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ARTICLE INFO ABSTRACT

Keywords: Triploid hybrid (3n = 150) of red crucian carp (Q, 2n = 100) and allotetraploid (J, 4n = 200) display im-
Innate immunity proved disease resistance and stress resistance than their parents. In order to elucidate their innate immune
Ploidy mechanisms, three novel cell lines from the caudal fin of red crucian carp, triploid hybrid and allotetraploid
Fish cell line (named 2nFC, 3nFC and 4nFC accordingly) were established and characterized respectively. 2nFC, 3nFC and
'i\r];l\;criptome 4nFC showed fibroblast-like morphology and characteristics. They have been subcultured for more than 100

passages since the initial primary culture. Viral infection experiments showed that 2nFC, 3nFC and 4nFC were
susceptible to spring viraemia of carp virus (SVCV) infection. Intriguingly, 3nFC performed the stronger re-
sistance ability against SVCV than 2nFC and 4nFC, which indicated that 2nFC, 3nFC and 4nFC might be used as
the suitable in vitro models for exploring and analyzing the differences among these three cyprinid fishes in
antiviral innate immune mechanisms. Based on this, we analyzed the transcriptome profile of 2nFC, 3nFC and
4nFC in the context of SVCV infection. The KEGG enrichment analysis showed that the differentially expressed
genes (DEGs) were primarily enriched to immune-related signaling pathways. However, some signaling path-
ways against viral infection were activated remarkably in 2nFC and 3nFC but not in 4nFC. Overall, the estab-
lishment of 2nFC, 3nFC and 4nFC provided us a suitable platform to elucidate the innate immunity of fishes with

different ploidy and clear genetic relationship.

1. Introduction

Polyploidization exists in vertebrates and plants, however, it hap-
pens more frequently in plants (Mable, 2004, 2013). Polyploidization in
vertebrates seldom shows positive effects and more often results in le-
thal consequences because viable gametes fail to form during meiosis
(Liu et al., 2016). Fortunately, allotetraploid (AT; 4n = 200) has been
developed by crossing red crucian carp (Carassius auratusred var., Q,
2n = 100) with common carp (Cyprinus carpio L., &, 2n = 100) and
subsequently selective breeding. Both male and female individuals of
allotetraploid are fertile and this allotetraploid population has propa-
gated 26 generations (Liu et al., 2001). Triploid hybrid (3n = 150) was
developed through the hybridization between the male allotetraploid
and the female diploid red crucian carp (Chen et al., 2009; Liu et al.,
2004; Shen et al., 2006). Triploid hybrid possesses many merits, such as
fast growing and good taste, which make it an economic important
species in Chinese fresh water aquacultural industry (Liu, 2010).
Especially, triploid hybrid displays much improved disease resistance
and stress resistance than its parents (Liu, 2010). As to these three fish
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species with different ploidy and clear genetic relationship, extensive
studies had been conducted to explore their development, reproduction
and physiology, however, there were few reports about the immunity of
these fish species (Duan et al., 2016; Long et al., 2006; Zhang et al.,
2005).

Cell lines are valuable in vitro models to study virology, pathology,
developmental biology and immunology of both lower and higher
vertebrates (Lakra et al., 2011; Zhang et al., 2003). Up to now, a lot of
fish cell lines have been established from different fish species, such as
zebrafish (Danio rerio), rainbow trout (Oncorhynchus mykiss), crucian
carp (Carassius auratus), grass carp (Ctenopharyngodon idella), orange
spotted grouper (Epinephelus coioides), black carp (Mylopharyngodon
piceus) etc (Driever, 1993; Luque et al., 2014; Qin et al., 2006; Xue
et al., 2018; Zhang and Gui, 2004; Zuo et al., 1986). Many studies re-
ported that fish fibroblasts were able to express abundant cytokines and
immune-related receptors, which suggested that fibroblasts might play
an important role in both the innate and adaptive immunity in fish
(Ingerslev et al., 2010; Villena, 2003). Allotetraploid, diploid red cru-
cian carp and their triploid hybrid offspring offer a unique system for
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the study of the evolution of the innate immunity with several ad-
vantages. For example, their known parentage separates them from
natural polyploids, and it is easy to trace the fate of progenitor genes
(Liu et al., 2016). However, for the studies on the innate immunity,
there is a lack of species-specific cell lines of fishes with different
ploidy, because they are non-model animals.

In this study, we have established and characterized three cell lines
from the primary culture of the caudal fins of diploid red crucian carp,
triploid hybrid and allotetraploid separately. These three cell lines were
designated as 2nFC, 3nFC and 4nFC accordingly and they showed fi-
broblast-like morphology. Two marker genes for epidermis (containing
epithelial cells) and dermis (containing fibroblasts) were investigated to
further determine the cell types of 2nFC, 3nFC and 4nFC. In natural and
aquacultural condition, red crucian carp, triploid hybrid and tetraploid
fish are facing many pathogenic microbes, such as spring viraemia of
carp virus (SVCV) (Yan et al., 2016). Therefore, the susceptibility of
2nFC, 3nFC and 4nFC to SVCV was examined in the current study. At
the same time, some antiviral genes like IFNa, PKR, Viperin and Mxl1,
which induced by fish rhabdoviruses were investigated by qPCR
method. Next-generation sequencing (NGS) technologies have provided
a new approach for exploring the whole genome and transcriptome
information involved in fish immunity in recent years (Morozova and
Marra, 2008). By sequencing RNA from infected and uninfected sam-
ples, it is possible to identify immune-related genes which are differ-
entially expressed and further lead to a better understanding of mole-
cular mechanisms underlying the host immune response to pathogenic
stimuli (Petit et al., 2017). Therefore, we employed RNA-seq tech-
nology to investigate the transcriptome of 2nFC, 3nFC and 4nFC in the
context of SVCV infection. Overall, the establishment of 2nFC, 3nFC
and 4nFC constituted a suitable platform to study the immune gene
expression in cyprinid fishes with different ploidy in rhabdovirus in-
fection.

2. Materials and methods
2.1. Primary cell culture and subculture

Healthy red crucian carp (6 g in weight), triploid hybrid (19.8 g in
weight) and allotetraploid (146 g in weight) were collected from the
Engineering Research Center of Polyploid Fish Breeding and
Reproduction of State Education Ministry in Hunan Normal University.
After thoroughly removing the surface mucus on the body of the fish,
the caudal fins were clipped, disinfected with 75% ethanol and washed
with phosphate-buffered saline (PBS) containing 200 U/ml penicillin
and 200 pug/ml streptomycin (HyClone). Thereafter, the fins were
minced into pieces (approximately 1 mm?) by using sterile scissors and
then placed in fetal bovine serum (FBS; Gibco). Tissue pieces were
seeded into 8-cm? dishes and incubated at 26 °C with 5% CO2 equili-
brium. After 1 h, 3 ml DMEM (Gibco) with 30% FBS and 20 ng/ml bFGF
(Sigma) was added to the dishes.

Fifty percent of the media was changed every 3-5 days with fresh
DMEM supplement with 30% FBS, 20 ng/ml bFGF, 100 U/ml penicillin
and 100 pg/ml streptomycin. Subculture was carried out at a split ratio
of 1:2 subsequently by trypsinization when primary cell cultures grew
to 90-100% of confluence. After 15 passages, the concentration of FBS
in the medium was decreased from 30 to 15%, and the bFGF was de-
creased to 10 ng/ml.

2.2. Cell growth and cell transfection

Growth characteristics of 2nFC, 3nFC and 4nFC were evaluated by
cell doubling-time assay. Cells at a density of 2.0 x 10° cell/well were
seeded into 6-well plates and incubated at 26 °C. Every other day, cells
were trypsinized and collected for hemocytometric determination of
cell number. All experiments were undertaken in triplicate.

2nFC, 3nFC and 4nFC were seeded into 6-well plates at a density of
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2 x 10° cell/well separately. After being cultured for 24 h, cells were
transfected with pEGFP-N1 by wusing LipoMax (SUDGEN),
Lipofectamine 2000 (Invitrogen) or calcium phosphate according to the
manufacturer's instruction respectively (Liu et al., 2017). Green fluor-
escence signals were detected by fluorescence microscope, and the
transfection efficiency was determined by counting green fluorescent
protein-positive and total cells from 20 random fields at 48h post
transfection.

2.3. Chromosomal analysis and flow cytometry

Chromosomal analyses of the 2nFC, 3nFC and 4nFC were performed
at passage 50. Exponentially growing cells in 10-cm dishes were treated
with colcemid (0.1 mg/ml) for 3h. The cells were harvested and fol-
lowed by hypotonic treatment with 0.075 M KCl at 26 °C for 25-30 min,
then fixed in methanol-acetic acid (3:1, v/v) with three changes. Then
cells were stained according to a previously described method (Xiao
et al.,, 2014). Chromosome metaphases were observed and photo-
graphed with Pixera Pro 600ES (US). For each cell line, 100 good-
quality metaphase spreads were analyzed.

Cells in 10-cm dishes were collected and washed three times with
PBS. The cells were re-suspended in pre-cooling ethanol and fixed
overnight at 4 °C. The fixed cells were washed three times with PBS and
re-suspended in PBS at a concentration of 1 x 10° cells/ml. PI (50 pug/
ml) and RNase A (20 pug/ml) were added into the cell suspension to
stain the cells in the dark for 30 min. After PI staining, the cells were
analyzed with flow cytometer for the DNA content measurement.

2.4. Virus production and infection

The strain 741 of SVCV (SVCV-741) was kindly provided by Dr.
Yong’ an Zhang (Institute of Hydrobiology, CAS). The virus was pro-
pagated in EPC cells at 25 °C in the presence of 2% FBS. Virus titer was
determined by plaque assay in EPC cells as previously described (Xiao
et al.,, 2017). Briefly, the 10-fold serially diluted virus supernatants
were added onto EPC cells and incubated for 2hat 25 °C. The super-
natant was removed after incubation and DMEM containing 2% FBS
and 0.75% methyl cellulose (Sigma) was added. Plaques were counted
at day-3 post infection.

For viral infection, 2nFC, 3nFC or 4nFC were seeded into 12-well
plates at 1 x 10° cells/well at 26 °C for 24 h. SVCV were added into the
culture media at the dose of 0.003, 0.03, 0.3 or 3 MOI, respectively.
After 1h incubation, the media containing viruses was replaced with
fresh media after washing twice with DMEM. Anther 24 h later, the
supernatants were collected for viral titer measurement using plaque
assay as previously described (Wu et al., 2017).

2.5. RNA-seq samples collection

2nFC, 3nFC and 4nFC were separately propagated in 10-cm dishes
at 26 °C. When the cells were 100% confluent, the cells were infected
with SVCV at MOI of 3 x 10~ 2 while the control cells were only ex-
posed to the DMEM growth media. After 1h incubation, the virus
containing media was replaced with fresh DMEM (2% FBS) after
washing twice with DMEM. Thereafter, the SVCV infected and non-in-
fected cells were incubated at 26 °C for 36 h and harvested for RNA
extraction respectively.

2.6. RNA extraction, sequencing, de novo assembly and annotation

Total RNA isolation was performed by following the instruction of
the TRIzol reagent product manual (Invitrogen). Then RNA was treated
with DNase I to remove any genomic DNA traces. The concentration
and quality of RNA was examined through NanoDrop and agarose gel
electrophoresis. Double-stranded cDNA was synthesized from mRNA.
cDNA library preparation and sequencing reactions were conducted
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using Illumina HiSeq™ 2500 platform by OE Biotech Co. Ltd. (Shanghai,
China).

Clean reads were obtained after removal of adaptor sequences and
low quality reads. The de novo assembly of RNA-seq was performed by
using Trinity software. Thereafter, by using the BlastX alignment (cut-
off E-value of 10~°), the assembled unigenes were annotated into dif-
ferent functional classifications after searching in different public da-
tabases, including NCBI non-redundant protein sequences (Nr), Swiss-
Prot (a manually annotated and reviewed protein sequence database),
Clusters of orthologous groups for eukaryotic complete genomes (KOG),
Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology
(GO). Blast2GO software was used to obtain Gene Ontology (GO)
(http://www.geneontology.org/) annotation of the unigenes based on
BlastX hits against the Nr database (E-value < 10~°). Each annotated
sequence was assigned to detailed GO terms and calculated under ca-
tegories of biological process, cellular component and molecular func-
tion. The unigene sequences were annotated in Swiss-Prot database
using the BlastX (E-value < 10~°). The unigene sequences were also
aligned to the KOG database (ftp://ftp.ncbi.nih.gov/pub/COG/KOG/
kyva) to predict and classify functions. Pathway assignments were
generated using the KEGG database (http://www.genome.jp/kegg/
pathway.html) and the BlastX algorithm with an E-value threshold of
1075,

2.7. Differential gene expression analysis

Gene expression levels were calculated using the fragments per
kilobases per million mapped reads (FPKM) method. The identification
of differentially expressed genes (DEGs) between control group and
SVCV infection group was performed using the DESeq packages (DEGs
of 2nFC, 3nFC and 4nFin samples were separately screened). Only the
DEGs with a threshold of p-value < 0.05 and |log, (fold change)| > 1
were considered differentially expressed. For the identification of the
pathways that the DEGs are predicted to participate in, all DEGs were
mapped to terms in the KEGG databases and searched for significantly
enriched KEGG terms.

2.8. Quantitative real-time PCR (q-PCR) verification

Quantitative real-time PCR (qPCR) was used to detect the gene
transcription levels for immune-related genes. Specific primers were
designed with Primer5 software based on the target sequences. The
primers used for qPCR of the selected DEGs are listed in Table 1. The
qPCR reaction was prepared in a real-time PCR plate, using SYBR green
as the fluorescent reagent and an ABI 7500 fast real-time PCR system.
The program of q-PCR was: 1 cycle of 50 °C/2min, 1 cycle of 95°C/
10min, 40 cycles of 95°C/15s, 60 °C/1min, followed by dissociation
curve analysis (60°C —95°C) to verify the amplification of a single
product. The threshold cycle (CT) value was determined by using the
manual setting on the 7500 Real-Time PCR System and exported into a
Microsoft Excel Sheet for subsequent data analyses where the relative
expression ratios of target gene in treated group versus those in control
group were calculated by 2 24T method. Negative controls with no
reverse transcriptase were performed in all the experiments.

3. Results
3.1. Establishment and characteristic of 2nFC, 3nFC and 4nFC

The primary cells were initiated from caudal fin of red crucian carp,
triploid hybrid or allotetraploid fish separately. The fibroblast-like cells
migrated from the tissue fragments and formed a monolayer within
6-14 days. Then, the fibroblast-like cells (2nFC, 3nFC and 4nFC) were
incubated at 26 °C and subcultured over 100 times (Fig. 1A). As for fin
cells, two dominant cellular types are reported: fibroblasts and epi-
thelial cells (Mauger et al., 2009) because fin cells are mainly from
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Table 1
Primers used for qPCR (all primer sets are checked to be completely identical to
the sequences of target genes of both red crucian carp and common carp).

Primer name Primer sequence 5'-3' Annealing temperature (°C)

RIG-I-F GGAAGAATACCACAATAAC 53.0
RIG-I-R TCCAATCAGGACTCCAGGC 55.3
MAVS-F GTAACTGTGAACATTGGG 50.3
MAVS-R GAAGTATAAGAAGGAGCC 50.3
TBK1-F CTGAAAAAACTCAACCAC 48.1
TBK1-R CTTCCACACGGACAATAC 52.6
IRF7-F CCCAACAAATCATTCCG 50.2
IRF7-R AGGTTACATTGCTGCCC 52.2
TRAF6-F GCAGTATCAAGGCGTC 51.7
TRAF6-R CGTGTAGAAAGGTGGG 51.7
IFNa-F GAGGACCAGGTGAGGT 54.3
IFNa-R GATGACTGCCKYTGC 50.4
PKR-F CRGCAGRCAGGTGATG 51.7
PKR-R CCCTTTAGTCCGTTCC 51.7
Viperin-F CGAGGCTTACGACTT 48.4
Viperin-R GAACCAGGTTTCTSTG 48.9
Mx1-F CACGCACATCATCTTT 50.1
Mx1-R TTTATCCGCAACACTA 50.2
SVCV-N-F GGATTCAGGGGGATAAGA 52.6
SVCV-N-R ACCCAGCAAGAAGAGAGG 54.9
B-actin-F TGGGCACCGCTGCTTCCT 59.5
B-actin-R TGTCCGTCAGGCAGCTCAT 57.3
ck49-F AGCGTCAACGGCAAGAGTAT 55.4
ck49-R TGAGGATGAGGATGAGGATTG 55.6
collal-F CCGATGATGCCAATGTG 52.2
collal-R GGTCAGGGTCAATCCAGTA 55.2

epithelial and fibroblastic origin. To characterize the cell types of 2nFC,
3nFC and 4nFC, we investigated the marker genes which expected to be
differentially expressed in epidermal (cytokeratin 49, ck49) and dermal
(type I collagen isoform al, collal) cells (Chenais et al., 2015; Mauger
et al., 2009). The results showed that the collal mRNA relative abun-
dance was very high. Conversely, the relative abundance of ck49 in
2nFC, 3nFC and 4nFC is very low (Fig. 1B), which suggested that these
three cell lines are majorly composed of fibroblast cells. 2nFC, 3nFC
and 4nFC cells at passage 50 were analyzed for cell growth kinetics
separately, in which the doubling time of 2nFC, 3nFC and 4nFC were
36.6h, 38.9h and 41.3 h, respectively (Fig. 1C). To see if these fibro-
blast cells were good models for immunological study, 2nFC, 3nFC and
4nFC were transfected with pEGFP-N1 plasmid by using different
methods separately and used for fluorescence microscope, in which the
highest EGFP expression was observed in the cells transfected through
LipoMax method (Fig. 1D).

3.2. Cytogenetical analysis of 2nFC, 3nFC and 4nFC

The previous study had verified that the chromosome numbers of
red crucian carp, triploid hybrid and allotetraploid fish are 100, 150
and 200, respectively (Zhang et al., 2005). To determine the chromo-
some numbers of 2nFC, 3nFC and 4nFC, 100 metaphase plates of each
cell line (at passage 50) were examined respectively. The results
showed that the chromosome numbers of 2nFC ranged from 90 to 100,
and the modal number was 92 (Fig. 2A); the chromosome numbers of
3nFC ranged from 120 to 148, with a distinct peak at 136 (Fig. 2B); the
chromosome numbers of 4nFC ranged from 150 to 200, with a modal
number of 172 (Fig. 2C). The typical metaphase of 2nFC (92), 3nFC
(136) and 4nFC (172) were shown in Fig. 2D, E and F accordingly. Flow
cytometry was employed to further examine the DNA content of these
cells, which showed that the relative DNA content of these cells cor-
related with the chromosome numbers of these cells. The mean DNA
content of 3nFC was around 1.5 times as high as that of 2nFC, and the
mean DNA content of 4nFC was also around 2 times against that of
2nFC (Fig. 2G ~ I). Combining the data of chromosome number and
DNA content, it was speculated that there existed chromosome losing
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Fig. 1. Establishment and characteristic of 2nFC, 3nFC and 4nFC. (A) Fibroblast-like morphology of 2nFC, 3nFC and 4nFC at passage 50 after primary culturein 5 X ,
10 x , 20 x and 40 X magnification, respectively; (B) qPCR detection of the transcript level of ck49 and collal in 2nFC, 3nFC and 4nFC. Data are shown as the mean
gene expression relative to the expression of endogenous control 3-actin. Error bars represent + SD of three independent experiments. (C) Doubling time of 2nFC,
3nFC and 4nFC grown in DMEM supplemented with 15% FBS at 26 °C; the numbers stand for the average doubling time of the cells; error bars represent the standard
error of the mean (+SEM) of three independent experiments (*p < 0.05). (D) Transfection of 2nFC, 3nFC and 4nFC. Cells were transfected with pEGFP-N1
separately by the indicated methods. At 48 h post transfection, the cells were subjected to fluorescent micrograph analysis (10 X magnification). 2n:2nFC; 3n:3nFC;

4n:4nFC.

during the cell subculture of these three cell lines.

3.3. The susceptibility of 2nFC, 3nFC and 4nFC to SVCV

To test the susceptibility to SVCV, 2nFC, 3nFC and 4nFC were in-
fected with SVCV at different dose and used for viral titration experi-
ments, respectively. In all infection groups, the viral titer in the su-
pernatant media of the 3nFC was obviously lower than those of 2nFC
and 4nFC, especially in the 0.003 MOI group (Fig. 3A). To better
characterize the susceptibility of 2nFC, 3nFC and 4nFC to SVCV, we
evaluated the cell viability and viral titer of these cell lines at 12h, 24 h
or 36 h post infection at 0.003 MOI (Fig. 3B&C). As shown in Fig. 3B,
the survival rate of 2nFC, 3nFC and 4nFC was 75%, 89% and 52% at
36 h post infection accordingly, which was determined by Trypan blue
staining test. Obviously, 3nFC exposed to SVCV showed highest survival
rate. For 4nFC, cultures exposed to SVCV resulted in highest cell death
rate. For the viral titers in the supernatant of 2nFC, 3nFC and 4nFC,
there is no significant difference among the three cell lines at the 12h
post infection. However, the viral titers in 3nFC supernatant at 24 h and
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36 h points were much lower than those of 2nFC and 4nFC at 24 h and
36 h points (Fig. 3C). To determine the replication of SVCV in the three
cell lines, the amount of SVCV N transcripts was examined by qPCR.
The expression of N transcript in 4nFC was fiercely increased right after
infection. In contrast, the increase of N mRNA level in 3nFC was smaller
than those in 2nFC and 4nFC (Fig. 3D).

To further elucidate the innate antiviral response of 2nFC, 3nFC and
4nFC to SVCV, the induction of IFNa by the SVCV infection was ana-
lyzed. At early time point (2 h and 4 h), the IFNa mRNA levels in 2nFC,
3nFC and 4nFC were almost not increased. However, at 24 h post in-
fection, the IFNa mRNA levels in 2nFC and 3nFC but not in 4nFC were
fiercely elevated (Fig. 3E). Meanwhile, the expression of ISGs (PKR,
Viperin and Mx1) was examined, which was induced by type I IFNs
(Fig. 3F ~ H). Collaborated with the data of IFNa, the mRNA level of all
the selected genes obviously increased in 3nFC at 24 h post infection.
Viperin and Mx1 expression were enhanced in 2nFC at 24 h post in-
fection. However, only slight increase of all the selected ISGs in 4nFC
was seen at 24 h post infection. These results demonstrated that 3nFC
performed strongest resistance to SVCV infection and showed quick and
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Fig. 2. Chromosome analysis and flow cytometry analysis of 2nFC, 3nFC and 4nFC. (A-C) Frequency distribution of chromosomes in 100 cells from 2nFC, 3nFC and
4nFC; (D-F) Metaphase chromosome spreads of 2nFC (2n = 92), 3nFC (3n = 136) and 4nFC (4n = 172), the bar stands for the scale of 5um; (G-I) Cytometric
histograms of DNA fluorescence for 2nFC, 3nFC and 4nFC. 2n:2nFC; 3n:3nFC; 4n:4nFC.

strong interferon response to SVCV infection among these three cell
lines.

3.4. Sequencing, de novo assembly and functional annotation

To elucidate the mRNA profile of host innate immune related genes
in the context of viral infection, the transcriptome of 2nFC, 3nFC and
4nFC in response to SVCV infection were studied, in which 6 cDNA
libraries, including the control group (2N CTR, 3N CTR and 4N CTR)
and SVCV infection group (2N SVCV, 3N SVCV and 4N SVCV), were
constructed and sequenced using the Illumina HiSeq™2500 sequencing
platform. Raw sequencing reads were submitted to Sequence Read
Archive in NCBI; the SRA accession numbers were SRS2815857,
SRS2815853, SRS2815858, SRS2815856, SRS2815854 and
SRS2815855. A total of 8.4 x 107, 9.6 x 10”7 and 9.6 x 107 raw reads
were obtained from the 2nFC, 3nFC and 4nFin libraries, respectively.
After quality control, data filtering and removing low quality or re-
dundant reads, 41992154, 37219618, 47992506, 25934388, 47992746
and 32388210 clean reads of 2N CTR, 2N SVCV, 3N CTR, 3N SVCV, 4N
CTR and 4N SVCV libraries were generated respectively (Table 2). By
using de novo assembly, 41179, 40547 and 40385 unigenes of 2nFC,
3nFC and 4nFin libraries were separately assembled (Table 3). The
mean length of 2nFC unigenes was 1119 bp and N50 was 1936 bp. As
for the 3nFC unigenes, the mean length was 891 bp and N50 was 1293
bp. With regard to 4nFC unigenes, the mean length was 976 bp and N50
was 1555 bp. These results indicated that the sequences were high-
quality, and the unigenes could be used for further analysis.

To learn genes function information comprehensively, the unigenes
of 2nFC, 3nFC and 4nFin were separately annotated by five major da-
tabases, including NR, Swiss-prot, KOG, KEGG and GO (Table 4). With
regard to the GO enrichment analysis, the unigenes of 2nFC, 3nFC and
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4nFC were mainly divided into three categories: cellular component
(CC), molecular functions (MF) and biological process (BP). The clas-
sification results of the three cell lines showed the same distribution:
the most represented terms in CC category were “cell” and “cell part”;
the highest represented terms in MF category were “binding” and
“catalytic”; the top two terms in BP category were “cellular process”
and “metabolic process” (Fig. 4A). Based on KEGG functional classifi-
cation, we analyzed the unigenes enriched in the immune system-re-
lated pathways. It is shown that the immune system-related unigene
numbers of 2nFC, 3nFC and 4nFC were similar (Fig. 4B). Collectively,
these results indicated that the 2nFC, 3nFC and 4nFC possess abundant
biological components related to immune system, which might be used
as suitable platform for the study of immunity of diploid red crucian
carp, triploid hybrid and allotetraploid fish.

3.5. Analysis of the differentially expressed gene

In order to characterize the gene transcription variation in 2nFC,
3nFC and 4nFC before/after SVCV infection, differential expression
analysis was performed. Overall, 2160 DEGs (1485 up-regulated and
675 down-regulated) between 2N SVCV vs 2N CTR, 430 DEGs (386 up-
regulated and 44 down-regulated) between 3N SVCV vs 3N CTR, and
1085 DEGs (683 up-regulated and 402 down-regulated) between 4N
SVCV vs 4N CTR were identified respectively (Table 5). Then the DEGs
were further aligned against the KEGG database for gene function
analysis. Top 20 statistics of pathway enrichment in 2nFC, 3nFC and
4nFC were analyzed respectively (Fig.5A ~ C). The data showed that
most of them were immune-relate and disease-related pathways. These
pathway statistics provided the basic view about the analysis of the
genes involved in immune response.

The innate immune system serve as the first line of the host defense
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Fig. 3. The susceptibility and IFN/ISGs induction of 2nFC, 3nFC and 4nFC to SVCV. (A) 2nFC, 3nFC and 4nFC seeded in 12-well plates were infected with SVCV at
indicated MOIs and the culture supernatants were collected at 24 h post-infection. The viral titers of the collected culture supernatants were determined by plaque
assays. Data represent mean + SEM (n = 3) and were tested for statistical significance using a one-way ANOVA followed by a Tukey test (*p < 0.05; **p < 0.01).
(B) Cells seeded in 12-well plates were infected with SVCV at MOI 0.003. At indicated time points, cells were trypsinized and collected for trypan blue staining. Error
bars represent the standard error of the mean (+SEM) of three independent experiments. (C) Cells seeded in 12-well plates were infected with SVCV as in (B). The
culture supernatants were collected at indicated time points for viral titer determination as in (A). (D) Cells in 12-well plates were infected with SVCV (MOI 0.003) at
various time points. RNA was extracted and SVCV-N transcript was analyzed by qPCR. B-actin was used as an internal control for normalization. The relative
expression level of SVCV-N was normalized against the expression level in cells at 2 h post infection. (E ~ H) qPCR detection of IFNa, PKR, Viperin and Mx1 mRNA
level in 2nFC, 3nFC and 4nFC. Cells seeded in 12-well plates were infected with SVCV (MOI 0.003). Samples were collected for RNA extraction at 0 h, 2 h, 4 h and
24 h post infection. B-actin was used as an internal control for normalization, and the relative expression is represented as the fold induction relative to the expression
level in the cells without infection (0 h). Error bars represent + SD of three independent experiments (*p < 0.05; **p < 0.01). 2n:2nFC; 3n:3nFC; 4n:4nFC.

Table 2

Summary of the Illumina HiSeqTM 2500 sequencing output for all samples.

Sample Clean reads Clean bases  Valid ratio Q30 (%) GC content
(base) (%)
2N CTR 41992154 5249019250 99.98% 96.71% 50.10%
2N SVCV 37219618 4652452250  99.98% 96.72%  51.35%
3N CTR 47992506 5999063250  99.98% 96.84%  50.82%
3N SVCV 25934388 3241798500  99.98% 96.90%  46.51%
4N CTR 47992746 5999093250  99.98% 96.80%  50.64%
4N SVCV 32388210 4048526250  99.98% 96.25%  47.47%
Table 3

Statistics of assembled result.

2N Unigenes

3N Unigenes

4N Unigenes

Number 41179 40547 40385

> =500 bp 23994 22191 22583

> =1000 bp 13368 10786 11937
N50 1936 1293 1555
Total Length 46087950 36144592 39443329
Max Length 16466 14083 14663
Min Length 301 301 301
Average Length 1119.21 891.42 976.68

against viral infection, it is speculated that the different innate immune
response level or/and mechanism may lead to the different antiviral
abilities of these fishes with different ploidy. For this reason, we in-
vestigated the variation of innate immune related pathway of 2nFC,
3nFC and 4nFC in response to SVCV infection. Based on the KEGG
classification, RIG-I like receptor signaling pathway, Cytosolic DNA-
sensing pathway, Toll-like receptor signaling pathway were clearly
activated in 2nFC and 3nFC (Fig. 5SD&E). While in 4nFC, Toll-like
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receptor signaling pathway and NOD-like receptor signaling pathway
were activated evidently (Fig. 5F). This information of innate immune
related pathways will be useful for us to explore and understand the
innate immune systems of red crucian carp, triploid hybrid and allo-
tetraploid fish.

To validate the veracity and reliability of the transcriptome data,
seven innate immune related genes were selected and investigated by
gqPCR, which including RIG-I, MDA5, LGP2, MAVS, TBK1, TRAF6 and
IRF7. The qPCR results revealed parallel expression affinity with the
RNA-seq data, with the exception of some quantitative differences at
the expression level (Fig. 6). Thus the qPCR results were significantly
co-related with the RNA-seq expression, indicating the reliability of
RNA-seq data.

4. Discussion

It is reported that fish teleost fishes with different ploidy presented
varied immune activities. The studies on Ayu (Plecoglossus altivelis) and
Atlantic salmon (Salmo salar) showed that diploid and triploid fish
owned similar resistance to infectious diseases (Chalmers et al., 2017;
Inada Y and Taniguchi, 1990). However, reports about Amazon molly
(Poecilia formosa) and Chinook salmon (Oncorhynchus tshawytscha)
showed that triploid fish had stronger resistance to pathogen invasion
than diploid fish (Ching et al., 2010; Lampert et al., 2009). Distant
hybridization can combine the genomes of different species, which
leads to the changes of the offspring in phenotypes and genotypes. By
this strategy, triploid and allotetraploid have been successfully devel-
oped in this lab. It has been observed that triploid fish display much
improved disease resistance than its parents (Liu, 2010). This suggests
that triploid hybrid might possess “improved” innate immune me-
chanism compared with its parents-red crucian carp and allotetraploid
fish. It is speculated that erroneous DNA excision between homologous
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Table 4

Statistics of functional annotation of unigenes.
Database 2N 3N 4N

Number Percentage Number Percentage Number Percentage

NR 30111 73.12% 31164 76.86% 30163 74.69%
SWISSPROT 20492 49.76% 21811 53.79% 20673 51.19%
KOG 16387 39.79% 17335 42.75% 16339 40.46%
KEGG 8442 20.50% 9063 22.35% 8369 20.72%
GO 18676 45.35% 19914 49.11% 18920 46.85%

parental genes may drive the high percentage of chimeric genes, or Table 5

even more potential mechanisms may result in this phenomenon (Liu Statistics of differentially expressed unigene.

et al., 2016). . X . Sample Up regulated Down regulated Total

In the current work, three new caudal fin cell lines from diploid red
crucian carp, triploid hybrid and allotetraploid have been established 2N SVCV vs. 2N CTR 1485 675 2160
3N SVCV vs. 3N CTR 359 43 402

separately, which show fibroblast-like morphology. It is reported that

the cell types of teleost fin in vitro is very complex. Fin is mainly AN SVCV vs. 4N CTR 683 402 1085
composed of epidermis (containing epithelial cells) and dermis (con-
taining fibroblasts). Therefore only by cell morphology cannot predict
GO classification 18676
A 100 19914
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Fig. 4. GO and KEGG classification of assembled unigenes. (A) All the annotated transcripts were grouped into three categories after GO classification: cellular
component, molecular function and biological process. The Y-axis indicated the number of genes in each category, the X-axis represent various gene function. (B) The
numbers of assembled unigenes enriched in immune system related pathways by KEGG annotation. The X-axis corresponds to the numbers of unigenes and the Y-axis
represents different pathway. 2N:2nFC; 3N:3nFC; 4N:4nFC.
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Fig. 5. Top 20 statistics of pathway enrichment based on the DEGs after SVCV infection and immune system related pathway enrichment statistics. (A-C) Scatter plot
of KEGG pathway enrichment statistics after SVCV infection in 2nFC (A), 3nFC (B) and 4nFC (C). RichFactor is the ratio of DEG numbers noted in this pathway term
to all gene numbers noted in this pathway term. The X-axis corresponds to rich factor of pathway, and the Y-axis represents different pathway. The magnitude of the
pots displays gene number, and p-value is described by the color classification. (D-F): The immune system related pathways enrichment analysis of DEGs of 2nFC (D),
3nFC (E) and 4nFC (F). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the tissue origin of cultured fin cells precisely (Mauger et al., 2009).
ck49 and collal have been reported as marker genes to identify the cell
phenotype of fin cells (Chenais et al., 2015). Our study revealed that a
low ck49 (epithelial marker) and a high collal (dermis marker) ex-
pression level were detected in 2nFC, 3nFC and 4nFC, respectively
(Fig. 1B). These results suggest that 2nFC, 3nFC and 4nFC are fibro-
blastic cells. It was interesting that the growth rate of these cell lines
correlated with the ploidy of their donors in that the growth rate de-
creased as the DNA content or the chromosome number of the donors
increased (Fig. 1C).

It is reported that fish fins constitute a major entry point of virus and
fibroblast-like fin cell line derived from rainbow trout was a suitable
model to investigate their antiviral mechanisms against rhabdovirus
VSHV infection (Cornwell et al., 2013; Grady et al., 2011; Montero
et al., 2011; Quillet et al., 2001, 2007; Verrier et al., 2012, 2013; Vo
et al., 2016). For cyprinid fish species, SVCV is a negative-sense ssSRNA
virus belongs to rhabdoviridae and causes serious haemorrhagic dis-
ease. Therefore, in this work, we decided to study whether 2nFC, 3nFC
and 4nFC were good models for studying their immune gene expression
and antiviral mechanisms in rhabdovirus infection. The viral infection

A 4 B
ORNA-seq 80
40 mqPCR 70
& &0 60
= 30 <
S S 50
= 25 )
=
€ Sa
s 2
g1 £ 0
o] S 20
& 10 ~
5 10
0

RIG-I MDAS LGP2 MAVS TBK1 TRAF6 IRF7

RIG-I MDAS LGP2 MAVS TBK1 TRAF6 IRF7

experiment results demonstrated that 2nFC, 3nFC and 4nFC were
capable of supporting the replication of the rhabdovirus SVCV. In ad-
dition, the virus titer produced in 3nFC was much lower than that in
2nFC and 3nFC and also the mortality of 3nFC after infection was the
lowest (Fig. 3A ~ C), indicating that 3nFC possesses the strongest viral
resistance to SVCV. Furthermore, we detected a lowest SVCV-N mRNA
expression level in 3nFC and a highest level in 4nFC, which is consistent
with the viral titer of their supernatants (Fig. 3D). These observations
suggest that the antiviral ability of 3nFC might be potently activated to
inhibit the replication of SVCV.

In teleost, type I IFNs signaling system played a crucial role in the
host antiviral activity. After the invasion of virus, IFNs are able to in-
duce a large diversity of antiviral ISGs, which encode cytokines and
antiviral proteins. We therefore investigated the induction of IFN and
ISGs in 2nFC, 3nFC and 4nFC at different time points post SVCV in-
fection (Fig. 3E ~ H). It was found that the mRNA level of IFN and ISGs
in 2nFC and 3nFC raised at 24 h post infection. In contrast, we were not
able to detect a significantly increase of IFN or ISGs expression level in
4nFC post viral infection. These data imply that the IFN system of 3nFC
and 2nFC were more sensitive and intensive than that of 4nFC. To
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Fig. 6. qPCR for validation of RNA-seq. The expressions of several innate immune related genes of 2nFC, 3nFC and 4nFC, such as RIG-I, MDAS5, LGP2, MAVS, TBK1,
IRF7 and TRAF6 were detected by RNA-seq (white column) and qPCR (black column). (A): validation of innate immune related genes of 2nFC; (B): validation of
innate immune related genes of 3nFC; (C): validation of innate immune related genes of 4nFC.
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further check the function of IFN system of the cell lines, the cells were
pretreat with poly I:C 24h before SVCV infection (Supplementary
Fig. 1). It was observed that the pretreatment of the cell lines with poly
I:C delayed the cell death to SVCV infection except 4nFC. Taken to-
gether, these results suggest that the IFN system of 3nFC and 2nFC were
more sensitive and intensive than that of 4nFC.

In order to get a comprehensive understanding of the antiviral re-
sponse and innate immune mechanism of 2nFC, 3nFC and 4nFC to
SVCV infection, we employed the RNA-seq technology to investigate
the transcriptome of these cell lines. In the transcriptome data, more
than 40000 unigenes were separately acquired after assembling and
filtration in 2nFC, 3nFC and 4nFC. The GO annotation and KEGG
pathway annotation of unigenes showed that these cell lines contain
abundant immune related genes (Fig. 4A&B). This suggested that the
basic components and signaling pathways necessary for innate and
adaptive immunity exist in 2nFC, 3nFC and 4nFC. In the context of viral
infection, the virus-specific component could detected by host pattern-
recognition receptors (PRRs), including Toll-like receptors (TLRs), RIG-I
like receptors (RLRs) and NOD-like receptors (NLRs), which initiate
antiviral response such as the induction of type I IFN and ISGs (Chen
et al., 2017; Zou and Secombes, 2011). KEGG pathway enrichment
analysis showed that most of the top 20 pathways enriched in 2nFC,
3nFC and 4nFC were immune-related and disease-related pathways,
which indicated that the immune response was the most important
changes in response to SVCV infection (Fig. 5A ~ C). In 2nFC and 3nFC,
RLR signaling pathway, TLR signaling pathway and cytosolic DNA-
sensing pathway were activated remarkably, which were major sig-
naling pathways response against viral infection. Interestingly, in 4nFC,
RLR signaling pathway was not involved in top 20 statistics of pathway
enrichment. Consistent with this point, the upregulation of RIG-I,
MDAS and LGP2 in 2nFC and 3nFC were much higher than those in
4nFC (Fig. 6). Taken together, conclusions could be draw from our
results that 3nFC had strongest antiviral ability depends on its fast and
robust activation of RLR/TLR/IFN signaling pathway. Aquaculture ex-
perience demonstrates that allotetraploid fish are more susceptible to
SVCV than red crucian carp and triploid hybrid (Liu, 2010). Multiple
mechanisms might have been involved in that 4nFC appeared to be
more SVCV-susceptible. It is speculated that a weaker response to ac-
tivate RLR signaling pathway and its downstream IFN signaling
pathway in 4nFC, which results in a higher viral titer in 4nFC and
mortality of 4nFC post SVCV infection.
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