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Abstract: Long noncoding RNAs (IncRNAs) are being increasingly recognised as key modulators of
various biological mechanisms, including the immune response. Although investigations in teleosts
are still lagging behind those conducted in mammals, current research indicates that IncRNAs play
a pivotal role in the response of fish to a variety of pathogens. During the last several years, interest
in IncRNAs has increased considerably, and a small but notable number of publications have
reported the modulation of the IncRNA profile in some fish species after pathogen challenge. This
study was the first to identify IncRNAs in the commercial species European sea bass. A total of
12,158 potential IncRNAs were detected in the head kidney and brain. We found that some IncRNAs
were not common for both tissues, and these IncRNAs were located near coding genes that are
primarily involved in tissue-specific processes, reflecting a degree of cellular specialisation in the
synthesis of IncRNAs. Moreover, IncRNA modulation was analysed in both tissues at 24 and 72 h
after infection with nodavirus. Enrichment analysis of the neighbouring coding genes of the
modulated IncRNAs revealed many terms related to the immune response and viral infectivity but
also related to the stress response. An integrated analysis of the IncRNAs and coding genes showed
a strong correlation between the expression of the IncRNAs and their flanking coding genes. Our
study represents the first systematic identification of IncRNAs in European sea bass and provides
evidence regarding the involvement of these IncRNAs in the response to nodavirus.

Keywords: RNA-Seq; IncRNAs; Dicentrarchus labrax; viral infection; nodavirus; immune response

1. Introduction

European sea bass (Dicentrarchus labrax L.) is a very valuable fish species, especially for
Mediterranean countries. This species was the first non-salmonid species to be cultured in Europe,
and since the 1990s, sea bass aquaculture has grown exponentially and is currently one of the main
cultured fish species in Europe [1]. However, different diseases cause important economic losses and
represent a major limiting factor for production. These effects are observed for nervous necrosis virus
(NNV), or nodavirus, a member of the family Nodaviridae, genus Betanodavirus, which can affect
numerous aquatic animals, including a wide variety of marine and freshwater fish species [2]. This
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icosahedral, nonenveloped, positive-sense single-stranded RNA virus is the causative agent of viral
encephalopathy and retinopathy (VER), which is characterised by damage to its target tissues, the
nervous system (e.g., brain, retina and spinal cord) [3]. Among the four nodavirus genotypes,
European sea bass seems to be primarily affected by red-spotted grouper nervous necrosis virus
(RGNNYV), especially during larval and juvenile stages [2,3].

In recent years, some publications have reported the involvement of numerous immune factors
in the defence against nodavirus in different tissues from D. labrax [4-12]. The development of next-
generation sequencing (NGS) technologies also enabled us to analyse the complete transcriptome
response after NNV infection both in vitro [13,14] and, more recently, in vivo [15]. Nevertheless, the
potential role of noncoding RNAs (ncRNAs) in the modulation of the response to NNV infection in
D. labrax has not been determined.

The non-coding regions of the genome remained largely unexplored until the last decade.
Nevertheless, when it was discovered that the genome is transcribed into many non-coding RNAs
(ncRNAs), in addition to the well-known transfer RNAs (tRNAs) or ribosomal RNAs (rRNAs),
numerous investigations were conducted in a variety of species in an attempt to identify them and to
describe their functions and expression profiles. The long noncoding RNAs (IncRNAs) represent a
subset of ncRNAs with a length over 200 nucleotides and transcribed in the same way as mRNA [16].
However, IncRNAs are among least well-understood ncRNAs. This is probably due to the variety of
regulatory mechanisms that they could affect [16], but also to their rapid evolution, and consequently,
to the absence of recognisable homologs for most of the IncRNAs even in evolutionarily close species
[17,18] and to the divergent subcellular location and function of certain conserved IncRNAs [19].
LncRNAs regulate the expression of adjacent genes (cis-acting regulation) or genes located at other
genomiclocations, even on different chromosomes (trans-acting) [16]. The gene expression promotion
or repression mediated by IncRNAs can be conducted through different mechanisms, including
chromatin remodelling, promoter inactivation, transcription interference, activation and/or transport
of transcription factors and epigenetic regulation [16]. This wide variety of potential regulatory
mechanisms makes it difficult to establish concrete functions for specific IncRNAs. Nevertheless,
IncRNAs have been demonstrated to be involved in immune system regulation in mammals [20,21].

In fish, although functional studies remain highly limited, several publications reported the
modulation of IncRNAs after different stimuli and/or conditions with a special focus on the immune
system [19]. Because IncRNAs can alter the expression of their adjacent genes, the functionality of
those IncRNAs identified in fish is usually predicted based on the function of their neighbouring
protein-coding genes [22].

In this work, we identified the IncRNA repertoire in the head kidney and brain from European
sea bass. We selected these tissues because the head kidney is the main immune and hematopoietic
organ in fish and the brain is a target tissue for NNV. Our results showed the existence of tissue-
specific IncRNAs, with a specialised role in the maintenance of the basic functions of each tissue, as
well as a broad modulation of the IncRNAs after NNV challenge. The functionality of these infection-
induced IncRNAs was predicted based on the analysis of their nearby coding genes, revealing a
variety of processes in which they could be involved. Because samples were taken at 24 and 72 h post-
infection (hpi), we also observed a highly variable IncRNA profile depending on the sampling point,
which could be indicative of the fine-tuned gene regulation mediated by these IncRNAs.

2. Materials and Methods

2.1. Fish and Virus

Juvenile D. labrax (average weight 70 g) were obtained from the Estacion de Ciencias Marifias
de Toralla (ECIMAT, Universidad de Vigo, Spain) facilities. Prior to experiments, fish were
acclimatised to the laboratory conditions for 2 weeks and maintained in 500 litres fibreglass tanks
with a re-circulating saline-water system (total salinity approximately 35 g/l) with a light-dark cycle
of 12:12 h at 20-22 °C and fed daily with a commercial diet. Animals were euthanised via MS-222
(Sigma-Aldrich, St. Louis, MO, USA) overdose (500 mg/l). All the experimental procedures were
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reviewed and approved by the CSIC National Committee on Bioethics under approval number
ES360570202001/20/FUN.01/INM06/BNGO1.

The nodavirus red-spotted grouper nervous necrosis virus (RGNNV) (strain 475-9/99) was
propagated at 25 °C in the SSN-1 cell line (ECACC 96082808) cultured in Leibovitz’s L-15 medium
(Gibco, Carlsbad, CA, USA) supplemented with 2 mM glutamine (Gibco), 2% foetal bovine serum
(FBS) (Gibco) and 1% penicillin/streptomycin solution (Invitrogen, Waltham, MA, USA). The virus
stock was titrated into 96-well plates according to established protocols [23], and aliquots were stored
at =80 °C until use.

2.2. Fish Infection and Sampling

A total of 18 sea bass were intramuscularly injected with 100 uL of a nodavirus suspension (10°
TCIDso/mL), whereas the same number of fish served as the control and were inoculated with the same
volume of medium (L-15 + glutamine + 2% FBS + penicillin/streptomycin). Head kidney and brain
samples were taken from nine fish at 24 and 72 h post-challenge. The same quantity of tissue from
three animals was pooled, obtaining three biological replicates (three fish/replicate) per tissue at each
sampling point.

For this challenge experiment, mortality data and viral replication analysis in head kidney and
brain from infected fish were previously provided [15].

2.3. RNA Isolation and High-Throughput Transcriptome Sequencing

Total RNA from the different samples was extracted using the Maxwell 16 LEV simplyRNA
Tissue kit (Promega, Madison, WI, USA) with the automated Maxwell 16 Instrument in accordance
with instructions provided by the manufacturer. The quantity and purity of the total RNA was
measured in a NanoDrop ND-1000 (NanoDrop Technologies, Inc., Wilmington, DE, USA), and RNA
integrity was analysed in the Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA,
USA) according to the manufacturer’s instructions. All the samples showed an RIN over 8.0;
therefore, they were used for Illumina library preparation. Double-stranded cDNA libraries were
constructed using the TruSeq RNA Sample Preparation Kit v2 (Illumina, San Diego, CA, USA), and
sequencing was performed using Illumina HiSeq™ 4000 technology at Macrogen Inc. Korea (Seoul,
Republic of Korea). The read sequences were deposited in the Sequence Read Archive (SRA)
(http://www ncbinlm.nih.gov/sra) under the accession number PRINA589774.

2.4. Sequence Assembly and LncRNA Mining

CLC Genomics Workbench, v. 11.0.2 (CLC Bio, Aarhus, Denmark) was used to filter, assemble
and perform the RNA-Seq and statistical analyses. Raw reads were trimmed to remove adaptor
sequences and low-quality reads (quality score limit 0.05). A reference transcriptome was constructed
by de novo assembly using all the samples with an overlap criterion of 70% and a similarity of 0.9 to
exclude paralogous sequence variants. The settings used were a mismatch cost =2, deletion cost = 3,
insert cost =3 and minimum contig length = 200 base pairs. From the de novo assembly, the selection
of the IncRNAs was conducted following the pipeline previously described [24] but with some
modifications. Briefly, the contigs were annotated using Blastx (e-value < 1e-05) against the proteins
for all the bony fish species included in the NCBI GenBank and UniProt/Swiss-Prot databases. All the
annotated contigs were deleted from the assembly, as well as all the contigs with an average coverage
<50. The potential open reading frames (ORFs) were predicted for the remaining contigs, and those
with a potential ORF >200 bp were discarded. After this step, the Coding Potential Assessment Tool
(CPAT) [25] was used to discard sequences with coding potential. The contigs that passed all the
filters were considered putative IncRNAs and retained for further analyses.

2.5. Differential Expression Analysis

RNA-Seq analyses of the putative IncRNAs were conducted with the following settings:
mismatches = 2, length fraction = 0.8, similarity fraction = 0.8. The expression values were set as
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transcripts per million (TPM). To identify and quantify the directions of variability in the data, a
principal component analysis (PCA) plot was constructed by using the original expression values.
Finally, Baggerley’s statistical analysis test was used to compare gene expression levels and to
identify differentially expressed IncRNAs. Transcripts with absolute fold change (FC) values >2 and
false discovery rate (FDR) < 0.05 were retained for further analyses. Those significantly modulated
IncRNAs were selected, and the average TMP value of the three biological replicates is represented
in heat maps. To this end, the distance metric was calculated by Pearson’s method, and IncRNAs
were hierarchically clustered by average linkage. Venn diagrams were constructed with the Venny
2.1 tool (http://bioinfogp.cnb.csic.es/tools/vennyy/).

2.6. Genome Mapping and Identification of LncRNA Neighbouring Coding Genes

To position the putative IncRNAs on the genome, the D. labrax genome [26], composed of 25
scaffolds, was uploaded into the CLC Genomics Workbench. These scaffolds were constructed based on
linkage/radiation hybrid groups (LG1A - LGx), in which approximately 83% of the contigs were located
[26]. The remaining unanchored scaffolds were concatenated into a virtual chromosome ("UN’) [26].

LncRNAs were mapped using the following parameters: length fraction = 0.8, similarity fraction
= (0.8, mismatch cost = 2, insertion cost = 3 and deletion cost = 3. The correlation between the
chromosome length and the number of mapped IncRNAs per chromosome was calculated with IBM
SPSS Statistics V25.0 by using Pearson’s correlation coefficient (r). The coding genes flanking up to
10 kb upstream and downstream from the mapped and differentially expressed IncRNAs for each
comparison were identified and selected for Gene Ontology (GO).

2.7. GO Enrichment Analyses

For the significantly differentially expressed IncRNAs in each comparison (Brain 24 h infected
vs. Brain 24 h control; Brain 72 h infected vs. Brain 72 h control; HK 24 h infected vs. HK 24 h control;
HK 72 h infected vs. HK 72 h control), the IncRNAs-neighbouring coding-genes were extracted for
GO enrichment analyses using Blast2GO software [27]. For the GO enrichments, Fisher’s exact test
was run with default settings, a p-value cut-off of 0.01 was applied, and the enriched list was reduced
to the most specific GO terms. The most enriched biological processes among the protein coding
genes proximal to IncRNAs were represented. When the number of significantly enriched GO terms
exceeded 30, only the 30 most significant terms were represented.

2.8. Correlation Analyses Between LncRNAs and Coding Genes

Correlations in the expression of IncRNAs and their neighbouring genes were calculated by
using Pearson’s correlation coefficient and Spearman’s rank correlation coefficient with IBM SPSS
Statistics V25.0. Correlations were considered to be significant when p-values were <0.01. To illustrate
the expression correlations, heat maps were illustrated with the free software Heatmapper [28] and
the average TPM values of the different experimental conditions and sampling points were
normalised by row. The protein—protein interaction networks were constructed with String 11.0
(https://string-db.org) [29].

2.9. Quantitative PCR (qgPCR) Validation of LncRNA Expression

cDNA synthesis of the samples was conducted with the NZY First-Strand cDNA Synthesis kit
(NZYTech, Lisbon, Portugal) using 0.5 ug of total RNA. A total of 12 IncRNAs were used to validate
the RNA-Seq results. Specific qPCR primers for the selected IncRNAs were designed using Primer 3
software [30], and their amplification efficiency was calculated with the threshold cycle (CT) slope
method [31]. Primer sequences are listed in Supplementary Table S1. Individual qPCR reactions were
carried out in a 25-ul reaction volume containing 12.5 ul of SYBR GREEN PCR Master Mix (Applied
Biosystems, Foster City, CA, USA), 10.5 ul of ultrapure water, 0.5 ul of each specific primer (10 uM)
and 1 pl of two-fold diluted cDNA template in MicroAmp optical 96-well reaction plates (Applied
Biosystems). Reactions were conducted using technical triplicates in a 7300 Real-Time PCR System
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thermocycler (Applied Biosystems). qPCR conditions consisted of an initial denaturation step (95 °C,
10 min) followed by 40 cycles of a denaturation step (95 °C, 15 s) and one hybridization-elongation
step (60 °C, 1 min). The relative expression level of the IncRNAs was normalised following the Pfaffl
method [31] and using 18S ribosomal RNA (18S) as a reference gene.

3. Results

3.1. Assembly, Annotation and LncRNA Mining

A summary of the reads, assembly data, contig annotation and IncRNA information is included
in Table 1. Approximately 680 million reads were obtained from the different samples of European
sea bass with an average of 28 million per sample, and over 99% of raw reads met the quality control
standards. From the de novo assembly, a total of 347,317 contigs were obtained with an average
length of 723 bp. A total of 69% of the contigs (240,274) were successfully annotated against the bony
fish sequences. From the non-annotated contigs (107,043), a total of 12,158 passed all the filters to be
considered potential IncRNAs (Supplementary Table S2). The length of these selected contigs ranged
from 200 to 6829 bp with an average length of 667 bp (Figure 1a). The GC content (%) of the predicted
IncRNAs ranged from 11 to 80% with an average value of 38% (Figure 1b).

Table 1. Summary of the Illumina sequencing, assembly, annotation and IncRNA identification.

READS
Total reads 679,746,504
Mean reads per sample 28,322,771
ASSEMBLY
Contigs 347,317
Minimum length 200 bp
Maximum length 26142 bp
Average length 723 bp
N50 1088 bp
Total assembled reads 215,126,479
ANNOTATION
Annotated contigs 240,274 (69%)
Non-annotated contigs 107,043
LncRNAs
Potential IncRNAs 12158
Minimum length 200
Maximum length 6829
Average length 667

IncRNAs mapped on genome 11,667 (95.96%)

From the 12,158 putative IncRNAs, 95.96% (11,667) were successfully mapped to the D. labrax
genome (Figure 1c). The scaffold with a higher number of IncRNAs was the virtual chromosome “UN’
(2004 IncRNAs). This finding is most likely due to the greater length of this virtual chromosome
compared to the true ones. Indeed, a strong positive correlation (Pearson’s r = 0.99) existed between
the chromosome length and the number of predicted IncRNAs per chromosome (Figure 1d),
reflecting that there is no enrichment in IncRNA abundance in any particular chromosome.
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Figure 1. Features of predicted IncRNAs in D. labrax. (a) Guanine-cytosine (GC) content and (b) length
distribution of the 12158 predicted IncRNAs. (¢) LncRNA abundance and localisation per
chromosome. (d) Correlation between chromosome length and IncRNA abundance.

3.2. Tissue Distribution of the LncRNAs

To identify IncRNAs expressed in head kidney but not in brain and vice versa, only those
IncRNAs with a TPM value of 0 in all the samples from the same tissue (12 samples) were considered
absent in the corresponding tissue. A Venn diagram of the IncRNAs detected in the head kidney and
brain was constructed (Figure 2a). While 30 IncRNAs did not show a TPM value in any of the samples
both in head kidney and brain, most of the IncRNAs were detected in both tissues (10823). A total of
971 IncRNAs were expressed in the brain but not in the head kidney, whereas 334 IncRNAs were
only found in the head kidney.

As expected, GO enrichment analysis of the IncRNAs expressed only in one of the tissues
revealed biological processes directly related to specific aspects of the functionality of each organ
(Figure 2b,c). In the head kidney, numerous immune terms were enriched, which were mainly related
to the production of cytokines, Toll-like receptor signalling, inflammation, leukocyte activation and
proliferation, complement pathway and phagocytosis (Figure 2b). On the other hand, neighbouring
genes of those IncRNAs expressed only in the brain showed enrichment in terms directly related to

the nervous system (Figure 2c).
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Figure 2. LncRNAs identified per tissue. (a) Venn diagram reflecting the number of IncRNAs with a
transcripts per million (TPM) value in at least one of the samples from each tissue. Most of the
predicted IncRNAs were detected in both the head kidney and brain. In contrast, a total of 30
predicted IncRNAs obtained a TPM value of 0 in all the samples. (b,c) The neighbouring coding genes
of the IncRNAs expressed in the head kidney but not in the brain (b) and vice versa (c) were analysed
by GO enrichment analyses (biological processes). Only the 30 most significant terms were
represented.

To illustrate the relevance of the tissue and of the infection in the IncRNA profile, a PCA score
plot was constructed (Supplementary Figure S1). Interestingly, all the head kidney samples clustered
separately from the brain samples, reflecting the higher weight of the tissue compared to the
nodavirus infection.
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3.3. Differential Expression of LncRNAs after Nodavirus Challenge

The differential expression analysis (FC > 2, FDR < 0.05) for each tissue and sampling point is
provided in Supplementary Table S3. A total of 204 and 93 IncRNAs were significantly modulated in
the head kidney at 24 and 72 h after nodavirus infection, respectively (Figure 3a). In the brain, 931
and 342 IncRNAs were affected at these sampling points (Figure 3a). In both tissues, the number of
upregulated IncRNAs was higher than that of downregulated IncRNAs at 24 h post-challenge, but
these differences were substantially reduced after 72 h.

A Venn diagram was constructed to illustrate the shared and unshared IncRNAs modulated in
both tissues at different days post-challenge (Figure 3b). Most of the differentially expressed IncRNAs
were only modulated in one of the tissues and their expression pattern also completely changed in
the same tissue depending on the day after infection (Figure 3b).

(a) HEAD KIDNEY BRAIN
24h 8 196 24h 131 800
72 h 49 44 72h 149 | 193
100 50 0 50 100 150 200 -200 0 200 400 600 800 1000
Differentially expressed LncRNAs Differentially expressed LncRNAs
(b) HK 72 h Brain 24 h

HK 24 h Brain 72 h

Figure 3. Temporal expression of the predicted IncRNAs after nodavirus infection in head kidney and
brain. (a) Number of IncRNAs up- and downregulated in each tissue at 24 and 72 hpi with nervous
necrosis virus (NNV). (b) Venn diagram representing the shared and unshared IncRNAs modulated
after NNV challenge in both tissues at the different sampling points.

Indeed, by analysing the IncRNAs affected by the infection per tissue, we observed that in the
head kidney, only 5 IncRNAs were commonly modulated at both 24 and 72 h post-challenge,
representing 1.7% of the total IncRNAs affected by the infection in this tissue (Figure 4a). In the brain,
the number of shared IncRNAs between both sampling points was 61, representing 5% of the total
(Figure 4b). This almost complete switch in the IncRNA profile over time is also reflected in the
corresponding heat maps (Figure 4a,b). Interestingly, in both tissues, the pattern of the analysed
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IncRNAs showed a notably different profile between the control at 24 h and at 72 h (Figure 4a,b). This
highlights the importance of including the corresponding controls for each sampling point, especially
in the case of a very stressful manipulation for the challenge (anaesthesia and intramuscular
injection). However, the absence of a time 0 control did not allow to determine the basal IncRNA
expression profile in the analysed tissues, which could be also an interesting question. In general
terms, for both HK and the brain, four main clusters of IncRNAs were observed. For HK, cluster 1
included IncRNAs mainly downregulated at 72 hpi, cluster 2 grouped IncRNAs induced at 24 h by
nodavirus, cluster 3 included IncRNAs induced at both 24 and 72 h after infection and cluster 4
included IncRNAs downregulated at both sampling points (Figure 4a). In the brain, cluster 1 was
mainly composed of IncRNAs overexpressed at 72 h post-challenge, cluster 2 included those IncRNAs
induced both at 24 and 72 h, cluster 3 included IncRNAs highly expressed in controls at 72 h and
finally, cluster 4 included the IncRNAs highly represented in the control at 24 h (Figure 4b).

(a) HK 24h HK72h (b) Brain 24 h Brain 72 h

Cluster 1

A

Cluster4 —
Cluster 4

T -
HK 72 h Ctrl HK 24 h Ctrl HK 24 hinf HK 72 hInf BRAIN24hCtrl  BRAIN72hCtrl  BRAIN 24 h Inf BRAIN 72 h Inf

Figure 4. Modulation of IncRNAs in (a) head kidney and (b) brain after nodavirus challenge. Venn
diagrams represent the number of shared and unshared IncRNAs significantly modulated at each
sampling point (FC >2, FDR < 0.05). Heat maps of the IncRNAs significantly affected by the infection
in each tissue and hierarchical clustering of the different samples constructed with the TPM values.

3.4. GO Enrichment of the LncRNA Neighbouring Coding Genes

The coding genes flanking the differentially expressed IncRNAs were extracted (Supplementary
Table S4) for GO enrichment analysis. The 30 most significantly enriched biological processes are
represented in Figures 5 and 6 for head kidney and brain samples, respectively.

For head kidney samples (Figure 5), numerous biological process terms directly involved in
immunity were found to be enriched at 24 h post-challenge (‘negative regulation of mast cell
activation’, ‘positive regulation of immunoglobulin production’, ‘positive regulation of B cell
proliferation’, ‘antigen processing and presentation of exogenous peptide antigen via MHC class II'
and ‘neutrophil mediated immunity’). Nevertheless, this immune representation seemed to be
diluted at 72 h, although the immune-related term ‘leukotriene production involved in inflammatory
response’ also appeared to be enriched. In this tissue, some biological process terms suggesting DNA
damage and cell cycle arrest were observed both at 24 h (‘signal transduction involved in G2 DNA
damage checkpoint,” “signal transduction involved in mitotic DNA damage checkpoint’) and 72 h
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post-challenge (‘DNA damage induced protein phosphorylation,” ‘cell cycle arrest’). At this sampling
point, the term ‘positive regulation of endoplasmic reticulum stress-induced intrinsic apoptotic
signalling pathway’ was also significantly represented.
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Figure 5. GO enrichment analysis (biological processes) of the neighbouring coding genes of the
differentially modulated IncRNAs (FC > 2, FDR < 0.05) in head kidney after viral challenge. Only the
30 most significant terms were represented.

In brain samples, the enriched terms were almost completely different from those observed in
head kidney (Figure 6). In this case, although a biological process immune term was also found at 24
h (“positive regulation of isotype switching to IgA isotypes’), the representation of immune processes
was lower compared to head kidney. As also occurred in the head kidney, some DNA damage terms
were also observed (‘nucleotide-excision repair, DNA gap filling’, ‘nucleotide-excision repair, pre-
incision complex assembly’, ‘regulation of double-strand break repair via homologous
recombination’), as well as numerous de-ubiquitination-related processes. Moreover, two biological
processes related to calcium homeostasis were also represented (‘induction of synaptic vesicle
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exocytosis by positive regulation of presynaptic cytosolic calcium ion concentration” and “positive
regulation of high voltage-gated calcium channel activity’). After 72 h, the representation of immune
terms increased in this tissue, with the biological process enriched terms ‘regulation of toll-like
receptor 9 signalling pathway’, ‘negative regulation of antigen receptor-mediated signalling
pathway’ and ‘B cell differentiation’. Two stress-related biological processes were represented
(‘positive regulation of translation in response to stress” and ‘response to isolation stress’), and as was
observed in head kidney, an endoplasmic reticulum (ER) stress term (‘regulation of response to
endoplasmic reticulum stress’).

Brain 24 h post-challenge

Protein K29-linked
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Figure 6. GO enrichment analysis (biological processes) of the neighbouring coding genes of the
differentially modulated IncRNAs (FC > 2, FDR < 0.05) in the brain after viral challenge. Only the 30
most significant terms were represented.

The representation of immune biological processes in both tissues could be directly related to
the NNV replication level, since the detection of the virus was higher in the head kidney at 24 hpi
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compared to the brain, but it remained practically unaltered after 72 h [15]. On the other hand, the
NNV detection enormously increased in the brain at 72 hpi [15], which could explain the higher
representation of immune-related terms at this sampling point in the brain.

3.5. Expression Correlation of LncRNAs and Coding Genes

To compare the magnitude of the modulation after nodavirus infection, we constructed scatter
dot plots with the fold-change values of the significantly differentially expressed genes (DEGs) and
the IncRNAs in the different samples (FC > 2, FDR > 0.05) (Supplementary Figure S2). For the DEGs,
only those that were successfully annotated were included [15]. In general terms, the fold-change
variations of the DEGs were considerably more pronounced compared to those observed for the
IncRNAs (Supplementary Figure S2).

To correlate the expression of the IncRNAs and their flanking coding genes, we randomly
selected four DEGs after nodavirus infection [15] with at least one adjacent IncRNA significantly
modulated after the viral challenge. The complement component C3 (c3), NK-tumour recognition protein
(nktr), cerebellin 1 (cbinl) and beta-1,4-galactosyltransferase 1 (b4galt1), which were overexpressed in the
brain after infection, were represented together with all the predicted IncRNAs flanking and/or
overlapping those genes. The TPM values were used to construct the heat maps (Figure 7a) and to
calculate the correlation values (Figure 7b). Only one potential IncRNA (Lnc_contig0102476) was
found near the c3 gene, which was significantly upregulated (FC = 3.66) in the brain at 24 hpi. The
expression of ¢3 and the corresponding IncRNA were strongly correlated, since both were
overexpressed in the brain after viral challenge (Figure 7a,b). For nktr, four IncRNAs were predicted
to be located in the vicinity of the gene (Lnc_contig0004499, Lnc_contig0006737, Lnc_contig0002850,
Lnc_contig0029684), and three of them were significantly upregulated in the brain at 24 and/or 72 h
after infection. In this case, all the IncRNAs showed the same tendency as that observed for the nktr
gene (Figure 7a,b). In the case of cblnl, four neighbouring IncRNAs were also identified
(Lnc_contig0006952, Lnc_contig0221449, Lnc_contig0041997, Lnc_contig0114726), and whereas three
of them showed the same pattern as cblnl, the expression of Lnc_contig0221449 was inversely
correlated with gene expression (Figure 7a,b). Finally, the IncRNA predicted to be positioned near
b4galt1 (Lnc_contig0036634) was significantly overexpressed in the brain both at 24 and 72 h after
NNV infection, and a notably high correlation with gene expression was observed (Figure 7a,b).
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Figure 7. Correlation between differentially modulated coding genes after NNV infection and their
flanking IncRNAs. (a) Heat map representing the TPM values of four genes and their neighbouring
IncRNAs across the different head kidney and brain samples. Expression levels are represented as
row-normalised values on a blue-yellow colour scale. (b) Correlation values (Pearson’s correlation
coefficient and Spearman’s rank correlation coefficient) between the IncRNAs and their nearby coding
genes. * represents significant correlation and ns non-significant correlation.

3.6. LncRNAs Could Mediate Calcium Homeostasis

In a previous analysis of the coding transcriptome, we found a strong regulation of genes
involved in calcium homeostasis in the brain, and the concentration of this cation seems to be highly
altered during NNV infection and is crucial for infectivity [15]. In this work, the biological process
terms ‘induction of synaptic vesicle exocytosis by positive regulation of presynaptic cytosolic calcium
ion concentration” and “positive regulation of high voltage-gated calcium channel activity’ were also
enriched in the brain at 24 hpi (Figure 6), as well as other calcium-related terms not included in the
30 most significantly enriched GO terms but significantly enriched at 24 h and/or at 72 h post-
challenge. To illustrate the connections among the different IncRNA neighbouring coding genes
involved in calcium homeostasis, a protein—protein network interaction was constructed only for the
neighbouring genes of those IncRNAs significantly modulated after viral infection (Figure 8a). Most
of the proteins encoded by these genes were interconnected, and the main function of these genes is
to directly mediate calcium transport across the cellular, mitochondrial and ER membranes. Among
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the molecules represented, sarcoplasmic endoplasmic reticulum calcium atpase 1-like (atp2al or sercal) was
the most modulated gene in the coding-transcriptome analysis [15]. On the other hand, the regulator
of g-protein signalling 6-like (rgs6) was slightly modulated [15]. To exemplify the potential involvement
of IncRNAs in the modulation of calcium homeostasis-related genes, these two genes were selected,
and their expression was correlated to that observed for their neighbouring IncRNAs (Figure 8b).
Positive or negative correlations between each coding gene and the corresponding IncRNAs were
observed, and these correlations were significant for the atp2la gene and the IncRNA
Lnc_contig0024843 and for the rgs6 gene and Lnc_contig0052951. The three IncRNAs were included
in the validation of the RNA-Seq results by qPCR.
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Figure 8. Calcium homeostasis-related genes and their relationship with IncRNAs. (a) Protein—protein
interaction network of the IncRNAs neighbouring coding genes involved in calcium homeostasis.
Numerous IncRNAs significantly modulated in the brain after nodavirus infection were flanked by
genes directly related to calcium homeostasis. (b) Gene representation of two genes mediating cellular
calcium concentration after NNV challenge and genomic location of their neighbouring IncRNAs.
Heap maps represent the TPM values of the different contigs. Expression levels are represented as
row-normalised values on a blue-yellow colour scale. * represents significant correlation and ns non-
significant correlation.
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3.7. qPCR Validation of LncRNA Expression

RNA-Seq results were validated by qPCR by analysing the expression of 12 putative IncRNAs
significantly modulated in the RNA-Seq results (10 for brain and 2 for head kidney). Although in
general terms the magnitude of the modulation was higher in the RNA-Seq data, the qPCR fold-
changes followed the same tendency (Supplementary Figure S3). Indeed, a positive correlation was
obtained between the RNA-Seq and gqPCR fold-change values by using Pearson’s correlation
coefficient (r = 0.84).

4. Discussion

In mammals, IncRNAs have been linked to a variety of immune processes, including
inflammation [32,33], T cell development, differentiation and migration [34], B cell maturation [35],
interferon response [36], dendritic cell differentiation [37] and granulocyte maturation [38]. The
IncRNA profile has been shown to be modulated after different viral infections in several species [39-
42]. Moreover, for several IncRNAs, their specific function in viral infection has been elucidated [43].

Massive analysis of zebrafish (Danio rerio) IncRNAs enabled the identification of numerous
conserved zebrafish IncRNAs with a putative orthologue in mammals [44], which could be indicative
of functional conservation. This analysis of the IncRNA repertoire in zebrafish has derived in the
creation of a refined database [45], which could help to facilitate the functional analyses in this model
species. However, to the best of our knowledge, only one publication has reported the specific
immune function of a IncRNA in fish. In that work, the authors found that the PU.1 gene, which is
involved in the expression of adaptive immune genes, is negatively regulated by its antisense IncRNA
[46]. In the case of zebrafish, the existence of numerous mutant lines could facilitate the identification
of IncRNAs related to specific functions. This finding was observed for the heterozygous ragl*-
zebrafish, which is partially deficient in the Ragl protein, an endonuclease involved in the assembly
of immunoglobulins and T cell receptor (TCR) genes [47]. When wild-type and rag1*- zebrafish were
infected with the spring viremia of carp virus (SVCV), those animals partially deficient in Ragl
showed a modulation of IncRNAs surrounded by genes involved in adaptive immunity, which was
not observed in wild-type fish [48]. A plausible explanation is that those animals deficient in adaptive
mechanisms potentiated this response to combat the infection compared to the full competent
animals [48].

In the past several years, some publications have reported the identification and modulation of
IncRNAs in aquacultured fish against a variety of pathogens, especially in salmonids [21,49-52].
However, to date, no IncRNA analyses have been conducted in European sea bass. We first
investigated the modulation of the coding transcripts in head kidney and brain from D. labrax infected
intramuscularly with nodavirus. In that work, we observed a strong modulation of the stress axis
during infection with the virus but a slight regulation of immune-related genes [15].

From the Illumina sequencing of the D. labrax transcriptome and de novo assembly [15], we
selected those contigs that passed all the filters to be considered potential IncRNAs. We obtained a
contig list of 12,158 IncRNAs, and 95.96% of them mapped to the genome. Analysis of the IncRNA
abundance per chromosome revealed a homogeneous distribution with a strong positive correlation
between the number of putative IncRNAs and chromosome length.

RNA-Seq analysis of these contigs in the different samples showed that some IncRNAs were
tissue-specific. This tissue specificity was previously reported for different vertebrate species [53,54],
including zebrafish [55] and other teleost species [49]. Most IncRN As influence the expression of their
nearby genes, acting as local regulators; therefore, InNcRNA expression is often correlated with the
expression of their adjacent coding genes [16]. These tissue-specific IncRNAs were flanked by
protein-coding genes involved in biological processes closely linked to the functionality of that tissue.
Because the head kidney is a major haematopoietic and immune tissue in fish [56], numerous
immune-related GO terms were only enriched in this organ. In the brain, almost all the enriched GO
terms were directly related to the maintenance of neuronal functions and homeostasis,
neurotransmitters and behaviour.
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Nodavirus infection significantly modulated the expression of different IncRNAs in both the
head kidney and brain. The brain showed a higher number of modulated IncRNAs (931 and 342 at
24 and 72 h, respectively) compared to the head kidney (204 and 93), probably because of the
neurotropic nature of the virus. As was also reported for S. salar after infectious salmon anaemia virus
(ISAV) infection [49] or Caligus rogercresseyi infestation [52], IncRNAs were expressed in a temporal-
specific manner with a very low percentage of shared IncRNAs between 24 h and 72 h post-challenge
in both tissues. Therefore, the IncRNA transcriptome profile changes as the disease progresses with
high spatiotemporal specificity.

GO enrichment analyses of the neighbouring coding genes of IncRNAs modulated after NNV
challenge in the head kidney revealed a large number of immune-related terms, especially after 24 h.
These terms were mainly related to the activation and proliferation of immune cells, antigen
presentation, immunoglobulin production and inflammation. However, the analysis of the
transcriptome revealed a practically absent immune response in this tissue, and the modulated genes
were mainly related to cortisol synthesis and reactive oxygen species (ROS) production [15]. It is
worth mentioning that different DNA damage-, cell cycle- and ER stress-related terms were also
enriched in this tissue. It is known that oxidative stress caused by ROS production can induce DNA
damage and ER stress, which could lead to cell cycle arrest [57-59]. Nevertheless, viruses can
manipulate DNA repair pathways and cell cycle control mechanisms to facilitate their own
replication [60,61]. On the other hand, ER stress is also intimately related to virus activity. Viruses
hijack the host translation machinery to massively produce viral proteins, affecting ER homeostasis
and causing ER stress [62]. Moreover, ER stress also induces the production of ROS [63], and ROS are
an important component of the immune defence because they can kill pathogens directly by causing
oxidative damage or modulating different immune mechanisms [64]. It has been previously
described that NNV can induce ROS in European sea bass [15] and oxidative stress-mediated cell
death in fish cells [65]. Because ROS are also harmful to the host, the activity of antioxidant molecules,
such as glutathione, is also needed to control the damage. The term “positive regulation of glutathione
biosynthetic process” was also enriched among those genes flanking the IncRNAs enriched in head
kidney at 72 hpi. A previous analysis of the coding genes differentially modulated in sea bass head
kidney after NNV infection revealed enrichment in the oxidation-reduction process [15], which could
indicate that these are mechanisms controlled by IncRNAs.

In the brain, we found that those genes located at less than 10 kb from differentially modulated
IncRNAs after NNV challenge were also enriched in immune terms both at 24 and 72 hpi. At 24 h, only
one immune term was enriched in this tissue (‘positive regulation of isotype switching to IgA isotypes’),
which was related to antibody production. It has been described in teleosts that host antibody
production is an important response to nodavirus infection even at early stages of infection [11,66-68],
and the expression level of these immunoglobulins could be related to a higher resistance to the virus
[69]. Indeed, antibody production is one of the main immune mechanisms protecting the brain against
neurotropic viruses [70]. However, in the transcriptome analyses, the production of antibodies seemed
to be downregulated at this early sampling point [15]. According to this finding, although more
investigations are needed, inhibition of antibody production could be regulated by IncRNAs.

We previously observed that the main response induced by NNV in European sea bass at these
early sampling points is the activation of the hypothalamic-pituitary-interrenal (HPI) axis, which is
the stress response [15]. According to this study, some stress-related terms were also enriched in the
brain for the neighbouring genes of the IncRNAs modulated at 72 hpi. The activation of the stress
axis observed in these same samples could lead to calcium influx into the neurons, generating
excitotoxicity, and as a consequence, neuronal damage [71,72]. Indeed, calcium cellular homeostasis
was found to be highly altered in the brain during NNV infection [15]. For the neighbouring genes
of the IncRNAs significantly modulated in this tissue, different calcium-related biological process
terms were also enriched, and as occurred in head kidney, we also found IncRNAs flanked by genes
related to the DNA damage response, which could be a consequence of excitotoxicity. Although
calcium homeostasis modulations in the brain could be a direct consequence of the stress response
activated after NNV challenge, viruses can also perturb it and utilise calcium and calcium-related
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proteins to benefit their own replication [73]. In fact, nodaviruses require the incorporation of calcium
ions into the viral capsid for a correct assembly process and integrity [74,75]. We observed that
RGNNYV, the genotype infecting European sea bass, needs calcium to replicate correctly [15].

Although the number of annotated DEGs in the different tissues at 24 h and 72 hpi was lower
compared to the number of differentially modulated IncRNAs, in general terms, the magnitude of
these modulations was higher for the DEGs. This observation could suggest that small variations in
IncRNA levels can have a high impact on mRNA expression. Moreover, several IncRNAs can
simultaneously affect the expression of the same coding gene, and consequently, their effect can be
additive. To link the coding-IncRNA response, we randomly selected four genes that were
significantly modulated in the brain after viral challenge and flanked by at least one IncRNA that was
also significantly affected by the infection. We observed a strong correlation between the expression
of the coding genes and all the closely positioned IncRNAs. Because IncRNAs can activate or repress
gene expression [16], negative transcriptional correlations can also be observed. Because of the high
modulation of calcium homeostasis-related coding genes and IncRNAs closely located to these genes,
we suggest that the expression of these genes is likely affected by IncRNAs.

5. Conclusions

Taking all these observations into account, we can conclude that there exists a high parallelism
between the protein coding genes modulated by NNV challenge and the genes located near IncRNAs
affected by infection. Therefore, IncRNAs seem to strongly contribute to the response against
nodavirus. Further functional studies between significantly correlated IncRNAs and coding genes
will help to elucidate the mechanism of the interactions between IncRNAs and immune genes
induced after NNV infection in European sea bass.

Supplementary Materials: The following are available online at www.mdpi.com/2079-7737/9/7/165/s1. Table S1:
Primer pairs used to validate the IncRNA differential expression analysis, Table S2: LncRNA contig list, Table
S3: LncRNA differential expression analyses in head kidney and brain at 24 and 72 h post-challenge with NNV,
Table S4: Predicted neighbouring coding genes of the potential sea bass IncRNAs, Figure S1: Principal
component analysis (PCA) of the IncRNAs in the different samples, Figure S2: Magnitude of transcriptome
modulation in the head kidney and brain after NNV infection, Figure S3: Validation of differentially expressed
IncRNAs through qPCR.

Author Contributions: Conceptualisation, P.P., B.N. and A.F.; Methodology, P.P., R.L.,, R M. and A.F.; Software,
P.P,RL., RM, V. V-M,, C. G-E. and AF,; Validation, R.L.; Formal analysis, P.P. and A.F.; Investigation, P.P.
and R.L.; Data curation, P.P.; Writing —original draft preparation, P.P.; Writing—review and editing, P.P., R.L.,
B.N. and A.F.; Supervision, B.N. and A.F.; Funding acquisition, B.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the European Union through the funding programme Horizon
2020 (Performfish -727610) and Ministerio de Economia, Industria y Competitividad of Spain (BIO2017-82851-
C3-2-R). Patricia Pereiro and Raquel Lama wish to thank the Axencia Galega de Innovacion (GAIN, Xunta de
Galicia) for their postdoctoral (IN606B-2018/010) and predoctoral contracts (IN606A-2017/011), respectively. Our
laboratory is funded by EU Feder Programa Interreg Espafia-Portugal 0474_BLUEBIOLAB and IN607B 2019/01
from Conselleria de Economia, Emprego e Industria (GAIN), Xunta de Galicia.

Acknowledgments: We thank the IIM-CSIC aquarium staff for their technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. FAO. Cultured Aquatic species information programme. Dicentrarchus labrax. In National Aquaculture Sector
Overview; FAO: Rome, Italy, 2005.

2. Doan, QK. Vandeputte, M.; Chatain, B.; Morin, T.; Allal, F. Viral encephalopathy and retinopathy in
aquaculture: A review. |. Fish Dis. 2017, 40, 717-742.

3. Munday, B.L.; Kwang, J.; Moody, N. Betanodavirus infections of teleost fish: A review. J. Fish Dis. 2002, 25,
127-142.



Biology 2020, 9, 165 18 of 21

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

Poisa-Beiro, L.; Dios, S.; Montes, A.; Aranguren, R.; Figueras, A.; Novoa, B. Nodavirus increases the
expression of Mx and inflammatory cytokines in fish brain. Mol. Immunol. 2008, 45, 218-225.

Poisa-Beiro, L.; Dios, S.; Ahmed, H.; Vasta, G.R.; Martinez-Lépez, A.; Estepa, A.; Alonso-Gutiérrez, J.;
Figueras, A.; Novoa, B. Nodavirus infection of sea bass (Dicentrarchus labrax) induces up-regulation of
galectin-1 expression with potential anti-inflammatory activity. J. Immunol. 2009, 183, 6600-6611.
Sarropoulou, E.; Sepulcre, P.; Poisa-Beiro, L.; Mulero, V.; Meseguer, J.; Figueras, A.; Novoa, B.;
Terzoglou,V.; Reinhardt, R.; Magoulas, A.; Kotoulas, G. Profiling of infection specific nRNA transcripts of
the European seabass Dicentrarchus labrax. BMC Gen. 2009, 10, 157.

Scapigliati, G.; Buonocore, F.; Randelli, E.; Casani, D.; Meloni, S.; Zarletti, G.; Tiberi, M.; Pietretti, D.; Boschi,
I.; Manchado, M.; et al. Cellular and molecular immune responses of the sea bass (Dicentrarchus labrax)
experimentally infected with betanodavirus. Fish Shellfish Immunol. 2010, 28, 303-131.

Chaves-Pozo, E.; Guardiola, F.A.; Meseguer, ].; Esteban, M.A.; Cuesta, A. Nodavirus infection induces a
great innate cell-mediated cytotoxic activity in resistant, gilthead seabream, and susceptible, European sea
bass, teleost fish. Fish Shellfish Immunol. 2012, 33, 1159-1166.

Novel, P.; Fernandez-Trujillo, M.A.; Gallardo-Galvez, ].B.; Cano, I.; Manchado, M.; Buonocore, F.; Randelli,
E.; Scapigliati, G.; Alvarez, M.C.; Bejar, J. Two Mx genes identified in European sea bass (Dicentrarchus
labrax) respond differently to VNNV infection. Vet. Immunol. Immunopathol. 2013, 153, 240-248.
Buonocore, F.; Randelli, E.; Tranfa, P.; Scapigliati, G. A CD83-like molecule in sea bass (Dicentrarchus labrax):
Molecular characterization and modulation by viral and bacterial infection. Fish Shellfish Immunol. 2012, 32,
1179-1184.

Buonocore, F.; Stocchi, V.; Nunez-Ortiz, N.; Randelli, E.; Gerdol, M.; Pallavicini, A.; Facchiano, A.; Bernini,
C.; Guerra, L.; Scapigliati, G.; et al. Inmunoglobulin T from sea bass (Dicentrarchus labrax L.): Molecular
characterization, tissue localization and expression after nodavirus infection. BMC Mol. Biol. 2017, 18, 8.
Valero, Y.; Morcillo, P.; Meseguer, J.; Buonocore, F.; Esteban, M.A.; Chaves-Pozo, E.; Cuesta, A.
Characterization of the interferon pathway in the teleost fish gonad against the vertically transmitted
nervous necrosis virus. J. Gen. Virol. 2015, 96, 2176-2187.

Chaves-Pozo, E.; Valero, Y.; Esteve-Codina, A.; Gémez-Garrido, J.; Dabad, M.; Alioto, T.; Meseguer, J.;
Esteban, M.A.; Cuesta, A. Innate cell-mediated cytotoxic activity of European sea bass leucocytes against
Nodavirus-infected cells: A functional and RNA-seq study. Sci. Rep. 2017, 7, 15396.

Chaves-Pozo, E.; Bandin, I.; Olveira, ].G.; Esteve-Codina, A.; Gomez-Garrido, J.; Dabad, M.; Alioto, T.;
Esteban, M.A.; Cuesta, A. European sea bass brain DLB-1cell line is susceptible to nodavirus: A
transcriptomic study. Fish Shellfish Immunol. 2019, 86, 14-24.

Lama, R.; Pereiro, P.; Valenzuela-Mufioz, V.; Gallardo-Escérate, C.; Tort, L.; Figueras, A.; Novoa, B. RNA-
Seq analysis of European sea bass (Dicentrarchus labrax L.) infected with nodavirus reveals powerful
modulation of the stress response. Vet. Res. 2020, 51, 64.

Ponting, C.P.; Oliver, P.L.; Reik, W. Evolution and functions of long noncoding RNAs. Cell 2009, 136, 629-641.
Hezroni, H.; Koppstein, D.; Schwartz, M.G.; Avrutin, A.; Bartel, D.P.; Ulitsky, I. Principles of long
noncoding RNA evolution derived from direct comparison of transcriptomes in 17 species. Cell Rep. 2015,
11, 1110-1122.

Perry, R.B.T.; Ulitsky, I. The functions of long noncoding RN As in development and stem cells. Development
2016, 143, 3882-3894.

Guo, CJ; Ma, X.K;; Xing, Y.H.; Zheng, C.C.; Xu, Y.F,; Shan, L.; Zhang, J.; Wang, S.; Wang, Y.; Carmichael,
G.G,; et al. Distinct processing of IncRNAs contributes to non-conserved functions in stem cells. Cell 2020,
181, 621-636.

Aune, T.M,; Spurlock, C.F. Long non-coding RNAs in innate and adaptive immunity. Virus Res. 2016, 212,
146-160.

Elling, R.; Chan, J.; Fitzgerald, K.A. Emerging role of long noncoding RN As as regulators of innate immune
cell development and inflammatory gene expression. Eur. ]. Immunol. 2016, 46, 504-512.

Wang, M,; Jiang, S.; Wu, W.; Yu, F.; Chang, W.; Li, P.; Wang, K. Non-coding RNAs function as immune
regulators in teleost fish. Front. Immunol. 2018, 9, 2801.

Reed, L.J.; Muench, H. A simple method of estimating fifty percent endpoints. Am. |. Hyg. 1938, 27, 493-497.
Tarifefio-Saldivia, E.; Valenzuela-Miranda, D.; Gallardo-Escérate, C. In the shadow: The emerging role of
long non-coding RNAs in the immune response of Atlantic salmon. Dev. Comp. Immunol. 2017, 73, 193-205.



Biology 2020, 9, 165 19 of 21

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wang, L.; Park, H.J.; Dasari, S.; Wang, S.; Kocher, ].P.; Li, W. CPAT: Coding-potential assessment tool using
an alignment-free logistic regression model. Nucleic Acids Res. 2013, 41, e74.

Tine, M.; Kuhl, H.; Gagnaire, P.A.; Louro, B.; Desmarais, E.; Martins, R.S.T.; Hecht, J.; Knaust, F.; Belkhir,
K.; Klages, S.; et al. European sea bass genome and its variation provide insights into adaptation to
euryhalinity and speciation. Nat. Commun. 2014, 5, 5770.

Conesa, A.; Gotz, S.; Garcia-Gémez, J.M.; Terol, J.; Talon, M.; Robles, M. Blast2GO: A universal tool for
annotation, visualization and analysis in functional genomics research. Bioinformatics 2005, 21, 3674-3676.

Babicki, S.; Arndt, D.; Marcu, A.; Liang, Y.; Grant, ].R.; Maciejewski, A.; Wishart, D.S. Heatmapper: Web-
enabled heat mapping for all. Nucleic Acids Res. 2016, 44, W147-W153.

Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva,
N.T.; Morris, J.H.; Bork, P.; et al. STRING v11: Protein-protein association networks with increased
coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 2019,
47, D607-D613.

Rozen, S.; Skaletsky, H. Primer3 on the WWW for general users and for biologist programmers. Methods
Mol. Biol. 2000, 132, 365-386.

Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res.
2001, 29, 2002-2007.

Carpenter, S.; Aiello, D.; Atianand, M.K,; Ricci, E.P.; Gandhi, P.; Hall, L.L.; Byron, M.; Monks, B.; Henry-
Bezy, M.; O'Neill, L.AJ.; et al. A long noncoding RNA mediates both activation and repression of immune
response genes. Science 2013, 341, 789-792.

Rapicavoli, N.A.; Qu, K.; Zhang, J.; Mikhail, M.; Laberge, R.M.; Chang, H.Y. A mammalian pseudogene
IncRNA at the interface of inflammation and anti-inflammatory therapeutics. eLife 2013, 2, e00762.

Hu, G.; Tang, Q.; Sharma, S.; Yu, F.; Escobar, T.M.; Muljo, S.A.; Zhu, J.; Zhao, K. Expression and regulation
of intergenic long noncoding RNAs during T cell development and differentiation. Nat. Immunol. 2013, 14,
1190-1198.

Agirre, X.; Meydan, C; Jiang, Y.; Garate, L.; Doane, A.S;; Li, Z.; Verma, A.; Paiva, B.; Martin-Subero, J.I;
Elemento, O.; et al. Long non-coding RNAs discriminate the stages and gene regulatory states of human
humoral immune response. Nat. Commun. 2019, 10, 821.

Kambara, H.; Niazi, F.; Kostadinova, L.; Moonka, D.K; Siegel, C.T.; Post, A.B.; Carnero, E.; Barriocanal, M.;
Fortes, P.; Anthony, D.D.; et al. Negative regulation of the interferon response by an interferon-induced
long non-coding RNA. Nucleic Acids Res. 2014, 42, 10668-10680.

Wang, P; Xue, Y.; Han, Y.; Lin, L.; Wu, C,; Xu, S,; Jiang, Z.; Xu, J.; Liu, Q.; Cao, X. The STAT3-binding long
noncoding RNA Inc-DC controls human dendritic cell differentiation. Science 2014, 344, 310-313.

Zhang, X.; Lian, Z.; Padden, C.; Gerstein, M.B.; Rozowsky, ].; Snyder, M.; Gingeras, T.R.; Kapranov, P.;
Weissman, S.M.; Newburger, P.E. A myelopoiesis-associated regulatory intergenic noncoding RNA
transcript within the human HOXA cluster. Blood 2009, 113, 2526-2534.

Peng, X.; Gralinski, L.; Armour, C.D.; Ferris, M.T.; Thomas, M.].; Proll, S.; Bradel-Tretheway, B.G.; Korth,
M.].; Castle, J.C.; Biery, M.C.; et al. Unique signatures of long noncoding RNA expression in response to
virus infection and altered innate immune signaling. MBio 2010, 1, €00206-e00210.

Zhang, Q.; Lai, M.M.; Lou, Y.Y.; Guo, B.H.; Wang, H.Y; Zheng, X.Q. Transcriptome altered by latent human
cytomegalovirus infection on THP-1 cells using RNA-seq. Gene 2016, 594, 144-150.

Zhao, P.; Liu, S.; Zhong, Z.; Jiang, T.; Weng, R.; Xie, M.; Yang, S.; Xia, X. Analysis of expression profiles of
long noncoding RNAs and mRNAs in brains of mice infected by rabies virus by RNA sequencing. Sci. Rep.
2018, 8, 11858.

Hudson, W.H.; Prokhnevska, N.; Gensheimer, J.; Akondy, R.; McGuire, D.J.; Ahmed, R.; Kissick, H.T.
Expression of novel long noncoding RNAs defines virus-specific effector and memory CD8+ T cells. Nat.
Commun. 2019, 10, 196.

Fortes, P.; Morris, K.V. Long noncoding RNAs in viral infections. Virus Res. 2016, 212, 1-11.

Chen, W.; Zhang, X.; Li, J.; Huang, S.; Xiang, S.; Hu, X,; Liu, C. Comprehensive analysis of coding-IncRNA
gene co-expression network uncovers conserved functional IncRNAs in zebrafish. BMC Gen. 2018, 19, 112.
Hu, X.; Chen, W.; Li, J.; Huang, S.; Xu, X.; Zhang, X.; Xiang, S.; Liu, C. ZFLNC: A comprehensive and well-
annotated database for zebrafish IncRNA. Database 2018, 2018, bay114.



Biology 2020, 9, 165 20 of 21

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

Wei, N.; Pang, W.; Wang, Y.; Xiong, Y.; Xu, R.; Wu, W.; Zhao, C.; Yang, G. Knockdown of PU.1 mRNA and
AS IncRNA regulates expression of immune-related genes in zebrafish Danio rerio. Dev. Comp. Immunol.
2014, 44, 315-319.

Bassing, C.H.; Swat, W.; Alt, F.W. The mechanism and regulation of chromosomal V(D)J recombination.
Cell 2002, 109, S45-S55.

Valenzuela-Munoz, V.; Pereiro, P.; Alvarez-RodrigueZ, M.; Gallardo-Escarate, C.; Figueras, A.; Novoa, B.
Comparative modulation of IncRNAs in wild-type and ragl-heterozygous mutant zebrafish exposed to
immune challenge with spring viraemia of carp virus (SVCV). Sci. Rep. 2019, 9, 14174.

Boltana, S.; Valenzuela-Miranda, D.; Aguilar, A.; Mackenzie, S.; Gallardo-Escarate, C. Long noncoding
RNAs (IncRNAs) dynamics evidence immunomodulation during ISAV-Infected Atlantic salmon (Salmo
salar). Sci. Rep. 2016, 6, 22698.

Valenzuela-Miranda, D.; Gallardo-Escarate, C. Novel insights into the response of Atlantic salmon (Salmo
salar) to Piscirickettsia salmonis: Interplay of coding genes and IncRNAs during bacterial infection. Fish
Shellfish Immunol. 2016, 59, 427-438.

Paneru, B.; Al-Tobasei, R.; Palti, Y.; Wiens, G.D.; Salem, M. Differential expression of long non-coding
RNAs in three genetic lines of rainbow trout in response to infection with Flavobacterium psychrophilum. Sci.
Rep. 2016, 6, 36032.

Valenzuela-Mufoz, V.; Valenzuela-Miranda, D.; Gallardo-Escarate, C. Comparative analysis of long non-
coding RNAs in Atlantic and Coho salmon reveals divergent transcriptome responses associated with
immunity and tissue repair during sea lice infestation. Dev. Comp. Immunol. 2018, 87, 36-50.

Kern, C.; Wang, Y.; Chitwood, J.; Korf, I; Delany, M.; Cheng, H.; Medrano, J.F.; Van Eenennaam, A.L.;
Ernst, C.; Ross, P.; et al. Genome-wide identification of tissue-specific long non-coding RNA in three farm
animal species. BMC Genom. 2018, 19, 684.

Ward, M.; McEwan, C.; Mills, ].D.; Janitz, M. Conservation and tissue-specific transcription patterns of long
noncoding RNAs. . Hum. Transcr. 2015, 1, 2-9.

Kaushik, K.; Leonard, V.E.; Kv, S.; Lalwani, M.K.; Jalali, S.; Patowary, A.; Joshi, A.; Scaria, V.; Sivasubbu, S.
Dynamic expression of long non-coding RNAs (IncRNAs) in adult zebrafish. PLoS ONE 2013, 8, e83616.
Zapata, A.; Diez, B.; Cejalvo, T.; Gutierrez-De Frias, C.; Cortes, A. Ontogeny of the immune system of fish.
Fish Shellfish Immunol. 2006, 20, 126-136.

Lin, S.S.; Huang, H.P.; Yang, ].S.; Wu, ].Y.; Hsia, T.C.; Lin, C.C; Lin, C.W.; Kuo, C.L.; Gibson-Wood, W.;
Chung, ].G. DNA damage and endoplasmic reticulum stress mediated curcumin-induced cell cycle arrest
and apoptosis in human lung carcinoma A-549 cells through the activation caspases cascade- and
mitochondrial-dependent pathway. Cancer Lett. 2018, 272, 77-90.

Yang, J.S.; Chen, G.W.; Hsia, T.C.; Ho, H.C.; Ho, C.C; Lin, M.W,; Lin, S.S.; Yeh, R.D.; Ip, SW_; Lu, H.F,; et
al. Diallyl disulfide induces apoptosis in human colon cancer cell line (COLO 205) through the induction
of reactive oxygen species, endoplasmic reticulum stress, caspases cascade and mitochondrial-dependent
pathways. Food Chem. Toxicol. 2009, 47, 171-179.

Zeng, H.; Nanayakkara, G.K.; Shao, Y.; Fu, H.; Sun, Y.; Cueto, R.; Yang, W.Y.; Yang, Q.; Sheng, H.; Wu, N.;
et al. DNA checkpoint and repair factors are nuclear sensors for intracellular organelle stresses-
inflammations and cancers can have high genomic risks. Front. Physiol. 2018, 9, 516.

Luftig, M.A. Viruses and the DNA damage response: Activation and antagonism. Annu. Rev. Virol. 2014, 1,
605-625.

Bagga, S.; Bouchard, M.]. Cell cycle regulation during viral infection. Methods Mol. Biol. 2014, 1170, 165-227.
Li, S.; Kong, L.; Yu, X. The expanding roles of endoplasmic reticulum stress in virus replication and
pathogenesis. Crit. Rev. Microbiol. 2015, 41, 150-164.

Zeeshan, HM.; Lee, G.H.; Kim, H.R.; Chae, H.]. Endoplasmic reticulum stress and associated ROS. Int. ].
Mol. Sci. 2016, 17, 327.

Paiva, C.N.; Bozza, M.T. Are reactive oxygen species always detrimental to pathogens? Antioxid. Redox
Signal. 2014, 20, 1000-1037.

Chang, CW.; Su, Y.C.; Her, G.M,; Ken, C.F.; Hong, ].R. Betanodavirus induces oxidative stress-mediated
cell death that prevented by anti-oxidants and Zfcatalase in fish cells. PLoS ONE 2011, 6, e25853.

Grove, S,; Johansen, R.; Reitan, L.J.; Press, C.M.; Dannevig, B.H. Quantitative investigation of antigen and
immune response in nervous and lymphoid tissues of Atlantic halibut (Hippoglossus hippoglossus)
challenged with nodavirus. Fish Shellfish Immunol. 2016, 21, 525-539.



Biology 2020, 9, 165 21 of 21

67.

68.

69.

70.

71.

72.

73.
74.

75.

Lopez-Munoz, A.; Sepulcre, M.P.; Garcia-Moreno, D.; Fuentes, L; Béjar, J.; Manchado, M.; Alvarez, M.C.;
Meseguer, ].; Mulero, V. Viral nervous necrosis virus persistently replicates in the central nervous system
of asymptomatic gilthead seabream and promotes a transient inflammatory response followed by the
infiltration of IgM+ B lymphocytes. Dev. Comp. Immunol. 2012, 37, 429-437.

Piazzon, M.C.; Galindo-Villegas, J.; Pereiro, P.; Estensoro, I.; Calduch-Giner, J.A.; Gémez-Casado, E.;
Novoa, B.; Mulero, V.; Sitja-Bobadilla, A.; Pérez-Sanchez, J. Differential modulation of IgT and IgM upon
parasitic, bacterial, viral, and dietary challenges in a perciform fish. Front. Immunol. 2016, 7, 637.

Wu, M.S,; Chen, CW,; Liu, Y.C,; Huang, H.H.; Lin, C.H.; Tzeng, C.S.; Chang, C.Y. Transcriptional analysis
of orange-spotted grouper reacting to experimental grouper iridovirus infection. Dev. Comp. Immunol. 2012,
37,233-242.

Iwasaki, A. Immune regulation of antibody access to neuronal tissues. Trends Mol. Med. 2017, 23, 227-245.
Arundine, M.; Tymianski, M. Molecular mechanisms of calcium-dependent neurodegeneration in
excitotoxicity. Cell Calcium 2003, 34, 325-337.

Dong, X.X,; Wang, Y.; Qin, Z.H. Molecular mechanisms of excitotoxicity and their relevance to
pathogenesis of neurodegenerative diseases. Acta Pharmacol. Sin. 2009, 30, 379-387.

Zhou, Y.; Frey, T.K,; Yang, ] J. Viral calciomics: Interplays between Ca2+ and virus. Cell Calcium 2009, 46, 1-17.
Wu, Y.M.,; Hsu, C.H.; Wang, C.H.; Liu, W.; Chang, W.H.; Lin, C.S. Role of the DxxDxD motif in the assembly
and stability of betanodavirus particles. Arch. Virol. 2008, 153, 1633-1642.

Chen, N.C.; Yoshimura, M.; Guan, H.H.; Wang, T.Y.; Misumi, Y.; Lin, C.C.; Chuankhayan, P.; Nakagawa,
A.; Chan, S.I; Tsukihara, T.; et al. Crystal structures of a piscine Betanodavirus: Mechanisms of capsid
assembly and viral infection. PLoS Pathog. 2015, 11, €1005203.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘ @ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



