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ABSTRACT

A fossil specimen of bristlemouth fish of the genus Cyclothone is reported for the first time from the marine
deposits of the middle Miocene Duho Formation, South Korea, and described as new species Cyclothone
duhoensis, sp. nov. This is the second stomiiform fish discovered there. It represents the oldest nominal
species of its genus, and the third and southernmost record of fossil bristlemouth from the ancient Eastern
Sea (Sea of Japan) basin after the findings in the Sakhalin (Russia) and Honshu (Japan) islands. The new
Miocene bristlemouth is very similar to the Recent congeners. Nevertheless, it can be separated from them
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by the presence of more than 15 photophores in the AC series, of which at least four photophores are behind
the anal-fin base, and by a peculiar upper jaw dentition. The biological features of the Recent bristlemouths
along with this unique finding hint at shallow-water conditions during the Duho Formation sedimentation.

Introduction

The bristlemouths of the gonostomatid genus Cyclothone are
among the most abundant fishes in the modern oceans, and, argu-
ably, the numerically dominant vertebrate genus on the Earth
(Parin 1988; Nelson 2006). The standard length of these fishes
does not exceed 75 mm. They are comparatively deep-sea inhabi-
tants of the meso- and bathypelagic water masses. The bulk of the
populations of Cyclothone species live below 300 m, although there
are records from shallower waters (Grey 1964; Mukhacheva 1974).
They are widely distributed from the tropical to subarctic waters of
all oceans (Grey 1964; Mukhacheva 1964, 1974; Badcock 1984; Miya
and Nishida 1996). Cyclothone species are mass consumers of
plankton, and, in turn, serve as prey for many predatory fishes.
Bristlemouths are members of the scattering layers community;
however, in contrast to the majority of other fishes of this commu-
nity, they are not involved in vertical daily migrations (Mukhacheva
1967; Badcock 1984; Parin 1988).

In the modern fauna, 13 species of this genus are distin-
guished (Grey 1964; Mukhacheva 1974; Badcock 1984; Miya and
Nishida 1996). In general, their basic morphological pattern is
very similar, and comparatively simple due to the reduction of
some osteological structures (Miya and Nishida 1996). There
are several records of fossil Cyclothone species that indicate
these fishes acquired their main morphological characters
prior to the middle Miocene and were widespread already at
this time. The earliest fossil skeletal remains of bristlemouths
are known from the Pacific basin and include Cyclothone sp.
from the middle Miocene of Honshu Island, Japan (Ohe 1993;
Yabumoto and Uyeno 1994), C. mukhachevae from the middle-
late Miocene of Sakhalin Island, Russia (Nazarkin 2015), and
C. solitudinis and C. cf. solitudinis from the late Miocene of
California, U.S.A. (Jordan 1907; David 1943; Fierstine et al.
2012). Another centre of the fossil bristlemouths diversity is
the Mediterranean basin: C. gaudanti is known from the late
Miocene deposits of Crete, Greece (Gaudant 2004; Prikryl and

Carnevale 2017), whereas Cyclothone sp. was recorded in the
Pliocene of Italy (Sorbini 1988; Landini and Sorbini 1993).
Several forms of Cyclothone were described from the Plio-
Pleistocene sediments of Italy, among which were also repre-
sentatives of two Recent species (Landini and Menesini 1978,
1986).

In this paper, we report a new fossil record of Cyclothone,
which came from the beds of the middle Miocene Duho
Formation of South Korea. This is the second member of the
order Stomiiformes to come from the beds of the Duho
Formation after the previously described lightfish Vinciguerria
orientalis (Nam et al. 2019). The morphological characters of
this form allow its separation from congeners, and, conse-
quently, we allocate this bristlemouth to a new species. The
age of this finding makes it the oldest nominal species of its
genus. This is the third, and southern-most fossil bristlemouths
from the Neogene Sea of Japan (Eastern Sea) basin. This finding
is proof of the distribution of Cyclothone spp. throughout this
ancient sea and shows some diversity degree of the Miocene
representatives of the genus.

The Duho Formation of South Korea is distributed in the south-
eastern part of the Korean Peninsula in the vicinity of the Pohang
City (Yun 1986). It is well-known due to the rich association of
fossils, which include both terrestrial (plants and insects), and
marine (echinoderms, crustaceans, molluscs) organisms (Chun
1982; Yun 1985; Seong et al. 2009). In addition, the diverse com-
munity of marine fishes, especially of teleosts, discovered from
these beds provides important information for understanding the
features of the Neogene fish fauna of the southern part of the
Eastern Sea. Among the fish fossils collected until now from the
layers of the Duho Formation, most belong to the mid-water pelagic
inhabitants such as myctophiforms and stomiiforms. The abun-
dance of deep-sea fishes on the one hand conflicts on the other
hand with the presence of the more shallow-water fishes and inver-
tebrates in the same layers (Yun 1985; Kim and Lee 2011). The age
of these fossiliferous layers is middle Miocene as concluded from
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microfossil (Coccolithaceae and Radiolarian) faunal analysis (You
et al. 1986; Bak et al. 1996).

Materials and methods

The materials studied include the sole, nearly complete fish
skeleton collected by the first author from the middle Miocene
Duho Formation, and stored in the collections of the Gongju
National University of Education (GNUE). The matrix was
removed from the fossil by needles under a stereomicroscope.
The measurements were made with dial calipers to the nearest
0.1 mm. The osteology of Recent species was studied by radio-
graphed and cleared and stained specimens from the collections
of Zoological Institute (ZIN). The comparative material is the
same as in Nazarkin (2015). The nomenclature of photophores
follows Morrow (1964).

Institutional abbreviations

GNUE, Gongju National University of Education, Gongju City,
South Korea; ZIN, Zoological Institute RAS, St.-Petersburg,
Russia.

Other abbreviations
SL, standard length.
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Systematic paleontology

Order STOMIIFORMES sensu Harold and Weitzman, 1996
Suborder Gonostomatoidei sensu Nelson et al., 2016
Infraorder Gonostomata sensu Harold, 1998
Family Gonostomatidae Gill, 1893
Genus Cyclothone Goode et Bean, 1883

Cyclothone duhoensis, sp. nov.(Figs. 1 and 2).

Etymology
Species name derived from the Duho Formation.

Holotype. GNUE 32080, the complete skeleton with the head
region damaged, approximately 40.0 mm SL.

Type locality. The outcrop in the road cut 7 km northeast from the
Centre of Pohang City, near the Hwanho-dong, Buk-gu, Pohang
City, South Korea.

Type horizon. Duho Formation, middle Miocene (Serravallian).

Diagnosis

A species of Cyclothone with a scaled body, gradual transition zone
in the maxillary dentition, weakly expressed alternation of the
posterior maxillary teeth, not less than 16 photophores of the AC
series, and at least four photophores behind the anal fin base.

= Ly ;ﬁ&ﬁg?‘m}?ﬁg‘ | N :
: SESRSENEY EipR
Vans 44 *ﬁ*&%ﬁ% TI 7

Figure 1. Cyclothone duhoensis, sp. nov. from the Duho Formation, holotype GNUE 32080. General view (a) and interpretative reconstruction (b) of the specimen. Arrows

indicate the gaps in the photophore rows. Scale bar equals 5 mm.
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Figure 2. Cyclothone duhoensis, sp. nov. from the Duho Formation, holotype GNUE 32080. Outline drawing of the head region. Gill rackers, branchiostegals, and fin rays are

darker. Scale bar equals 5 mm.

Description

The body is low and moderately elongated (Figure 1). Its depth
at the level of the dorsal fin origin is slightly less than 12.0% SL,
whereas the caudal peduncle is one-third less than this depth.
The head skeleton is much crushed and shifted; consequently,
the head length can be only very approximately estimated as
a quarter of the SL. The mouth is wide and oblique. The eye is
extremely small, about 0.9% SL, positioned dorsally in the
anterior extremity of the head (Figure 2). The dorsal and anal
fins are located approximately opposite to each other in the
posterior body half. The pelvic fin base is well anterior to the
beginning of the dorsal fin base. The pectoral fin base is imme-
diately posterior to the head and close to the ventral body
margin.

Most of the neurocranium bones in the specimen did not pre-
serve or are not recognisable. The parasphenoid is thin and strait
(Figure 2). The lateral part of the vomerine head bearing the row of
7 tooth alveoli is recognised near to the anterior extremity of the
parasphenoid. The complete basioccipital is seen anterior to the
first vertebral centrum. This bone has a roundish outline ventrally
and an x-shaped crest bounding the otic capsules. The pterotic is
almost the same size as the basioccipital and equipped with
a longitudinal ridge. The frontal is twice larger, and a roughly

rectangular bone greatly shifted antero-dorsally from its natural
position.

The jaws are long and thin, almost equal in length. The premax-
illa is not preserved. The maxilla is long, thin, and upwardly curved
anteriorly. Its ventral edge is convex and equipped with a row of 60
closely spaced teeth on almost all its length. The maxillary teeth are
short and subequal (Harold 1998). The anterior nineteen maxillary
teeth are very small, of the same size, and positioned at right angles
to the edge of the maxilla. In the posterior 80% of the tooth row, the
teeth become higher and gradually enlarged posteriorly so that the
posteriormost teeth are more than eight times taller than the teeth
in the anterior part of the maxilla. These posterior teeth are notice-
ably inclined forward, and make an acute angle with the bone’s
edge. There is no alternation of the short and long teeth in the
maxillary row, but the width of some teeth is noticeably less than
that of their neighbours (Figure 2). The supramaxilla is a small, oval
bone with a sharp and short anterior outgrowth. The lower jaw is
wedge-shaped. The coronoid process of the anguloarticular is wide
and blunt; the mandible gradually tapers anteriorly from this pro-
cess. The dentary bears an inner row of 73 small, densely spaced and
slightly anteriorly inclined teeth throughout its dorsal edge. The
tooth size gradually increases posteriorly. In the anterior extremity
of the dentary, there is a short lateral tooth row, which contains at
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least four high, caniniform teeth along with a few smaller ones. The
lateral surface of the dentary has densely spaced sub-vertical wrin-
kles beneath the posterior half of the inner tooth row.

The opercle is sub-rectangular, laminar, thin and high, with
a roundish antero-dorsal corner and a strong vertical ridge along
its anterior edge. The subopercle is comparatively large, oval, and
membranous. Other bones of the opercular series are not preserved.

The axis of the suspensorium is strongly inclined ventro-
caudally. The hyomandibula is a bulky arched bone, not subdivided
dorsally in to two articulation heads, and with a greatly reduced
articular process. The quadrate is fan-shaped. The ectopterygoid is
a low, longitudinally elongated triangle. The metapterygoid is
a wide and very thin laminar bone, whose borders cannot be
determined exactly. The mesopterygoid did not preserve. The pala-
tine is short, with a roundish anterior head and a thin posterior
part. There are no traces of palatine teeth.

The epihyal is a flat, elongated bone. The ceratohyal is more than
twice longer and comparatively wide. The hypohyal is elongated
and trapezoid. At least 13 short, sabre-like branchiostegal rays of
the right body side can be recognised. Of these, the anterior two are
attached to the hypohyals, with five on both the ceratohyal and
epihyal, whereas one ray was, probably, associated with the cartilage
between the latter two.

Several rod-shaped branchial bones are preserved in the head
region of the specimen. Of these, comparatively high basibranchials
1-3, along with some thinner hypo-, cerato-, and epibranachials,
can be recognised (Figure 2). The pharyngeal tooth plate with
a dozen small teeth is seen under the second vertebra. No fewer
than 37 long, needle-like gill rakers remain; most of them are in
association with some branchial bones, but the number of rakers on
specific gill arches cannot be determined.

There are 32 (14 + 18) moderately elongated, symmetrical ver-
tebrae. The first vertebral centrum is slightly longer than subse-
quent ones and possesses a prominent ventral parapophysis. The
neural arches are very short; those of the few anterior vertebrae are
shorter than the corresponding vertebral centrae. The neural arches
become fused, forming short neural spines starting, apparently,
from the 13th vertebra. The posterior abdominal centrum possesses
a short parapophysis and lacks ribs. There are 11 pairs of pleural
ribs attached to the vertebrae from the third to the penultimate.
They are strong and long bones almost reaching the ventral body
margin. Epineurals are present from the third to the 15th (first
caudal) vertebra. They are thin, rod-like bones, slightly longer
than the appropriate vertebral centrum. Epipleurals are absent.
Three supraneurals are preserved in front of the neural arches of
the 4th, 5th and 6th vertebrae (Figure 2).

The dorsal and anal fins are placed in the posterior body half,
opposite each other. The bases of the anterior dorsal and anal fin
rays are on the level of the third caudal vertebra. The anal fin base
is noticeably longer than that of the dorsal fin - the posteriormost
rays of these fins are placed on the level of the sixth and the ninth
preural centra, respectively. Anterior pterygiophores of both fins
are complex elements consisted of two rods fused distally. They
are inserted behind the neural and haemal spines of the first
caudal centrum. There are 13 proximal pterygiophores and 14
rays discernible in the dorsal fin. The anterior dorsal proximal
pterygiophores are expanded proximally. Medial pterygiophores
are seen starting from the eighth series; they are short and con-
stricted in the middle. The distal elements of the pterygiophore
series are not seen. The anterior dorsal fin ray is very short and
supernumerary, as in Recent congeners. Some dorsal rays are
definitely branched; the height of the longest of them is less than
the length of the dorsal fin base. The structure of the anal fin is
similar to that of the dorsal one. Seventeen rays and 14 proximal

pterygiophores are observed, and medial pterygiophores begin
from the fourth series. The posterior anal fin pterygiophore inserts
behind the haemal spine of the eighth preural centrum. Obviously,
the pterygiophores should have been present in some empty
interhaemal spaces above the anal fin rays, but they not preserved
in the specimen. Taking that into account, the total number of
anal fin rays can be estimated as 19-20 at least.

The pectoral fin is narrow. Its base is placed immediately behind
the head closer to the ventral body margin than to the vertebral
column. There are at least seven long pectoral rays, almost reaching
midway between the pectoral and pelvic fin bases. The cleithrum is
C-shaped, with a strong and sharp hook ventrally; its upper end
reaches lateral to the vertebrae located above. The high, posteriorly
expanded coracoid is underlies almost the whole ventral edge of the
cleithrum. The supracleithrum and posttemporal are strait narrow

bones; the border between them is indistinguishable.
A postcleithrum is, apparently, absent. The pectoral radial did not
preserve.

The base of the pelvic fin is on the vertical through the 12th
vertebra. The pelvic fin consists of at least six comparatively short
rays — the length of the longest ray is equal to the length of the three
vertebral centrae above it. The pelvic skeleton did not preserve.

The caudal fin is, apparently, deeply forked; it consists of 10 + 9
principal rays and, at least, six upper and three lower procurrent
rays. The caudal fin skeleton structure is the same as in
Recentcongeners (Borodulina 1982; Harold 1998). There are two
(upper and lower) large hypural plates, tightly attached to the
urostylar centrum. A prominent ridge separates the parhypural
from the lower hypural plate, but it is not clear whether the parhy-
pural is fused with this plate or is autonomous from it. There is
a narrow cleft between the urostyle and the epaxial hypural plate
distally. Two roundish openings are observed proximally in the
hypaxial plate: between the bases of the parhypural and hypural 1,
and between those of hypurals 1 and 2. Epurals are absent. An
uroneural is indiscernible. The second preural centrum has a long,
fully developed neural spine; its haemal spine is expanded distally.
The vertical spines of the second and third preural centra are
slightly longer than the preceding spines. The third preural centrum
abnormally has two haemal spines.

The body covered by large, roundish, cycloid scales. There are
five scales in an oblique vertical row anterior to the beginning of the
dorsal fin. A dark pigmentation is preserved throughout the body,
but it is especially strong in the abdominal cavity. This apparently
means that when alive the fish body was pigmented, but was
coloured lighter than its peritoneum. There are small dark dots
on the bases of the dorsal and anal fin rays.

The condition of the specimen allows recognising some photo-
phores on its body and head. There is one orbital photophore
ahead and slightly beneath the eye, a position that is connected
with the palatine head, as in Recent species (Figure 2). One of the
opercular photophores is seen beneath the opercle. Five branchial
photophores are preserved between the branchiostegals associated
with the ceratohyal. There are 10 elements that can be recognised
in the IV series. Of them, three are anterior to the pectoral fin
base. One of the latter is positioned above the row; probably, it
belongs to the IV series of the opposite body side. Under the base
of the pectoral fin there is a gap in the IV series, where two or
three photophores could fit (Figure 1(b)). Thus, the IV series
probably contained 11 to 13 elements. In the AC series, 15 photo-
phores remain but, because there are obvious gaps between the
seventh and eighth and between the 11th and 12th elements, the
total number of photophores in this series was greater, probably,
16 or 17. At least four AC elements are placed posterior to the anal
fin base.
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Figure 3. The maxillary dentition in some Recent and fossil bristlemouths. (a, e) redrawn from Kawaguchi (1971, p. 5, fig. 3); (b) specimen ZIN 55629; (c) specimen ZIN
49451; (f) redrawn from Grey (1964, p. 191, fig. 52). Bones are scaled to the same length. Scale bar omitted.

Measurements (in mm). Distance between the pectoral fin base
and the posterior edge of hypurals 29.2; length of ten abdominal
vertebrae 10.6; dorso-anal distance 4.8; caudal peduncle depth 2.6;
pecto-ventral distance 8.6; ventro-anal distance 4.7; dorsal fin base
length 7.1; anal fin base length 10.7; pectoral fin length 4.7; pelvic fin
length 3.2; mandible length 7.6; maxilla length 6.6; eye diameter 0.5.

Discussion

The fossil specimen described herein is undoubtedly a member of
the order Stomiiformes because it possesses such characters as an
elongated body, a wide mouth with the position of the lower jaw
articulation behind the orbit, a toothed maxilla which contributes
to the mouth edge, a hook-like ventral process of the cleithrum,
some branchiostegals articulating with the ventral hypohyal, an
absence of spiny fin rays, a pectoral fin insertion near the ventral
body margin, an abdominal pelvic fin, a forked caudal fin with 19
principal rays, and the presence of photophores (Fink and
Weitzman 1982; Prokofiev 2005). Further, the highly elongated

vertebral centra, the placement of the dorsal and anal fin origins
opposite each other and close to a vertical passing through the first
caudal vertebra, the subequal jaw dentition, the antero-dorsally
flexed hyomandibula with a greatly reduced articular process,
a caudal skeleton structure with the hypurals fused into the two
large plates, a fully developed neural spine of the second preural
centrum, an absence of epurals, an absence of the common glands
of the serial photophores, and extremely small eyes all indicate that
the fossil under consideration is a member of the family
Gonostomatidae and of the genus Cyclothone (Grey 1960; Harold
and Weitzman 1996; Harold 1998).

Both Recent and fossil representatives of this genus are very
similar one to another in main body proportions and counts
(Nazarkin 2015, p. 172, table 1; Pfikryl and Carnevale 2017,
p. 276, table 2). Cyclothone duhoensis, sp. nov., is not an exception,
and, in general, possesses the same morphological features.
Traditionally, representatives of the genus were separated into the
two groups - of the light-coloured, semitransparent, and the dark-
coloured species (Grey 1964; Mukhacheva 1964, 1974). The former
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species group is characterised also by the absence of the scales.
Subsequent molecular research has shown that these groups are
phylogenetically unnatural (Miya and Nishida 1996). The presence
of the scales and of the remains of dark body pigmentation allows
us to consider the new species described above as a member of the
species group with a darkly pigmented body. Among them, it is
similar to those species possessed more than 15 photophores in the
AC series, namely C. acclinidens Garman and C. atraria Gilbert
with 14-16, and C. pallida Brauer with 15-16 elements
(Mukhacheva 1964, 1974; Badcock 1984). Moreover, the presence
of at least four photophores between the last anal-fin ray and the
caudal-fin base separates the bristlemouth from the Duho
Formation from all congeners because they have not more than
three elements in this area (Mukhacheva 1964, 1974; Badcock
1984).

Another character distinguishing the new Miocene species
described herein is the features of the maxillary dentition
(Figure 3). In all members of the genus, the maxilla bears
short, downwardly directed teeth anteriorly and large, forwardly
inclined teeth posteriorly (Grey 1964). Recent C. acclinidens
differ in having an abrupt transition between the two types of
dentition, and also in a gradual enlargement of posterior teeth
to the rear (Figure 3(a)). On the contrary, all other species
demonstrate the gradual transition between the dentition types
and the regular alternation of smaller and large posterior teeth
(Grey 1964; Mukhacheva 1964, 1974; Borodulina 1984; Miya
1994). The Duho Formation bristlemouth possesses the gradual
transition zone and very weakly expressed alternation of the
posterior teeth (Figure 3(d)). Such a condition is not observed
in most members of this genus, including fossil C. mukhachevae
(Figure 3(b)), and partly resembles only the dentition of recent
C. braueri Jespersen et Taning from the lightly-coloured species
group, in which the alternation of posterior teeth is also weakly
expressed (Figure 3(f)). Considered together, the features of the
dentition and of the number of AC photophores well separates
the new species described above from all congeners.

It is appropriate to note here that the both oldest known nom-
inal species of the genus, middle-Miocene C. duhoensis sp. nov. and
middle-late-Miocene C. mukhachevae, have very small differences
from the Recent species, showing almost the same morphological
structure. On the contrary, a younger species, C. gaudanti from the
Mediterranean late-Miocene, has much greater differences from the
Recent congeners: it possesses some atavistic characters (the pre-
sence of epipleurals and autogenous parhypural) along with the
least number of the anal-fin rays (Ptikryl and Carnevale 2017). Such
a difference in the morphology of the Neogene bristlemouths,
apparently, reflects the separate evolutionary history of the
Mediterranean representatives of the genus.

The water depth of the Duho Formation sedimentation is a subject
of discussion (Yun 1986; Kim and Paik 2013). Its sediments contain the
fossils of deep-water organisms along with numerous shallow-water
and terrestrial (higher plants and insects) remains (Chun 1982; Jung
and Lee 2009). Among the former, the lanternfishes (Myctophidae) and
lightfishes (Phosichthyidae) are especially numerous (Nam et al. 2019),
and suggest deep-water sedimentation. At the same time, the finding of
a bristlemouth in the Duho Formation appears unique. If the sedimen-
tation had occurred in a deep-water area, we could expect a frequency
of Cyclothone fossils not fewer than those of the lanternfishes or light-
fishes. This discrepancy can be explained by distinct fish behavioural
patterns. Most modern lanternfish and lightfish undergo extensive
diurnal migrations during which they rise to the upper water layers,
where they can be carried by surface currents to shallower areas and
may end up buried in the coastal sediments (Parin 1988). In contrast,
the modern Cyclothone species do not perform vertical migrations,

staying in deep waters most of the time (Mukhacheva 1967; Badcock
1984), so that they can occur in the shallow areas only by a rare event.
Possibly, the rarity of Cyclothone remains in these beds can be explained
by the shallow-water origin of the deposits of the Duho Formation.
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