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Abstract

Fish hepatocytes are generally a valuable in vitro model for cellular and biochemical studies. Using next-
generation RNA sequencing and cDNA analysis, we determined the nucleotide sequence of hepatocyte
growth factor (HGF) mRNA obtained from liver samples of the white-spotted charr Salvelinus leucomaenis
pluvius. The HGF mRNA sequence of this species was >99 % homologous to the other species of the genus
Salvelinus. We quantified HGF mRNA expression in various organs of S. . pluvius and found that the level
in liver was >20 times higher than those in the other organs. The results indicate that the obtained white-
spotted charr HGF mRNA sequence may be used to produce HGF protein to stimulate hepatocyte culture
and for other biochemical studies.
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Introduction growth is improved by adding HGF (Matsumoto et al.

Fish hepatocytes are generally a valuable in vitro
model for cellular and biochemical studies (Khan et
al. 1997; Segner 1998; Segner et al. 2001). We have
successfully cultured hepatocytes derived from
Salvelinus leucomaenis, which inhabits low-
temperature environments (Tuchi et al. 2020). The
white-spotted charr S. leucomaenis are distributed in
the northwest Pacific Ocean, inhabiting areas from
northeastern Japan and the Korean Peninsula to the
Kamchatka Peninsula in the Russian Far East (Morita
et al. 2013; Arai et al. 2025). Isolated hepatocytes
could be cultured under temperatures between 5°C
and 20°C, but not at 37°C. We focused on HGF, a cell
proliferation factor, in order to stabilize and increase
the proliferation of cultured white-spotted charr

hepatocytes. In mammalian hepatocytes culture, cell

1991; Takahara et al. 1992), but there have been no
reports of fish hepatocytes culture with HGF addition.
To date, the HGF gene in S. leucomaenis has not yet
been identified, and its function in this salmonid
species remains unknown. However, HGF is thought
to similarly promote liver cell proliferation in this
salmonid and, thus, can provide suitable proof that
cultured cells are hepatocytes (Iuchi et al. 2020). To
elucidate the nucleotide sequence of HGF mRNA for
S. leucomaenis, we first used next-generation RNA
sequencing (RNA-seq) (Mortazavi et al., 2008). The
nucleotide sequence of S. leucomaenis was then
compared with those of the closely related species
Salvelinus and Oncorhynchus. Finally, the levels of
HGF mRNA in various organs were quantified by
real-time RT-PCR.
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Materials and Methods
Identification of the HGF mRNA sequence for
white-spotted charr

White-spotted charr S. /. pluvius were purchased
from the Yabe Fish Farm in Tokyo. The fish cavity was
opened using a scalpel and scissors. The liver was
removed and washed several times with cold
phosphate-buffered saline. Total RNA was extracted
from the liver tissue using Isogen II reagent (Nippon
Gene, Tokyo, Japan), following the manufacturer’s
instructions. Total liver RNA was analyzed using
RNA-seq (performed by PropGene, Inc., Tokyo,
Japan).

To confirm the authenticity of the HGF mRNA
sequence linked by RNA-Seq, PCR and direct
sequence were performed using four primers set to the
predicted sequence (Table 1). To prepare the S. I
pluvius cDNA, DNase-treated total RNA (0.2 pg) was
incubated with ReverTra Ace reverse transcriptase
(TOYOBO, Shiga, Japan) and random primers
(Thermo  Fisher CA, USA). PCR
conditions were 95 °C for 20 s, 60 °C for 20 s, and
72 °C for 20 s for 38 cycles using KAPA HiFi
HotStart ReadyMix (Nippon Genetics, Tokyo, Japan).

Scientific,

The purified PCR products were subjected to a
sequencing reaction using the BigDye Terminator
Ready Reaction Cycle Sequencing Kit (Applied
Biosystems, CA, USA), with the sequencing primers
listed in Table 1.
determined using the ABI PRISM 3100 Genetic
Analyzer (Applied Biosystems).

Nucleotide sequences were

Comparison of HGF CDS with related species

The identified HGF mRNA sequence of S. I pluvius
was translated into protein and compared with the
zebrafish (Danio rerio) HGF amino acid sequence
(NP_001013292).

The S. I pluvius HGF mRNA sequence and its
coding sequence (CDS) were compared with those of
(XM_071343430), S.

S.  alpinus namaycush

(XM_039001321), S. fontinalis (XM_055940075),
nerka  (XM_029634369), O.
tshawytscha (XM _024413259), 0. keta
(XM_035798474), and O. mykiss (XM_021599209)
obtained from the National Center for Biotechnology
Information (NCBI). The identities of each mRNA
sequence to S. L pluvius were calculated using
BLAST analysis on the NCBI website.

Oncorhynchus

Table 1. Primers used for amplifying four regions of

5'-TCTGAAGATCTTATGGATCTTGTGGATG-

HGF CDS mRNA.

Primers for PCR and sequencing PCR products
5'-GACTTTATCAGCGGACGGCAATAC-3' 659 bp
5'-CATTGAGGTACTCCACAGTCCTGGT-3'
5'-ACCAGGACTGTGGAGTACCTCAATG-3' 663 bp
S-TTCAGTGTTCTGTTTGCCACAGC-3'
5'-GAACAACTGCAGGAACCCAGATG-3' 653 bp
5'-CTTCCTGTTTGAAGGTGCCGTTAG-3'
5'-TGACAGACAGTGTTTCTCGTCATGTG-3' 682 bp

Sample collection and analysis of HGF mRNA
expression

The heart, kidneys, liver, spleen, stomach, anterior
intestine, and distal intestine, as well as portions of
skeletal muscle and skin, were dissected and collected
as mentioned earlier. Total RNA extraction and cDNA
synthesis were performed as described above. The
primer set for amplification of an HGF cDNA was
designed from the determined HGF mRNA sequence
of S. L pluvius (5'-GGG GCT GCA GCC GCA ACA
AGC GAC TAC-3', and 5'-ACC ATG GTC CTG
AGG TAG CAT TG-3', 351 bp). The real-time PCR
reaction using the KAPA SYBR Fast qPCR Kit
(Nippon Genetics, Tokyo, Japan) comprised 45 cycles
of 95 °C for 20 s, 60 °C for 25 s, and 72 °C for 20 s
on a StepOne™ real-time PCR System (Applied
Biosystems). The final mRNA expression levels were
presented as the mRNA copy number per pg total
RNA. The data represent the average values (mean +

standard deviation) of three independent samples.

Results
HGF mRNA sequence of S. I. pluvius
The HGF mRNA sequence obtained by RNA-seq
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Fig.1. Predicted HGF protein structure of S. I pluvius.

was 2,798-mer. The nucleotide sequence obtained by
RNA-seq was confirmed by direct sequencing, and
the obtained nucleotide sequences were completely
consistent. Comparison of sequences of HGF mRNA
with non-redundant sequences in GenBank yielded
no identical sequences. The obtained complete S. I.
pluvius HGF mRNA was registered in GenBank
under accession number LC670112. The HGF CDS
of S. I. pluvius was 2,142-mer, which was translated
to a protein consisting of 713 amino acids. The
predicted pl value of the translated protein is 8.55,
and the molecular weight is 80,958.11 Da. The
predicted motif in S. I. pluvius HGF is shown in Fig.
1, based on Danio rerio HGF. The translated HGF
was predicted to contain a PAN/Apple-like domain,
four Kringle domains, and a Trypsin-like serine
protease domain.

Comparison of HGF CDS with related species

In the genera Salvelinus and Oncorhynchus
compared in this study, the HGF CDS length of all
these species was 2,142-mer. No nonsense mutation
and indels were observed in all these species. The
identities of each of these sequences to the HGF CDS

nucleotide sequence of S. /. pluvius was calculated to

be 98.1-99.5 % (Table 2). The nonsynonymous
substitutions in these comparisons are shown in Table
3. Among the nucleotides common to the genera
Salvelinus (four species) and Oncorhynchus (four
species), there were 12 synonymous substitutions
(C120T, G444A, G639A, A774G, G936A, A966C,
C1,281T, T1,458C, A1,527G, A1,857G, CI1,947T,
and G2,019A) and 6 nonsynonymous substitutions

(see Table 3) in the nucleotide sequences.

Expression levels of HGF mRNA in different
organs of S. I pluvius

HGF mRNA levels detected in the liver, heart, distal
intestine, skin, skeletal muscle, stomach, kidney,
anterior intestine, and spleen are shown in Fig. 2

(Supplementary Fig. S1). The expression levels in

the kidney, anterior intestine, and spleen were only
slightly above the detection limit (Fig. 2). The mean
HGF mRNA levels in these organs, respectively,
were: 10,267 + 1,739, 503 + 100, 340 + 135, 270 +
95,232 +42, 187 + 103,163 £47, 68 + 15, and 55 +
5 copies/pug total RNA. The liver had the highest
expression level of HGF mRNA, more than 20 times

higher than in the other organs.

Table 2. Number of nucleotide substitutions (upper diagonal) and identities (%) (lower
diagonal) between the HGF CDS sequences of Salvelinus and Oncorhynchus species.

species Accession No.

1

2 3 4 5 6 7 8

1 S. 1. pluvius LC670112

2 S. alpinus  XM_071343430.1
3 S namaycush XM_039001321.1
4 S. fontinalis  XM_055940075.1
5 O. nerka XM_029634369.2
6 O. tshawytscha XM_024413259.2
7 O. keta XM_035798474
8 O. mykiss  XM_021599209.2

99.5
99.4
99.2
98.5
98.3
98.1
98.1

11 13 18 33 37 40 41

= 6 11 24 30 31 34
9.7 - 9 28 32 35 36
995 996 - 33 37 40 41
989 987 985 - 12 11 18
98.6 985 983 994 - 9 25
98.6 984 98.1 995 996 - 25
984 983 981 992 988 988 -
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