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ABSTRACT

Long non-coding RNA refers to an RNA transcript of a non-coding protein with a sequence length greater than 200 bp. More and more reports indicated that IncRNA
was involved in the regulation of gene expression as a signalling molecule, an inducing molecule, a leader molecule and a scaffold molecule. Previous studies have
sequenced the draft genome and several transcriptome data sets for protein-coding genes of the large yellow croaker (Larimichthys crocea), but little is known about
the expression and function of IncRNAs in this species. In order to obtain a catalogue of IncRNAs for this croaker, Vibrio parahaemolyticus infection challenge
experiment was conducted and long non-coding RNA sequences were obtained. Using high-throughput sequencing of IncRNA, a total of 73,233 high-confidence
transcripts were reconstructed in 32,726 loci, recovering most of the expressed reference transcripts, and 6473 novel expressed loci were identified. The tissue
expression profile revealed that most lacunas were specifically enriched in distinct tissues. A set of 163 IncRNAs were identified as being specifically expressed in the
spleen and may be involved in the immune response. It is the first time to identify specific IncRNAs in the L. crocea systematically in this croaker, aiming to benefit the

future genomic study of this species.

1. Introduction

Large-scale transcriptomic studies have led to surprising dis-
coveries, including the fact that less than 10% of the mammalian
genome is dedicated to protein coding and that the genome contains a
vast amount of non-protein coding transcripts, which has resulted in
debate about the role of non-coding RNAs (ncRNAs) in cell biology
[1,2]. In contrast to protein-coding genes, it is possible that the non-
coding portion of the genome is related to organism complexity and
crucial regulatory processes [3,4]. Traditionally, the regulatory func-
tions of RNA were thought to be limited to ribosomal, messenger and
transfer RNA roles, however, the FANTOM and ENCODE projects have
annotated thousands of non-coding RNAs including tRNA, rRNA, mi-
croRNA and other non-coding RNA genes [5,6], and reported on the
function of ncRNAs in various life activities.

In this study, we mainly explore long non-coding RNA (IncRNA).
LncRNAs are an important class of ubiquitous nucleotides involved in a
variety of biological functions [7]. LncRNAs regulate the expression of
other genes by the identity of the signal molecule [8]. For example, the
IncRNA-Xist gene and Xist gene function are known to cause the X
chromosome to lose activity. An X chromosome in a mammalian female
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self-regulates silencing by the X inactivation centre (Xic) in order to
maintain a dose-compensating effect. Binding of polycomb repressive
complex 2 (PRC2) to the repeat-A element at the 5’ end of Xist RNA
activates the gene. With Xist gene expression, its transcript is tran-
scribed from the inactive X chromosome and encapsulated on the X
chromosome, inhibiting gene expression at the overall level of the
chromosome [9,10].

LncRNAs will indirectly regulate gene transcription by inducing
target protein or miRNA to science the functional sequence, that is,
IncRNAs bind to target proteins or miRNAs to dilute their levels within
the cell, affecting their function [11-13]. LncRNAs serve as central
platforms for the assembly of multiple related molecules [14]. Although
the complex scaffold molecule is traditionally considered to be a protein
[15], an increasing number of IncRNAs have been found to be involved
in gene-regulation in the form of scaffolds. LncRNAs have multiple
domains that can bind to different protein complexes, and some do-
mains can bind to multiple elements, leading to time- and space-de-
pendent transcriptional activation or transcriptional repression. For
example, IncRNA-TERC (telomerase RNA) acts as a scaffold to activate
telomerase catalytic activity. Telomerase catalytic activity requires the
use of two universal telomerase subunits: a complete RNA subunit
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Table 1A
The data filter statistics.
Library JP1 JP3 PP1 JP2 PP2 PP3
Raw Reads 65,806,016 66,108,182 63,805,758 70,788,006 74,150,380 70,551,778
Clean Reads 58,757,374 59,065,410 56,529,328 62,666,684 65,945,296 63,505,576
Clean Reads Rate 89.29% 89.35% 88.60% 88.53% 88.93% 90.01%
Total Q30 95.62% 95.63% 95.46% 95.43% 95.61% 95.84%
Table 1B
The mapping rate.
Library JP1 JP3 PP1 JP2 PP2 PP3
Total Reads 58,757,374 59,065,410 56,529,328 62,666,684 65,945,296 63,505,576
Mapped Reads 44,345,720 44,737,208 42,310,604 47,532,529 49,754,920 46,869,514
Mapping Rate 75% 76% 75% 76% 75% 74%
UnMapped Reads 14,411,654 14,328,202 14,218,724 15,134,155 16,190,376 16,636,062
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Fig. 1. A. The classification of IncRNA. B. Above is the pie chart of the length of the coding gene, and below is the length of the IncRNA sequence. C. Average

expression of IncRNA and coding genes.

Table 2 (TERC) that provides repeat template synthesis and support, and a
Number of Long non-coding RNAs shared with other species. catalytic protein subunit (TERT), as well as several species-specific
Species Human  Gow  Zebrafish  Mouse  Ghicken accessory proteins. TERC has structgral anc'l 'catalytlc activities that
contribute to TERT-binding and provide stability [16].
L.crocea IncRNA 34 7 35 44 3 An increasing number of reports show that IncRNAs play an im-
Alignment of IncRNA 111 26 65 83 5

portant role in the process of life [17-20]. In addition, the continuous

development of sequencing technology means more and more fish
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Fig. 2. The hierarchical clustering of gene and IncRNA. Blue indicates the
clustering expression pattern of the coding gene, and red indicates the IncRNA.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

genomes have been published, and there are more and more accumu-
lated transcriptome data. However, Studies on IncRNA in fishes im-
munity are still rare, research of IncRNA has been reported in zebrafish
[21,22], salmon [23] and rainbow trout [24,25]. Pauli A et al. (2012)
systematically identified long non-coding RNAs expressed during zeb-
rafish embryogenesis. They performed time series of RNA-seq experi-
ments in eight stages during early development in zebrafish, found that
zebrafish IncRNA has many of mammalian counterparts: relatively
short length, low exon number, low expression and a conservative level
comparable to introns. And the temporal expression profile of IncRNAs
reveals two novel properties: IncRNAs are expressed in a narrower
window of time than protein-encoding genes and IncRNAs are parti-
cularly enriched in early embryos [22]. Heena et al. (2015) integrated
and provided all relevant dataset resources for zebrafish IncRNA to
provide analysis of spatiotemporal expression patterns of IncRNA in the
context of various regulatory markers including histone modifications
and transcription factors [21]. Sebastian Boltafia et al. (2016) reported
the transcriptomic regulation of IncRNA in Atlantic salmon during ISA
virus infection [23]. At the same time, the long non-coding RNA reg-
ulatory mechanism of Rainbow Trout was integrated and reported
[24,25].

Larimichthys crocea is one of the most economically important
marine fishes farmed in China. However, the population is suffering
from various infectious diseases due to the increasing density and scale
of the mariculture. Vibrio parahaemolyticus is a common pathogen
causing Vibrio, a disease with high morbidity and mortality that can
result in serious economic loss [26]. The whole-genome sequence of the
large yellow croaker demonstrated the existence of a well-developed
innate immune system and laid the foundation for genome-wide studies
in this species [27]. However, few studies have focused on IncRNAs and
their biological function in the croaker. In this study, we report on
IncRNA related to the immune mechanisms of this croaker in order to
better understand the complex immune system and provide basic in-
formation about the innate immunity of the species. Furthermore, de-
ciphering the expression pattern of IncRNAs in the large yellow croaker
would enable a better understanding of how genes are regulated in
teleost.

2. Materials and methods
2.1. Sample preparation
Healthy large yellow croakers (weight 150 + 15g) were obtained

from Zhejiang Dahaiyang Technology Co., Ltd. (Zhoushan, Zhejiang
Province, China). Fish were maintained at 25 °C in an aerated seawater
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tank and fed a commercial diet for two weeks prior to the beginning of
the experiment. Water in the tank was changed daily. After acclimation,
two groups of 10 individuals were randomly chosen for challenge ex-
periments. L. crocea were then intraperitoneally infected with V. para-
haemolyticus (1 X 108 CFU/mL, resuspended in PBS, pH 7.4) or PBS (as
control; 300 mL/200 g). Animals from all groups were anaesthetised by
immersion in MS222 before tissue sampling, as required. The spleen
tissues were harvested from three fish per group at 72 h after injection.
All procedures were in accordance with the guidelines of the
Regulations for the Administration of Laboratory Animals (Decree No. 2
of the State Science and Technology Commission of the People's
Republic of China, November 14, 1988) and were approved by the
Animal Ethics Committee of Zhejiang Ocean University (Zhoushan,
China). Total RNA was extracted from the spleen samples using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA). First strand cDNA was syn-
thesised from 3mg of total RNA using a Tr\anscriptor First Strand
cDNA Synthesis Kit (Roche, Indianapolis, IN, USA).

2.2. Transcriptome assembly

We used LncRNA high-throughput sequencing and filtered the ori-
ginal downstream data sequence to obtain high-quality clean readings.
The RNA sequencing reads from the spleen tissues were aligned in-
dependently with the large yellow croaker genome (GenBank accession
no. JPYK00000000.1) using TopHat (v2.0.12) software (http://tophat.
cbeb.umd.edu/) [28-30]. Prior to the alignment, we used Bowtie 2 to
pre-process the clean reads, which can improve the accuracy and speed
of the alignment [29]. To gain enough sequencing data for IncRNAs
assembly, all alignment results were combined using Samtools v1.3.1
[31]. The mapped reads were then assembled into transcripts by Cuf-
flinks v2.2.1 (http://cufflinks.cbcb.umd.edu/) [32,33], guided by a
reference annotation of the croaker.

2.3. Identification of IncRNAs

All transcripts were evaluated for protein coding potential by the
Coding Potential Calculator (CPC, http://cpc.cbi.pku.edu.cn/) [34],
and Coding-Non-Coding Index (CNCI, www-bioinfo-org/CNCI) [35],
which distinguishes coding and non-coding transcripts with high ac-
curacy. CPC applies sequence-based features to predict the protein
coding potential of transcripts and has been widely used to discover
IncRNAs. CNCI effectively distinguishes protein-coding and non-coding
sequences independent of known annotations by profiling adjoining
nucleotide triplets. A transcript with a negative score is considered to be
a non-coding transcript [1,36,37]. The non-coding transcripts were
filtered to remove sequences less than 200 bp in length. All non-coding
transcripts were then aligned to the Rfam database in order to eliminate
all non-coding transcripts that had been previously annotated as rRNA,
miRNA, or other small non-coding RNA transcripts [38]. All remaining
transcripts were identified as IncRNAs in large yellow croaker and used
for further functional analysis.

2.4. Classification of IncRNAs

The resulting set of IncRNAs was subdivided into four groups: (1)
IncRNAs without any overlap with protein-coding gene loci were clas-
sified as large intergenic non-coding RNA (lincRNA); (2) the remaining
IncRNAs that overlapped with protein-coding gene regions were clas-
sified as overlapping-IncRNA; (3) Sense IncRNAs were those transcribed
from the sense strand of protein-coding genes, containing exons from
protein-coding genes; (4) Antisense IncRNAs were those transcribed
from the antisense strand of protein-coding genes.

2.5. Annotation of protein-coding transcripts

Gene ontology (GO: http://www.geneontology.org/) is used to
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Fig. 3. The function annotation of mRNA.

2.6. Co-expression network analysis of IncRNA and function annotation

describe genes and gene product attributes, including cellular compo-
nents, molecular functions and biological processes [39,40]. GO not
only organizes genes into hierarchical categories, but also uncovers the

A correlation analysis was performed using the FPKM values of all

significantly differentially expressed genes and IncRNAs at each time

gene regulatory network based on biological processes and molecular

point. A co-expression network was constructed between the differen-

tially expressed genes and IncRNAs using R version 3.3.0. The ENViz

functions. The Database for Annotation, Visualization, and Integrated

Discovery v6.8 (DAVID) method was used to select the main pathway,

with the significance threshold set at P < 0.05 [41].

module of Cytoscape 3.2.0 [42] was used to annotate and visualise the

functional annotation network. The FPKM data for the IncRNAs and
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Fig. 4. The function annotation of IncRNA.

genes were analysed using Spearman's correlation coefficient. The GO
term nodes were displayed with a cumulative enrichment cut-off value
of five and were coloured from yellow to red based on their cumulative
enrichment values.

2.7. Quantitative real-time polymerase chain reaction (PCR) analysis

Real-time PCR was performed using SuperReal PreMix Plus
(Tiangen, Shanghai, China) with SYBR® Green fluorescent dye, in a
total volume of 20ul on an ABI 3700 Thermal Cycler (Life
Technologies, Carlsbad, CA, USA). The primers mRNA-CCL20, CD28,
elF2a, PKD2, IncRNA-XLOC_001904, XLOC_006086, XLOC_008164,
XLOC_028673, and P-actin were designed based on gene sequences
identified in the current study (Table S1). The cycling conditions were
as follows: 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15sat 95 °C and
1 min at 60 °C, followed by 15sat 95°C, 15sat 60 °C, and 15sat 95°C
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as the standard dissociation stage. Every sample was run in triplicate
and concordance was checked between quintuplicate mean values. The
gene expression levels were evaluated relative to the expression level of
B-actin using the 2-AACT method [43]. Statistically significant differ-
ences between the control and treatment groups were investigated by
one-way ANOVA analysis.

3. Results
3.1. RNA-sequence data generation and processing

In the study, L. crocea was challenged with Vibrio parahaemolyticus
and V. parahaemolyticus. The spleen tissue of L. crocea was extracted,
then the spleen RNA was purified and converted into cDNA libraries
that were subjected to paired-end 150 bp sequencing on Illumina's
HiSeq platform. A high-throughput sequencing technique was used to
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the immune-related IncRNAs, and the relationship between them is represented
by a line connection. More details are shown in Supplementary material Table
S2. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

carry out the long chain non-coding sequencing of the library, and
about 10 G of the raw data were obtained in each of the six libraries.
The Q30 (Phred Quality Score) of the base mass level of the sample was
over 95%. Using Trimmomatic v0.33 [44] to filter out the linker se-
quence in Reads, the N bases > 5% of Reads and low quality Reads
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(< Q30). The filtering ratio ranged from 88.53% to 90.01% and aver-
aged 89.11% (Table 1A). The mapping ratio ranged from 74% to 76%
and averaged 75%, which could be aligned to the latest assembly of the
large yellow croaker genome sequence (Table 1B). Transcripts were
assembled using a step-wise protocol. Briefly, TopHat [28,30] was used
to align all reads to the reference genome, including those mapped to
span splice junctions. Transcripts were then reconstructed and expres-
sion calculated using Cufflinks [32,33], resulting in the assembly of a
total number of 73,233 expressed transcripts across all samples. Hen-
ceforth, this set is referred to as the standard transcriptome for large
yellow croaker and is used in all subsequent analyses.

3.2. Identification and initial classification of IncRNAs

To retrieve putative non-coding transcripts in the large yellow
croaker, all transcripts were analysed using Coding Potential Calculator
(CPC) and Coding-Non-Coding Index (CNCI). A total of 8936 (12.2%)
large yellow croaker transcripts were classified as non-coding tran-
scripts, while 64,297 (87.8%) were identified as traditional protein-
coding transcripts. Secondly, to eliminate small RNA transcripts, a
three-step filter was applied to the non-coding transcripts: (1) non-
coding transcripts that matched entries in the Rfam database were
deleted; (2) transcripts shorter than 200 bp were eliminated; (3) non-
coding transcripts were mapped to the rRNA, tRNA and miRNA data-
bases. After filtering the transcripts, 8463 IncRNAs in the large yellow
croaker were identified. Of these, 4454 IncRNAs were in intergenic
regions and were defined as lincRNAs. The remaining 4932 transcripts
overlapped protein-coding genes; 1172 were antisense IncRNAs and
just 1069 sense IncRNAs (Fig. 1A).
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3.3. Characterization of IncRNAs

We analysed the structure and expression levels of RNAs of the large
yellow croaker challenged with V. parahaemolyticus infection and we
found that 0.85 (85%) of protein-coding transcripts were over 2000 bp
in length, whereas less than 0.24 (24%) of IncRNAs were over 2000 bp
in length (Fig. 1B). Moreover, the IncRNAs had fewer exons per tran-
script than an average protein-coding gene. Notably, the average
IncRNA expression level in the spleen tissue was 10-fold lower than the
protein-coding genes (Fig. 1C). To investigate the sequence conserva-
tion features of the IncRNAs identified in the spleen of this croaker,
candidate IncRNAs were used as queries to search for corresponding
homologs in other species. Of the 8463 IncRNAs in the spleen of the
large yellow croaker, only 34 IncRNAs had hits with 111 human
IncRNAs in the NONCODE V4 database, with E-value < 0.00001. In
addition, 7 IncRNAs had hits with 26 IncRNAs from the cow, 35
IncRNAs had hits with 65 IncRNAs from the zebrafish (Danio rerio), 44
IncRNAs had hits with 83 IncRNAs from the mouse, and 3 IncRNAs had
hits with 5 IncRNAs from the chicken (Table 2).

3.4. Expression profiles and function annotation of coding genes and
IncRNAs

To ascertain the potential biological functions of coding genes and
IncRNAs, we examined coding genes and IncRNA expression profiles in
the spleen of the large yellow croaker using RNA-sequence (RNA-seq)
analysis. We used authoritative data sources that contained over 64,297
coding genes and 8463 IncRNAs to identify the most significant can-
didates. The coding genes and IncRNAs with at least a 1.5-fold change
in expression were selected. Using this criterion, coding genes and
IncRNAs expression profiles at the different time points were evaluated
by hierarchical clustering (Fig. 2), which indicated there is a huge
difference in IncRNAs with regulated expression between V. para-
haemolyticus infected and non-infected fish. The functional annotation
was divided into three parts, corresponding to the three Gene Ontology
(GO) categories: biological process, molecular function and cellular
component. Fig. 3 is the functional annotation map of the encoded
gene, and Fig. 4 is the functional annotation map of the long-chain non-
coding RNA.

3.5. Co-expression network of IncRNAs

A correlation coefficient of > 0.950r < —0.95,and P < 0.05, was
selected to construct the co-expression network, using the FPKM values
of all the differentially expressed genes and IncRNAs for each time
point. A total of 163 pairs of IncRNAs and genes (Table S2) were har-
vested. The mRNA-IncRNA co-expression network is shown in Fig. 5.

3.6. Validation of predicted functional IncRNAs related to antiviral
response

It is not realistic to perform functional experiments for every
IncRNA due to limited resources and time. Therefore, four predicted
pairs of mRNA-IncRNAs were studied. We selected IncRNA-
XLOC_001904 associated with the CCL20 gene, IncRNA-XLOC_006086
associated with the CD28 gene, IncRNA-XLOC_008164 associated with
the elF2a gene, and IncRNA-XLOC_ 028673 associated with the PKD2
gene. To verify whether these IncRNAs were functional in the large
yellow croaker immune response, the changes in their level of expres-
sion following V. anguillarum treatment were measured using RT-PCR.
In this study, RNA-seq analysis found that the expression level of
IncRNA associated with the immune gene CCL20 was positively corre-
lated with CCL20, and the expression level of IncRNA associated with
the immune genes CD28, eIlF2a, PKD2 was inversely correlated with the
immune gene (Fig. 6A). The results of RT-PCR experimental validation
are consistent with RNA-seq analysis results (Fig. 6B). This shows that
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the long chain non-coding RNAs screened here are immune-related.
4. Discussions

In the previous studies, most of them were focused on protein-
coding gene function [45-48], such as the study of innate immunity
genes of teleost fish. Gao et al., 2016, reported the post-innate immune
responses in various tissues of the Asian swamp eel after Aeromonas
hydrophila, Acanthocephalan pallisentis, and poly I:C challenges [49].
Under stress by immunostimulants lipopolysaccharide (LPS), poly I:C,
Edwards disease and streptococcus, the rainbow trout congenital gene
CXCR4 has different expression patterns in the head, kidney and spleen
[50]. The mechanism of innate immune gene expression in the spleen
and eyes of grouper was studied after LPS and necrosis virus stimulation
[51]. Using different stimulation experiments, genomic and tran-
scriptome analysis/identification, phylogenetic trees, multiple se-
quence alignment, homology alignment, and other analytical methods,
the mechanism of action of the genes involved in the immune responses
of teleost fish has been reported extensively.

Since IncRNAs can be used as an important regulator of different
biological processes, this study screened and identified IncRNAs related
to the large yellow croaker, providing a basis for systematic research on
fish immune mechanisms.

Non-coding RNAs are functional RNA molecules that are not nor-
mally translated into a protein, and play different biological processes
such as development, differentiation and epigenetic regulation [52].
More and more ncRNA studies on teleost fish have been reported. For
example, reports indicate that teleost fish miRNAs and IncRNAs are
involved in a variety of biological processes, including development,
differentiation, response to environmental stimuli and so on
[25,53-55]. Importantly, there are also a few reports on the function of
ncRNAs in fish immune mechanisms [25,56,57]. Sebastian Boltafa
et al. (2016) reported the transcriptomic regulation of IncRNA in
Atlantic salmon during ISA virus infection [23], found 5636 putative
IncRNAs, most of which were regulated by ISAV infection and found
that most IncRNA is associated with innate immune genes. Diego Va-
lenzuelamiranda et al. (2016) identified 918 IncRNAs from during
Piscirickettsia salmonis infection in Atlantic salmon [58], then studied in
different pathogens of Atlantic salmon infection with these IncRNAs
[59]. The results indicate that IncRNAs are involved in the immune
regulation of teleost fish and are closely related to immune-related
genes involved in innate immunity, IncRNAs are regulated by pathogen
specificity during pathogen infection. And it has been shown that the
expression of IncRNA shows high specificity in different tissues and cell
types [6,36,60]. LncRNAs play an important role in complex biological
processes and are involved in the regulation of several innate and
adaptive immune pathways [60]. In fish (such as Atlantic salmon, Danio
rerio), IncRNA regulation was observed during pathogen infection
[21,23,61,62]. A group of IncRNAs were reported to be upregulated in
Atlantic salmon infected with the Infectious Salmon Anaemia (ISA)
virus [23]. Pathogen-specific IncRNA regulation was observed in
Atlantic salmon infected with bacteria, viruses and ectoparasites, in-
dicating a key role for IncRNA in salmon immunity [62]. Highly ex-
pressed immune-related genes in large yellow croaker [63]. Further-
more, we compared the spleen tissue of the infected and control fish.
We used the deribosomal chain-specific database construction method
and IncRNA high-throughput sequencing, which are more targeted and
accurate than traditional transcriptome sequencing methods.

High regulation of IncRNAs neighboured to coding genes has been
reported to be associated with biological processes such as stress, the
immune response and the inflammatory response [64]. This study, by
functional annotation and construction of co-expression networks, re-
ports that 163 immune-related IncRNA were identified and the re-
lationships between these IncRNA and known immune genes was ob-
tained. We also randomly selected eight groups of immune-related
IncRNAs to verify that we screened immune-related IncRNAs involved
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in the regulation of the immune system of the large yellow croaker. The
chemokine CCL20 gene is a CC subfamily of chemokines that is in-
volved in the directional movement of T cells and dendritic cells after
interaction with the CC6R receptor. The CCL20 gene plays an important
role in immunity and is involved in immune system pathology such as
autoimmune diseases and tumour immunity. The CC12 gene has a
strong antibacterial effect [65]. The CD28 gene plays an important role
in the activation of T cells: the CD28 family binds to the B7 family to
produce co-stimulatory signals that activate T cells [66]. The elF2a
gene plays a role in fish immunity by inhibiting virus replication; when
cells are infected by the virus, the el[F2a kinase of Protein kinase R
(PKR) is activated, activating the elF2a gene to block the initial
synthesis of the protein, thereby suppressing viral replication [67]. The
immune gene PKD2 is a renal disease gene. Mutations and deletions of
the PKD2 gene cause abnormal secretion, abnormal apoptosis, and
abnormal function of renal epithelial cells [68].

Actually, further study of IncRNAs in this croaker is required. The
IncRNA transcripts with tissue-specific expression manner may have
specific functional roles in different biological pathways. The IncRNAs
identified here may provide a better understanding of immune response
regulatory network including IncRNA, mRNA and miRNA. The strategy
developed in our study for novel IncRNAs identification can be also
applied to other newly assembled genomes for understanding the
function of IncRNA transcripts.
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