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Abstract: The Mediterranean mussel is one of the most economically relevant bivalve mollusk species
in Europe and China. The absence of massive mortalities and their resistance to pathogens affecting
other cultured bivalves has been under study in recent years. The transcriptome response of this
species to different immune stimuli has been extensively studied, and even the complexity of its
genome, which has recently been sequenced, has been suggested as one of the factors contributing
to this resistance. However, studies concerning the non-coding RNA profiles remain practically
unexplored—especially those corresponding to the IncRNAs. To the best of our knowledge, this is the
second characterization and study of IncRNAs in this bivalve species. In this work, we identified the
potential repertoire of IncRNAs expressed in mussel hemocytes, and using RNA-Seq we analyzed the
IncRNA profile of mussel hemocytes stimulated in vitro with three different immune stimuli: LPS,
poly I:C, and p-glucans. Compared to unstimulated hemocytes, LPS induced the highest modulation
of IncRNAs, whereas poly I:C and 3-glucans induced a similar discrete response. Based on the
potential cis-regulatory activity of the IncRNAs, we identified the neighboring protein-coding genes
of the regulated IncRNAs to estimate—at least partially—the processes in which they are implicated.
After applying correlation analyses, it seems that—especially for LPS—the IncRNAs could participate
in the regulation of gene expression, and substantially contribute to the immune response.
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1. Introduction

The Mediterranean mussel (Mytilus galloprovincialis) is a marine bivalve mollusk
species with a worldwide distribution, being present on every continent. This species is
commercially exploited mainly by Mediterranean countries (especially in Spain), but also by
China, which is currently the main global producer [1]. The high success of its production
is due, among other things, to its resistance to environmentally adverse conditions [2], and
its natural resistance to marine pathogens that cause severe mortality episodes in other
cultured bivalves, such as oysters and clams [3-5].

Although, as invertebrates, mollusks lack adaptive immunity, their innate immune
system—which involves the immune cells known as hemocytes and a wide variety of
molecular effectors—constitutes a very efficient defense mechanism [3]. In the particular
case of Mediterranean mussels, their rich and high expression of antimicrobial peptides
(AMPs) compared to other bivalves is considered one of the main factors explaining the
disease resistance of this species [6-9]. Additionally, these animals show a complex and
diverse repertoire of immune-related receptors and effectors [10-14].

Together with the Pacific oyster (Crassostrea gigas) [15-20], M. galloprovincialis is proba-
bly one of the most studied mollusk species in terms of immune response [21-26]. However,
although numerous efforts have been made to understand the transcriptomic profiles of
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Mediterranean mussels, how the long non-coding RNAs (IncRNAs) are modulated in this
species has remained totally unexplored. The IncRNAs are a type of non-coding RNAs
(ncRNAs) longer than 200 nucleotides, and are transcribed in the same way as mRNA [27];
they regulate the expression of adjacent genes (cis-acting regulation) or distally located
genes (trans-acting regulation) through a variety of mechanisms: epigenetic regulation,
activation of transcription factors, chromatin remodeling, promoter activation, transcrip-
tion interference, etc. [27,28]. However, the activity of certain IncRNAs is mediated by
their own transcription process rather than by the transcripts themselves, making the
encoded IncRNA transcript unnecessary [28]. Due to these complex interactions, to their
additive effects, and to their ability to enhance or repress gene expression, it is difficult
to establish concrete functions for specific IncRNAs. Moreover, transcripts identified as
IncRNAs can be the result of transcriptional noise and, therefore, have no function [28].
However, it is known that IncRNAs are modulated after different immune stimuli in both
invertebrates [29-31] and vertebrates [32-35], and even the involvement of certain IncRNAs
in the immune system has been demonstrated in both animal groups [36—41]. In mollusks,
some works have reported the identification of IncRNAs under different experimental
conditions using RNA-Seq analyses, and they have been linked to a variety of processes,
such as larval development, immune response or shell formation and pigmentation [42].
However, to the best of our knowledge, the IncRNA repertoire in M. galloprovincialis has
only recently been investigated in gills from mussels exposed to Vibrio splendidus [43], but
has remained unexplored in the main mussel immune cells—the hemocytes—under any
experimental conditions.

In a previous work, we described the mRNA and microRNA (miRNA) profiles in
M. galloprovincialis hemocytes exposed to three different pathogen-associated molecular
patterns (PAMPs)—lipopolysaccharide (LPS), polyinosinic:polycytidylic acid (poly I:C),
and p-glucans—compared to unstimulated hemocytes [26]. These PAMPs were selected to
mimic three different types of microorganisms: bacteria, viruses, and fungi. However, the
IncRNA profiles remained to be elucidated. By applying a bioinformatics pipeline, from the
complete batch of contigs obtained in that previous work, those potentially corresponding
to IncRNAs were selected, and RNA-Seq analyses were conducted. The results showed that
the three stimuli were able to modulate the IncRNA profile of the mussel hemocytes, with
LPS being the stimulus inducing the most powerful response. Since IncRNAs are likely
to alter the expression of their adjacent genes, the functionality of the IncRNAs identified
in M. galloprovincialis was predicted based on the function of their neighboring protein-
coding genes (located 10 kb upstream and downstream of the IncRNAs). In the case of
LPS in particular, a high parallelism between the genes modulated after challenge and the
neighboring genes of the IncRNA regulated was observed. Moreover, correlation analyses
between modulated IncRNAs and those adjacent genes also modulated by the PAMPs
revealed a high probability of IncRNA-gene interaction. These results could suggest that
IncRNAs substantially contribute to the modulation of the immune response in hemocytes
after stimulation.

2. Materials and Methods
2.1. Animals

Ripe M. galloprovincialis (810 cm in shell length) were obtained from a commercial
shellfish farm (Vigo, Galicia, Spain) and maintained in open-circuit filtered seawater
tanks at 15 °C with aeration. Mussels were fed daily with Phaeodactylum tricornutum and
Isochrysis galbana. Prior to the experiments, the mussels were acclimatized to aquarium
conditions for at least one week.

2.2. Experimental Design, RNA Isolation, and Illumina Sequencing

As described previously [26], mussels were notched on the shell to gain access to the
adductor muscle, and 1 mL of hemolymph was withdrawn from it with a 25 G disposable
needle. Three pools containing the hemolymph from 25 individuals each were obtained.
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The hemolymph was distributed in 6-well plates, with 5 mL per well, in a total of 4
wells per pool. The hemocytes were maintained for 30 min at 15 °C in the dark and,
after this period, they were stimulated for 8 h at 15 °C with 50 ug/mL of LPS, poly
I:C, or 3-glucans (one well per pool with each stimulus). The remaining well of each
pool was not stimulated, and served as a control. Therefore, three biological replicates
per treatment were obtained (a total of 12 samples). A schematic representation of the
experimental design is shown in Figure 1A. All of the stimuli were purchased from Sigma-
Aldrich (St. Louis, MO, USA). After the incubation with the stimuli, hemolymph was
recovered from each well and centrifuged (4 °C, 3000 g, 10 min), and the pellets were used
for RNA isolation with the Maxwell 16 LEV simplyRNA Tissue kit (Promega, Madison,
WI, USA) using the automated Maxwell 16 Instrument, in accordance with instructions
provided by the manufacturer. The concentration and purity of the isolated RNA was
measured using a NanoDrop ND1000 spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, DE, USA), and RNA integrity was analyzed using an Agilent 2100 Bioanalyzer
(Agilent Technologies Inc., Santa Clara, CA, USA). 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. (Seoul, Korea). The raw reads from each sample were deposited in the Sequence Read
Archive (SRA) (http:/ /www.ncbinlm.nih.gov/sra (accessed on 31 December 2019)) with
the following accession numbers: SAMN09104581 to SAMN09104592.
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1 2 3 1 2 3 1 2 3
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Figure 1. (A) Schematic representation of the experimental design and (B) bioinformatics pipeline
conducted to analyze the M. galloprovincialis IncRNA profile.
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2.3. Trimming, Sequence Assembly, and IncRNA Mining

CLC Genomics Workbench v.12 (CLC Bio, Qiagen, Hilden, Germany) was used to
filter, assemble, and perform RNA-Seq and statistical analyses. The pipeline reflecting
the complete bioinformatics process is shown in Figure 1B. Raw reads were trimmed to
remove low-quality reads (quality score limit 0.05) and adaptor sequences, and those
sequences shorter than 70 base pairs (bp) were also trimmed out. A reference global
transcriptome resulting from the 12 samples was assembled 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 potential IncRNAs was conducted
following a previously described pipeline [44], but with some modifications (Figure 1).
Briefly, the generated contigs were annotated using BLASTx (e-value < 1 x 10~3) against
the UniProt/SwissProt database, but also against a custom database composed of all of the
molluscan sequences available in the NBCI nucleotide database. The annotated contigs
were deleted from the assembly, as well as all of 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, the Coding Potential
Assessment Tool (CPAT) [45] was used to discard sequences with coding potential. The
contigs that passed all of the filters were considered putative IncRNAs, and were retained
for further analyses.

2.4. Genome Mapping and Identification of IncRNA-Neighboring Coding Genes

To position the putative IncRNAs on the genome, the M. galloprovincialis genome [46]
was uploaded into the CLC Genomics Workbench v.12, and the putative IncRNAs were
mapped against it. The obtained file (SAM format) was imported into the Galaxy web
platform (https:/ /usegalaxy.org/(accessed on 31 September 2020)) [47] and successively
converted into an interval, BED and, finally, a GFF file, to be uploaded to the CLC Genomics
Workbench v.12 for further annotation of the genome with the IncRNAs. By using the tool
extract annotations, we obtained those protein-coding genes flanking up to 10 kb upstream
and downstream from each mapped IncRNA.

2.5. RNA-Seq and Differential Expression Analyses

RNA-Seq analyses were performed using CLC Genomics Workbench v.12 for each
sample with the following parameters: length fraction = 0.8, similarity fraction = 0.8,
and maximum hits per read = 10. The expression values were set as transcripts per
million (TPM). A differential expression analysis test (Robinson and Smyth’s exact test,
which assumes a negative binomial distribution of the data and takes into account the
overdispersion caused by biological variability) was used to compare the expression levels
between the samples obtained from the hemocytes stimulated with LPS, poly I:C, or $3-
glucans and the control samples, and to obtain the differentially expressed (DE) IncRNAs.
Transcripts with absolute fold change (FC) values > 2 and a false discovery rate (FDR) < 0.05
were retained for further analyses.

A heat map representing those IncRNAs that were differentially expressed with at least
one of the PAMPs was constructed with the free software Heatmapper [48], using the mean
TPM value for each experimental condition (mean of the three biological replicates). The
distance metric was calculated using Pearson’s method, and IncRNAs were hierarchically
clustered with the centroid linkage algorithm. Venn diagrams were constructed with the
Venny 2.1 tool (http:/ /bioinfogp.cnb.csic.es/tools/venny/(accessed on 31 July 2020)).

2.6. Gene Ontology (GO) Enrichment Analysis and KEGG Pathways

For the significantly DE IncRNAs in each comparison (LPS vs. control; poly I:C vs.
control; 3-glucans vs. control), the IncRNA-neighboring coding genes were extracted for
GO enrichment analyses using Blast2GO software (BioBam, Valencia, Spain) [49]. Fisher’s
exact test was carried out with default settings, a p-value cutoff of 0.05 was applied, and the
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enriched list was reduced to the most specific GO terms. The 20 most enriched biological
processes (BPs) among the protein-coding genes proximal to IncRNNAs were represented.
The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (http://www.
genome.jp/kegg/pathwayhtml/ (accessed on 31 July 2020) in which the neighboring
coding genes of the DE IncRNAs are involved were also obtained using Blast2GO software.

2.7. Correlation Analyses between IncRNAs and Coding Genes

The expression levels of two pivotal immune gene families highly modulated by LPS
were correlated with the expression of their DE neighboring IncRNAs. Correlations in
the expression of both types of transcripts were calculated using Pearson’s correlation
coefficient and Spearman’s rank correlation coefficient with IBM SPSS Statistics V25.0. To
illustrate the expression correlations, heat maps were constructed with the free software
Heatmapper [48], using the TPM values for each sample.

2.8. Quantitative PCR (gPCR) Validation of Differentially Expressed IncRNAs

A new experiment, but performed with individual mussels, was conducted following
the same layout as the sequencing experimental design. Briefly, hemolymph from three
individual mussels was extracted and divided among four wells (250 puL per well) in a
24-well plate. Three wells (one per mussel) were stimulated with poly I:C, 3-glucans, or
LPS, while the last served as a control. After 8 h, hemolymph was recovered from each well,
and RNA was extracted as previously described. Three biological replicates per treatment
were obtained.

cDNA synthesis of the samples was conducted using the NZY First-Strand cDNA
Synthesis kit (NZYTech, Lisbon, Portugal) using 0.2 pug of total RNA. A total of 12 IncR-
NAs were used to validate the RNA-Seq results. Specific qPCR primers for the selected
IncRNAs were designed using Primer 3 software (Free Software Foundation, Inc., Boston,
MA, USA) [50], and their amplification efficiency was calculated via the threshold cycle
(CT) slope method [51]. Primer sequences are listed in Supplementary Table S1. Individual
gqPCR reactions were carried out in a 25 pL reaction volume containing 12.5 uL of SYBR
GREEN PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 10.5 pL of ultrapure
water, 0.5 uL of each specific primer (10 uM), and 1 uL of five-fold diluted cDNA template
in MicroAmp optical 96-well reaction plates (Applied Biosystems). Reactions were con-
ducted using technical triplicates in a 7300 Real-Time PCR System 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 normalized following
the Pfaffl method [51] and using the 18S ribosomal RNA (18S) as a reference gene, which was
selected as a good reference gene for immune challenges based on previous analyses [52].
The correlation between the RNA-Seq and qPCR data was calculated using Pearson’s
correlation coefficient, and by using the log10 of the FC.

3. Results
3.1. Assembly, Annotation, and IncRNA Mining

A summary of the reads, assembly data, and IncRNA mining is included in Table 1.
High-throughput sequencing yielded an average of 71.4 million raw reads per sample,
and an average of 98.71% of the raw reads per sample passed the quality control. After
the de novo assembly step, a total of 219,765 contigs were obtained, with an average
length of 493 bp. Of these contigs, 8.72% (19,168) were considered to be potential IncRNAs,
which showed an average length of 500 bp. Most of these potential IncRNAs did not map
against the M. galloprovincialis genome, and only 6234 (32.52%) IncRNAs were successfully
positioned on the genome.
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Table 1. Summary of the Illumina sequencing, assembly, and IncRNA identification.

READS
Total reads 856,863,196
Mean reads per sample 71,405,266
Mean trimmed reads 98.71%
ASSEMBLY
Contigs 219,765
Minimum length 200 bp
Maximum length 16,164 bp
Average length 493 bp
N50 539 bp
LncRNAs
Potential IncRNAs 19,168 (8.72%)
Average length 499.54 bp
IncRNAs mapped on genome 6234 (32.52%)

3.2. Differential Expression of IncRNAs after Stimulation of Hemocytes with PAMPs

The differential expression analysis (FC > 121, FDR < 0.05) for the PAMP-stimulated
hemocytes compared to the control samples is provided in Supplementary Table S2. As
is reflected in the stacked column charts (Figure 2A), LPS was the stimulus inducing the
highest modulation of IncRNAs, with 369 DE IncRNAs (218 up- and 151 downregulated).
On the other hand, poly I:C and 3-glucans induced the modulation of 103 and 127 IncRNAs,
respectively, most of them being downregulated (Figure 2A). This pattern observed for the
IncRNAs was quite similar to that previously shown for the protein-coding transcripts [26].

A Venn diagram was constructed to illustrate the common and exclusive IncRNAs
modulated in the mussel hemocytes by the different PAMPs (Figure 2B). Of the total
IncRNAs that were differentially expressed after stimulation with PAMPs, most of them
were exclusively modulated after LPS challenge (262 IncRNAs; 65.3%), followed by a pool
of IncRNAs that were modulated by all three stimuli (87 IncRNAs; 21.7%). Those commonly
modulated IncRNAs were affected in the same way (up- or downregulated) by the three
stimuli. Only 20 (5%) and 9 (2.2%) IncRNAs were exclusively regulated by 3-glucans and
poly I:C, respectively (Figure 2B). When these IncRNAs were represented on a heat map,
we observed three main clusters: one including those IncRNAs with a high expression after
poly I.C and/or 3-glucans stimulation (cluster 1); a second cluster grouping those IncRNAs
whose mean TPM value was higher in the control samples (cluster 2); and a third, larger
cluster containing the IncRNAs with the highest expression value in the LPS-stimulated
hemocytes (Figure 2C).
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Figure 2. Modulation of mussel IncRNAs after the in vitro stimulation of hemocytes with three different PAMPs: (A) Stacked
column charts reflecting the number of DE IncRNAs and the magnitude of the modulations induced by each stimulus
compared to the unstimulated hemocytes. (B) Venn diagram reflecting the common and exclusive up- and downregulated
IncRNAs significantly modulated by the different PAMPs. (C) Heat map reflecting the average TPM value for each
DE IncRNA.
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3.3. Identification of the DE IncRNA-Neighboring Coding Genes

Although only 32.52% of the potential mussel IncRNAs were successfully mapped
against the Mediterranean mussel genome, a total of 128 unique predicted genes were
located on the 10 kb window around the IncRNAs modulated by LPS, whereas 17 and 29
were found for the IncRNAs regulated by poly I:C and (3-glucans, respectively (Figure 3A;
Supplementary Table S3). In some cases, more than one DE IncRNA surrounded one of
these genes, which could suggest a strong regulation of these protein-coding genes by
IncRNAs. Among these neighboring genes, 110 (76.9%) were exclusive to LPS, 2 (1.4%) to
poly I:C, and 12 (8.4%) to 3-glucans, whereas 12 (8.4%) were common to all three stimuli,
and corresponded to commonly modulated IncRNAs (Figure 3B). Among the 12 common
genes for the 3 PAMPs, half of them showed an informative annotation, corresponding to
the following genes: tyrosine-protein phosphatase non-receptor type 4 (PTPN4), 60S ribosomal
protein L7a (RPL7a), putative ZDHHC-type palmitoyltransferase 4 (ZDHHC4), ataxin-1 (ATXN1),
285 ribosomal protein S35, mitochondrial (MRPS35), and macrophage mannose receptor 1 (MRC1I)
(Figure 3C). Poly I:C and LPS shared two immunity-related genes: ATP-dependent RNA
helicase DDX21 (DDX21), and interferon regulatory factor 2 (IRF2); LPS and f3-glucans shared
four common genes, two of them with annotation: zinc finger BED domain-containing protein
4 (ZBED4), and core-binding factor subunit 3 (CBFB); finally, Poly I:C and 3-glucans shared
only one gene, annotated as vitamin D3 receptor (VDR) (Figure 3C).

3.4. GO Enrichment and KEGG Pathway Analyses of the IncRNA-Neighboring Coding Genes

The protein-coding genes flanking the DE IncRNAs (Supplementary Table S3) were
extracted for GO enrichment analysis. The 20 most significantly enriched BPs for each
PAMP are represented in Figure 4, and the KEGG pathways in Figure 5. The three stimuli
included BP terms and KEGG pathways related to the immune response.

For LPS, the enriched BPs were mainly related to the IncRNAs located in the vicinity
of different genes annotated as peptidoglycan recognition proteins (PGRPs): “Positive
regulation of biosynthetic process of antibacterial peptides active against Gram-positive
bacteria”, “Positive regulation of cytolysis in other organism”, “Negative regulation of
natural Kkiller cell differentiation involved in immune response”, “Negative regulation
of peptidoglycan recognition protein signaling pathway”, “Peptidoglycan catabolic pro-
cess”, “Positive regulation of Toll signaling pathway”, “response to exogenous dsRNA”,
“Negative regulation of interferon-y production”, and “Positive regulation of phagocy-
tosis” (Figure 4). Interestingly, four terms related to the detoxification of nitrogen and
oxygen radicals were also enriched for the neighboring coding genes of those IncRNAs
modulated by LPS, and are directly related to the glutathione S-transferase (GST) genes
“Cellular detoxification of nitrogen compound”, “Nitrobenzene metabolic process”, “Re-
sponse to catechin”, and “Glutathione derivative biosynthetic process” (Figure 4). A high
representation of metabolic processes was observed among the KEGG pathways repre-
sented for these IncRNA-neighboring coding genes—especially those linked to the fatty
acid metabolism (Figure 5). Some immune-related pathways were also observed (“T cell
receptor signaling pathway”, “Th1 and Th2 cell differentiation”, and “mTOR signaling
pathway”), as well as those related to cellular detoxification (“Drug metabolism—other
enzymes”, “Glutathione metabolism”, “Metabolism of xenobiotics by cytochrome P450”,
and “Drug metabolism—cytochrome P450”) (Figure 5).

For poly I:C, several immune-related BPs were also enriched (Figure 4)—especially
those related to the T cells (“Positive regulation of hematopoietic stem cell proliferation”,
“T-helper 17 cell lineage commitment”, “Regulation of MyD88-dependent toll-like receptor
signaling pathway”, “Negative regulation of regulatory T cell differentiation”, “Positive
regulation of T-helper 1 cell differentiation”, “Regulation of CD8-positive, a-3 T cell
proliferation”, “Negative regulation of T-helper 2 cell differentiation”, “Defense response to
protozoan”, “Positive regulation of natural killer cell differentiation”, “Positive regulation
of myeloid dendritic cell cytokine production”). These terms were directly related to the
IncRNA-neighboring coding genes ATP-dependent RNA helicase DDX21 (DDX21), interferon
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requlatory factor 2 (IRF2), and macrophage mannose receptor 1 (MRC1). Indeed, the two
immune KEGG pathways represented for this PAMP were also linked to the T cells (“T cell
receptor signaling pathway” and “Th1l and Th2 cell differentiation”) (Figure 5).

Finally, 3-glucans was the stimulus with the lowest enrichment in immune BP terms
(Figure 4): “Positive regulation of hematopoietic stem cell proliferation” and “Positive
regulation of CD8-positive, x-f3 T cell differentiation”. As for poly I:C, the KEGG pathways
“T cell receptor signaling pathway” and “Th1l and Th2 cell differentiation” were also
represented (Figure 5). It is interesting to highlight that, for the neighboring coding genes
of those IncRNAs differentially expressed in hemocytes after 3-glucans challenge, some
enriched BP terms and KEGG pathways related to the glycosylation process were observed.
Among the enriched terms, we found the BP “Protein O-linked glycosylation via threonine”
(Figure 4), and among the KEGG pathways we found “Mucin type O-glycan biosynthesis”
and “Other types of O-glycan biosynthesis” (Figure 5); these were directly linked to the
gene N-acetylgalactosaminyltransferase 7 (GALNT?7).

Poly I:C 17
B-glucans I 29
0 20 40 60 80 100 120 140
Number of unique neighbouring coding genes of the modulated IncRNAs
B C
12 in "LPS", "Poly I:C" and "
LPS Poly 1:C MGAL_10B065648 NA-
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Figure 3. Identification of the neighboring coding genes of those IncRNAs differentially expressed in
mussel hemocytes after immune stimulation. (A) Number of predicted genes in the M. galloprovincialis
genome located in the 10 kb window of the DE IncRNAs. (B) Venn diagram showing the shared and
exclusive genes located in the vicinity of the IncRNAs modulated by each PAMP. (C) Common genes
located near IncRNAs significantly modulated by the different PAMPs. -NA- indicates non-annotated.
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Figure 4. GO enrichment analyses of the neighboring coding genes of those IncRNAs differentially expressed in stimulated
hemocytes. The 20 most enriched biological processes among the protein-coding genes proximal to IncRNAs are represented.
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Figure 5. KEGG pathway analyses of the DE IncRNA-neighboring coding genes.

3.5. Correlation Analysis between Modulated Genes and IncRNAs

To illustrate and analyze the correlation between PAMP-modulated genes and PAMP-
modulated IncRNAs, we selected two groups of genes induced in hemocytes after LPS
challenge [26], and with modulated IncRNAs located in the vicinity of genes belonging
to those groups: peptidoglycan recognition protein (PGRP) genes, and glutathione S-
transferase (GST) genes. The mean TPM values of the contigs encoding for PGRPs of
GSTs and the corresponding IncRNAs were represented as heat maps, and the correlation
between the protein-coding contigs and each neighboring IncRNA was calculated using
Pearson’s and Spearman’s coefficients (Figure 6). In both cases, a strong and significant
correlation between the protein-coding contigs was observed, and even between each contig
and the different IncRNAs for the PGRP sequences. However, not all of the DE IncRNAs
located near the GST genes showed a significant correlation with the DE contigs encoding
for GSTs, although certain discrepancies were observed depending on the correlation
method used (Figure 6).
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Figure 6. Correlation analyses of the DE IncRNAs and their neighboring coding genes. Those IncRNAs significantly
modulated by LPS and located in the proximity of genes encoding for peptidoglycan recognition proteins (PGRPs) and
glutathione S-transferases (GSTs), and the protein-coding contigs annotated as PGRPs and GSTs that were significantly
induced by LPS, were selected. (A) Heat maps representing the TPM values of the IncRNAs and the protein-coding contigs
per sample. Expression levels are represented as row-normalized values on a red—green color scale. (B) Correlation analysis
between the IncRNAs and the protein-coding contigs. Pearson’s correlation coefficient and Spearman’s rank correlation
coefficient were calculated, and their statistical significance (p-value) was considered.

3.6. Validation of IncRNA Expression Profiles by gPCR

To validate the RN A-Seq analysis of the mussel IncRNAs, we selected 12 IncRNAs
DE in hemocytes with the different PAMPs (4 with LPS, 4 with poly I:C, and 4 with 3-
glucans). qPCRs were conducted in a different but equivalent experiment to that used for
sequencing, serving as a technical and biological validation. Because individual mussels
were used to validate the RNA-Seq results, and due to the previously demonstrated high
individual variability in the gene expression levels of this species [8,11,24,46], some of the
IncRNAs significantly modulated after PAMP challenges in the RNA-Seq experiment were
not significantly modulated in the qPCR assay. Nevertheless, the tendency observed was
the same for both experiments and techniques, with all of the IncRNAs being modulated
in the same way (Supplementary Figure S1). In general terms, the magnitude of the FC
was higher for the RNA-Seq data (Supplementary Figure S1A). A Pearson’s correlation
analysis of the logl0 FC revealed a high correlation between both datasets (r = 0.927)
(Supplementary Figure S1B).

4. Discussion

Although the transcriptome response of Mediterranean mussels and other economi-
cally relevant mollusk species to different stimuli and/or conditions has been extensively
studied, the non-coding RNAs profiles have remained practically unexplored until the
past decade. However, miRNAs have been described and/or analyzed in a few mollusk
species during the past decade [53-59], including M. galloprovincialis [26,60]. On the other



Genes 2021, 12, 1393

13 of 18

hand, IncRNAs have been less studied, but some recent publications have reported the
identification, expression profiles, and even the potential functions of some mollusk IncR-
NAs [29,61-66]. However, the identification and RNA-Seq analysis of M. galloprovincialis
IncRNAs is limited to a recent publication describing the IncRNAs modulated in gills after
V. splendidus bath infection [43].

The transcriptome of Mediterranean mussel hemocytes was sequenced under naive
conditions or after stimulation with three different PAMPs: LPS (bacterial stimulus), poly
I:C (viral stimulus), and -glucans (fungal stimulus). After Illumina sequencing, read
trimming, and de novo assembly, a total of 219,765 contigs were obtained [26]. Following
a pre-established filtering pipeline, a total of 19,168 contigs were selected as potential
IncRNAs. This high quantity of IncRNAs contrasts with the more modest number of
IncRNAs identified in gills, where only 6021 potential IncRNAs were determined following
the same pipeline [43]. This fact could indicate that hemocytes express a large repertoire
of IncRNAs compared to other tissues, playing an important role in their function and
regulation. Indeed, although certain IncRNAs are ubiquitously expressed, many of them
show tissue-specific expression patterns, even being restricted to a single cell type [67].

In a previous work, we analyzed the transcriptome and miRNome responses of mussel
hemocytes after stimulation with these three immune stimuli mimicking three types of
pathogens [26]. We found that LPS was the stimulus inducing the strongest immune
response, although poly I:C showed a higher modulation of the miRNA profile. In this
work, we analyzed the IncRNA profiles in these same samples. LPS was the PAMP inducing
the highest modulation in the IncRNA repertoire, whereas poly I:C and -glucans showed
very discrete responses, and most of the DE IncRNAs were downregulated compared to
the control hemocytes. Moreover, 21.7% of the IncRNAs that were significantly affected
by at least one of the PAMPs were commonly modulated by all three stimuli, reflecting
a low specific response for poly I:C and 3-glucans. On the other hand, 65.3% of the DE
IncRNAs were exclusively affected by LPS. This strong response induced by a challenge
with LPS could indicate that Mediterranean mussels are highly efficient in the defense
against bacterial pathogens compared to other types of microorganisms. However, due to
the absence of widespread pathogen-associated mortality in this species, it is difficult to
establish levels of sensitivity to different microorganisms.

As was mentioned in the introduction, IncRNAs can modulate gene expression
through a variety of mechanisms, and these effects can result in either activation or inhibi-
tion of gene expression [27]. Therefore, IncRNAs are considered to be transcriptional units
that contribute to the fine-tuned spatial and temporal gene expression programs [68]. At
the same time, although the functional classification of IncRNAs remains very challeng-
ing, these transcripts can be divided into two groups based on the location at which the
IncRNA acts: trans-acting and cis-acting IncRNAs [27,68]. Whereas trans-acting IncRNAs
are transcribed, processed, and then migrate to distal locations to exert their function,
cis-acting IncRNAs regulate the expression of neighboring genes, and these cis-acting
IncRNAs constitute a substantial proportion of IncRNAs with an assigned function [66].
Therefore, in the absence of experimental evidence, the processes affected by an array of
IncRNAs modulated under certain conditions could be at least partially estimated based
on the function of their neighboring genes. Moreover, the rapid evolution of the IncRNAs
and the consequent absence of conserved homologs for most of the IncRNAs—even in
evolutionarily close species [69,70]—makes the identification of their functions difficult.

Due to the recent publication of the M. galloprovincialis genome [46], we were able
to map the IncRNAs to the genome and obtain their positions. However, likely as a
consequence of the complexity of the M. galloprovincialis genome, only 6234 (32.52%) of the
19,168 predicted IncRNAs were successfully mapped on the genome, which is quite similar
to the result obtained for the IncRNAs identified in mussel gills, where 35% of the potential
IncRNAs were mapped on the genome [43].

Based on their positions, we obtained information on the protein-coding genes flank-
ing up to 10 kb upstream and downstream from the mapped and differentially expressed
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IncRNAs. These IncRNA-neighboring genes were used for GO enrichment analysis and
prediction of the KEGG pathways in which they are involved. Interestingly, for LPS, we
found a high parallelism between the BP GO terms enriched for the IncRNA-neighboring
coding genes, and those enriched for the mRNA transcripts modulated by LPS [26]. Indeed,
the GO enrichment analysis of the IncRNA-neighboring genes was dominated by terms
related to cellular detoxification and/or oxidative stress, and the immune response was
mainly linked to the PGRPs, as also occurred with the mRNA transcripts DE by LPS [26],
with some of these terms being exactly the same. These results could suggest that the
gene response of mussel hemocytes to LPS is highly controlled by cis-acting IncRNAs.
With regard to the KEGG pathways, in both cases there was a strong representation of
those related to the lipid metabolism, which is pivotal in the activation, differentiation, and
function of immune cells [71]. Of course, this information should be interpreted carefully,
since further functional analyses would be needed to confirm the interaction of the different
IncRNA-gene pairs.

For poly I:C and (3-glucans, these high similitudes were not observed, which could be
influenced by the low number of BP terms enriched for the DE mRNA transcripts [26]. How-
ever, in this work, we observed that those IncRNAs modulated by poly I:C and (3-glucans
could be regulating several immune processes mainly linked to the T-cell proliferation
and differentiation processes, as was also observed in the corresponding KEGG pathways.
Although mollusks, as invertebrate animals, do not possess T cells, these terms reflect the
enrichment of the IncRNA-neighboring genes in immune functions. It is also interesting
to highlight the GO-enriched term “Protein O-linked glycosylation via threonine”, and
the KEGG pathways “Mucin type O-glycan biosynthesis” and “Other types of O-glycan
biosynthesis” observed for the neighboring genes of those IncRNAs affected by 3-glucans.
These are linked to the gene N-acetylgalactosaminyltransferase 7 (GALNT7)—a member of the
GalNAc-transferase family that controls the initiation step of mucin-type O-liked protein
glycosylation by transferring N-acetylgalactosamine to serine and threonine amino acid
residues [72]. Whether or not this enzyme is affected by the presence of 3-glucans remains
to be elucidated but, because 3-glucans are polysaccharides consisting of glucose residues,
and glucose can be transformed into galactose—and galactose into N-acetylgalactosamine—
we cannot dismiss the potential effects of 3-glucans on protein glycosylation.

To better elucidate the potential relationship between the DE IncRNAs and the protein-
coding transcripts modulated by the PAMPs and transcribed by genes located in the
proximity of these IncRNAs, we conducted a correlation analysis between both types
of transcript. For this, we selected those IncRNAs significantly modulated by LPS and
located in the proximity of genes encoding for PGRPs and GSPs,—two gene families highly
affected by this PAMP—as previously shown [26]. The results revealed that all of the
analyzed IncRNAs located in the vicinity of PGRPs showed a high positive and significant
correlation with the contigs encoding for these proteins. Therefore, this gene family seems
to be closely controlled by IncRNAs. On the other hand, not all of the DE IncRNAs located
near GSP genes showed a significant correlation with the GSP transcripts, and one of
them—Inc_contig_47802—seems to be the most strongly linked to the GSPs” expression.

5. Conclusions

Although further functional assays would be needed in order to confirm these observa-
tions, these preliminary results provide interesting clues about the modulatory properties
of IncRNAs in the main immune cells of mussels.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ genes12091393 /s1: Table S1: Primer pairs used to validate the IncRNA differential expres-
sion analysis; Table S2: Differential expression of the mussel IncRNAs in hemocytes stimulated
in vitro with LPS, poly I:C, and B-glucans; Table S3: Predicted neighboring coding genes of the
potential Mediterranean mussel IncRNAs; Figure S1: Validation of differentially expressed IncRNAs
through qPCR.


https://www.mdpi.com/article/10.3390/genes12091393/s1
https://www.mdpi.com/article/10.3390/genes12091393/s1

Genes 2021, 12, 1393 15 of 18

Author Contributions: Conceptualization, PP, RM., B.N. and A.F; methodology, P.P. and R.M.;
software, A.F,; validation, P.P; formal analysis, PP. and R.M.; data curation, PP. and R.M.; writing—
original draft preparation, P.P.; writing—review and editing, B.N. and A.F,; funding acquisition, B.N.
and A.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministerio de Ciencia, Innovacién, y Universi-
dades, grant number RT12018-095997-B-100, and the Conselleria de Economia, Emprego, e Industria—
GAIN, Xunta de Galicia, grant number IN607B 2019/01. Our laboratory was funded by the Interreg
VA Spain-Portugal cooperation program (POCTEP) 2014-2020, 0474_BLUEBIOLAB project, co-
funded by FEDER. Patricia Pereiro wishes to thank the Axencia Galega de Innovacién (GAIN, Xunta
de Galicia) for her postdoctoral contract (IN606B-2018/010).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw reads from each sample were deposited in the Sequence
Read Archive (SRA) (http:/ /www.ncbinlm.nih.gov/sra; accessed on 31 December 2019) with the
following accession numbers: SAMN09104581 to SAMN09104592.

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

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

References

1.

10.

11.

12.

13.

14.

FAO. Food and Agriculture Organization (2004-2020). FAO Fisheries Division; Cultured Aquatic Species Information Programme:
Muytilus galloprovincialis. Available online: http://www.fao.org/fishery/culturedspecies/Mytilus_galloprovincialis/en (accessed
on 8 September 2021).

Kurelec, B.; Pivéevié, B. Evidence for a multixenobiotic resistance mechanism in the mussel Mytilus galloprovincialis. Aquat. Toxicol.
1991, 19, 291-301. [CrossRef]

Gestal, C.; Roch, P,; Renault, T.; Pallavicini, A.; Paillard, C.; Novoa, B.; Oubella, R.; Venier, P.; Figueras, A. Study of diseases and
the immune system of bivalves using molecular biology and genomics. Rev. Fish. Sci. Aquac. 2008, 16, 133-156. [CrossRef]
Domeneghetti, S.; Varotto, L.; Civettini, M.; Rosani, U.; Stauder, M.; Pretto, T.; Pezzati, E.; Arcangeli, G.; Turolla, E.;
Pallavicini, A.; et al. Mortality occurrence and pathogen detection in Crassostrea gigas and Mytilus galloprovincialis close-growing
in shallow waters (Goro lagoon, Italy). Fish. Shellfish Immunol. 2014, 41, 37-44. [CrossRef] [PubMed]

Romero, A.; Costa, M.M.; Forn-Cuni, G.; Balseiro, P.; Chamorro, R.; Dios, S.; Figueras, A.; Novoa, B. Occurrence, seasonality
and infectivity of Vibrio strains in natural populations of mussels Mytilus galloprovincialis. Dis. Aquat. Organ. 2014, 108, 149-163.
[CrossRef]

Mitta, G.; Vandenbulcke, F.; Roch, P. Original involvement of antimicrobial peptides in mussel innate immunity. FEBS Lett. 2000,
486, 85-190. [CrossRef]

Pallavicini, A.; Costa, M.M.; Gestal, C.; Dreos, R.; Figueras, A.; Venier, P.; Novoa, B. High sequence variability of myticin
transcripts in hemocytes of immune-stimulated mussels suggests ancient host-pathogen interactions. Dev. Comp. Immunol. 2008,
32,213-226. [CrossRef]

Costa, M.M.; Dios, S.; Alonso-Gutierrez, J.; Romero, A.; Novoa, B.; Figueras, A. Evidence of high individual diversity on myticin
C in mussel (Mytilus galloprovincialis). Dev. Comp. Immunol. 2009, 33, 162-170. [CrossRef]

Novoa, B.; Romero, A.; Alvarez, A.L.; Moreira, R.; Pereiro, P,; Costa, M.M.; Dios, S.; Estepa, A.; Parra, F; Figueras, A. Antiviral
activity of myticin C peptide from mussel: An ancient defense against herpesviruses. J. Virol. 2016, 90, 7692-7702. [CrossRef]
[PubMed]

Gerdol, M.; Manfrin, C.; De Moro, G.; Figueras, A.; Novoa, B.; Venier, P,; Pallavicini, A. The Cl1q domain containing proteins of
the Mediterranean mussel Mytilus galloprovincialis: A widespread and diverse family of immune-related molecules. Dev. Comp.
Immunol. 2011, 35, 635-643. [CrossRef]

Romero, A.; Dios, S.; Poisa-Beiro, L.; Costa, M.M.; Posada, D.; Figueras, A.; Novoa, B. Individual sequence variability and
functional activities of fibrinogen-related proteins (FREPs) in the Mediterranean mussel (Mytilus galloprovincialis) suggest ancient
and complex immune recognition models in invertebrates. Dev. Comp. Immunol. 2011, 35, 334-344. [CrossRef]

Toubiana, M.; Gerdol, M.; Rosani, U.; Pallavicini, A.; Venier, P.; Roch, P. Toll-like receptors and MyD88 adaptors in Mytilus:
Complete cds and gene expression levels. Dev. Comp. Immunol. 2013, 40, 158-166. [CrossRef] [PubMed]

Rosani, U.; Varotto, L.; Gerdol, M.; Pallavicini, A.; Venier, P. IL-17 signaling components in bivalves: Comparative sequence
analysis and involvement in the immune responses. Dev. Comp. Immunol. 2015, 52, 255-268. [CrossRef] [PubMed]

Gerdol, M.; Venier, P. An updated molecular basis for mussel immunity. Fish Shellfish. Immunol. 2015, 46, 17-38. [CrossRef]
[PubMed]


http://www.ncbi.nlm.nih.gov/sra
http://www.fao.org/fishery/culturedspecies/Mytilus_galloprovincialis/en
http://doi.org/10.1016/0166-445X(91)90054-D
http://doi.org/10.1080/10641260802325518
http://doi.org/10.1016/j.fsi.2014.05.023
http://www.ncbi.nlm.nih.gov/pubmed/24909498
http://doi.org/10.3354/dao02701
http://doi.org/10.1016/S0014-5793(00)02192-X
http://doi.org/10.1016/j.dci.2007.05.008
http://doi.org/10.1016/j.dci.2008.08.005
http://doi.org/10.1128/JVI.00591-16
http://www.ncbi.nlm.nih.gov/pubmed/27307570
http://doi.org/10.1016/j.dci.2011.01.018
http://doi.org/10.1016/j.dci.2010.10.007
http://doi.org/10.1016/j.dci.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23485525
http://doi.org/10.1016/j.dci.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/26026244
http://doi.org/10.1016/j.fsi.2015.02.013
http://www.ncbi.nlm.nih.gov/pubmed/25700785

Genes 2021, 12, 1393 16 of 18

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gueguen, Y.; Cadoret, ].P.; Flament, D.; Barreau-Roumiguiére, C.; Girardot, A.L.; Garnier, J.; Hoareau, A.; Bachere, E.;
Escoubas, ] M. Immune gene discovery by expressed sequence tags generated from hemocytes of the bacteria-challenged
oyster, Crassostrea gigas. Gene 2003, 303, 139-145. [CrossRef]

De Lorgeril, J.; Zenagui, R.; Rosa, R.D.; Piquemal, D.; Bachére, E. Whole transcriptome profiling of successful immune response to
Vibrio infections in the oyster Crassostrea gigas by digital gene expression analysis. PLoS ONE 2011, 6, €23142. [CrossRef]

Green, T.J.; Montagnani, C. Poly I:C induces a protective antiviral immune response in the Pacific oyster (Crassostrea gigas) against
subsequent challenge with Ostreid herpesvirus (OsHV-1 pvar). Fish. Shellfish Immunol. 2013, 35, 382-388. [CrossRef]

Meng, J.; Zhang, L.; Huang, B.; Li, L.; Zhang, G. Comparative analysis of oyster (Crassostrea gigas) immune responses under
challenge by different Vibrio strains and conditions. Molluscan Res. 2015, 35, 1-11. [CrossRef]

Green, T].; Vergnes, A.; Montagnani, C.; de Lorgeril, J. Distinct immune responses of juvenile and adult oysters (Crassostrea gigas)
to viral and bacterial infections. Vet. Res. 2016, 47, 72. [CrossRef]

Lafont, M.; Vergnes, A.; Vidal-Dupiol, J.; de Lorgeril, J.; Gueguen, Y.; Haffner, P; Petton, B.; Chaparro, C.; Barrachina, C,;
Destoumieux-Garzon, D.; et al. A sustained immune response supports long-term antiviral immune priming in in the Pacific
Oyster, Crassostrea Gigas.. Mbio 2020, 11, €02777-19. [CrossRef]

Costa, M.M.; Prado-Alvarez, M.; Gestal, C.; Li, H.; Roch, P.; Novoa, B.; Figueras, A. Functional and molecular immune response
of Mediterranean mussel (Mytilus galloprovincialis) haemocytes against pathogen-associated molecular patterns and bacteria. Fish.
Shellfish Immunol. 2009, 26, 515-523. [CrossRef]

Venier, P.; Varotto, L.; Rosani, U.; Millino, C.; Celegato, B.; Bernante, F.; Lanfranchi, G.; Novoa, B.; Roch, P.; Figueras, A.; et al.
Insights into the innate immunity of the Mediterranean mussel Mytilus Galloprovincialis.. BMC Genom. 2011, 12, 69. [CrossRef]
Balseiro, P.; Moreira, R.; Chamorro, R.; Figueras, A.; Novoa, B. Immune responses during the larval stages of Mytilus gallo-
provincialis: Metamorphosis alters immunocompetence, body shape and behavior. Fish. Shellfish Immunol. 2013, 35, 438—447.
[CrossRef]

Rey-Campos, M.; Moreira, R.; Valenzuela-Mufioz, V.; Gallardo-Escérate, C.; Novoa, B.; Figueras, A. High individual variability in
the transcriptomic response of Mediterranean mussels to Vibrio reveals the involvement of myticins in tissue injury. Sci. Rep.
2019, 9, 3569. [CrossRef] [PubMed]

Rey-Campos, M.; Moreira, R.; Gerdol, M.; Pallavicini, A.; Novoa, B.; Figueras, A. Immune Tolerance in Mytilus galloprovincialis
hemocytes after repeated contact with Vibrio splendidus. Front. Immunol. 2019, 10, 1894. [CrossRef] [PubMed]

Moreira, R.; Romero, A.; Rey-Campos, M.; Pereiro, P; Rosani, U.; Novoa, B.; Figueras, A. Stimulation of Mytilus galloprovincialis
hemocytes with different immune challenges induces differential transcriptomic, miRNomic, and functional responses. Front.
Immunol. 2020, 11, 606102. [CrossRef] [PubMed]

Ponting, C.P; Oliver, P.L.; Reik, W. Evolution and functions of long noncoding RNAs. Cell 2009, 136, 629-641. [CrossRef]
Quinn, J.J.; Chang, H.Y. Unique features of long non-coding RNA biogenesis and function. Nat. Rev. Genet. 2016, 17, 47-62.
[CrossRef]

Mu, C,; Wang, R; Li, T;; Li, Y.; Tian, M,; Jiao, W.; Huang, X.; Zhang, L.; Hu, X.; Wang, S.; et al. Long non-coding RNAs (IncRNAs)
of sea cucumber: Large-scale prediction, expression profiling, non-coding network construction, and IncRNA-microRNA-Gene
interaction analysis of IncRNAs in Apostichopus japonicus and Holothuria glaberrima during LPS challenge and radial organ complex
regeneration. Mar. Biotechnol. 2016, 18, 485-499. [CrossRef]

Sun, W.; Feng, J. Differential IncRNA expression profiles reveal the potential roles of IncRNAs in antiviral immune response of
Crassostrea gigas. Fish. Shellfish Immunol. 2018, 81, 233-241. [CrossRef]

Ali, A.; Abd El Halim, H.M. Re-thinking adaptive immunity in the beetles: Evolutionary and functional trajectories of IncRNAs.
Genomics 2020, 112, 1425-1436. [CrossRef]

Pang, K.C.; Dinger, M.E.; Mercer, T.R.; Malquori, L.; Grimmond, S.M.; Chen, W.; Mattick, J.S. Genome-wide identification of long
noncoding RNAs in CD8+ T cells. . Immunol. 2009, 182, 7738-7748. [CrossRef] [PubMed]

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, e00206—e00210. [CrossRef]

Valenzuela-Muiioz, 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. [CrossRef]

Pereiro, P; Lama, R.; Moreira, R.; Valenzuela-Mufioz, V.; Gallardo-Escarate, C.; Novoa, B.; Figueras, A. Potential involvement of
IncRNAs in the modulation of the transcriptome response to nodavirus challenge in European sea bass (Dicentrarchus labrax L.).
Biology 2020, 9, 165. [CrossRef] [PubMed]

Mourtada-Maarabouni, M.; Hasan, A.M.; Farzaneh, F; Williams, G.T. Inhibition of human T cell proliferation by mammalian
target of rapamycin (mTOR) antagonists requires noncoding RNA growth-arrest-specific transcript 5 (GAS5). Mol. Pharmacol.
2010, 78, 19-28. [CrossRef]

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

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. [CrossRef]


http://doi.org/10.1016/S0378-1119(02)01149-6
http://doi.org/10.1371/journal.pone.0023142
http://doi.org/10.1016/j.fsi.2013.04.051
http://doi.org/10.1080/13235818.2014.919696
http://doi.org/10.1186/s13567-016-0356-7
http://doi.org/10.1128/mBio.02777-19
http://doi.org/10.1016/j.fsi.2009.02.001
http://doi.org/10.1186/1471-2164-12-69
http://doi.org/10.1016/j.fsi.2013.04.044
http://doi.org/10.1038/s41598-019-39870-3
http://www.ncbi.nlm.nih.gov/pubmed/30837561
http://doi.org/10.3389/fimmu.2019.01894
http://www.ncbi.nlm.nih.gov/pubmed/31447861
http://doi.org/10.3389/fimmu.2020.606102
http://www.ncbi.nlm.nih.gov/pubmed/33391272
http://doi.org/10.1016/j.cell.2009.02.006
http://doi.org/10.1038/nrg.2015.10
http://doi.org/10.1007/s10126-016-9711-y
http://doi.org/10.1016/j.fsi.2018.07.032
http://doi.org/10.1016/j.ygeno.2019.08.012
http://doi.org/10.4049/jimmunol.0900603
http://www.ncbi.nlm.nih.gov/pubmed/19494298
http://doi.org/10.1128/mBio.00206-10
http://doi.org/10.1038/s41598-019-50766-0
http://doi.org/10.3390/biology9070165
http://www.ncbi.nlm.nih.gov/pubmed/32679770
http://doi.org/10.1124/mol.110.064055
http://doi.org/10.7554/eLife.00762
http://www.ncbi.nlm.nih.gov/pubmed/23898399
http://doi.org/10.1016/j.dci.2014.01.015

Genes 2021, 12, 1393 17 of 18

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Huang, X.D.; Dai, ].G.; Lin, K.T.; Liu, M.; Ruan, H.T.; Zhang, H.; Liu, W.G.; He, M.X,; Zhao, M. Regulation of IL-17 by IncRNA of
IRF-2 in the pearl oyster. Fish. Shellfish Immunol. 2018, 81, 108-112. [CrossRef]

Valanne, S.; Salminen, T.S.; Jarvela-Stolting, M.; Vesala, L.; Rimet, M. Inmune-inducible non-coding RNA molecule lincRNA-IBIN
connects immunity and metabolism in Drosophila melanogaster. PLoS Pathog. 2019, 15, e1007504. [CrossRef]

Zhang, P,; Cao, L.; Zhou, R.; Yang, X.; Wu, M. The IncRNA Neatl promotes activation of inflammasomes in macrophages. Nat.
Commun. 2019, 10, 1495. [CrossRef]

Hongkuan, Z.; Karsoon, T.; Shengkang, L.; Hongyu, M.; Huaiping, Z. The functional roles of the non-coding RNAs in molluscs.
Gene 2021, 768, 145300. [CrossRef]

Saco, A.; Rey-Campos, M.; Novoa, B.; Figueras, A. Transcriptomic response of mussel gills after a Vibrio splendidus infection
demonstrates their role in the immune response. Front. Immunol. 2020, 11, 615580. [CrossRef] [PubMed]

Tarifefio-Saldivia, E.; Valenzuela-Miranda, D.; Gallardo-Escarate, C. In the shadow: The emerging role of long non-coding RINAs
in the immune response of Atlantic salmon. Dev. Comp. Immunol. 2017, 73, 193-205. [CrossRef] [PubMed]

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, €74. [CrossRef]

Gerdol, M.; Moreira, R.; Cruz, F; Gémez-Garrido, J.; Vlasova, A.; Rosani, U.; Venier, P.; Naranjo-Ortiz, M.A.; Murgarella, M.;
Greco, S.; et al. Massive gene presence-absence variation shapes an open pan-genome in the Mediterranean mussel. Genome Biol.
2020, 21, 275. [CrossRef] [PubMed]

Afgan, E.; Baker, D.; van den Beek, M.; Blankenberg, D.; Bouvier, D.; Cech, M.; Chilton, J.; Clements, D.; Coraor, N.;
Griining, B.A; et al. The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2016 update.
Nucleic Acids Res. 2016, 44, W3-W10. [CrossRef]

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. [CrossRef]

Conesa, A.; Gotz, S.; Garcia-Gomez, ].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. [CrossRef]

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

Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]
Moreira, R.; Pereiro, P.; Costa, M.; Figueras, A.; Novoa, B. Evaluation of reference genes of Mytilus galloprovincialis and
Ruditapes philippinarum infected with three bacteria strains for gene expression analysis. Aquat. Living Resour. 2014, 27, 147-152.
[CrossRef]

Chen, G.; Zhang, C.; Jiang, F; Wang, Y.; Xu, Z.; Wang, C. Bioinformatics analysis of hemocyte miRNAs of scallop Chlamys farreri
against acute viral necrobiotic virus (AVNV). Fish. Shellfish Immunol. 2014, 37, 75-86. [CrossRef] [PubMed]

Jiao, Y,; Zheng, Z.; Du, X.; Wang, Q.; Huang, R.; Deng, Y.; Shi, S.; Zhao, X. Identification and characterization of MicroRNAs in
pearl oyster Pinctada martensii by Solexa deep sequencing. Mar. Biotechnol. 2014, 16, 54—62. [CrossRef]

Martin-Goémez, L.; Villalba, A.; Kerkhoven, R.H.; Abollo, E. Role of microRNAs in the immunity process of the flat oyster
Ostrea edulis against bonamiosis. Infect. Genet. Evol 2014, 27, 40-50. [CrossRef] [PubMed]

Zhou, Z.; Wang, L.; Song, L.; Liu, R.; Zhang, H.; Huang, M.; Chen, H. The identification and characteristics of immune-related
microRNAs in haemocytes of oyster Crassostrea gigas. PLoS ONE 2014, 9, e88397. [CrossRef]

Kenny, N.J.; Namigai, EK.O.; Marlétaz, F.; Hui, ].H.L.; Shimeld, S.M. Draft genome assemblies and predicted microRNA
complements of the intertidal lophotrochozoans Patella vulgata (Mollusca, Patellogastropoda) and Spirobranchus (Pomatoceros)
lamarcki (Annelida, Serpulida). Mar. Genom. 2015, 24, 139-146. [CrossRef]

Zheng, Z.; Jiao, Y.; Du, X.D.; Tian, Q.L.; Wang, Q.H.; Huang, R.L.; Deng, Y.W. Computational prediction of candidate miRNAs
and their potential functions in biomineralization in pearl oyster Pinctada martensii. Saudi J. Biol. Sci. 2016, 23, 372-378. [CrossRef]
Huang, J.; Luo, X.; Huang, M.; Liu, G.; You, W.; Ke, C. Identification and characteristics of muscle growth-related microRNA in
the Pacific abalone, Haliotis discus hannai. BMC Genom. 2018, 19, 915. [CrossRef]

Yu, D.; Wu, H.; Peng, X,; Ji, C.; Zhang, X.; Song, J.; Qu, ]J. Profiling of microRNAs and mRNAs in marine mussel Mytilus gallo-
provincialis. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2020, 230, 108697. [CrossRef]

Yu, H.; Zhao, X,; Li, Q. Genome-wide identification and characterization of long intergenic noncoding RNAs and their potential
association with larval development in the Pacific oyster. Sci. Rep. 2016, 6, 20796. [CrossRef] [PubMed]

Détrée, C.; Nuiiez-Acuiia, G.; Tapia, F; Gallardo-Escérate, C. Long non-coding RNAs are associated with spatiotemporal gene
expression profiles in the marine gastropod Tegula atra. Mar. Genom. 2017, 33, 39-45. [CrossRef]

Huang, J.; Luo, X.; Zeng, L.; Huang, Z.; Huang, M.; You, W.; Ke, C. Expression profiling of IncRNAs and mRNAs reveals
regulation of muscle growth in the Pacific abalone, Haliotis discus hannai. Sci. Rep. 2018, 8, 16839. [CrossRef] [PubMed]

Feng, D.; Li, Q.; Yu, H,; Kong, L.; Du, S. Transcriptional profiling of long non-coding RNAs in mantle of Crassostrea gigas and their
association with shell pigmentation. Sci. Rep. 2018, 8, 1436. [CrossRef] [PubMed]

Zheng, Z.; Xiong, X.; Zhang, J.; Lv, S; Jiao, Y.; Deng, Y. The global effects of PmRunt co-located and co-expressed with a lincRNA
IncRunt in pearl oyster Pinctada fucata martensii. Fish. Shellfish Immunol. 2019, 91, 209-215. [CrossRef]


http://doi.org/10.1016/j.fsi.2018.07.020
http://doi.org/10.1371/journal.ppat.1007504
http://doi.org/10.1038/s41467-019-09482-6
http://doi.org/10.1016/j.gene.2020.145300
http://doi.org/10.3389/fimmu.2020.615580
http://www.ncbi.nlm.nih.gov/pubmed/33391288
http://doi.org/10.1016/j.dci.2017.03.024
http://www.ncbi.nlm.nih.gov/pubmed/28373064
http://doi.org/10.1093/nar/gkt006
http://doi.org/10.1186/s13059-020-02180-3
http://www.ncbi.nlm.nih.gov/pubmed/33168033
http://doi.org/10.1093/nar/gkw343
http://doi.org/10.1093/nar/gkw419
http://doi.org/10.1093/bioinformatics/bti610
http://doi.org/10.1385/1-59259-192-2:365
http://doi.org/10.1093/nar/29.9.e45
http://doi.org/10.1051/alr/2014015
http://doi.org/10.1016/j.fsi.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24457045
http://doi.org/10.1007/s10126-013-9528-x
http://doi.org/10.1016/j.meegid.2014.06.026
http://www.ncbi.nlm.nih.gov/pubmed/25008434
http://doi.org/10.1371/journal.pone.0088397
http://doi.org/10.1016/j.margen.2015.07.004
http://doi.org/10.1016/j.sjbs.2015.04.001
http://doi.org/10.1186/s12864-018-5347-9
http://doi.org/10.1016/j.cbpc.2019.108697
http://doi.org/10.1038/srep20796
http://www.ncbi.nlm.nih.gov/pubmed/26861843
http://doi.org/10.1016/j.margen.2017.01.002
http://doi.org/10.1038/s41598-018-35202-z
http://www.ncbi.nlm.nih.gov/pubmed/30442913
http://doi.org/10.1038/s41598-018-19950-6
http://www.ncbi.nlm.nih.gov/pubmed/29362405
http://doi.org/10.1016/j.fsi.2019.05.037

Genes 2021, 12, 1393 18 of 18

66.

67.

68.

69.

70.

71.

72.

Zheng, Z.; Li, W,; Xu, J.; Xie, B.; Yang, M.; Huang, H.; Li, H.; Wang, Q. LncMSEN1, a mantle-specific LncRNA participating in
nacre formation and response to polyl:C stimulation in pearl oyster Pinctada fucata martensii. Fish. Shellfish Immunol. 2020, 96,
330-335. [CrossRef]

Jiang, C.; Li, Y.,; Zhao, Z.; Lu, J.; Chen, H.; Ding, N.; Wang, G.; Xu, J.; Li, X. Identifying and functionally characterizing
tissue-specific and ubiquitously expressed human IncRNAs. Oncotarget 2016, 7, 7120-7133. [CrossRef] [PubMed]

Gil, N.; Ulitsky, I. Regulation of gene expression by cis-acting long non-coding RNAs. Nat. Rev. Genet. 2020, 21, 102-117.
[CrossRef] [PubMed]

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. [CrossRef] [PubMed]

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

Hubler, ML].; Kennedy, A.]J. Role of lipids in the metabolism and activation of immune cells. |. Nutr. Biochem. 2016, 34, 1-7.
[CrossRef]

Bennett, E.P.; Hassan, H.; Hollingsworth, M.A.; Clausen, H. A novel human UDP-N-acetyl-D-galactosamine: Polypeptide
N-acetylgalactosaminyltransferase, GalNAc-T7, with specificity for partial GaINAc-glycosylated acceptor substrates. FEBS Lett.
1999, 460, 226-230. [CrossRef]


http://doi.org/10.1016/j.fsi.2019.12.015
http://doi.org/10.18632/oncotarget.6859
http://www.ncbi.nlm.nih.gov/pubmed/26760768
http://doi.org/10.1038/s41576-019-0184-5
http://www.ncbi.nlm.nih.gov/pubmed/31729473
http://doi.org/10.1016/j.celrep.2015.04.023
http://www.ncbi.nlm.nih.gov/pubmed/25959816
http://doi.org/10.1242/dev.140962
http://doi.org/10.1016/j.jnutbio.2015.11.002
http://doi.org/10.1016/S0014-5793(99)01268-5

	Introduction 
	Materials and Methods 
	Animals 
	Experimental Design, RNA Isolation, and Illumina Sequencing 
	Trimming, Sequence Assembly, and lncRNA Mining 
	Genome Mapping and Identification of lncRNA-Neighboring Coding Genes 
	RNA-Seq and Differential Expression Analyses 
	Gene Ontology (GO) Enrichment Analysis and KEGG Pathways 
	Correlation Analyses between lncRNAs and Coding Genes 
	Quantitative PCR (qPCR) Validation of Differentially Expressed lncRNAs 

	Results 
	Assembly, Annotation, and lncRNA Mining 
	Differential Expression of lncRNAs after Stimulation of Hemocytes with PAMPs 
	Identification of the DE lncRNA-Neighboring Coding Genes 
	GO Enrichment and KEGG Pathway Analyses of the lncRNA-Neighboring Coding Genes 
	Correlation Analysis between Modulated Genes and lncRNAs 
	Validation of lncRNA Expression Profiles by qPCR 

	Discussion 
	Conclusions 
	References

