Japan, KMNH VR 100, 134, SL 103.2 mm ; KMNH
VR 100,135, SL 101.4 mm; KMNH VR 100,136, SL 80.7 mm). Nipponocypris sieboldii
(Temminck and Schlegel, 1846) , (Okayama, Japan, KMNH VR 100,138, SL 92.7 mm;
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KMNH VR 100,139, SL 90.8 mm; KMNH VR 100,140, SL 100.9 mm). Nipponocypris
koreanus (Kim, Oh and Hosoya, 2005), (Korea, KMNH VR 100,141, SL 84.1 mm ;
KMNH VR 100,142, SL 87.4 mm; KMNH VR 100,143, SL 101.0 mm, KMNH VR
100,144, SL 95.0 mm). Parazacco spilurus (Giinther, 1868), (Guangdong, China,
KMNH VR 100,145, SL 79.5mm ; KMNH VR 100,146, SL 87.7 mm; KMNH VR
100,147, SL 107.0mm). Candidia barbatus (Regan, 1908), (Kaohsiung, Taiwan,
KMNH VR 100, 131, SL 84.9 mm; KMNH VR 100, 132, SL91.6 mm; KMNH VR
100, 133, SL 88.3 mm). Opsariichthys uncirostris (Temminck et Schlegel, 1846) , (Siga,
Japan, KMNH VR 100, 148, SL 204.7mm; KMNH VR 100, 149, SL 196.0 mm;
KMNH VR 100, 150, SL 191.8 mm). Opsariichthys bidens Giinther, 1873 (China,
KMNH VR 100, 151, SL 102 mm; KMNH VR 100, 152, SL 79.5 mm).Opsariichthys
evolans (Jordan and Evermann, 1902) (Taiwan, KMNH VR 100, 155, SL 73.7 mm;
KMNH VR 100, 156, SL 86.5 mm; KMNH VR 100, 157, SL 70.1 mm).

Systematic description
Order Cypriniformes Bleeker, 1859
Family Cyprinidae Cuvier, 1817
Opsariichthine sensu Chen, 1982
Genus Nipponocypris Chen et al., 2008
Nipponocypris sp.

Material —KMNH (Kitakyushu Museum of Natural History and Human History) VP
102. 036 (SL 114 mm), KMNH VP 102. 028 (SL 107mm), KMNH VP 102, 034 (SL
111.4 mm), , KMNH VP 102. 062 (SL 136.5mm), NSM (National Science Museum,
Tsukuba) No3-A (SL 158 mm), and NSM, XXX (HL 24.1mm+)
Locality and Horizon. —All specimens were in phosphorite nodule, which discovered
from the Nogami Formation (Middle Pleistocene) at the quarry of Hakusan Kogyo
Campany, Okunameshi area, Kokonoe town, Oita Prefecture, Northern Kyusyu, Japan
(fig. 1).
Description

Skull (Figs. 2 — 6). The skull is almost preserved in all specimens, especially KMNH
VP 102, 036, KMNH VP 102, 042 and NSM, XXX are almost completely preserved.
Kiethmoid, ethmoid, preethmoid and prevomer are fragmentary and not clearly visible.
The Supraethmoid is a thin sheet and located in the anterior margin of the frontals
(KMNH VP 102, 042). The lateral ethomoid, which is well observable in KMNH VP
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Figure 2. Nipponocypris sp. A. photo of, KMNH VP 102, 036. B. line drawing of A.

Figure 3 (next page). Nipponocypris sp. skull in lateral view. A. photo of, KMNH VP
102, 036. B. line drawing of A. Abbreviations: ACH, anterior ceratohyal; ANG, anguloar-
ticular; BRA, branchiostegal rays; CLE, cleithrum; CRA,; coracoid; DEN, dentary; ETH
LAT, lateral ethmoid; EPO, epiotic ; FRO, frontal; IOP, interopercle; 104, 4th infraorbital;
MET, metapterygoid; OP, opercle; PAR, parietal; PCL, postcleithrum; PCH, posterior
ceratohyal; PMX, premaxilla; PTO, pterotic; SOC, supraoc-cipital; SOP, subopercle;
SRPE, supraethmoid .
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102, 036 and KMNH VP 102, 042. It contacts the anterolateral margin of the frontal and,
sticks out sideways. The frontal is a large, elongate bone that forms the dorsal roof of
the orbit, and there is a notch at the posterior lateral margin of the frontal in KMNH VP
102, 036 (figs. 2, 3).

The parietal is almost a square in shape and there is a sensory canal. The sensory canal
does not reach to the medial edge of the parietal, and the length is longer than the half of
the width of the parietal (KMNH VP 102, 036, NSM No XXX). The supraoccipital
connects with the posterior margin of the frontal, and has a crest on its dorsal medial
surface (NSM, XX).

Other bones of the otic region (e.g. prootic, autosphenotic.) and the occipital region (e.g.
exooccipital, basioccipital.) are not clearly visible, because these are fragmentary or

covered by the opercular bone and the shoulder girdle.

Infraorbital bones (Fig. 6). The infraorbital bones are partially preserved in KMNH
VP 102, 028, NSM, No 03-A and NSM, XXX. The first infraorbital ( = lachrymal by
Harrington, 1955) is preserved on KMNH VP, 102, 034, NSM, No 03-A and MNHXXX.
It’s about a pentagon-shaped and a large flat bone. The sensory canal runs along the
middle of the bone and slightly curved in KMNH VP 102, 028. The second infraorbital
is observable in KMNH 102, 042 and KMNH 102, 034, whose width is almost the same
as the third one, and a sensory canal runs close on the middle. The third and fourth
infraorbitals are preserved in KMNH 102, 042 and KMNH 102, 028, whose width is the
same size each other, and the length of the third one is slightly longer than the fourth
one. The posterodorsal corner of the fourth infraorbital has the small projection which is
L-shaped. The sensory canal runs along the dorsal margin of the third and fourth

infraorbitals. The fifth infraorbital is not preserved.

Jaws (Figs. 3, 5, 7). The jaw bones are well preserved in KMNH VP 102, 036, KMNH
VP 102, 042 and NSM, XXX. The anteroventral margin of the maxilla is rounded in
KMNH VP 102, 042. The posterior margin of the post-dorsal process on the maxilla is
triangular, slightly convex such as the genus Zacco or Nipponocypris in KMNH VP 102,
042 and NSM, XXX. The premaxilla is located at the anterior to maxilla. The anterior
end of the premaxilla is process which stretching to the dorsal in KMNH VP 102, 042.
The dentary is a large, deep bone, and the mandibular sensory canal runs at the ventral
part. The flat coronoid process is present and it inclines about 45 degrees dorsally. The

oral margin of the dentary is slightly convex. The anguloarticular is located behind the
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Figure 4. Nipponocypris sp. A. photo of, KMNH VP 102, 042. B. line drawing of A.

Figure 5 (next page). Nipponocypris sp. skull in lateral view. A. photo of, KMNH VP
102, 042. B. line drawing of A. Abbreviations: ANG, anguloarticular; BRA, branchioste-
gal rays; CHY, ceratohyal; CLE, cleithrum; DEN, dentary; ECT, ectopterygoid; ETH,
eth-moid; ETH LAT, lateral ethmoid; EPO, epiotic; FRO, frontal; HYO, hyomandibular;
IOP, interopercle; 102, 2nd infraorbital; 103; 3rd infraorbital; 104, 4th infraorbital; MAX,
maxilla; MET, metapterygoid; OP, opercle; P, autopalatine; PAR, parietal; PARA, para-
sphenoid; PCL, postcleithrum; PMX, premaxilla; POP, preopercle; PTO, pterotic; Q,
quadrate; RET, retroar-ticular; R4+0S, rib4+os suspensorium; RD, pectral radial; SC;
scapula; SCL, supracleithrum; SN3, supraneural 3 bone; SOP, subopercle.
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dentary, and its dorsal margin is almost triangular. The suspensorial articulation facet is
present at the posterior part of the anguloarticular. The sensory canal runs along the
ventral part of the anguloarticular. The small retroarticular contacts with the ventral
surface of the anguloarticular in KMNH VP 102, 042 and NSM, XXX.

Opercular series (Fig. 5). The opercle is a large and trapezoidal shaped, and the
posterior margin is concave. Its anterodorsal corner is slightly projected anteriorly and
the opercular canal is present. In KMNH VP 102, 042, the preopercle is marginally
observable. The preoperculomandibular sensory canal is preserved, and it is enclosed in
the bony tube and reaches to the opercular canal.

The interopercle is almost the same size as the subopercle. The bone is narrow at its
anterior end and gradually widens posteriorly. Its dorsal margin is concave and ventral
margin is slightly convex on KMNH VP 102, 042 and NSM, XXX. The subopercle is a

knife-like shaped and gradually narrows posteriorly.

Suspensorium (Fig. 5). The suspensorium series bones are preserved in KMNH VP
102, 042, and in the other specimens, the bones are fragmental or covered by other
bones. The posterior margin of the autopalatine articulates with the endopterygoid in
KMNH VP 102, 042. The endopterygoid is a large and flat bone. Its anterior margin is
saddle-shaped and thick, and articulates with the autopalatine in KMNH VP 102, 042.
The ectopterygoid is a thin and oval-shaped bone in KMNH VP 102, 042. The
metapterygoid is a broad and flat plate with a strut along its dorsal margin. The quadrate
is shallow, and consists of the fan-like part and the thick ventral projection (articulation
feacet for the mandibular). The projection articulates with the suspensorial articulation
facet of the anguloarticular in NSM XXX. The synpmplectic is not able to be observed,
because of fragmentary or covered with the operculer bones. The hyomandibular is
barely observable in KMNH VP 102, 042, and almost of these are covered by the
opercular bones or the infraorbital bones. The elongated opening of the hyomandibular

branch of the facial nerve is present in the lower portion of the strut.

Hyoid arch (Fig. 6). The upper and lower hypohyals are fragmentally preserved in
NSM. XXX.
The anterior and posterior ceratohyals are partially preserved in KMNH VP 102, 036
and NSM. XXX. The anterior one is a thick bone that is narrow anterior and expanded

posterior area, and it is convex at the ventral margin. The posterior one is narrow against
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the posterior. There are three branchiostegals, which are flat and boomerang like

curvetuare.

Pharyngeal bone and teeth (fig. 6). The pharyngeal bone and teeth are observed in
only NSM XXX, and in the other specimens, these are covered by the opecular series
bones. In NSM XXX, only one pharyngeal tooth is preserved, which is conical shaped.
There is a cycloid vestige of the pharyngeal tooth on the pharyngeal bone. This shows
that dental formula is 5, 4, and 2 or 3.

Vertebrae (Figs. 2 — 5 ) In the present study, the estimated number of vertebrae based
on the number of neural spines, haemal spines and ribs, although some abdominal and
caudal vertebrae are missing. There are about 23 — 24 abdominal vertebrae, 19 — 20
caudal vertebrae, and the total number of vertebrae are about 42 — 44 . The first to
fourth abdominal vertebrae relates to Weberian ossicle. The first vertebra is not visible.
The Weberian apparatus is not well preserved. The upper part of supernural 3 bone is
comb-like shaped and connects with the dorsal margin of the neural arch of the third
and fourth vertebrae. The neural spine of the fourth vertebra is shorter than the fifth. The
supraneural 4 bone is located between the supuraneural 3 bone and the neural spine of
the fifth vertebra, and do not contact each other (KMNH VP 012, 036). There are 15 to
16 pairs of ribs in total in KMNH VP 012, 036 and No. 03-A. The Other ribs are
elongate, arch-like shaped, and reaching to the abdominal edge. The dorsal margin of
the neural spine of the third vertebra turns downward (KMNH VP 012, 042).

Figure 6. Nipponocypris sp. skull in lateral view. A. photo of NSM, XXX. B. line drawing of A.
Abbreviations: ACH, anterior ceratohyal; ANG, anguloarticular; BRA, branchiostegal rays; CLE,
cleithrum; DEN, dentary; EBS, Sth ceratobranchial; ETH LAT, lateral ethmoid; FRO, frontal;
IOP, interopercle; 101, 1st infraorbital; MAX, maxilla; MET, metapterygoid; OP, opercle; PAR,
parietal; PCL, postcleithrum; PCH, posterior ceratohyal; pt; pharyngeal teeth; Q, quadrate; RD,
pectral radial; RET, retroarticular; SC; scapula; SCL, supracleithrum; SN3, supraneural 3 bone;

SN4, supraneural 4 bone; SOC, supraoccipital.
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Caudal fin skeleton (Fig. 7) —The first uroneural is fused with preural centrum 1 and
ural centrum 1 to form the pleurostyle. The pleurostyle is stout and straight. The hypural
1 is the largest of hypural series, and its posterior margin is about 1.3 times that of the
parhypural. The hypural 2 is fused with the preural centrum 1 and ural centrum 1, and is
the same size as the hypural 3. A large gap exists between hypurals 2 and 3. The hypural
3 is articulated with the preural centrum 1 and ural centrum 1. The hypural 4 is spread
posterior area, fan like shaped, and its width at the posterior margin is almost the same
as the hypural 1. The hypural 5 is almost the same width as the hypural 3, and is almost
the same length as half of the hypural 3. The hypural 6 is the smallest in hypural series,
which is well observed in KMNH VP103, 028 and KMNH VP103, 036. A single long,
narrow epural is present and does not reach to the neural spine of the first
preuralcentrum that is especially observed in NSM No. 03-A and KMNH VP103, 028.
The neural spine of the first preuralcentra is sharp and is shorter than one-third the
length of the neural spine of the second preuralcentrum. The neural spines of the second
and third preuralcentra are almost the same size, and the wings of these extend to the
top of the neural spines. The haemal spines of the second and third preuralcentra are
almost the same length. The posterior margin of the haemal spine of the second

preuralcentrum is about twice that of the third.

Intermuscular bones (Fig. 8) Eight supuraneural bones are located between the dorsal
fin skeleton and the supuranerural 3 bones. Supuraneural 4 — 11 bones are not contacted
with each neural spine. The anteriomrmost supuraneural (supuraneural 4 bone) is the
largest, a thin sheet and apporoximately rectangle. The fifth to eleventh are small and
thin in the series. There are numerous epipleural and epineural. These are hair-thin and

almost of these divide dichotomously.

Figure 7. Caudal fin skeleton of Nipponocypris sp. A. photo of, KMNH VP 102, 036. B. line
drawing of A. Abbreviations: hpu2, haemal spine of the second preural centrum; hpu3, haemal
spine of the third preural centrum; npul, neural spine of first preural centrum; npu2, neural spine
of the second preural centrum; npu3, neural spine of the third preural centrum; pp,
hypurapophysis; pul+ul, first preuralcentrum+first ural vertebra; pu2, second preuralcentrum;

pu3, third ural vertebra; pu4, fourth ural vertebra.
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Figure 8. Supuraneural bones of Nipponocypris sp. A. photo of, KMNH VP 102,
036. B. line drawing of A.
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Dorsal fin and Skeleton (Figs. 2, 4). The dorsal fin is located in the middle of the body,
with its origin approximately posterior to the pelvic insertion. The length of the dorsal
fin base is shorter than that of the anal fin. In KMNH VP, 102, 036, there are three
unbranched and unsegmented dorsal fin rays, and are seven branched dorsal fin rays.
The first dorsal fin ray is short. In KMNH VP, 102, 036, KMNH VP, 102, 028, KMNH
VP, 102, 042 and No. 03A, the proximal pterygiophores are preserved. The first one
forms a large bony plate with struts along the anterior and posterior margines, and
divides dichotomously. The other proximal pterygiophores are shorter than the first one,
and have median struts with developed anterior and posterior wings. The posterior and

median pterygiophores are drum-like shaped.

Anal fin and Skeleton (Figs. 2, 4, and 9) The anal fin is well preserved in NSM No,
03-A. It is suspended under the haemal spines of the anterior caudal vertebrae. Its origin
is well behind the posterior end of the dorsal fin base. The proximal pterygiophores are
slight, and have median struts with anterior and posterior wings. The posterior and
median pterygiophores are drum-like shaped. Anal fin rays are fragmented and not
clearly visible. However, it is estimated that the number of anal fin rays are 13, because
the number of anal proximal pterygiophores are 11 based on comparison with moderm

species, which have 13 anal fin rays (e.g. Nipponocypris temminckii and N. koreanus).

Shoulder Girdle (Fig. 5). The postcleithrum is fragmentary and not clearly visible. The
supracleithrum is well observable in KMNH VP 102, 042 and KMNH VP 102, 028,
which is slender and slightly thick along the posterior margin. The sensory canal runs
along the posterior upper edge of the supracleithrum. The cleithrum is L-shaped, and the
anterior margin of its upper arm is thick. The posteroventral margin of the cleithrum is
concave. The coracoid is thin and the ventral margin is convex, and the posterior margin
is slightly thick and connects with the scapula. The mesocoracoid is observable in only
KMNH VP 102, 062, whose reedy bone and gradually thinner dorsally, and attached to
the cleithrum at the dorsal margin. The postcleithrum is long, thin and slightly sigmoidal.
The scapula is short, stout, and attached to the cleithrum at the dorsal part. Four pectral
radials are preserved between the coracoid and pectoral fin rays in KMNH VP 102, 042.
There are 14 or 15 pectoral fin rays in KMNH VP, 102, 028, KMNH VP, 102, 042, and
NSM No. 03-A
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Figure 9. Anal fin skeleton of Nipponocypris sp. A. photo of, NSM. No. 03 - A. B. line drawing
of A. Abbreviations: PTR dis, distal pterygiophore; PTR med, median pterygiophore; PTR pro,

proximal pterigiophore.
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Figure 10. Pelvic girdle of Nipponocypris sp. A. photo of, KMNH VP 102, 062. B. line
drawing of A.
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Pelvic girdle (Fig. 10) The pelvic fin is located in the middle of the ventral margin of
the body and its insertion is approximately anterior to the origin of the dorsal fin base.
There are ten ventral fin rays in NSM No. 03-A and KMNH VP 102, 028, although
almost of these are fragmented. The basipterygium is bifurcated and forms the external
deep wing and the internal shallow wing with trough-like depression at the ventral view
of KMNH VP 102, 062. The anterior ends of both wings are apart and the bifurcation
reaches beyond the two-thirds point of the bone. The posterior part is thick, and has

projections reaching internally.

Discussion

Phylogenetic relationship of Nipponocypris sp.

In the present study, the opsariichthines fossils from Kusu basin is assigned to a
member of the family Cyprinidae based on toothless jaws, the short anteriorly curved
ribs of the fourth vertebra, having the upper jaw bordered only by the premaxilla, and
presence of pharyngeal teeth (see Cavender and Coburn 1992; Chen et al. 1984; Nelson
2006).

The fossils have been identified as Zacco temminckii or Zacco cf. Zacco temminckii
by Uyeno et al. (1975, 2000), because the dorsal fin origin is slightly posterior to the
pelvic insertion, eight dorsal fin rays, 46 vertebrae, and 10 — 11 anal fin rays. The genus
Zacco is a cyprinid fishes, established by Jordan and Evermann (1902). The diagnostic
characters of Zacco are following combination of characters: dorsal fin rays iii, 7; anal
fin rays 1i, 9 — 10; pharyngeal tooth two or three rows; the mouse located on the
anterior extremity of the head; the pelvic fin inserted below the origin of dorsal fin base
or little posterior of dorsal fin base; and others (see Jordan and Evermann, 1903; Yang
and Huang, 1964; Chen and Chu, 1998).

The present fossil specimens are included within the genus Zacco defined by Jordan
and Everman (1902) based on following characters: the dorsal fin origin slightly
posterior to the pelvic insertion; ten dorsal fin rays (iii, 7); 13 anal fin rays; pharyngeal
tooth three rows; and the mouse located anterior extremity of the head.

Zacco temminckii was divided three species, Z. temminckii, Z. sieboldii and Z.
koreanus by Hosoya et al. (2003) and Kim et al., (2006). Chen et al. (2008) changed so
called “Zacco temminckii”, “Z. sieboldii” and “Z. koreanus” into the genus

Nipponocypris, because the molecular phylogenetic study supported that Zacco forms
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Fig. 11
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Figure 11. The single most parsimonious tree (length 95, Cl =0.71, Rl =0.74, RC =0.52)
resulting from the character matrix of Table 1. Numbers to the right of the branches are the
apomorphic states of each clades. Numbers to the box of branches are bootstrap values (%)

based on 1,000 replicates
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the paraphyletic group. The diagnostic characters of Nipponocypris are following
combination of characters: dorsal fin rays iii, 7 — 9; anal fin rays iii, 8 — 10; pharyngeal
tooth three rows (1 —2,3 4,5 -5, 2- 4, 1 — 2); and some external characters (Chen et
al., 2008). In addition, the numbers of vertebrae of Nipponocypris are 42 — 45 (see
Hosoya et al., 2003; Kim et al., 2006). Thus, in the present study, the present fossil
specimens are included in the genus Nipponocypris based on the characters noted above
them.

There have been few studies of morphological phylogenetic analysis of this group
utilizing cladistic methods, although there are some molecular phylogenetic studies in
the opsariichthines. The morphological phylogenetic analysis in the opsariichthines was
discussed in the Chapter 1 in the present study.

A cladistic analysis of the data matrix of the Chapter 1 in this study with the data set of
the present fossil species, Nipponocypris. sp. was carried out using PAUP* (v. 4.0 Beta,
Windows Swofford 2003), Mesquite (v. 2.75 Windows, Maddison and Maddison, 2011)
and MS - Excel.

Analysis of PAUP using the branch-and-bound search option resulted in one
parsimonious tree (length 95, CI =0.71, RI =0.74, RC =0.52).

About 44% of the 43 data for Nipponocypris sp. are designated as question marks in
the matrix. The characters were optimized to the tree using the ACCTRAN option. The
parsimonious tree is shown in Fig. 11 with apomorphic states of each clades and boot
strap values (%) for 1,000 replicates.

The clade of Nipponocypris + Candida is supported by four synapomorphies (the
dorsal margin of the fourth infraorbitals bone is L shaped (11[1]); the anterior end of the
dentary is not constricted (16[2]); the maximum number of the lateral line scales are 40
— 50 (37[1]); and the vertical stripes are bandlike and black (41[1])).

The clade of Nipponocypris forms monophyletic group, which supported by four
synapomorphies (the dorsal margin of the fourth infraorbital bone is U shaped (11[2]);
the fifth infraorbital bone has a projections (14[1]); the post - dorsal process on the
maxilla is triangular (18[1]); and the maximum number of the supraneural bones is
more than eight (32[0])).

The species of N. koreanus + N. temminckii + N. sp. have two synapomorphies (the
maximum number of vertebrae are more than 44 (29[2]); and the number of the
proximal pterygiophores of the anal fin is 11 (33[2])).

N. temminckii + N. sp. have four synapomorphies (the posterior lateral margin of the

frontal is notched (2[1]); the dorsal margin of the fourth infraorbital bone is L shaped
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11[1]; the pores of the sensory canal of the dentary open posteroventral (15[2]); and the
pectoral fins color is highly-colored yellow (43[2])), although the character states in the
characters of numbers 15 and 43 are unknown in N. sp..

In addition to the characters mentioned above, this fossil species is distinguished from
N. temminckii and the other species by the following combination of the characters; the
wings of NPU2 and 3 are developed (34[3]; 35[3]); the notch at the frontal margin is
weaker than that of N. temmincki (2[1]); and the shape of the dentary resembles N.
sieboldii than N. temminckii and N. koreanus (see, figs 3, 5, 7, Plate 5).

On the other hand, the fossil species, Zacco honggangensis from the Buxin Formation,
Sanshui Basin, China is related to Z. platypus with almost the same numbers of
vertebrae and fin rays (Wang et al., 1981). Zacco. sp from the Eozen Formation in
Ishikawa Prefecture is similar to Z. platyps with the shape of the dentary and the
number of vertebrae. Therefore, it is possible that these fossils are closer Zacco than
Nipponocypris.

As a result, the cladistic analysis and comparisons with the Recent species in the
present study demonstrate that the fossil species, Nipponocypris sp. from Kusu basin is
the first record of the genus Nipponocypris from the Cenozoic of East Asia and a sister

species of N. temminckii (i.e., it is the stem taxon of N. temminckii).

Divergence time of the genus Nipponocypris

The divergence time of the genus Nipponocypris is uncertain, although it estimated by
several previous molecular phylogenetic studies. In Lee et al. (1989), the estimated
divergence time of N. temminckii (Zacco temminckii MM Type in Lee et al. 1989) from
N. koreanus (Zacco temminckii MS Type in Lee et al. 1989) was 2.1Ma. Its estimation
of divergence times was based on the general rate for mitochondrial genes (2%
nucleotide substitution per million years) by Brown et al. (1979). Min and Yang (1991)
estimated that the divergence of lineages Nipponocypris (Zacco temminckii group in
Min and Yang, 1991) from Candidia took place 2.5Ma. This estimates based on Nei’s
(1972) genetic distance coefficients (D values) and Nei’s protein calibrations (Nei,
1975). In Okazaki et al. (1991), the divergence time of Nipponocypris sieboldii (Zacco
temminckii Type A in Okazaki et al. 1991) from N. temminckii (Zacco temminckii Type
B in Okazaki et al. 1991) was 3Ma, it based on the Nei’s formula (1975). Wu et al.
(2007) hypothesized that the estimation for divergence times of mitochondrial D-loop

55



sequences was 6% per million years, and estimated that separation between Candidia
and Nipponocypris (Zacco temminckii complex in Wu et al. 2007) was 0.75 Ma. Chen et
al. (2011) hypothesized that the earliest possible divergence time of Candidia lineages
was between 5 and 3 Ma. This estimates based on the Taiwan Island was lifted above
sea level (Chemenda et al. 2001).

However, the molecular clock should not be applied to the estimation of divergence
times, because evolutionary rates are never constant (Thorne and Kishino, 2002).
Okazaki et al. (1991) remarked that the fossil record is important to set up a standard
molecular clock for cyprinid fishes. Recently, molecular geneticists have suggested that
the fossil record is important for molecular phylogenetic studies to calibrate divergence
time (e.g. Thorne and Kishino, 2002; Inoue et al., 2010).

The fossil-bearing strata, the Nogami Formation, deposited the Middle Pleistocene
based on the radiometric age of the basement igneous rock, and the Hiwaku Tephra in
the uppermost part of the Nogami Formation as mentioned above. The results of the
cladstic analysis in the present study suggest that the fossil species, Nipponocypris sp.
from Kusu basin is the sister species of N. temminckii. If the fossil species,
Nipponocypris sp. is the ancestor of N. temminckii, the appearance of the origin of N.
temminckii is nearly Middle Pleistocene time. In addition, the line of evidence for this
fossil suggests that the divergence time of N. koreanus is earlier than the Nipponocypris
sp. (Fig. 12), which means the divergence time of N. koreanus is earlier than the Middle
Pleistocene. It provides the first evidence of the divergence time of N. femminckii from
N. koreanus. In addition, the Nipponocypris sp. from the Nogami Formation indicates
that the genus Nipponocypris appeared in East Asia by the Middle Pleistocene at the

latest.
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Chapter 3

The Comment on paleobiogeography of the genus Nipponocypris.
Summary, general overview and future research

Introduction

The Cyprinidae is the most diversified and species-rich freshwater fish family. It is one
of good model creatures for comprehending the evolutionary history deriving the
distribution and diversification of species (Zardoya and Doadrio, 1991). Because, the
distribution and diversification patterns of the freshwater fishes relate in any way to
geological history. For example, the changing freshwater system caused as the result of
continental drift, uplift, sea level change, and the rest.

The opsariichthine group (Chen, 1982) is one of endemic cyprinid fishes in the East
Asia, and has an interesting pattern of distribution. The group dwells in the continental
area of Eastern Asia (China, Vietnam, Korea), and the Islands of Japan and Taiwan.

In Chapter 2, the fossil opsariichthines was described from the Nogami Formation of
the Middle Pleistocene, Oita Prefecture, Japan, and discussed its phylogenetic position
within the Recent opsariichthine group. It concluded that opsariichthines from the
Nogami Formation is a member of the genus of Nipponocypris, and the divergence time
of N. koreanus is earlier than the Middle Pleistocene.

The distribution of the Recent Nipponocypris shows the interesting pattern, which is
restricted in the Southwest Japan and the Korean peninsula. However, there are no
examinations of the biogeographic analysis of the genus Nipponocypris. The present
Chapter examines biogeographic analysis of opsariichthine fishes based on the results
and discussions of previous Chapters, and discusses the origin of distributions of the
genus Nipponocypris. Moreover the results and discussions in this thesis are

summarized, and future prospects are presented
Material and method

The present study traced the distribution pattern on a phylogenetic tree, using the

parsimony algorithm implemented in Mesquite Ver. 2.73 (Maddison and Maddison,
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2011). The phylogenetic tree is based on previous morphological phylogenetic analysis
in Chapter 2.

The general distribution data of Recent opsariichthin fishes are based on Chen and Chu
(1998), Chen and Chang (2005), Chen et al. (2008, 2009, 2011), Hosoya (2003, 2013),
Kim et al. (2006), and Kottelat (2001). The present study zones the distribution range of
opsariichthines into six regions and coding as follows: Southeastern China [0];
Northeastern China [1]; Taiwan [2]; Korea [3]; Japan [4]; and Southeastern Asia [5].

Result

Tracing on the distributional range on the cladogram of fossil and Recent
opsariichthines is shown in Figure 1. The distributional area of the common ancestor of
opsariichthines is estimated to be Southeastern China.

Within the clade of Opsariichthys + Zacco, the distribution ranges of Zacco platypus
are Japanese Archipelago, Korean Peninsula, Northeastern to Southeastern China and
Vietnam (Chen and Chu, 1998; Hosoya, 2013; Kottelat, 2001). Opsariichthys bidens is
distributed in Korean Peninsula Northeastern to Southeastern China, and Vietnam (Chen
and Chu, 1998), and O. evolans ranges Southeastern China and Taiwan Island (Chen
and Chang, 2005; Chen et al. 2009). O. uncirostris is endemic to Japan (Hosoya, 2013),
and O. pachycephalus is endemic to Taiwan (Chen and Chu, 1998; Chen and Chang,
2005; Chen et al. 2009). In this analysis, the distribution ranges of the ancestor of these
species are reconstructed as being Southeastern China.

Within the clade of Candidia + Nipponocypris, Candida is endemic to Taiwan Island
(Chen and Chu, 1998; Chen and Chang, 2005; Chen et al., 2008, 2011). The distribution
ranges of N. temminckii are Japanese Archipelago and Korean Peninsula (Hosoya et al.,
2003; Hosoya, 2013; Kim et al., 2006). N. sieboldii is endemic to Japan (Hosoya et al.,
2003; Hosoya, 2013; Kim et al., 2006), and N. koreanus is endemic to Korean Peninsula
(Kim et al., 2006). The result of the biogeographic analysis suggests that the origin of

Candidia + Nipponocypris group is Taiwan, Southeastern China, or Japan.
Discussion
The origin of the distributions of Nipponocypris temminckii

The distribution of Nipponocypris temminckii shows an interesting pattern.

Nipponocypris temminckii is distributed in the Southwest Japan and the southern part of
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Figure 1. A: The biogeographic evolution within opsariichthines. The distribution data
from Chen (1998), Chen and Zang, (2005) Hosoya et al. (2003, 2013), Kim et al.
(2006), Chen et al. (2008); B: Phylogenetic relathionsip of the genus Nipponocypris.
The divergence times of Candidia barbatus and Nipponocypris sieboldii are unknown.
Nipponocypris sp. form the Middle Pleistocene Nogami Formation indicates that diver-
gence time of N. koreanus is earlier than the Middle Pleistocene.
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the Korean peninsula (Hosoya, 2003, 2013, Kim et al., 2006). Hence, it is possible that
when the Korean peninsula was connected to the SW Japan, N. femminckii or their
ancestor expanded the distribution after radiating from Npponocypris sp.(Fig. 2).

When the Nogami formation deposited or later (i.e., the Marine Isotope Stage (MIS)
16 (0.63Ma), 12 (0.43Ma), 10 (0.36 —0.34Ma), 6 (0.13Ma), and 2 (0.02Ma)), the sea
level significantly falled in the Japan sea (East sea) isolated from the Pacific Ocean
based on the analysis of the ODP cores (Tada 1991). If the Japanese Islands connected
to the East Asian Continent by land bridges, the sea-level fall of these stages were
probably caused. Within these particular Marine Isotope Stages, MIS 16, 12, 10, 6, and
2 remain possible strongly that the land bridge was formed between the Japanese
Islands and the adjacent Continent, and it was easy for terrestrial animals to move
between the Japanese archipelago and the adjacent Continent of the East Asia. This
hypothesis is supported by the following paleontological and geological data: The first
occurrence of Stegodon orientaris in the Japanese Islands is stage 15.5. It suggests that
S. orientaris immigrated to the Japanese Islands from the southeast area of the Asian
Continent using the land bridge existing between the Japanese Islands and the Asian
mainland at the stage16 (Konishi and Yoshikawa, 1999; Yoshikawa et al., 2007; fig13);
the first occurrence of Palaeoxodon naumanni is stage 11 or somewhat later. It suggests
that P. naumanni immigrated to The Japanese Islands from northern area of the Asian
Continent using the land bridge at the stage 12 (Konishi and Yoshikawa, 1999;
Yoshikawa et al., 2007; fig13); and in the cores of ODP site 797 (Tada et al., 1992),
relatively-thick dark layers indicative of euxinic condition of deep sea water are better
developed at the horizons correlative with the MIS 16, 12 and 2. It suggests that the
Japan Sea (East Sea) isolated from the Yellow Sea and East China Sea, and increase in
the flow of freshwater into the Japan Sea (Konishi and Yoshikawa, 1999; Tada et al.,
1992; Tada, 1991; Yoshikawa et al., 2007). Thus, these stages are best timing for
Nipponocypris temminckii or its ancestor to expand of the distribution between the
Korean peninsula and the Japanese Islands. Possibly, stage 10, 8, and 6 were also best
timing for to expand of the distribution between the Japanese Islands and the Korean
peninsula.

Nipponocypris sp. is the first fossil species of the genus described from the East Asia,
although it is necessary to find new specimens for detailed paleobiological implications.
Furthermore, these discoveries demonstrate that this genus of the cyprinid fishes has
dwelled in and has been endemic to Japan and Korea at least since Middle Pleistocene

time.
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Summary, general overview and future research

In the Chapter 1 of the present study, the osteological and phylogenetic study of
Recent opsariichthynes clarified as follows: the genus Parazacco is the most basal
group within opsariichthynes and it is the sister group of the other opsariichthynes; the
genus Nipponocypris forms monophyletic group and it is distinguished from the genus
of Candidia; the genus Opsariichthys forms a paraphyletic group, and morophological
phylogenetic data suggests that the relationship of O. evolans is closer Z. platypus than
the other Opsariichthys. Because the morphological characters of O. evolans converges
with Zacco. It reflects that the feeding habits of O. evolans are closely similar to Zacco.

In the Chapter 2, the fossils of “Zacco” collected from the Middle Pleistocene
Nogami Formation, Oita Prefecture, Northern Kyushu, Japan was assigned to the genus
Nipponocypris based on the osteological and phylogenetic data of the Chapter 1, and
regarded as the first fossil record of the genus Nipponocypris. These discoveries
demonstrate that divergence time of N. koreanus is earlier than the Middle Pleistocene,
and the genus Nipponocypris appeared in East Asia by the Middle Pleistocene at the
latest.

In the Chapter 3, the paleobiogeography of the genus Nipponocypris was discussed
based on the phylogenetic data of the Chapter 2. This chapter refers about the potential
that the origin of distribution of Nipponocypris temminckii is related glacio-eustatic
sea-level change at the Quaternary, although it is necessary to find new fossil specimens
for detailed paleobiological implications.

In the Nogami Formation, other freshwater fishes occurred as follows (Fig. 3):
Salmonidae (Oncorhyncus cf. O. masou, or O. rhodums or sp.), Gobiidae (Rhinogobius
giurinus and R. brumous), and Cyprinidae (Hemibarbus barbus or Hemibarbus sp., and
Acheilognathus lanceolata), but phylogenetic relationships among these fossils and
related Recent species are uncertain.

In the future research, it is necessary to make an osteological comparison between
fossil specimens and Recent species, and to analyze cladistics, such as this study as the
basis of discussion. These accumulations will clarify the freshwater fish fauna in the
East Asia at the Quaternary, and clarify the evolution and paleobiogeographic patterns
of freshwater fishes of the East Asia.

Recently, some molecular phylogenetic studies use the fossil record to constrain the

divergence time estimations of Recent species (e.g. Nakatani et al., 2011; Wang et al.,
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2007). Thorne and Kishino (2002) and Inoue et al. (2010) suggest that the fossil record
is important for molecular studies to estimate of species divergence times.

Thus, such as the present paleoichthyological study provides a chronological basis for
the molecular phylogenetic studies, and integrate paleoichthyology and molecular
phylogeny might be going to make a huge contribution to the evolutionally and

phylogenetic studies of fishes.
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Figure 3. Photographs of the fossil fresh water fishes from the Middle Pleistocene Nogami Forma-
tion, Kusu Basin, Oita Prefecture, Japan (Yabumoto, 1987; Uyeno et al., 2000).

A. Rhinogobius giurinus (Rutter) from the Middle Pleistocene Nogami Formation. KMNH VP 100, 118
(from Yabumoto, 1987); B. Rhinogobius brunneus (Temminck and Schlegel). KMNH VP 100, 125
(from Yabumoto, 1987); C. Hemibarbus sp. (intermediate H. barbusX H. labeo). KMNH VP 102, 064
(from Uyeno et al., 2000); D. Oncorhynchus masou subsp. KMNH VP 102, 026 (from Uyeno et al.,
2000); E. Acheilognathus sp. KMNH VP 102, 044 (from Uyeno et al., 2000).
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Appendix 1: Definitions of Characters used in Cladistic Analysis

Character 1

The sensory canal of the parietals.—Character states: (0) not tangent to the edge of the
other one, and its length is longer than the half the width of the parietal in the genus
Nipponocypris (Plates 1-2 to 1-4), Opsariichthys (Plates 1-6 to 1-8), and Parazacco
(Plates 1-9); (1) not tangent to the edge of the other one, and its length is shorter than
the half the width in Zacco platypus (Plate 1-1); (2) contacts with each other in
Candidia barbatus (Plate 1-5).

Character 2

The posterior lateral margin of the frontal.—Character states: (0) smooth (e.g. Z.
platypus, Plate 1-1; C. barbatus, Plate 1-5 ); (1) convex in O. uncirostris and O. bidens
(Plates 1-7 to 1-8); (2) notched in N. temminckii and Nipponocypris sp. (Plate 1-2,
Chapter 2—Figure 3).

Character 3

The intercalar—Character states: (0) not has a projection in the genera Nipponocypris
(Plates 1-2 to 1-4), Candidia (Plate 1-5), and Parazacco (Plates 1-9); (1) has a
projection in Z. platypus (Plates 1-1, 2-1), O. evolans, O. uncirostris, and O. bidens
(Plates 1-6 to 1-8, 2—6 to 2-8).

Character 4

The width of supraorbital.—Character states: (0) almost the same width as half the
length of these in O. uncirostris (Plates 1-7, 2-7); (1) narrower than half the length of
these (e.g. the genus Parazacco, Plates 1-9, 2-9).

Character 5
The sensory canal on the lacrimal.—Character states: (0) straight; (1) curved in all of

opsariichthin fishes (Plates 3—1 to 9) (modified from Dai and Yang, 2003; character no.
9).
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Character 6

The pores of the sensory canal on the lacrimal.—Character states: (0) 2 pores (e.g. Z.
platypus, Plate 3-1); (1) has 3 pores in N. koreanus (Plate 3—4) and Candidia (Plate 3-5)
(modified from Dai and Yang, 2003; character no. 11).

Character 7

The anterior half of the second infraorbital —Character states: (0) remains as wide as
its posterior half of these (e.g. N. koreanus, Plate 3—4; O. uncirostris, Plate 3-7); (1)
gradually narrows from its anterior end to its posterior end (e.g. Z. platypus, Plate 3-1)
(Dai and Yang, 2003; character no. 12).

Character 8

The third infraorbital. —Character states: (0) significantly wider than the fourth; (1)
almost as wide as the fourth in all of opsariichthine fishes (Plates 3—1 to 9) (modified
from Dai and Yang, 2003; character no. 13).

Character 9

The width of the fourth infraorbital.—Character states: (0) remains the same width
in the genera Nipponocypris (Plate 3-2 to 3—4) and Parazacco (Plate 3-9); (1) abruptly
widens below at its middle point in the genus Opsariichthys (Plates 3—6 to 3-8); (2)
gradually widens from its anterior end to its posterior end in Candidia (Plate 3-5) and Z.
platypus (Plate 3—-1).

Character 10

The posterodorsal margin of the fourth infraorbitals bone.—Character states: (0) not
has a nub in the genus Opsariichthys (Plates 3—6 to 3-8); (1) has a nob (e. g. the genus
Nipponocypris, Plates 3-2 to 3-4).

Character 11

The posterior margin of the fourth infraorbital bone.—Character states: (0) straight (e.g.
O. uncirostris, Plate 3-7); (1) L — shaped (e.g. Candidia, Plate 3-5); (2) U- shaped in
N. sieboldii and N. koreanus (Plates 3-3 and 3—4).
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Character 12

The fifth infraorbitals bone.—Character states: (0) absent; (1) approximately
quadrangle; (2) approximately triangle; (3) tube shaped in the genus Opsariichthys
(Plates 3—6 to 3-8).

Character 13

The width of the fifth infraorbitals bone.—Character states: (0) narrower than the length
of these in the genus Opsariichthys (Plates 3—6 to 3-8) and Z. platypus (Plate 3-1); (1)
approximately the same as the length of these in the genus Nipponocypris (Plate 3-2 to
3—4) and Parazacco (Plate 3-9); (2) wider than the length of these in Candidia barbatus
(Plate 3-5).

Character 14

The fifth infraorbital bone.—Character states: (0) not has a projection (e.g. the genus
Opsariichthys, Plates 3—6 to 3-8); (1) has a projection (e.g. the genus Nipponocypris,
Plates 3-2 to 3—4).

Character 15

The pores of the dentary sensory canals are opedned.—Character states: (0) laterally
(e.g. Z. platypus, Plate 5 — 1; N. sieboldii Plate 5 — 3); (1) ventrally (e.g. N. koreanus,
Plate 5 — 4); (2) posteroventrally in N. temminckii (Plate 5 — 7) and O. uncirostris (Plate
5-17).

Character 16

The anterior end of the dentary.—Character states: (0) constricted in Z. platypus (Plate
5 — 1), O. evolans (Plate 5 — 6), and Parazacco (Plate 5-9) and ; (1) hooked in O.
uncirostris (Plate 5 — 7) and O. bidens (Plate 5 — 8); (2) not constricted in the genus
Nipponocypris (Plates 5-2 to 5-4).

Character 17

The dorsal margin of the dentary.—Character states: (0) straight (e.g. the genus
Nipponocypris, Plates 5-2 to 5-4); (1) downward in Z. platypus (Plate 5 — 1) and O.
evolans (Plate 5 — 6).
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Character 18

The post—dorsal process of the maxilla.—Character states: (0) a trapezoidal shaped in
Candidia barbatus (Plate 4 — 5) and Parazacco spilurus (Plate 4 — 9); (1) a triangular
shaped (e.g. the genus Nipponocypris, Plates 4 — 2 to 4 —4), O. evolans, Plate 5 — 6); (2)
dorsally — convex or straight, and that the dorsal margin of these elongates to the

posterior part in O. uncirostris and O. bidens (Plates 4 — 7 to 4 — 8).

Character 19
The ventral margin of the premaxilla.—Character states: (0) straight (e.g. Z.
platypus,Plate 5 — 1); (1) convex in O. uncirostris and O. bidens (Plates 4 — 7 to 4 — 8).

Character 20

The posterior margin of the opercule.—Character states: (0) concave (e.g. Parazacco
spilurus, Plates 6 — 9 and 7 — 9); (1) convex or straight in Z. platypus (Plates 6 — 1 and 7
— 1) and the genus Opsariichthys (Plates 6 — 6 to 6 — 8, Plates 7 — 6 to 7 — 8) (modified
from Dai and Yang, 2003; character no. 21).

Character 21
The quadrate — pterygoid fenestra (Greenwood et al., 1966).—Character states: (0)
absent; (1) presents in all of opsariichthine fishes (Plates 6 — 1 to 7—9).

Character 22

The metapterygoid.—Character states: (0) not constricted (e.g. Z. platypus, Plates 6 — 1
and 7 — 1); (1) constricted to the H — shaped in O. uncirostris and O. bidens (Plates 6 — 7
to 6 — 8, Plates 7— 7 to 7 — 8).

Character 23

The quadrate.—Character states: (0) snicked to a V — shaped; (1) snicked to a L —
shaped or weakly U shaped, and the upper arm of the quadrate is shorter than the lower
arm (e.g. Z. platypus, Plates 6 — 1 and 7 — 1); (2) snicked a strong U — shaped, the upper
arm of the quadrate elongates, and the length of the upper arm is the same size in length
of the lower arm in O. uncirostris and O. bidens (Plates 6 —7to 6 — 8, Plates 7—7to 7 —
8).
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Character 24

The symplectic.—Character states: (0) contacts with the ventral margin of the
metapterygoid; (1) not contacts with the ventral margin of the metapterygoid in all of
opsariichthine fishes (Plates 6 — 1 to 7 - 9).

Character 25
The posterior margin of the urohyal.—Character states: (0) smooth (e.g. Candidia
barbatus Plate 9 — 5); (1) snicked in Z. platypus (Plates 9 — 1), O. evolans (Plates9 — 6)

and Parazacco spilurus (Plate 9—-9).

Character 26
The urohyal —Character states: (0) slender at the ventral view in O. uncirostris and O.
bidens (Plates 9 — 7 to 9 — 9); (1) the posterior region is wider than the anterior one in

the ventral view (e.g. Parazacco spilurus, Plates 9 — 9).

Character 27
The pharyngeal tooth.—Character states: (0) 2 rows in Parazacco spilurus (Plates 8 —
9); (1) 3 rows (e.g. Z. platypus, Plates 8 —1) (modified from Dai and Yang, 2003;

character no. 24).

Character 28

The anterior branch of the pharyngeal bone.—Character states: (0) as long as its
posterior branch (e.g. Candidia barbatus Plate 8 — 5); (1) longer than its posterior
branch in O. uncirostris and O. bidens (Plates 8-7 to 8-8) (Dai and Yang, 2003;

character no. 26).

Character 29

The maximum number of the vertebrae.—Character states: (0) less than 40; (1) 40-43 or
less (e.g. O. pachycephalus, see Chen et al., 2009); (2) more than 44 (e.g. N. temminckii
and N. koreanus, Hosoya et al., 2003; Kim et al., 20006)
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Character 30

The end of the dorsal branch of the parapophysis of the 4th vertebra.—Character states:
(0) tipped (e.g. Parazacco spilurus, Plate 12 — 9); (1) blunt (e.g. O. bidens, Plate 12 — 8)
(modified from Dai and Yang, 2003; character no. 42).

Character 31

The fouth supraneural bone.—Character states: (0) convex ventrally or sigmoid; (1)
snicked at the anterior margin in Parazacco spilurus (Plate 14 — 9); (2) approximately
quadrangle (e.g. the genus Nipponocypris, Plates 14 — 2 to 14 — 4) (modified from Dai
et al. 2005; character no. 56).

Character 32

The maximum number of the supraneural bones.—Character states: (0) more than 8 in
the genus Nipponocypris (Plates 14 — 2 to 14 — 4) and Parazacco spilurus (Plate 14 — 9);
(1) 7 (e.g.0. bidens Plate 14 — 5); (2) 6 (e.g. Z. platypus, Plates 14 — 1) (modified from
Dai et al. 2005; character no. 57).

Character 33

The number of the proximal pterygiophores of the anal fin.—Character states: (0) 9; (1);
10 (e.g. the genus Opsariichthys, Plates 15 — 6 to 15 — 8); (2) 11 in N. temminckii (Plate
15 —2) and N. koreanus (Plates 15 —4); (3); 12 in Parazacco spilurus (Plate 15 - 9).

Character 34

The wing of the neural spine of the preural centrum 2.—Character states: (0) do not
extend over the middle of the neural spine of the preural centrum 2, or reach to the
middle in Candidia barbatus (Plate 13 — 5) and Parazacco spilurus (Plate 13 — 9); (1)
extends over the middle of the neural spine of the preural centrum 2 (e.g. N. temminckii,
Plate 13 — 2); (2) projected at the base in N. sieboldii (Plate 13 — 3); (3) extends to the
top of the neural spine of the preural centrum 2 in Nipponocypris sp.(Chapter 2 — Figure
7)

Character 35
The wing of the neural spine of the preural centrum 3.—Character states: (0) do not
extend over the middle of the neural spine of the preural centrum 3, or reach to the

middle in Parazacco spilurus (Plate 13 — 9); (1) extends over the middle of the neural
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spine of the preural centrum 3 (e.g. Z. platypus, Plate 13 — 1); (2) projected at the base
in N. sieboldii (Plate 13 — 3); (3) extends to the top at the neural spine of the preural
centrum 3 in Nipponocypris sp.(Chapter 2 — Figure 7).

Character 36

The anterodorsal margin of the cleithrum.—Character states: (0) straight (e.g. the genus
Nipponocypris, Plates 15 — 2 to 15 — 4); (1) convex in Z. platypus (Plate 16 — 1) and O.
evolans (Plate 13 — 6) (Dai and Yang, 2003; character no. 30).

Character 37

The maximum number of the lateral line scale.—Character states: (0) less than 40 in the
genus Aphyocypris see (Chen and Chu, 1998); (1) 40-50 or less (e.g. O. evolans, see
Chen et al., 2009); (2) more than 51 (e.g. the genus Nipponocypris, see Hosoya et al.,
2003; Kim et al., 2006)

Character 38

The lateral line scales.—Character states: (0) complete in Aphyocypris normalis and all
of opsariichthines (see Chen and Chu, 1998; Chen et al., 2009; Hosoya, 2013; Kim et al.,
2006;); (1) incomplete in Aphyocypris chinensis (see Chen and Chu, 1998, Fig. 27).

Character 39

The maxillary barbels. —Character states: (0) present in Candidia barbatus (e.g. Chen
and Chu, 1998, Fig. 12); (1) absent (e.g. the genus Nipponocypris, Hosoya et al., 2003,
figs. 1 and 3; Kim et al., 2006 figs. 1 and 2). (Cavender and Coburn, 1992; character no.
41)

Character 40
The ventral keel. —Character states: (0) run on the pelvic fin base to anus; (1) absent on
the anterior half region from the pelvic fin base to the anus in ; (2) absent or indistinct

(e.g. the genus Nipponocypris, see Chen et al., 2008).

Character 41

The vertical stripes. —Character states: (0) absent or blurred; (1) an irregular pattern
and black in Parazacco spilurus (see Chen et al., 2008, Fig. 2); (2) a bandlike and black
in the genera and Nipponocypris and Candidia (see Chen et al., 2008).
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Character 42

The crossband of the body. —Character states: (0) absent; (1) a bandlike (e.g. O.
pachycephalus, see Chen et al., 2009, Fig. 4); (2) an irregular pattern and blue (e.g. Z.
platypus, see Chen and Chang, 2005)

Character 43

The color of pectoral fins.—Character states: (0) transparent or lightness yellow; (1)
yellow, and orange or red at the margin (e.g. N. sieboldii, see Hosoya et al., 2003); (2)
yellow (N. temminckii, see Hosoya et al., 2003).
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Appendix 2: Plates

Plate 1 — 1. The cranium of Zacco platypus. A, dorsal view; B, lateral view.

Plate 1 — 2. The cranium of Nipponocypris temminckii. A, dorsal view; B, lateral view.
Plate 1 — 3. The cranium of Nipponocypris sieboldii. A, dorsal view; B, lateral view.
Plate 1 — 4. The cranium of Nipponocypris koreanus. A, dorsal view; B, lateral view.
Plate 1 — 5. The cranium of Candidia barbatus. A, dorsal view; B, lateral view.

Plate 1 — 6. The cranium of Opsariichthys evolans. A, dorsal view; B, lateral view.
Plate 1 — 7. The cranium of Opsariichthys uncirostris. A, dorsal view; B, lateral view.
Plate 1 — 8. The cranium of Opsariichthys bidens. A, dorsal view; B, lateral view.
Plate 1 — 9. The cranium of Parazacco spilurus. A, dorsal view; B, lateral view.

Plate 2 — 1. The cranium of Zacco platypus. A, ventral view; B, posterior view. fm =

foramen magnum.

Plate 2 — 2. The cranium of Nipponocypris temminckii. A, ventral view; B, posterior

view. fm = foramen magnum.

Plate 2 — 3. The cranium of Nipponocypris sieboldii. A, ventral view; B, posterior view.

fm = foramen magnum.

Plate 2 — 4. The cranium of Nipponocypris koreanus. A, ventral view; B, posterior view.

fm = foramen magnum.
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Plate 2 — 5. The cranium of Candidia barbatus. A, ventral view; B, posterior view. fm =

foramen magnum.

Plate 2 — 6. The cranium of Opsariichthys evolans. A, ventral view; B, posterior view.

fm = foramen magnum.

Plate 2 — 7. The cranium of Opsariichthys uncirostris. A, ventral view; B, posterior view.

fm = foramen magnum.

Plate 2 — 8. The cranium of Opsariichthys bidens. A, ventral view; B, posterior view. fm

= foramen magnum.

Plate 2 — 9. The cranium of Parazacco spilurus. A, ventral view; B, posterior view. fm =

foramen magnum.

Plate 3 — 1. The infraorbital bones of Zacco platypus. A, outside view; B, inside view.

Plate 3 — 2. The infraorbital bones of Nipponocypris temminckii. A, outside view; B,

inside view.

Plate 3 — 3. The infraorbital bones of Nipponocypris sieboldii. A, outside view; B, inside

view.

Plate 3 — 4. The infraorbital bones of Nipponocypris koreanus. A, outside view; B,

inside view.

Plate 3 — 5. The infraorbital bones of Candidia barbatus. A, outside view; B, inside

view.

Plate 3 — 6. The infraorbital bones of Opsariichthys evolans. A, outside view; B, inside

view.

Plate 3 — 7. The infraorbital bones of Opsariichthys uncirostris. A, outside view; B,

inside view.
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Plate 3 — 8. The infraorbital bones of Opsariichthys bidens. A, outside view; B, inside

view.

Plate 3 — 9. The infraorbital bones of Parazacco spilurus. A, outside view; B, inside

view.

Plate 4 — 1. The upper jaws of Zacco platypus. A, outside view; B, inside view. nc =

neurocranial condyle, plw = palatinal wing, pmw = premaxillary wing.

Plate 4 — 2. The upper jaws of Nipponocypris temminckii. A, outside view; B, inside
view. nc = neurocranial condyle, plw = palatinal wing, pmw = premaxillary wing.
Plate 4 — 3. The upper jaws of Nipponocypris sieboldii. A, outside view; B, inside view.

nc = neurocranial condyle, plw = palatinal wing, pmw = premaxillary wing.

Plate 4 — 4. The upper jaws of Nipponocypris koreanus. A, outside view; B, inside view.

nc = neurocranial condyle, plw = palatinal wing, pmw = premaxillary wing.

Plate 4 — 5. The upper jaws of Candidia barbatus. A, outside view; B, inside view. nc =

neurocranial condyle, plw = palatinal wing, pmw = premaxillary wing.

Plate 4 — 6. The upper jaws of Opsariichthys evolans. A, outside view; B, inside view.

nc = neurocranial condyle, plw = palatinal wing, pmw = premaxillary wing.

Plate 4 — 7. The upper jaws of Opsariichthys uncirostris. A, outside view; B, inside view.

nc = neurocranial condyle, plw = palatinal wing, pmw = premaxillary wing.

Plate 4 — 8. The upper jaws of Opsariichthys bidens. A, outside view; B, inside view. nc

= neurocranial condyle, plw = palatinal wing, pmw = premaxillary wing.

Plate 4 — 9. The upper jaws of Parazacco spilurus. A, outside view; B, inside view. nc =

neurocranial condyle, plw = palatinal wing, pmw = premaxillary wing.

Plate 5 — 1. The lower jaws of Zacco platypus. A, outside view; B, inside view. cp =

coronoid process, Mr = Meckelian ridge, saf = suspensorial articulation facet.
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Plate 5 — 2. The lower jaws of Nipponocypris temminckii. A, outside view; B, inside

view. cp = coronoid process, Mr = Meckelian ridge, saf = suspensorial articulation facet.

Plate 5 — 3. The lower jaws of Nipponocypris sieboldii. A, outside view; B, inside view.

cp = coronoid process, Mr = Meckelian ridge, saf = suspensorial articulation facet.

Plate 5 — 4. The lower jaws of Nipponocypris koreanus. A, outside view; B, inside view.

cp = coronoid process, Mr = Meckelian ridge, saf = suspensorial articulation facet.

Plate 5 — 5. The lower jaws of Candidia barbatus. A, outside view; B, inside view. cp =

coronoid process, Mr = Meckelian ridge, saf = suspensorial articulation facet.

Plate 5 — 6. The lower jaws of Opsariichthys evolans. A, outside view; B, inside view.

cp = coronoid process, Mr = Meckelian ridge, saf = suspensorial articulation facet.

Plate 5 — 7. The lower jaws of Opsariichthys uncirostris. A, outside view; B, inside view.

cp = coronoid process, Mr = Meckelian ridge, saf = suspensorial articulation facet.

Plate 5 — 8. The lower jaws of Opsariichthys bidens. A, outside view; B, inside view. cp

= coronoid process, Mr = Meckelian ridge, saf = suspensorial articulation facet.

Plate 5 — 9. The lower jaws of Parazacco spilurus. A, outside view; B, inside view. cp =

coronoid process, Mr = Meckelian ridge, saf = suspensorial articulation facet.

Plate 6 — 1. Outsider view the opercular bones and supensorium of Zacco platypus. acn
= anterior condyle of the hyomandibular for the neurocranium, fmd = articulation facet
for the mandibular, qpf = quadrate — pterygoid fenestra, pcn = posterior condyle of the

hyomandibular for the neurocranium.

Plate 6 — 2. Outsider view the opercular bones and supensorium of Nipponocypris
temminckii. acn = anterior condyle of the hyomandibular for the neurocranium, fmd =
articulation facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn =

posterior condyle of the hyomandibular for the neurocranium.
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Plate 6 — 3. Outsider view the opercular bones and supensorium of Nipponocypris

sieboldii. acn = anterior condyle of the hyomandibular for the neurocranium, fmd =

articulation facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn

posterior condyle of the hyomandibular for the neurocranium.

Plate 6 — 4. Outsider view the opercular bones and supensorium of Nipponocypris
koreanus. acn = anterior condyle of the hyomandibular for the neurocranium, fmd =
articulation facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn =

posterior condyle of the hyomandibular for the neurocranium.

Plate 6 — 5. Outsider view the opercular bones and supensorium of Candidia barbatus.
acn = anterior condyle of the hyomandibular for the neurocranium, fmd = articulation
facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn = posterior condyle of

the hyomandibular for the neurocranium.

Plate 6 — 6. Outsider view the opercular bones and supensorium of Opsariichthys
evolans. acn = anterior condyle of the hyomandibular for the neurocranium, fmd =
articulation facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn =

posterior condyle of the hyomandibular for the neurocranium.

Plate 6 — 7. Outsider view the opercular bones and supensorium of Opsariichthys
uncirostris. acn = anterior condyle of the hyomandibular for the neurocranium, fmd =
articulation facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn =

posterior condyle of the hyomandibular for the neurocranium.

Plate 6 — 8. Outsider view the opercular bones and supensorium of Opsariichthys bidens.
acn = anterior condyle of the hyomandibular for the neurocranium, fmd = articulation
facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn = posterior condyle of

the hyomandibular for the neurocranium.

Plate 6 — 9. Outsider view the opercular bones and supensorium of Parazacco spilurus.
acn = anterior condyle of the hyomandibular for the neurocranium, fmd = articulation
facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn = posterior condyle of

the hyomandibular for the neurocranium.
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Plate 7 — 1. Inside view the opercular bones and supensorium of Zacco platypus. acn =
anterior condyle of the hyomandibular for the neurocranium, fmd = articulation facet for
the mandibular, qpf = quadrate — pterygoid fenestra, pcn = posterior condyle of the

hyomandibular for the neurocranium.

Plate 7 — 2. Inside view the opercular bones and supensorium of Nipponocypris
temminckii. acn = anterior condyle of the hyomandibular for the neurocranium, fmd =
articulation facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn =

posterior condyle of the hyomandibular for the neurocranium.

Plate 7 — 3. Inside view the opercular bones and supensorium of Nipponocypris

sieboldii. acn = anterior condyle of the hyomandibular for the neurocranium, fmd =

articulation facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn

posterior condyle of the hyomandibular for the neurocranium.

Plate 7 — 4. Inside view the opercular bones and supensorium of Nipponocypris
koreanus. acn = anterior condyle of the hyomandibular for the neurocranium, fmd =
articulation facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn =

posterior condyle of the hyomandibular for the neurocranium.

Plate 7 — 5. Inside view the opercular bones and supensorium of Candidia barbatus. acn
= anterior condyle of the hyomandibular for the neurocranium, fmd = articulation facet
for the mandibular, qpf = quadrate — pterygoid fenestra, pcn = posterior condyle of the

hyomandibular for the neurocranium.

Plate 7 — 6. Inside view the opercular bones and supensorium of Opsariichthys evolans.
acn = anterior condyle of the hyomandibular for the neurocranium, fmd = articulation
facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn = posterior condyle of

the hyomandibular for the neurocranium.

Plate 7 — 7. Inside view the opercular bones and supensorium of Opsariichthys
uncirostris. acn = anterior condyle of the hyomandibular for the neurocranium, fmd =
articulation facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn =

posterior condyle of the hyomandibular for the neurocranium.
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Plate 7 — 8. Inside view the opercular bones and supensorium of Opsariichthys bidens.
acn = anterior condyle of the hyomandibular for the neurocranium, fmd = articulation
facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn = posterior condyle of

the hyomandibular for the neurocranium.

Plate 7 — 9. Inside view the opercular bones and supensorium of Parazacco spilurus.
acn = anterior condyle of the hyomandibular for the neurocranium, fmd = articulation
facet for the mandibular, qpf = quadrate — pterygoid fenestra, pcn = posterior condyle of

the hyomandibular for the neurocranium.

Plate 8 — 1. The gill arches and pharyngeal bone of Zacco platypus. A, dorsal view of
the gill arches; B and C, ceratobranchial 5 (pharyngeal bone).

Plate 8 — 2. The gill arches and pharyngeal bone of Nipponocypris temminckii. A, dorsal
view of the gill arches; B and C, ceratobranchial 5 (pharyngeal bone).

Plate 8 — 3. The gill arches and pharyngeal bone of Nipponocypris sieboldii. A, dorsal
view of the gill arches; B and C, ceratobranchial 5 (pharyngeal bone).

Plate 8 — 4. The gill arches and pharyngeal bone of Nipponocypris koreanus. A, dorsal
view of the gill arches; B and C, ceratobranchial 5 (pharyngeal bone).

Plate 8 — 5. The gill arches and pharyngeal bone of Candidia barbatus. A, dorsal view
of the gill arches; B and C, ceratobranchial 5 (pharyngeal bone).

Plate 8 — 6. The gill arches and pharyngeal bone of Opsariichthys evolans. A, dorsal
view of the gill arches; B and C, ceratobranchial 5 (pharyngeal bone).

Plate 8 — 7. The gill arches and pharyngeal bone of Opsariichthys uncirostris. A, dorsal
view of the gill arches; B and C, ceratobranchial 5 (pharyngeal bone).

Plate 8 — 8. The gill arches and pharyngeal bone of Opsariichthys bidens. A, dorsal view
of the gill arches; B and C, ceratobranchial 5 (pharyngeal bone).
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Plate 8 — 9. The gill arches and pharyngeal bone of Parazacco spilurus. A, dorsal view

of the gill arches; B and C, ceratobranchial 5 (pharyngeal bone).

Plate 9 — 1. Outside view of the hyoid arches of Zacco platypus.

Plate 9 — 2. Outside view of the hyoid arches of Nipponocypris temminckii.

Plate 9 — 3. Outside view of the hyoid arches of Nipponocypris sieboldii.

Plate 9 — 4. Outside view of the hyoid arches of Nipponocypris koreanus.

Plate 9 — 5. Outside view of the hyoid arches of Candidia barbatus.

Plate 9 — 6. Outside view of the hyoid arches of Opsariichthys evolans.

Plate 9 — 7. Outside view of the hyoid arches of Opsariichthys uncirostris.

Plate 9 — 8. Outside view of the hyoid arches of Opsariichthys bidens.

Plate 9 — 9. Outside view of the hyoid arches of Parazacco spilurus.

Plate 10 — 1. Inside view of the hyoid arches of Zacco platypus. fch = fenstra on the

ceratohyal.

Plate 10 — 2. Inside view of the hyoid arches of Nipponocypris temminckii. fch = fenstra

on the ceratohyal.

Plate 10 — 3. Inside view of the hyoid arches of Nipponocypris sieboldii. fch = fenstra

on the ceratohyal.

Plate 10 — 4. Inside view of the hyoid arches of Nipponocypris koreanus. fch = fenstra

on the ceratohyal.

Plate 10 — 5. Inside view of the hyoid arches of Candidia barbatus. fch = fenstra on the

ceratohyal.
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Plate 10 — 6. Inside view of the hyoid arches of Opsariichthys evolans. fch = fenstra on

the ceratohyal.

Plate 10 — 7. Inside view of the hyoid arches of Opsariichthys uncirostris. fch = fenstra

on the ceratohyal.

Plate 10 — 8. Inside view of the hyoid arches of Opsariichthys bidens. fch = fenstra on
the ceratohyal.

Plate 10 — 9. Inside view of the hyoid arches of Parazacco spilurus. fch = fenstra on the

ceratohyal.

Plate 11 — 1. The urohyal of Zacco platypus. A, lateral view; B, dorsal view of urohyal;

C, ventral view of urohyal.

Plate 11 — 2. The urohyal of Nipponocypris temminckii. A, lateral view; B, dorsal view

of urohyal; C, ventral view of urohyal.

Plate 11 — 3. The urohyal of Nipponocypris sieboldii. A, lateral view; B, dorsal view of

urohyal; C, ventral view of urohyal.

Plate 11 — 4. The urohyal of Nipponocypris koreanus. A, lateral view; B, dorsal view of

urohyal; C, ventral view of urohyal.

Plate 11 — 5. The urohyal of Candidia barbatus. A, lateral view; B, dorsal view of

urohyal; C, ventral view of urohyal.

Plate 11 — 6. The urohyal of Opsariichthys evolans. A, lateral view; B, dorsal view of

urohyal; C, ventral view of urohyal.

Plate 11 — 7. The urohyal of Opsariichthys uncirostris. A, lateral view; B, dorsal view of

urohyal; C, ventral view of urohyal.

Plate 11 — 8. The urohyal of Opsariichthys bidens. A, lateral view; B, dorsal view of

urohyal; C, ventral view of urohyal.
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Plate 11 — 9. The urohyal of Parazacco spilurus. A, lateral view; B, dorsal view of

urohyal; C, ventral view of urohyal.

Plate 12 — 1. The posterior region of head and the Weberian ossicles of Zacco platypus.

na3 = neural arch 3, sn3 = supraneural 3 bone.

Plate 12 — 2. The Weberian ossicles of Nipponocypris temminckii. na3 = neural arch 3,

sn3 = supraneural 3 bone.

Plate 12 — 3. The Weberian ossicles of Nipponocypris sieboldii. na3 = neural arch 3, sn3

= supraneural 3 bone.

Plate 12 — 4. The Weberian ossicles of Nipponocypris koreanus. na3 = neural arch 3, sn3

= supraneural 3 bone.

Plate 12 — 5. The Weberian ossicles of Candidia barbatus. na3 = neural arch 3, sn3 =

supraneural 3 bone.

Plate 12 — 6. The Weberian ossicles of Opsariichthys evolans. na3 = neural arch 3, sn3 =

supraneural 3 bone.

Plate 12 — 7. The Weberian ossicles of Opsariichthys uncirostris. na3 = neural arch 3,

sn3 = supraneural 3 bone.

Plate 12 — 8. The the Weberian ossicles of Opsariichthys bidens. na3 = neural arch 3,

sn3 = supraneural 3 bone.

Plate 12 — 9. The Weberian ossicles of Parazacco spilurus. na3 = neural arch 3, sn3 =

supraneural 3 bone.
Plate 13 — 1. The caudal skeleton of Zacco platypus. hpu = haemal spine of preural

centrum, npu = neural spine of preural centrum, pp = hypurapophysis, pul + ul = first

preural centrum + first ural vertebra.
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Plate 13 — 2. The caudal skeleton of Nipponocypris temminckii. hpu = haemal spine of
preural centrum, npu = neural spine of preural centrum, pp = hypurapophysis, pul + ul

= first preural centrum + first ural vertebra.

Plate 13 — 3. The caudal skeleton of Nipponocypris sieboldii. hpu = haemal spine of
preural centrum, npu = neural spine of preural centrum, pp = hypurapophysis, pul + ul

= first preural centrum + first ural vertebra.

Plate 13 — 4. The caudal skeleton of Nipponocypris koreanus. hpu = haemal spine of
preural centrum, npu = neural spine of preural centrum, pp = hypurapophysis, pul + ul

= first preural centrum + first ural vertebra.

Plate 13 — 5. The caudal skeleton of Candidia barbatus. hpu = haemal spine of preural
centrum, npu = neural spine of preural centrum, pp = hypurapophysis, pul + ul = first

preural centrum + first ural vertebra.

Plate 13 — 6. The caudal skeleton of Opsariichthys evolans. hpu = haemal spine of
preural centrum, npu = neural spine of preural centrum, pp = hypurapophysis, pul + ul

= first preural centrum + first ural vertebra.

Plate 13 — 7. The caudal skeleton of Opsariichthys uncirostris. hpu = haemal spine of
preural centrum, npu = neural spine of preural centrum, pp = hypurapophysis, pul + ul
= first preural centrum + first ural vertebra.

Plate 13 — 8. The caudal skeleton of Opsariichthys bidens. hpu = haemal spine of
preural centrum, npu = neural spine of preural centrum, pp = hypurapophysis, pul + ul
= first preural centrum + first ural vertebra.

Plate 13 — 9. The caudal skeleton of Parazacco spilurus. hpu = haemal spine of preural
centrum, npu = neural spine of preural centrum, pp = hypurapophysis, pul + ul = first
preural centrum + first ural vertebra.

Plate 14 — 1. The supraneurals of Zacco platypus.

Plate 14 — 2. The supraneurals of Nipponocypris temminckii.
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Plate 14 — 3. The supraneurals of Nipponocypris sieboldii.

Plate 14 — 4. The supraneurals of Nipponocypris koreanus.

Plate 14 — 5. The supraneurals of Candidia barbatus.

Plate 14 — 6. The supraneurals of Opsariichthys evolans.

Plate 14 — 7. The supraneurals of Opsariichthys uncirostris.

Plate 14 — 8. The supraneurals of Opsariichthys bidens.

Plate 14 — 9. The supraneurals of Parazacco spilurus.

Plate 15 — 1. The dorsal and anal fins of Zacco platypus. A, doral fin; B, anal fin.

Plate 15 — 2. The dorsal and anal fins of Nipponocypris temminckii. A, doral fin; B, anal
fin.

Plate 15 — 3. The dorsal and anal fins of Nipponocypris sieboldii. A, doral fin; B, anal

fin.

Plate 15 — 4. The dorsal and anal fins of Nipponocypris koreanus. A, doral fin; B, anal

fin.

Plate 15 — 5. The dorsal and anal fins of Candidia barbatus. A, doral fin; B, anal fin.

Plate 15 — 6. The dorsal and anal fins of Opsariichthys evolans. A, doral fin; B, anal fin.

Plate 15 — 7. The dorsal and anal fins of Opsariichthys uncirostris. A, doral fin; B, anal

fin.

Plate 15 — 8. The dorsal and anal fins of Opsariichthys bidens. A, doral fin; B, anal fin.

Plate 15 — 9. The dorsal and anal fins of Parazacco spilurus. A, doral fin; B, anal fin.
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Plate 16 — 1. The shoulder girdle of Zacco platypus. A, inside view; B, outside view. sf

= scapula foramen.

Plate 16 — 2. The shoulder girdle of Nipponocypris temminckii. A, inside view; B,

outside view. sf = scapula foramen.

Plate 16 — 3. The shoulder girdle of Nipponocypris sieboldii. A, inside view; B, outside

view. sf = scapula foramen.

Plate 16 — 4. The shoulder girdle of Nipponocypris koreanus. A, inside view; B, outside

view. sf = scapula foramen.

Plate 16 — 5. The shoulder girdle of Candidia barbatus. A, inside view; B, outside view.

sf = scapula foramen.

Plate 16 — 6. The shoulder girdle of Opsariichthys evolans. A, inside view; B, outside

view. sf = scapula foramen.

Plate 16 — 7. The shoulder girdle of Opsariichthys uncirostris. A, inside view; B, outside

view. sf = scapula foramen.

Plate 16 — 8. The shoulder girdle of Opsariichthys bidens. A, inside view; B, outside

view. sf = scapula foramen.

Plate 16 — 9. The shoulder girdle of Parazacco spilurus. A, inside view; B, outside view.

sf = scapula foramen.

Plate 17 — 1. The pelvic girdle of Zacco platypus. A, dorsal view; B, lateral view; C,

ventral view; D, ventral view without finrays.

Plate 17 — 2. The pelvic girdle of Nipponocypris temminckii. A, dorsal view; B, lateral

view; C, ventral view; D, ventral view without finrays.

Plate 17 — 3. The pelvic girdle of Nipponocypris sieboldii. A, dorsal view; B, lateral
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view; C, ventral view; D, ventral view without finrays.

Plate 17 — 4. The pelvic girdle of Nipponocypris koreanus. A, dorsal view; B, lateral

view; C, ventral view; D, ventral view without finrays.

Plate 17 — 5. The pelvic girdle of Candidia barbatus. A, dorsal view; B, lateral view; C,

ventral view; D, ventral view without finrays.

Plate 17 — 6. The pelvic girdle of Opsariichthys evolans. A, dorsal view; B, lateral view;

C, ventral view; D, ventral view without finrays.

Plate 17 — 7. The pelvic girdle of Opsariichthys uncirostris. A, dorsal view; B, lateral

view; C, ventral view; D, ventral view without finrays.

Plate 17 — 8. The pelvic girdle of Opsariichthys bidens. A, dorsal view; B, lateral view;

C, ventral view; D, ventral view without finrays.

Plate 17 — 9. The pelvic girdle of Parazacco spilurus. A, dorsal view; B, lateral view; C,

ventral view; D, ventral view without finrays.
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