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Abstract: The ecology of the mesopelagic fish genus Trachipterus, which is rarely found in oceans,
remains unclear. In this study, we found 22 eggs of T. trachypterus and T. jacksonensis around the
Ulleung Basin of the East/Japan Sea during ichthyoplankton surveys from 2019 to 2021. The eggs were
identified through genetic relationships with the genus Trachipterus based on partial sequences (COI
and 16S) or concatenated sequences of 13 protein-coding genes and 2 rRNA genes of mitochondrial
DNA. T. trachypterus eggs were discovered in all seasons, but more frequently during the winter.
One T. jacksonensis egg that appeared during the autumn was the first in the northwestern Pacific
Ocean. Identifying Trachipterus pelagic eggs would provide insight into their spawning ecology and
biogeography.

Keywords: mesopelagic fish; mitochondrial DNA sequence; pelagic fish eggs; spawning; Trachipterus
jacksonensis; Trachipterus trachypterus; Ulleung Basin

1. Introduction

Members of the genus Trachipterus (Lampriformes, Trachipteridae), which comprise six
species (T. altivelis, T. jacksonensis, T. arcticus, T. fukuzakii, T. trachypterus, and T. ishikawae) [1,2],
have elongated and compressed bodies with large eyes and are distributed in several
oceans [3,4]. They are rarely caught by deep fishing gear or found inshore [5,6]. The species
of Trachipterus have been reported based on a few specimens [7-10].

The first nominal species of Trachipterus is T. trachypterus [11]. Trachipterus has been
described using juvenile specimens, which reside in shallower waters than adults. Due
to its rarity and the morphological changes at early developmental stages, T. trachypterus
larvae of different sizes are often incorrectly identified [12]. T. trachypterus eggs were first
reported as three specimens in the Gulf of Napoli [12]. The Mediterranean Sea, where
T. trachypterus eggs, larvae, and adults have been found several times, is a known spawning
ground [13].

Fish eggs are a key indicator of spawning and evidence of species intrusion [14,15].
Because most marine teleost fish release large numbers of pelagic eggs, their egg distribution
density is higher than that of spawners [16]. Even in rare species, the probability of finding
for eggs is higher than that for adult fish during the spawning season [15]. In addition,
eggs with a shorter pelagic duration than larvae are in or close to spawning grounds [17].
The spawning grounds of the Japanese eel, Anguilla japonica, were revealed through DNA
barcoding-based identification of their eggs after prolonged research [18].

J. Mar. Sci. Eng. 2022, 10, 637. https:/ /doi.org/10.3390/jmse10050637 https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse10050637
https://doi.org/10.3390/jmse10050637
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://doi.org/10.3390/jmse10050637
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10050637?type=check_update&version=1

J. Mar. Sci. Eng. 2022, 10, 637

20f11

DNA barcoding enables species-level identification of fish eggs [19]. Pelagic marine
fish eggs are typically transparent and round [20]. Eggs of the same species may have mor-
phologically different embryos depending on developmental stage [21]. Unlike dramatic
changes in morphology, DNA remains constant throughout life history [22,23]. Intra- and
inter-specific genetic distances, typically based on mitochondrial DNA (mtDNA) sequences
(COJ, 125, 16S, etc.), are analyzed to identify fish eggs and larvae species [24-26].

We conducted COI barcoding of pelagic eggs collected from the East/Japan Sea from
2019 to 2021 and surveyed the literature that applied DNA barcoding to fish eggs near
the study area. The eggs in this study were finally determined to belong to T. trachypterus
and T. jacksonensis based on their COI, 16S rRNA, and mitogenome sequences. Here, we
report T. trachypterus spawning and the first finding of T. jacksonensis based on eggs in the
East/Japan Sea.

2. Materials and Methods
2.1. Pelagic Fish Egg Collection

Pelagic fish eggs were collected from 13 stations in the East/Japan Sea (Figure 1) using
a zooplankton net (mouth diameter: 80 cm; mesh size: 300 pm) during research cruises on
R/V Tamgu 3 in four seasons (winter: February and March; spring: April; summer: June
and August; autumn: October and November) from 2019 to 2021. The water depths at the
stations are 1262203 m. The net was towed obliquely from 10 m above the bottom to the
surface at the stations with a water depth of less than 300 m (st. 103-05, 209-05, and 209-07).
At the other stations, the net was lowered to a depth of 300 m and was towed as above.
Samples were preserved in 95% ethanol. Temperature and salinity were measured using
CTD (SBE 911plus, Sea-Bird Scientific Inc., Bellevue, WA, USA).
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Figure 1. Pelagic fish egg sampling stations in the East/Japan Sea, 2019-2021. Numbers with plus
marks, station name; italic number, station lines. The base map is a Google Satellite map drawn using
QGIS [27] through the XYZ Tiles tool (https://mtl.google.com/vt/lyrs=s&x=\{x\}&y=\{y\}&z=
\{z\}, accessed on 10 March 2022).

Fish eggs were sorted from the samples using a stereomicroscope (M125C, Leica,
Wetzlar, Germany). Among them, the 22 largest eggs were selected and photographed
using a camera mounted on a stereomicroscope (SMZ18, Nikon, Tokyo, Japan).

2.2. Genomic DNA Extraction, PCR, and Sequencing and Sequence Analysis

Genomic DNA was extracted from 22 eggs according to the protocol of the DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Germany). The COI gene of mtDNA was ampli-
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fied using the primers VF2_t1 (5'-CAACCAACCACAAAGACATTGGCAC-3'), FishF2_t1
(5’-TCGACTAATCATAAAGATATCGGCAC-3), FishR2_t1 (5'-ACTTCAGGGTGACCGAA
GAATCAGAA-3'), and FR1d_t1 (5'-ACCTCAGGGTGTCCGAARAAYCARAA-3') [28,29].
The 20 pL PCR mixture was composed of 10 uL of 2X DNA free-Taq Master Mix including
PCR buffer, ANTPs mixture, and Tag DNA polymerase (CellSafe, Gyeonggi, Korea), 0.2 uL.
of each of the four primers, 2 uL of genomic DNA, and 7.2 uL of distilled water. The PCR
program consisted of initial denaturation at 94 °C for 3 min; 35 cycles of denaturation at
94 °C for 30 s, annealing at 52 °C for 40 s, extension at 72 °C for 1 min; and a final extension
at 72 °C for 7 min. The PCR products were sequenced on a 3730x] DNA Analyzer (Applied
Biosystems, Foster City, CA, USA).

Other mtDNA regions of the 7 eggs among the 22 eggs were also amplified for compar-
ison with those of related taxa. The 165 rRNA gene of one egg was amplified using the 16Sar
(5-CGCCTGTTTATCAAAAACAT-3) and 16Sbr (5-CCGGTCTGAACTCAGATCACGT-3)
primers [30]. PCR and sequencing methods were used for COI analysis, except that
the annealing temperature was 56 °C. Six eggs were selected to analyze mitogenome
sequences in the consideration of sample conditions; three eggs were collected in 2019
and 2020 each. To obtain sufficient DNA to analyze the complete mitogenome of the six
eggs, the whole genome was amplified following the REPLI-g Mini Kit (Qiagen) proto-
col. The amplified products were sequenced using a NovaSeq 6000 (Illumina, San Diego,
CA, USA). A total of 385,684,576-474,309,190 raw reads (length: 150 bp) were obtained
from the six eggs. The reads were mapped to a reference sequence (GenBank accession
number: NC_003166, [31]) using Geneious R11 [32] mapper. The resulting consensus
sequences were annotated using MitoFish [33] and Geneious R11. The three mitogenome
sequences were constructed from three eggs (2002E3-E5), except for the d-loop region
(mean coverage, 112 4= 119x-7866 =+ 11,917 x; 16,159-16,163 bp), but COI (1467-1551 bp)
and 165 (1595-1683 bp) sequences were obtained from the other three eggs (1902E1, 1902E2,
and 1904E1).

The COJ, 16S, and mitogenome sequences from the 22 eggs were searched using
BLAST [34] and BOLD systems [35] to identify related taxa. The sequences of the eggs,
related taxa, and outgroups were aligned using Clustal Omega [36]. The sequences were
used to analyze the maximum likelihood (ML) tree based on the best-fit substitution
model [37-39] and Kimura 2-parameter distances in MEGA X (ver. 11.0.10) [40]. The
egg sequences were submitted to NCBI GenBank under accession numbers OM527130-
OM527151, OM527153, OM574770-OM574772, and ON231742-ON231747 (Table 1). We
also investigated the literature using DNA barcoding for the species identification of
eggs around the study area, and sequences from the eggs of Shin et al. [41] were used
in this study.

Table 1. GenBank accession numbers of eggs of this study and literature.

Mitogenome

No. Specimen ID COI 16S Except for d-Loop Remark

OM527131 )

1 1902E1 ON231745 ON231742 this study
OM527132 .

2 1902E2 ON231746 ON231743 this study

3 1902E3 OMb527133 this study

4 1902E4 OM527134 this study

5 1902E5 OM527135 this study

6 1902E6 OMb527136 this study
OMb527137 )

7 1904E1 ON231747 ON231744 this study

8 1904E2 OMb527138 this study

9 1904E3 OM527139 this study

10 2002E1 OM527140 this study
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Table 1. Cont.

Mitogenome

No. Specimen ID COI 16S Except for d-Loop Remark
11 2002E2 OMb527141 this study
OMb527142 .
12 2002E3 OMB74770 OM574770 OM574770 this study
OM527143 .
13 2002E4 OM574771 OM574771 OM574771 this study
OMb527144 .
14 2002E5 OMB574772 OMb574772 OM574772 this study
15 2002E6 OMb527145 this study
16 2002E7 OMb527146 this study
17 2002E8 OMb527147 this study
18 2004E1 OMb527148 this study
19 2004E2 OMb527149 this study
20 2102E1 OM527150 this study
21 2108E1 OM527151 this study
22 2110E1 OMb527153 OM527130 this study
23 DFRCI 367 MZ596220.1 [41]
24 DFRCI 368 MZ596221.1 [41]
25 DI 4 MH144581.1 [41]
26 DI_7 MH144584.1 personal
communication

Underlined sequences were analyzed from shotgun sequencing.

3. Results
3.1. Genetic Identification of Eggs

Twenty-two egg specimens were identified as T. trachypterus and T. jacksonensis accord-
ing to genetic relationships based on COI, 16S, and mitogenome sequences.

The COI sequences of the 22 eggs and 3 eggs from the reference [41] and genus Tra-
chipterus consisted of three distinct clades (between genetic distances: average + standard
deviation, 0.158 =+ 0.057; min, 0.083; max, 0.227; Table S1), with either two or three species
in the maximum likelihood (ML) tree (Figure 2). Of the three clades, COI_Clade 1 had
sequences from 24 eggs, T. altivelis and T. trachypterus, and COI_Clade 2 had sequences
from one egg of this study, T. arcticus, T. jacksonensis, and Trachipterus sp. Although each
clade consisted of sequences from different species, the genetic distances within the clades
(COI_Clade 1, 0.009 £ 0.006; COI_Clade 2, 0.010 £ 0.007; and COI_Clade 3, 0.009 + 0.005)
were less than between the clades (0.158 £ 0.057), indicating that each clade represented
the species.

Species of the two clades (COL_ Clades 1 and 2; Figure 2a), including the eggs, were re-
analyzed based on 165 rRNA and mitogenome sequences. Among the eggs of COI_Clade 1,
COI and 165 rRNA sequences for three eggs (1902E1, 1902E2, and 1904E1) and mitogenome
sequences excluding the d-loop for three eggs (2002E3-E5) were obtained from mitogenome
analysis (Table 1). The COI sequences of the six eggs were also located in COI_Clade 1. Con-
catenated sequences (13 protein-coding genes and two rRNAs) of the three eggs (2002E3-E5)
formed a clade with those of T. trachypterus (NC_003166.1) (genetic distance, 0.007 £ 0.003;
Table S2), and they were distinct from those of Desmodema polystictum and Zu cristatus
of Trachipteridae (0.258 + 0.012) (Figure 2b). The 16S rRNA sequences of the six eggs
from the same samples of COI_Clade 1 and one egg (MH144584.1) from [41] formed a
clade with T. trachypterus and T. altivelis with very small genetic distances (0.002 & 0.001;
min, 0.000; max, 0.004; Table S3) (Figure 2c). Interestingly, the T. trachypterus 16S sequence
(DQO027909.1, [42]) was distinct from 16S_Clade 1, although it was analyzed from the same
specimen with the T. trachypterus COI sequence (DQ027978.1) of COI_Clade 1.
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Figure 2. Maximum likelihood (ML) tree constructed using mitochondrial DNA sequences of pelagic
fish eggs, Trachipterus species, and outgroups. (a) COI ML tree (based on the HKY + G + I model)
including COI sequences from 25 eggs. Sequences of eggs with superscripts (bc, c) were also analyzed
in the trees in (b,c). (b) Thirteen protein-coding genes and two rRNA genes ML tree (based on the
GTR + G + I model), including concatenated sequences from the three eggs. (c) 165 rRNA ML tree
(based on the K2 + G model), including 16S rRNA sequences from seven eggs. Bootstrap values
(1000 replicates) over 50% are shown on the branches. Sequences shaded in gray were obtained using
shotgun sequencing.

One egg (2110E1) formed COI_Clade 2 with T. arcticus, T. jacksonensis, T. altivelis, and
Trachipterus sp. comprised a clade with only T. jacksonensis (genetic distance, 0.000 £ 0.000)
in the 16S ML tree (165_Clade 2; Figure 2c). The 165 sequence of T. arcticus (KJ128928.1)
diverged sharply (0.107) from the clade of T. jacksonensis with the egg (2110E1; OM527130).
The T. arcticus 165 rRNA sequence (KJ128928.1) was obtained from the same specimen as
the T. arcticus COI sequence (KJ128643.1) in COI_Clade 3.

3.2. Pelagic Eggs of Two Trachipterus Species

The average diameter of T. trachypterus eggs was 3.2 £ 0.1 mm (min, 2.7 mm; max,
3.6 mm) (Figure 3; Table S4). The diameter of T. jacksonensis egg was 2.2 mm, smaller than
that of T. trachypterus eggs. The internal morphology of eggs preserved in 95% ethanol
was difficult to investigate. The common characteristics of T. trachypterus eggs that could
be confirmed were a narrow perivitelline space and a lack of oil globules. The developed
embryos had melanophores on the head, dorsal side, and on the yolk sac around the middle
of the body.
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Figure 3. Pelagic eggs of two Trachipterus species preserved in 95% ethanol. 1902E1-2108E1, T. tra-
chypterus; 2110E1, T. jacksonensis. Scale bar, 1.0 mm.

—

2002E4

3.3. Distribution of Trachipterus Eggs

T. trachypterus eggs appeared in all seasons around the Ulleung Basin and Dokdo,
and one T. jacksonensis egg appeared once in autumn (Figure 4). The occurrence frequency
of T. trachypterus eggs was highest during the winter and lowest during the summer and
autumn. The surface temperature of the stations where eggs were detected ranged from
10.0 °C to 25.9 °C (Table S4). The mean surface temperature of the study area was the lowest
during the winter and peaked in the summer (Table S5). Unlike the surface, the bottom
temperature was constant at approximately 1 °C. Thermocline was generated by the large
difference between the temperatures of the surface and bottom. The depth and strength of
the thermocline varied according to season and station. The center of the thermocline
was usually at a depth of 100-200 m (Figure S1). Salinity was approximately 33-34
psu, and there was no significant difference depending on season and depth, unlike the
temperature.
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Figure 4. Distributions of pelagic eggs of two Trachipterus species for the four seasons: (a) winter,
(b) spring, (c) summer, and (d) autumn. Tt, T. trachypterus; Tj, T. jacksonensis; Sampling year of
Trachipterus eggs: filled circle, 2019; fisheye, 2019 and 2020; filled triangle, 2020; filled square, 2021 of
this study; filled diamond, 2017-2019 of Shin et al. [41]; no egg detection: cross, this study; empty
diamond, Shin et al. [41].

4. Discussion

DNA barcoding of fish eggs enables the investigation of the spawning ecology of
various species [43,44]. Studies on fish eggs have been limited to a few species due to
the difficulty in morphology-based egg identification [45]. Egg morphological charac-
teristics were described based on larval fish hatching from eggs or eggs obtained from
adult fish [46,47]. Recently, larval fish, which have more morphological features available
for identification than eggs, have been analyzed using DNA barcoding to improve the
accuracy of species identification [48]. However, DNA barcoding has limitations in deter-
mining species due to the lack of comparable DNA sequences, unsuitable DNA regions for
barcoding, or sequences from misidentified specimens.

4.1. Genetic Identification of Eggs

The first DNA barcode for species identification of 22 eggs in this study was the
COI sequence, which contains a lot of information available to identify fish. The maxi-
mum likelihood (ML) tree based on the COI sequences of the 25 eggs, including those of
Shin et al. [41] and Trachipterus, showed three distinct clades of Trachipterus (Figure 2a).
Each clade was regarded as a species by considering the genetic distances of the intra- and
inter-clades of the COI sequences of fishes [23,28]. However, the coexistence of sequences
from two or three species within each clade was problematic: COI_Clade 1, T. altivelis, and
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T. trachypterus with 24 eggs; COI_Clade 2, T. arcticus, T. jacksonensis, Trachipterus sp., and one
egg (2110E1); and COI_Clade 3, T. arcticus, T. jacksonensis, and T. trachypterus. This could be
because COI sequences were analyzed from misidentified samples or were not appropriate
for distinguishing the species.

The T. trachypterus mitogenome sequence was the key to determining the species of
COI_Clade 1. The mitogenome sequences of three eggs (2002E3-E5) located in COI_Clade
1 formed a clade with that of T. trachypterus (NC_003166.1) (Figure 2b). In addition, genetic
distances between the 16S rRNA sequences of the seven eggs (1902E1, 1902E2, 1904E1,
2002E3-E5, and DI_7 (MH144584.1)) and T. trachypterus (NC_003166, MH144581.1) were
also very small (0.000-0.004; Table S3). These genetic relationships were a criterion for
identifying 24 eggs, including those of Shin et al. [41] in COI_Clade 1 as T. trachypterus.

COI_Clade 2, including one egg (2110E1; OM527153), was determined to be T. jackso-
nensis based on the distinct 165_Clade 2 with sequences of T. jacksonensis and the one egg
(2110E1; OM527130) in the 16S ML tree (Figure 2c). In addition, COI_Clade 3 was identified
as T. arcticus based on the T. arcticus sequences (COI, KJ128643.1; 165 rRNA, KJ128928.1)
showing the same position in the COI and 165 rRNA ML tree (Figure 2a,c).

Interestingly, the T. trachypterus 16S sequence (DQ027909.1, [42]) from the same sample
with COI sequence (DQ027978.1, [42]) in the COIL_Clade 1 was independently clustered
in the 16S ML tree (Figure 2c). This indicates that the 165 rRNA sequence (DQ027909.1)
was mishandled during the experiment or sequence analysis. In addition, T. altivelis
(GU440558.1) of COI_Clade 1 and T. altivelis (AY958674.1) of 16S_Clade 1 would be derived
from misidentification.

4.2. Trachipterus Eggs

T. trachypterus is widely distributed in the Mediterranean Sea and Atlantic Indo-Pacific
Oceans [5,6,9,49-60]. Its spawning area is the Mediterranean Sea, where eggs of Trachypterus
taenia (synonym for T. trachypterus) have been found [12]. Lo Bianco [12] collected three live
eggs of T. taenia from a sampling gear lowered to a depth of 100-150 m in the Gulf of Napoli
in February, May, and October 1905-1907. Spawning was assumed to occur year-round.
Three eggs (diameter, 2.90-2.95 mm) were in late developmental stages. In this study, we
confirmed that T. trachypterus spawned in all seasons and peaked in winter based on eggs
continuously collected during the survey periods. If the T. trachypterus eggs in this study
had similar ecological characteristics to the eggs from the Gulf of Napoli, the spawning
depth could be estimated as the thermocline layer.

T. jacksonensis is distributed in the Southern Hemisphere (Australia, New Zealand,
Africa, Brazil, and others) [61-70]. Adults have not been reported in the Northern Hemi-
sphere. The eggs detected once in autumn in this study were the first in the Northern
Hemisphere. Similarly to T. jacksonensis, Peristedion liorhynchus has not been recorded in
Korean waters, but its eggs and larvae have been recorded [15]. This suggests that eggs
may be useful for the detection of rare species.

5. Conclusions

In this study, we discovered T. trachypterus and T. jacksonensis eggs in the Ulleung
Basin of the East/Japan Sea of which their sequences could be used for post verification.
The Ulleung Basin is a spawning area for T. trachypterus along with the Mediterranean Sea;
this is the first report of T. jacksonensis egg in the northwestern Pacific. Finding Trachipterus
species eggs will elucidate their spawning ecology and geographic distribution.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jmse10050637/s1, Figure S1: Vertical distribution of temperature
at stations where Trachipterus eggs appeared in this study; Table S1: Pairwise genetic distances of the
COI genes of pelagic eggs of this study, Trachipterus species, and outgroups. Outlined values belong
to each clade of the maximum likelihood tree in Figure 2a; Table S2: Pairwise genetic distances of the
concatenated mtDNA sequences of 13 protein-coding genes and two rRNA genes of pelagic eggs of
this study, Trachipterus species, and outgroups; Table S3: Pairwise genetic distances of the 165 rRNA
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genes of pelagic egg of this study, Trachipterus species, and outgroups. Outlined values belong to each
clade of the maximum likelihood tree in Figure 2c; Table S4: Information on Trachipterus eggs of this
study and literature; Table S5: Mean and standard deviation values of temperature and salinity from
2019 to 2021 in the East/Japan Sea.
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