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Abstract: Three species of subfamily Cultrinae currently live in Korea, but Erythroculter erythropterus has been
introduced into the Nakdonggang River and has taken over the habitat, reducing the habitat of Culter
brevicauda. Only the endangered species C. brevicauda still lives in the Yeongsangang River, and it is necessary
to be careful not to introduce E. erythropterus in the future. And Hemiculter eigenmanni is also found throughout
the country. In order to effectively manage and conserve the species in its various habitats and against
invasions, this study was initiated. The ultrastructure of the egg envelopes of three species of Cultrinae— E.
erythropterus, C. brevicauda, and H. eigenmanni, inhabiting the Geumgang and Yeongsangang Rivers were
observed. It was found that the zona radiata of the egg envelopes of all three species were divided into two
layers—an outer and inner layer, with the outer surface having a non-structural form. This form is characteristic
of fishes with muddy, stagnant habitats or spawning grounds. The number of pore canals on the surface of the
egg envelopes was 83 for E. erythropterus, 75 for C. brevicauda, and 58 for H. eigenmanni per 10 um 2, and the
thickness was 7.89+0.34 um, 12.27+0.46 um, and 7.42+0.24 um, respectively. The shape of the micropyle
demonstrated a funnel shape narrowing toward the inner diameter in all three species, and the size of the inner
diameter was 6.62+0.29 (6.09~7.10) um in E. erythropterus, 4.19+0.39 (3.39~4.58) um in C. brevicauda, and 3.98+0.46
(3.47~4.93) umin H. eigenmanni. The differences between species were identified in the number of pore canals,
thickness, and micropyle inner diameter of egg envelopes, which were species-specific. Our study revealed a
morphological mechanism in the egg envelope that prevents the formation of interspecific hybrids, and these
features can be taxonomic traits that clarify species names. It also provided useful data for the production
(breeding) of the second generation in aquaculture.
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1. Introduction

The eggs of teleosts are surrounded by a non-cellular egg envelope, the zona radata (ZR), which
is usually divided into two or three layers (Anderson, 1974; Flegler 1977; Kobayashi and Yamamoto,
1981; Cotelli et al., 1986; Li et al., 2000). The inner layer is composed of a thick fibrous material, and
the outer layer of a thin, highly electron-dense material (Wourms, 1976; Choi 2021). These ZR serve
to protect against physical impacts and chemical penetration from the external environment, and
their structure and thickness are species-specific and influenced by habitat and spawning grounds
(Ivankov and Kurdyayeva, 1973; Kim et al., 1996; Riehl and Patzner, 1998). The subfamily Cultrinae
of the family Cyprinidae has approximately 18 genera and 80 species known worldwide, mostly
inhabiting water systems in East Asia, including China, Mongolia, Russia, Taiwan, and Korea (Dai
and Yang, 2003; Dai et al., 2005; Nelson et al., 2016). Four species from three genera, Erythroculter,
Culter, and Hemiculter, have been reported to inhabit Korea (Kim and Park, 2002; Chae et al., 2019).

Since the recent introduction of H. leucisculus for aquaculture purposes in Central Asia along the
Caspian Sea coast, its population has rapidly increased, causing significant effects on freshwater
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ecosystems (Coad and Hussain, 2007; Jouladeh-Roudbar et al., 2015; Mousavji-Sabet et al., 2019). In
Korea, it has been reported that E. erythropterus and Opsariichthys uncirostris amurensis have invaded
the Nakdonggang River from their original habitat, adversely affecting freshwater ecosystems such
as that of largemouth bass and bluegill, which are alien species (ME, 2016). E. erythropterus is
recognized in China and Taiwan under four different genera and scientific names— Chanodichthys
erythropterus, C. erythropterus, E. erythropterus, Culterichthys erythropterus, and C. brevicauda are
recognized as C. alburnus, C. brevicauda, and E. adokii (Dai and Yang, 2003; Dai et al, 2005; Chen et al.,
2017; Wang et al., 2021; Gu et al., 2022). In both these arguments, Cultrinae is creating a social problem
in Korea. First, the anthropogenic introduction of E. erythropterus into the habitat of endangered C.
brevicauda has reduced the population of C. brevicauda and established it as the top predator in each
stream, much like largemouth bass. Second, there is still global confusion regarding the scientific
names. This study aimed to preserve C. brevicauda populations in the face of the spread of E.
erythropterus and to distinguish the three morphologically indistinguishable species using egg
envelopes.

2. Materials and Methods

A gravid female of three species was collected using a triangle net from the Geumgang and
Yeongsangang Rivers from May to July 2022 (spawning season)—E. erythropterus (36°18"14" N,
126°55"18" E, Hoam-ri, Gyuam-myeon, Buyeo-gun, Chungcheongnam-do, South Korea) in
Geumgang River, and Culter brevicauda and Hemiculter eigenmanni (35°0"2'N, 126°41"6'E, Godong-ri,
Geumcheon-myeon, Naju-si, Jeollanam-do, South Korea) in Yeongsangang River. The permission to
catch C. brevicauda, an endangered species, was granted by the Ministry of Environment, South Korea
(April 2022, license number: No. 2022-22). The study followed the Guide for the Care and Use of
Laboratory Animals (2011), provided by the National Institutes of Health, USA. All experimental
procedures were performed under the supervision of the Institutional Animal Care and Use
Committee of the Chonbuk National University, South Korea. All the experiments were performed
under MS-222 anesthesia, and all efforts were made to minimize pain in the animals.

After anesthetization with MS-222, fully grown oocytes were collected by pressing the abdomen
of the fish. The extracted eggs were fixed in 10% neutral buffered formalin, dehydrated using a
graded ethanol series (60-100%), and cleared in xylene. The samples were embedded in wax
(Paraplast, Leica, Germany), and five um sections were deparaffinized and stained with Harris’s
hematoxylin and eosin (Gurr, 1956). For photographs and evaluation of the ZR, a light microscope
(AX 10, Carl Zeiss, Germany) was used with AxioVision (LE REL 4.5, Carl Zeiss, Germany). For
scanning electron microscopy (SEM), the fragments were fixed with 2.5% glutaraldehyde in 0.1 M
phosphate buffer at pH 7.2. Post-fixation was performed using 1.0% osmium tetroxide in the same
buffer. After dehydration in a graded ethanol series (60-100%) and drying to a critical point using
tert-butyl alcohol, the dried samples were coated with osmium tetroxide using a plasma coater (HPC-
1SW, Vacuum Device Inc., Tokyo, Japan) and then filmed with an SEM (S5-300N, Hitachi, Japan)
operating at 15 kV. For transmission electron microscopy (TEM), tissues that were fixed and
dehydrated as described for the SEM were embedded in an Epon mixture (Epon 812, EMS, USA). The
fragments were observed using a TEM (H-7650, Hitachi, Japan) operating at 100 kV. Epon blocks
were sectioned at 0.8 um using an ultramicrotome (Leica, Reichert Ultracut S, Germany), and stained
with 1% toluidine blue. The samples were examined using a light microscope (Carl Zeiss, AX10,
Germany) and analyzed with AxioVision 4.5 (Carl Zeiss, AxioVision, Germany). All the data
collected was subjected to statistical analysis using one-way analysis of variance (ANOVA) using
SPSS ver. 29.0.

3. Results

All three species, E. erythropterus, C. brevicauda, and H. eigenmanni, have non-structural forms of
egg envelopes on the outer surface, and no special structure other than the pore canal was
identified on the outer side. Light microscopic analysis of cross-sections of mature eggs
revealed striped ZR stained with eosin and 1% toluidine blue. Further, no structure was
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identified between the outer surface of egg envelopes and the follicular cell layer (Figure. 1).
SEM analysis of the surface of mature eggs revealed a large number of pore canals in the egg
envelopes—83 for E. erythropterus, 75 for C. brevicauda, and 58 for H. eigenmanni per 10 um 2
(Table 1, Figure 2A,C,E). TEM analysis of the ZR of the three species was similar to the results
of light and SEM; multiple pore canals were identified in the ZR of E. erythropterus, C. brevicauda,
and H. eigenmanni, which comprised an outer and inner layer. No other structures were
identified on the outer surface of the egg envelopes (Figure 2B,D,F). The thickness of the egg
envelopes was measured to be 7.89+0.34 (7.43~8.28) um in E. erythropterus, 12.27+0.46
(11.57~13.26) umin C. brevicauda, and 7.42+0.24 (6.69~7.66) um in H. eigenmanni, and one funnel-
shaped micropyle was identified at the tip of each animal pole (Figure 3). The inner diameter
of the micropyle was the largest among the three species with E. erythropterus 6.62+0.29
(6.09~7.10) um, followed by C. brevicauda 4.19+0.39 (3.39~4.58) um, and H. eigenmanni 3.98+0.46
(3.47~4.93) um (Table 1).

A

Figure 1. Light micrographs showing the zona radiata in the oocytes of three Cultrinae species based
on (a, ¢, e) Harris’s hematoxylin and (b, d, f) eosin staining and 1% toluidine blue staining. (a) and (b)
Erythroculter erythropterus; (c) and (d) Culter brevicauda; (e) and (f) Hemiculter eigenmanni fc, follicular
layer; z, zona radiata. Scales indicate 5 um (a), (c), (e), 10 um (b), 1 um (d), and (f), respectively.
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Figure 2. (a, ¢, e) Scanning and (b, d, f) transmission electron micrographs of zona radiata in three
Cultrinae species. (a) and (b) Erythroculter erythropterus; (c) and (d) Culter brevicauda; (e) and (f)
Hemiculter eigenmanni. pc, pore canal; ze, zona radiata externa; zi, zona radiata interna. Scales indicate
5 um (a), (c), (e), 2 um (b), (d), and (f), respectively.
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Figure 3. Scanning electron micrographs of micropyles in the three Cultrinae species. (a) Erythroculter
erythropterus; (b) Culter brevicauda; (c) Hemiculter eigenmanni. mp, micropyle. Scales indicate 5 um.

Table 1. Comparison of the ultrastructure of the egg envelope based on the number of pore canals (10
um 2), the thickness of the zona radiata, and the internal diameter of micropyle in the three Cultrinae

species (Mean+SD) (Range).
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6
Species Egg envelope N(:;rzf Zona radiata interl?:ll:i?;}l,:::er (um
p 88 P p thickness (um)
canals )

Erythroculter non-structural 83 7.89+0.34 (7.43~8.28)  6.62+0.29 (6.09~7.10)
erythropterus form

Culter brevicauda non'igr‘fural 75 12.27+0.46 (11.57~13.26) 4.19+0.39 (3.39~4.58)

Hemiculter non-structural 58 7.42+0.24 (6.69~7.66)  3.98+0.46 (3.47-4.93)
eigenmanni form

All data was tested for statistical significance at ***P<0.001

4. Discussion

The outer surface of the egg envelope in fish is characterized by a variety of structures—non-
structural, granular, villous, filamentous, saw-shaped, hillock-shaped, and fence-shaped (Park, 1996;
Choi, 2021). These structures perform functions such as attachment, hydrostatic regulation, and
embryo protection (Laale, 1980; Hiromi, 1984; Rizzo et al., 2002). The egg envelope structures
additionally act as a species specificity, demonstrating a close ecological link with the habitat (Stehr
and Hawkes, 1979; Groot and Alderdice, 1985; Berrada-Rkhami and Gabrion, 1990; Hirai, 1993; Rizzo
et al., 2002). Park (1996) and Choi (2015) reported that the ultrastructure of an egg envelope is
associated with spawning areas in fish. The non-structural form has been observed in Misgurnus
anguilicaudatus, M. mizolepis, Lefua costata, Gobiobotia nakdongensis, and Microphysogobio yaluensis,
which are known to have lentic habitats or spawning areas where the bottom structure comprises
mud (Kim et al, 2017). Among the Acheilognathinae that spawn in freshwater bivalves,
Acheilognathus lanceolatus, A. signifer, A. koreensis, A. somjinensis, A. yamatsutae, A. majusculus and
Sarcocheilichthys nigripinnis morii of the genus Sarcocheilichthys exhibit a non-structural egg envelope,
which was found to be favorable for deposition in the gills of bivalves by laying fusiform, pear-
shaped, and mono-oval eggs (Choi, 2021). All three Cultrinae species have bottom structures
composed of mud or sand and inhabit lentic waters, which is consistent with previous findings (Kim
and Park, 2002). Additionally, differences in the thickness of the zona radiata of three species, E.
erythropterus, C. brevicauda, and H. eigenmanni, demonstrated species specificity. C. alburnus, which
lives in general streams in China, has a non-attached floating egg. However, the C. alburnus which
lives in lakes is known to attach sinking eggs that show intraspecific specificity depending on the
habitat environment (Cheng et al., 2023).

In this study, all three species had ZR comprising two layers—an outer and inner layer. The
inner layer contains several microtubules composed of microfibers, which are involved in oocyte
respiration and nutrient transport (Nagahama, 1983). A funnel-shaped micropyle with a larger outer
diameter and a smaller inner diameter was observed in all three species of Cultrinae. Although the
micropyle morphology of the three species was similar, there were differences observed between the
species; E. erythropterus demonstrated the longest inner diameter, followed by C. brevicauda and H.
eigenmanni. These micropyle are species-specific and function to prevent multi-fertilization during
the spawning season and defend against invasion by sperm from other species (Grierson and Neville,
1981, Cameron and Hunter, 1984). Thus, C. brevicauda and H. eigenmanni, which have similar
micropyle sizes, have ecological differences due to different spawning sites and times and E.
erythropterus has adapted to have completely different micropyle sizes. Therefore, no cases of
hybridization have been reported yet between different species. Some fish have two or more
micropyles, that are used as taxonomic characteristics (Chen et al., 1999; Morisawa, 1999; Debus et
al., 2002). The size of the micropyle is known to be closely related to sperm head size (Hart, 1990;
Linhart and Kudo, 1997). The three species in this study live in very large rivers, making it difficult
to collect them with conventional nets, and it would have been difficult to do without equipment
such as SEM and TEM. If there is one regret, it is the analysis of Hemiculter leucisculus, which lives in
Korea but was not included in this study because it was very difficult to collect. This species can only
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be found in the estuaries of large rivers in Korea, such as the Imjingang and Hangang River, which
are relatively far north, so we were unable to collect it. Finally, further studies are needed to compare
the sperm morphology, egg envelope, and micropyles of all four species of Cultrinae in Korea to
define their habitats, interspecific hybridization defense mechanisms, and to assign accurate scientific
names based on these data.

5. Conclusions

E. erythropterus is currently an invasive species in the Nakdonggang River in South Korea, where
it is a top predator that disturbs aquatic ecosystems. Significant capital and manpower are, therefore,
being invested in its extermination. On the other hand, C. brevicauda has been ecologically declining
in the Nakdonggang River and is listed as Vulnerable on the IUCN Red List. H. eigenmanni is found
in all water systems in Korea, so the study of their egg envelopes is, therefore, expected to provide
basic data for ecology, extermination, and conservation, and it is a relatively large river species that
is very difficult to study. This study is, therefore, significant in that it revealed that their egg envelopes
are all non-structural, that the bottom structure of the stream is primarily composed of mud and sand,
and that they live in slow-flowing water, the micropyle is funnel-shaped but differently sized in all
three species, and that there are differences in the thickness of the zona radiata and number of pore
canals. These differences may be used as morphological characters to distinguish between the species
of Cultrinae globally, which is currently facing problems due to the lack of accurate scientific names.
This will additionally serve as a basis for ecosystem recovery in Korea, such as that for the
Nakdonggang River.
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