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Abstract

Piscirickettsia salmonis is one of the most significant pathogens affecting salmon farming.
Besides liver, head kidney and spleen, skeletal muscle has shown transcriptional immune
responses to these bacteria, but the contribution of non-coding RNAs remains poorly
understood. This study investigates the role of long non-coding RNAs (IncRNAs) in
the immune response of rainbow trout skeletal muscle and primary myotube cultures
infected with P. salmonis. Using RNA-seq data from both in vivo and in vitro muscle under
control and infected conditions, the analysis identified 4263 candidate IncRNAs through
a stringent bioinformatics pipeline. These IncRNAs were mostly classified as exonic and
intergenic, showing distinct genomic distributions and structural differences depending
on the source. Expression analyses revealed that cell type had a stronger effect on IncRNA
profiles than infection status. From 764 differentially expressed IncRNAs, 191 were uniquely
associated with infected and 180 with control conditions, mainly unannotated. Functional
predictions based on co-expression and proximity to coding genes suggest that IncRNAs
are primarily involved in downregulation of structural-cellular maintenance under control
conditions, whereas during infection, they are related to immunity, signaling, and apoptosis.
Overall, the findings indicate that IncRNAs exhibit origin-specific regulatory roles and are
modulated by P. salmonis infection, highlighting their potential importance in fish immune
responses.

Keywords: rainbow trout; primary myotubes; muscle; long non-coding RNA; Piscirickettsia
salmonis infection

Key Contribution: Identification of 4263 novel IncRNAs in rainbow trout skeletal muscle
and myotube cultures reveals strong tissue-specific expression patterns, with cell type
exerting a greater influence than Piscirickettsia salmonis infection. Differential expression
and co-expression analyses suggest that IncRNAs play key regulatory roles in immune
response, cell signaling, and apoptotic processes during P. salmonis infection in fish skeletal
muscle cells.
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1. Introduction

Skeletal muscle is the most abundant tissue in teleost fishes, accounting for 50-60%
of their body weight [1]. This tissue is important for motor activities and plays key
roles in energy and protein metabolism; previous research has even demonstrated its
immunomodulatory capacity against viruses and bacteria [2-4]. The immune response of
skeletal muscle to pathogens has been demonstrated using in vitro and in vivo methods.
Primary culture infection studies with cytokines, pathogen-associated molecular patterns
(PAMPs) or bacteria have been conducted on Atlantic salmon (Salmo salar) and rainbow
trout (Oncorhynchus mykiss), which have demonstrated the induction of expression of genes
related to innate and adaptive immune responses [5-7]. On the other hand, infection studies
using pathogens in fine flounder (Paralichthys adspersus), Nile tilapia (Oreochromis niloticus)
or rainbow trout, among others, revealed variations in the expression of immune-related
molecules in skeletal muscle, such as toll-like receptors, pro-inflammatory cytokines, and
antimicrobial peptides [2,8-10].

Piscirickettsia salmonis is one of the most significant pathogens affecting salmon farm-
ing [11]. This pathogen is a Gram-negative, nonmotile, facultatively intracellular bacterium
and has been described as the causative agent of salmonid rickettsial septicemia (SRS)
or piscirickettsiosis [12,13]. This septicemic disease affects various species of salmonids,
such as Atlantic salmon, coho salmon (Oncorhynchus kisutch), and rainbow trout [14]. Also,
P. salmonis can affect several organs, including liver, spleen, head kidney, and, more recently
described, skeletal muscle [11,15,16]. To delve into the effects of pathogen infection on
skeletal muscle and the molecular mechanisms associated with its immunocompetence,
next-generation sequencing (NGS) appears as an excellent alternative to research this con-
cern [17]. RNA-Seq analysis of rainbow trout skeletal muscle infected with P. salmonis
exhibited a strong transcriptional inflammatory response that included activation of IL-8-
related pathways, and showed that many genes involved in the production, organization, or
function of the contractile apparatus were downregulated [18]. Similarly, transcriptomic re-
sponse of trout muscle cells with cortisol and/or P. salmonis showed differentially expressed
transcripts related to apoptosis, inhibition of cell proliferation and innate immune enriched
biological processes [19]. Despite this work, previous reports do not describe or characterize
additional (non-protein-coding) RNAs, including non-coding RNAs (ncRNAs), which have
become more recognized as relevant as critical regulators of gene expression [20].

The ncRNAs are generally grouped into short ncRNAs and long ncRNAs (IncRNAs)
based on their length [21]. LncRNAs are typically over 200 nucleotides in length and
have been classified into long intronic ncRNAs, long intergenic ncRNAs, natural antisense
transcripts, and a new group of ncRNAs known as circular RNAs (circRNAs) [22,23]. In
general, it has been reported that IncRNAs can modulate gene expression, and they have
gained recognition in recent years as key regulators of several biological processes [24,25].
In teleost fishes, the IncRNAs have been found to be related to development and differenti-
ation, and emerging evidence suggests that they could act as potential regulators of the
immune response [26-28]. Analysis of the colocalization and co-expression of IncRNAs
and genes in the brain, spleen, and head kidney of salmon infected with P. salmonis shows
that they regulate processes associated with endocytosis and iron homeostasis [29]. Addi-
tionally, a study of these effects in combination with other pathogens of major importance
in the salmon industry, such as the infectious salmon anemia virus (ISA) or ectoparasite
copepod Caligus rogercresseyi, showed that the modulation is pathogen-specific and primar-
ily correlated with genes associated with the innate immune response [30]. Although there
is existing evidence regarding the regulation of IncRNAs by P. salmonis [29,30], no studies
have examined these effects in the skeletal muscle of teleost fishes or determined how they
exert their effects in an integrated manner across isolated and systemic systems.
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The aim of this study was to identify and characterize IncRNAs in rainbow trout
RNA-seq libraries derived from skeletal muscle and a primary myotube culture under
normal and infected conditions, and to determine how they interact with one another. We
found that IncRNAs exhibited distinct characteristics and functions depending on the cell
type from which they originate, modulated by P. salmonis infection related to immune
response, apoptosis, and cell-signaling processes.

2. Materials and Methods
2.1. In Vivo Rainbow Trout Challenge and Sampling

Briefly, sixteen juvenile rainbow trout (15.2 £ 2.8 g) from a commercial farm in La
Araucania, Chile, were acclimated for two weeks in recirculating systems at 15 °C and fed
a commercial diet. Water quality (oxygen and temperature) was monitored daily. After
confirming health status, 48 fish were randomly assigned to four groups: two infected
and two controls. Infected fish received an intraperitoneal injection of P. salmonis (LF-89
strain; 1 x 10° bacteria), while controls received sterile PBS. No mortality occurred. At
12 h post-infection (selected based on immune response kinetics), fish were euthanized by
benzocaine solution (300 mg/L), and white skeletal muscle samples were collected and
preserved in liquid nitrogen. All procedures were approved by the Bioethics Committee of
Andrés Bello University, approval code: 012/2020. Further information is detailed in [18].

2.2. In Vitro Rainbow Trout Myotube Challenge and Sampling

Skeletal muscle cells obtained from four juvenile rainbow trout (5-8 g; weight
9.4 £ 1.8 g; length 10 & 2 cm) free of P. salmonis were isolated from dorsal white mus-
cle using mechanical dissociation and enzymatic digestion with collagenase type II (0.2%)
and trypsin—-EDTA (0.1%) diluted in DMEM (plus 10% donor horse serum). Cells were then
seeded in 12-well plates (cell density of 8 x 10° per well), previously treated with poly-L-
lysine (2 g/cm?) and laminin (20 g/mL), and held at 18 °C for 7 days with DMEM plus
10% donor horse serum. After the culture period, the donor horse serum was decreased
from 10% to 2% for 7 days. The procedure to obtain rainbow trout myotubes was repeated
three times independently (n = 3).

The P. salmonis strain LF-89 (ATCC VR-1361) was cultured as previously described [19],
in a defined basal medium, and growth was monitored by measuring optical density
at 600 nm to ensure conditions in the logarithmic phase (between 0.3 and 0.6). Bacte-
rial cells were harvested by centrifugation and resuspended in culture medium prior to
infection assays.

Briefly, the experimental design included four groups: (i) control and (ii) infected
with P. salmonis LF-89. Myotubes were preincubated with vehicle (DMSO) for 3 h at 18 °C,
followed by infection with P. salmonis LF-89 (in the logarithmic phase) at a multiplicity of
infection (MOI) of 50 for 8 h under controlled temperature conditions (18 °C). After 8 h,
the RNA from myotubes was extracted using an E.Z.N.A® Total RNA kit (R6834, Omega
Bio-Tek, Norcross, GA, USA) following the manufacturer’s recommendations. Further
information is detailed in Zuloaga et al. [19].

2.3. Data Collection

A total of 10 paired-end cDNA libraries were obtained from primary myotube cultures
and skeletal muscle tissue under control and P. salmonis-infected conditions using the
TruSeq RNA Sample Preparation kit v2 (Illumina®, San Diego, CA, USA). The libraries
were sequenced on a HiSeq 4000 platform with 100 bp paired-end reads (Macrogen, Seoul,
Republic of Korea) [18,19]. These data are available at NCBI under accession numbers
PRJNA732666 for myotubes and PRJNA676020 for skeletal muscle.
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2.4. Quality Control, Mapping and Assembly

The quality control of raw reads was measured by FastQC v0.11.9 [31]. Short reads,
low-quality bases (Phred quality value < 30) and adapter contamination were removed
using Fastp v0.22.0 [32]. The clean reads were separately aligned to the reference genome
OmykA_1.1 (Genbank assembly accession: GCA_013265735.3) with HISAT2 v2.2.1 [33], and
the mapped reads were sorted and deduplicated using Samtools v1.6 [34]. The resulting
reads were independently assembled with Stringtie v2.2.1 [35], and the “merge” option of
Stringtie was used to make a reference transcriptome for this study.

2.5. Identification of Candidate IncRNAs

The IncRNA identification pipeline is shown in Figure 1. First, the sequences of the
transcripts were queried against the non-redundant protein (nr) and Uniprot databases
with Diamond v0.9.14.115 [36] using E-value cut-offs of 107® and 1073, respectively.
Transcripts that matched a coding gene were discarded. Second, transcripts with a
length < 200 bp were also discarded. Third, the remaining sequences were filtered by
PreLnc [37] and LncFinder [38], running with models constructed with the reference
coding (cds), messenger RNA (mRNA) and IncRNA sequences obtained from Ensembl
(https:/ /www.ensembl.org/Oncorhynchus_mykiss/, accessed on 19 June 2025). For
LncFinder, the “SecondaryStructure” feature was used, and only transcripts with a non-
coding potential > = 0.9 and < = 0.1 were regarded as candidate IncRNAs. Finally, to clas-
sify these candidates according to their genomic characteristics, gffcompare software [39]

was used.
.
Raw Data Quality Filter Fasp
Reads Quality
)
Hisat2
Clean Data Assembly Samtools
Stringtie
Blastx
Non-Coding .
LncFinder S e—
PreLnc

Differential
Expression and DESeq2
LenRNAs Correlation psych
Analysis

Figure 1. Bioinformatic pipeline for the assembly and identification of IncRNAs in the O. mykiss

transcriptome.

2.6. Differential Expression, Co-Expression and Functional Enrichment Analysis

To compare the expression levels in pairwise fashion between conditions or cell types,
a read count was performed by prepDE.py, a Python 3.2.6 script provided by Stringtie.
The count data were normalized by the median of ratios by DESeq2 [40], a differential
gene expression analysis was performed, and the transcripts with a p-adjusted value
(FDR) < 0.05 and absolute Log2(FC) > 1 were considered as significantly differentially
expressed. To construct a co-expression network, we predicted the target protein-coding
genes of candidate IncRNAs using the trans acting role. The trans role indicates the effect
on the expression level of any gene; therefore, Pearson’s correlation coefficient (PCC) was
calculated between expression levels of differentially expressed (DE) IncRNAs and DE
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mRNAs using a threshold of IPCCI| > 0.9 to determine strong correlations. The resulting
correlations were then ranked using GENIE3 [41], and only the top 10% of predicted
interactions were retained for network construction. Functional enrichment analysis of the
resulting gene sets was performed using DAVID [42] to identify overrepresented biological
processes, cellular components, molecular function and KEGG pathways.

Thresholds for differential expressions were selected following criteria commonly
applied in IncRNA studies in teleost fishes [43,44]. For co-expression network construction,
a Pearson correlation coefficient threshold of IPCCI > 0.9 was applied to retain only strong
linear associations between DE IncRNAs and DE mRNAs, consistent with previously used
stringency criteria in IncRNA regulatory network analyses in fish [26]. The top 10% of
GENIE3-ranked interactions were retained to reduce network complexity while preserving
the most likely regulatory relationships, following approaches used in IncRNA-mRNA
network inference.

3. Results
3.1. Transcriptome Assembly and Identification of IncRNAs

A total of 609,882,820 raw reads were obtained from the RNA sequencing. Following
the quality filter, 570,147,465 clean reads remained, with a minimum length of 50 bp. From
these, on average 93.6% were successfully mapped to the reference genome OmykA_1.1.
The reference assembly generated 175,595 transcripts with an N50 and an average length of
4697 and 3026, respectively. The transcripts were aligned against a non-redundant database
(nr, NCBI) and the Uniprot database, obtaining an 80.5% annotation rate with a high level
of homology to rainbow trout. We developed a process based on deep learning software,
and from the transcripts analyzed by these algorithms, 4263 IncRNAs were predicted. Of
the total of IncRNAs, 3725 (87.4%) were identified as new and 538 (12.6%) had already been
previously annotated; also, 1008 were exonic (23.6%), 497 intronic (11.7%), 1390 intergenic
(32.6%) and 1368 ambiguous (32.1%).

3.2. Characterization of IncRNAs

The results can characterize and make different comparisons of IncRNAs that come
from myotubes or skeletal muscle. Of the total number of IncRNAs identified, 2913 (91.5%)
were mapped to different chromosomal locations from myotubes and 3328 (92.0%) from
skeletal muscle; however, 272 (8.5%) were unmapped (unplaced) in myotubes and 288 in
muscle (7.96%) (Figure 2A). The genomic distribution of IncRNAs differed significantly
between those from myotubes and those from skeletal muscle. Among the chromosomes
with the greatest difference is chromosome 12, one of the largest chromosomes in the
rainbow trout genome, with 102,853,256 base pairs (Figure 2A). Chromosome 12 was the
only one that showed a statistically significant difference in IncRNA representation, with
174 IncRNAs (5.5% of total myotube IncRNAs) compared to 157 (4.3% of total skeletal
muscle IncRNAs) (Figure 2A). This difference may reflect IncRNA expression specialization
associated with the developmental state or origin of each cell type. The length distribution
of the identified IncRNAs ranged from 201 to 8465 bp from both sources. When compared,
the average length of IncRNAs in myotubes was 1603 bp, while the average length of
IncRNAs in skeletal muscle was 1449 bp. A significant difference was observed between
the two groups, with IncRNAs from myotubes being 154 bp longer than those from skeletal
muscle (Figure 2B). Regarding gene localization, we can observe that most of the IncRNAs
were in exonic and intergenic zones, totaling 21.1% and 23.3% in myotubes and skeletal
muscle, respectively (Figure 2C). Only 6.8% of the IncRNAs in the myotube group were
located in introns, compared with 13.3% in the skeletal muscle group.
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Figure 2. Characterization of IncRNAs identified in O. mykiss myotubes and skeletal muscle.
(A) Distribution of the identified IncRNAs on chromosomes. Using x? analysis, the asterisk de-
notes significant differences in length. UP: Unplaced IncRNAs in chromosomes. (B) Length—density
graph per kilobase (kb) of the identified IncRNAs by length in base pairs (bp), using the Welch t-test
for statistical analysis. (C) Genomic location of the identified IncRNAs. The data show the proportion
per chromosome for each source, rather than absolute counts. Ambiguous: everything that is not
exonic, intergenic or intronic. The statistical analysis used was a category-based comparison with
multiple comparisons Benjamini-Hochberg (BH) correction, where each individual set of brackets
summarizes the significance of a category with BH adjustment. The significance values are * p < 0.05,
** p < 0.001 between myotubes and skeletal muscle.

The 4263 predicted IncRNA candidates were evaluated based on their expression
profiles in isolated cells (myotubes) and in skeletal muscle, comparing between the control
group and the infected group to identify group-specific expression patterns. Comparing
the samples, we observe that the differences in the expression levels due to the infection
condition are fewer than those observed for the origin of the samples from the myotube
and skeletal muscle groups (Figure 3A). In relation to this, we show these results in a Venn
diagram (Figure 3B). There are 223 IncRNAs uniquely belonging to the myotube group
(94 control and 129 infected), and 578 to the skeletal muscle group (126 control and 452
infected). Also, there were 78 IncRNAs shared between the myotube group and skeletal
muscle (19 control and 59 infected); further, the number of IncRNAs shared among all
groups was 1648.
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- I
Myotubes Control Myotubes Infected S.Muscle Control S.Muscle Infected

S.Muscle Control S.Muscle Infected

Myotubes Infected

Figure 3. Expression profiles of the IncRNAs identified in O. mykiss myotubes and skeletal muscle
for samples exposed or not exposed to P. salmonis. (A) Heatmap and hierarchical clustering of the
expression levels of the IncRNAs identified present among the respective conditions. (B) Venn
diagram of the IncRNAs identified present among the respective conditions. S. Muscle Control:
skeletal muscle, control; S. Muscle Infected: skeletal muscle, infected.

3.3. Differential Expression and Correlation Analysis

At a global level, the response to infection revealed a total of 764 differentially ex-
pressed (DE) IncRNAs, with 266 (34.82%) and 498 (65.18%) downregulated and upregulated,
respectively. In the control group (568 DE IncRNAs), 191 (33.63%) were downregulated
and 377 (66.37%) IncRNAs were upregulated (Figure 4A). Among 568 DE IncRNAs, 467
were classified as new and 101 as known. A high proportion of DE IncRNAs were observed
in the control comparison, where the presence of transparent dots (green or lighter red
in Figure 4A) indicates that a significant fraction of DE signals in the control group also
appear in the infected group. The solid dots represent components that are specifically
regulated under the control condition. Meanwhile, in the infected group (579 DE IncRNAs),
182 (31.44%) were downregulated and 397 (68.56%) IncRNAs were upregulated (Figure 4B).
Among 579 DE IncRNAs, 479 were classified as new and 100 as known. These results
show up- and downregulated IncRNAs, with a clear trend toward upregulation (positive
log2FC values). The transparent dots indicate a core set of IncRNAs shared with the control
group. The solid dots suggest an additional regulatory signature associated with infection.
The complete list of DE IncRNAs under the control condition is shown in Supplementary
Table S1 and those under the infected condition in Supplementary Table S2. Figure 4C
compares the sets of significantly DE IncRNAs from the analyses shown in Figure 4A,B.
The results show that there is a major group of 388 shared DE IncRNAs. Unique subsets
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are also observed under each condition (191 in the infected group and 180 in the control
group), consistent with source-specific responses (Figure 4C).

A LncRNAs in control group B LncRNAs in infected group
® significant up shared (transparent) w4 significant up shared (transparent)
|, @ not significant ® not significant
® significant down ® significant down
o _|
N
. S -
B 0 '
L3 w | =
g - g w _|
| | -
< o
> & ¢
o o
| o . | ° .
/ ' g
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log,(FoldChange) log,(FoldChange)
C
Infected Control

Figure 4. Differentially expressed (DE) IncRNAs in response to the source of the cells under the same
conditions. (A) Volcano plot of the DE IncRNAs under the infected condition (skeletal muscle vs.
myotubes); of a total of 568 DE IncRNAs, 377 were upregulated and 191 downregulated. (B) Volcano
plot of the DE IncRNAs in the control condition (skeletal muscle vs. myotubes); of a total of 579 DE
IncRNAs, 397 were upregulated and 182 downregulated. Each point in graphs A and B represents a
IncRNA. The X-axis is plotted as log2(FoldChange), where positive values indicate higher expression
and negative values indicate lower expression of the IncRNAs in the skeletal muscle control group
compared to the myotube control. The Y-axis is plotted as log10(p-value), where higher values
indicate greater statistical evidence of a difference. Additionally, significantly upregulated IncRNAs
are shown in green, significantly downregulated ones in red, and non-significant ones in gray; lighter
green or red points represent DE IncRNAs shared between both comparisons; and solid-colored
points represent IncRNAs that are uniquely DE in each comparison. (C) Venn diagram of the DE
IncRNAs in the infected and control conditions (skeletal muscle vs. myotubes); we use FDR < 0.05
and | FoldChange| > 1 as thresholds for DE.

3.4. Distribution of Enriched Biological Processes of Candidate IncRNAs

Candidate target genes for the IncRNAs were predicted based on their proximity to
protein-encoding genes. Gene ontology (GO) analysis of the protein-encoding target genes
revealed the modulation and enrichment of biological processes (BPs) with high signifi-
cance related to protein phosphorylation (GO:0006468), regulation of transcription by RNA
polymerase II (GO:0006357), regulation of DNA-templated transcription (GO:0006355),
transmembrane transport (GO:0055085), and cell division (GO:0051301), which were shared
between both comparisons (Figure 5). The most enriched BPs in the control group were re-
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lated to biosynthesis/metabolism and cellular organization, such as the sterol biosynthetic
process (GO:0016126), proteoglycan biosynthetic process (GO:0030166), long-chain fatty
acid metabolic process (GO:0001676), and positive regulation of cytokinesis (GO:0032467).
In contrast, in the infected group, the most common BPs were response to damage/stress
and immune regulation; for example: the apoptotic process (GO:0006915), cytokine pro-
duction (GO:0001816), negative regulation of sodium ion transport (GO:0010766), and
negative regulation of RNA metabolism (GO:0051253). The complete lists of biological
processes, cellular components, molecular functions, and KEGG pathways are shown in
Supplementary Table S3 for the control condition and Supplementary Table S4 for the
infected condition.

G0:0006468 | protein phosphorylation . .
G0:0006357 | regulation of transcription by RNA polymerase I [ ] o
G0:0006355 | regulation of DNA-templated transcription [ ] o
G0:0055085 | transmembrane transport [ ] .
G0:0051301 | cell division @ o
G0:0045944 | positive regulation of transcription by RNA polymerase Il L [}
G0:0010766 | negative regulation of sodium ion transport . Fold Enrichment
® 140
G0:0006915 | apoptotic process [ ] ® 163
@ 2
G0:0006397 | mRNA processing ]
@ =
G0:0045892 | negative regulation of DNA-templated transcription (] [ ]
G0:2000651 | positive regulation of sodium ion transmembrane transporter activity . ‘ -|0910(FDR)
80
GO0:0016126 | sterol biosynthetic process .
60
GO0:0030166 | proteoglycan biosynthetic process . 40
GO0:0001676 | long-chain fatty acid metabolic process . 20
G0:0007517 | muscle organ development .
G0:0007249 | canonical NF-kappaB signal transduction .
GO0:0001816 | cytokine production .
G0:0032467 | positive regulation of cytokinesis .
G0:0000281 | mitotic cytokinesis .
G0:0051253 | negative regulation of RNA metabolic process .
N
o“o eo‘g‘b
® \(\"

Figure 5. Distribution of enriched biological processes with gene ontology (GO) terms for candidate
IncRNA-associated protein-encoding genes in rainbow trout. Comparison of GO terms for genes
involved in enriched biological processes and interacting with IncRNAs: (i) skeletal muscle control
condition compared to myotubes, and (ii) P. salmonis infection in skeletal muscle versus in myotubes.
Each row is a GO term, and each column represents a group (control or infected). The size of the
bubble represents the fold enrichment, where a larger bubble indicates greater overrepresentation of
the GO term. The color of the bubble is expressed in —log10(false discovery rate or FDR), where a
more intense color indicates greater statistical significance (p < 0.05).

3.5. Expression Network of the Differentially Expressed IncRNAs and mRNAs in the Rainbow
Trout Skeletal Muscle

Analysis of DE IncRNA and DE mRNA co-expression networks in skeletal muscle
and cell culture (myotubes) revealed that 33.51% and 32.71% of the genes were grouped
into four main networks under the control and infected with P. salmonis conditions, re-
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spectively (Figures 6 and 7, respectively). The networks shown in Figures 6 and 7 were
filtered using the criteria described in their respective captions. The first network primarily
included 11 downregulated DE IncRNAs more enriched in the control group (Figure 6a).
The three IncRNAs associated with the most biological processes were XR_005040910 (7 BP),
XR_005051370 (7 BP), and XR_005041884 (4 BP). The BPs associated with the XR_005040910
IncRNA were mainly related to the proteoglycan biosynthetic process, regulation of exocy-
tosis, mitotic cytokinesis, ossification, iron ion transport, intracellular iron ion homeostasis,
and canonical NF-kappaB signal transduction. This IncRNA also interacted with the
XR_002468011 IncRNA. The BPs associated with the XR_005051370 IncRNA were mainly
related to cilium assembly, calcium ion transmembrane transport, activation of GTPase
activity, angiogenesis, the cholesterol biosynthetic process, Golgi organization and RNA
splicing. The BPs associated with the XR_005041884 IncRNA were mainly related to mRNA
transport, microtubule cytoskeleton organization, activation of GTPase activity and cell
migration. Under the control condition, only annotated IncRNAs (those beginning with the
letters XR) were observed (Figure 6a). The second network primarily included 48 upreg-
ulated DE IncRNAs more enriched in the control group (Figure 6b). The three IncRNAs
associated with the most biological processes were MSTRG.32952.4 (4 BP), MSTRG.28117.3
(3 BP), and XR_002469431 (3 BP). The BPs associated with the MSTRG.32952.4 IncRNA
were mainly related to regulation of DNA-templated transcription, actin cytoskeleton
organization, ossification, and regulation of RNA splicing. The BPs associated with the
MSTRG.28117.3 IncRNA were mainly related to regulation of protein dephosphoryla-
tion, cilium assembly, and positive regulation of cytokinesis. The BPs associated with
the XR_002469431 IncRNA were mainly related to positive regulation of kinase activity,
the fibroblast growth factor receptor signaling pathway, and heart development. In the
control condition, both annotated and unannotated IncRNAs (those beginning with the
letters MRSTG) were observed, with the majority being unannotated IncRNAs (Figure 6b).
It should be noted that some of the enriched biological processes (e.g., cilium assembly,
ossification, heart development) may appear incongruent in a muscle context; however,
these reflect the functional annotation of target genes in other biological contexts and do
not necessarily imply active regulation of those processes in skeletal muscle or myotubes.

The third network primarily included 10 downregulated DE IncRNAs more enriched
in the infected group (Figure 7a). The three IncRNAs associated with the most biological
processes (BPs) were XR_005041884 (7 BP), XR_002468725 (5 BP), and XR_005040910 (3 BP).
In the infected condition, two IncRNAs (XR_002468978 and XR_005034283) were observed
that do not interact with BPs but rather interacted with other IncRNAs. The BPs associated
with the XR_005041884 IncRNA were mainly related to microtubule cytoskeleton organi-
zation, activation of GTPase activity, mRNA transport, positive regulation of canonical
NK-kappaB signal transduction, positive regulation of the apoptotic process, cell migra-
tion and peptidyl-serine phosphorylation. The BPs associated with the XR_002468725
IncRNA were mainly related to skeletal system development, ossification, monoatomic
anion transport, the cell-surface receptor protein tyrosine kinase signaling pathway, and
neutral aminoacidic transport. This IncRNA was also interacting with the XR_005034283
IncRNA. The BPs associated with the XR_005040910 IncRNA were mainly related to in-
tracellular iron ion homeostasis, iron ion transport, and ossification. This IncRNA also
interacted with the IncRNA XR_002468978. Similarly, as observed in downregulated DE
IncRNAs with the control condition (Figure 6a), only annotated IncRNAs were observed in
the infected condition (Figure 7a).
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Figure 6. Gene expression network between differentially expressed (DE) IncRNAs and biological
processes (BPs) of DE mRNAs in the skeletal muscle and myotubes of rainbow trout with the control
condition. (a) Downregulated DE IncRNA enrichments associated with BPs of DE mRNAs. The
criteria used to generate the figures were a Pearson correlation coefficient of at least 0.9, a GENIE3
score of 90, and an indegree of 20. (b) Upregulated DE IncRNA enrichments associated with BPs of
DE mRNAs. The criteria used to generate the figure were a Pearson correlation coefficient of at least
0.95, a GENIE3 score of 99, and an indegree of 10. The yellow squares indicate a BP (of DE mRNAs)
composed of genes that are regulated by IncRNAs. The blue bars indicate DE IncRNAs that interact
with the BP, and the orange bars show the interaction between different DE IncRNAs. The red circles
indicate upregulated DE IncRNAs, while the green circles show downregulated DE IncRNAs.
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Figure 7. Gene expression network between differentially expressed (DE) IncRNAs and biological
processes (BPs) of DE mRNAs in the skeletal muscle and myotubes of rainbow trout under the
infected condition. (a) Down-regulated DE IncRNA enrichments associated with BPs of DE mRNAs.
The criteria used to generate the figure were a Pearson correlation coefficient of at least 0.9, a GENIE3
score of 90, and an indegree of 20. (b) Upregulated DE IncRNAs associated with BPs of DE mRNAs.
The criteria used to generate the figure were a Pearson correlation coefficient of at least 0.95, a GENIE3
score of 99, and an indegree of 10. The yellow squares indicate BPs (of DE mRNAs) composed of
genes that are regulated by IncRNAs. The blue bars indicate DE IncRNAs that interact with the BP,
and the orange bars show the interaction between different DE IncRNAs. The red circles indicate
upregulated DE IncRNAs, while the green circles show downregulated DE IncRNAs.
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The fourth network primarily included 48 upregulated DE IncRNAs more enriched in
the infected group (Figure 7b). The three IncRNAs associated with the most biological pro-
cesses were XR_002469431 (4 BP), MSTRG.15080.2 (3 BP), and MSTRG.18286.1 (2 BP). The
BPs associated with the XR_002469431 IncRNA were mainly related to positive regulation
of kinase activity, the apoptotic process, and the fibroblast growth factor receptor signal-
ing pathway. The BPs associated with the MSTRG.15080.2 IncRNA were mainly related
to actin cytoskeleton organization, and angiogenesis. This IncRNA also interacted with
the MSTRG.18157.3 IncRNA. The BPs associated with the MSTRG.18286.1 IncRNA were
mainly related to skeletal muscle contraction. In the infected condition, both annotated
and unannotated IncRNAs were observed, with the majority being unannotated IncRNAs
(Figure 7b).

4. Discussion

Our research group had previously described the regulation of the overall immune
response through RNA sequencing in skeletal muscle and primary myotube cultures of
rainbow trout infected with P. salmonis [15,18,19]. To understand the role of IncRNAs
in regulating P. salmonis infection in skeletal muscle tissue and cultured cells of rainbow
trout, we used RNA-seq data to identify and assess the differential expression of IncRNAs
between the control and infected groups.

The thorough description of IncRNAs and their co-expression with mRNAs within
the skeletal muscle (in vivo and in vitro) during a bacterial infection provides a valuable
contribution to the growing evidence showing that non-coding RNAs play a regulatory role
in the immune response of fish. As in other RNA-seq studies on teleost fishes, the number of
IncRNAs discovered and their classification into intergenic, antisense, and intronic groups
do not differ from results previously reported for other species, including coho salmon
and zebrafish (Danio rerio) [26,43,44]. The transcriptomic profiles of IncRNAs have been
documented as the most abundant class of IncRNA discovered, with antisense and intronic
IncRNAs constituting the second- and third-most abundant classes, respectively [22]. These
findings are consistent across previous studies, supporting the suggestion that the structural
IncRNA repertoire is evolutionarily conserved across vertebrates and lending further
credence to the integrity of our identification pipeline. The genomic positions for IncRNAs
found here reflect the patterns of vertebrate systems described above, where intergenic
areas seem to be an important source for IncRNA transcription. The positional context of
IncRNAs relative to protein-encoding genes is associated with their regulatory role in cis
orientation affecting the level of expression of nearby genes [24]. Skeletal muscle, a notably
plastic tissue, has a transcriptional landscape that is tightly coupled with physiological and
cellular states such as growth, repair, and immunoactivity in fishes [45]. Therefore, IncRNA
distributions among different areas of the genome may also be related to whether the cells
are in a developmentally or functionally different phase.

Interestingly, we showed differences in transcription length across different experi-
mental conditions, suggesting possible changes in the overall expressed IncRNA subclasses.
It has been shown that smaller IncRNAs that have fewer exons could be correlated with
quicker, more temporary transcriptional events and that the larger, more complex tran-
scripts could be involved in long-term “regulating” events (chromatin remodeling and
transcriptional scaffolding) [46,47]. It is also possible that changes in chromatin accessibility
or transcriptional dynamics, considering a particular state within cells (such as immune ac-
tivation), may influence the initiation and elongation of IncRNA transcripts, leading to the
observed differences in transcriptional length [48-50]. We also found a difference between
muscle tissue and cell culture in terms of length, with myotubes having longer IncRNAs
than the skeletal muscle. In addition, only one chromosome (chromosome 12) shows a
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substantial amount of difference, which could represent a unique regulatory role that needs
further analysis. Further research should explore whether the same chromosome-specific
patterns are present in other teleosts, and what role these chromosomes might play in
host-pathogen interactions and muscle physiology [51].

The global expression pattern for IncRNAs and mRNAs indicates that there are sub-
stantial differences in how these genes respond to pathogen exposure. The non-coding
part of the transcriptome is therefore quite responsive to bacterial infection. The expres-
sion profile for IncRNAs that we observed agrees with previous findings from fishes and
other vertebrates, where they have been shown to have much lower levels of expression
than mRNAs, greater variability in expression than mRNAs, and specific tissue distribu-
tions [52,53]. This pattern lends support to the notion of IncRNAs being fine-tuners of
gene regulation by producing context-dependent effects that may not always indicate large
relative changes, but that are nonetheless biologically relevant [54]. The results suggest
that the DE IncRNAs dynamics between in vivo and in vitro conditions comprise a shared,
robust regulatory component across both comparisons, while also retaining a substantial
fraction of condition-specific IncRNAs associated with either control or infected states.
This dual pattern highlights the complexity of IncRNA-mediated regulation, where a con-
served set of transcripts may underpin core regulatory mechanisms of the system, whereas
condition-specific IncRNAs could act as mediators of context-dependent processes [55,56].
In this regard, IncRNAs uniquely expressed under specific conditions represent promising
candidates for driving distinct biological responses, such as host-pathogen interactions or
cellular adaptation, while the shared IncRNAs may reflect fundamental nuclear regulatory
mechanisms operating across experimental contexts [57].

Common biological processes (such as protein phosphorylation and transcriptional
regulation by RNA polymerase) support the interpretation that the two comparisons share
a common core of DE IncRNAs. These data suggest that there is a basal adaptive program
associated with cell signaling, regulation, transport, and dynamic proliferation in both
in vivo and in vitro systems, and may represent a highly conserved intrinsic response by
cells to changing experimental contexts. Nonetheless, additional regulatory mechanisms
likely will be detected within individual condition-specific patterns of DE IncRNAs. The
biologically enriched processes in the control condition are primarily related to biosynthetic
and structural functions such as sterol and proteoglycan synthesis, long-chain fatty acid
metabolism, and cytokinesis, implying that there is a stronger metabolic and structural ba-
sis for the differences between isolated cells and muscle tissue. By comparison, the infected
group was found to be enriched for pathways related to stress and immune processes,
including apoptosis, cytokine production, and the negative regulation of ion transport
and RNA metabolism. This enrichment supports an alteration in the transcriptional envi-
ronment to be highly reactive and immunologically active [58,59]. Hence, although there
remains a highly conserved regulatory framework within each condition, infection could
produce a functional reprogramming of the major stress- and immune-related signaling
pathways, likely reflecting both host defense mechanisms and potential programming of
cellular responses via infections [2,4].

The differences observed between the in vivo and in vitro models likely reflect not
only intrinsic cellular responses but also the influence of the complex tissue microenvi-
ronment, including interactions with immune and stromal cells, endocrine signaling, and
extracellular matrix components that are absent under in vitro conditions. Consequently,
while myotube cultures provide a valuable system to investigate muscle-specific responses,
the in vivo model captures additional regulatory mechanisms arising from multicellular
and systemic interactions. The co-expression network analysis revealed several IncR-
NAs associated with structural-cellular maintenance, immune response, cell signaling and
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apoptosis. The IncRNA most connected to the networks was XR_005041884, which was
predicted to participate in negatively regulating microtubule cytoskeleton organization,
promoting GTPase-activating signals, and cell migration when under uninfected conditions.
When infected with P. salmonis, this IncRNA was associated with negatively regulating the
positive regulation of canonical NF-«B signaling and apoptotic processes. This might reflect
a context-dependent regulatory function whereby IncRNAs may modulate the cytoskeletal
organization dynamics and cellular homeostasis through their regulatory activity under
normal conditions while also shaping immune and survival pathways through their active
role during infection [60]. One important point about the repressive effects of NF-kB signal-
ing and apoptosis is that they could occur through two mechanisms, the first being that the
host is driving a regulatory mechanism to prevent excessive inflammation and tissue dam-
age, and the second possibly resulting from the pathogenic microbes’ ability to suppress
host immune responses and thus increase their chance of survival intracellularly [61,62].
This last hypothesis is supported by previous studies demonstrating how P. salmonis can
alter host cell survival by causing macrophage death through the caspase-dependent apop-
tosis pathway, allowing evasion of the immune system and establishment of infection [62].
Additionally, P. salmonis can establish a productive infection in macrophages without caus-
ing early indicators of significant cytopathic effects, indicating that bacteria use immune
modulation to persist within host cells [63]. Similarly, there is evidence for a temporally
regulated apoptotic response in macrophages during initial phases of P. salmonis infection,
where apoptosis of those cells is inhibited, aiding in bacterial survival and replication,
and later apoptosis is promoted, aiding in their spread [64]. Thus, P. salmonis’s ability to
survive and replicate within macrophages supports its capacity to inhibit immune pathway
function occurring in hosts [62,65]. Nevertheless, while supporting evidence as to the effect
of P. salmonis on NF-kappaB modulation in fish is limited, it is possible that the observed
repression of NF-kappaB in our dataset is indicative of a general immune signaling modu-
lation strategy. Skeletal muscle is increasingly recognized as an immunocompetent tissue
capable of producing cytokines, chemokines, and antimicrobial peptides that modulate
both local and systemic immune responses, a role that is becoming especially evident in
teleost fishes under conditions of stress and infection [2—4]. As such, the IncRNA-mRNA
interactions discovered here are likely to provide an additional regulatory mechanism
through which muscle regulates its immune response to P. salmonis infection.

Although the number of DE IncRNAs between control and infected groups parallels
the results of other published RNA-seq studies, the overall amount of IncRNA expression is
largely dictated by both the type of tissue being studied and the nature of the experiment be-
ing performed. For instance, the number of DE IncRNAs present in red cusk-eel (Genypterus
chilensis) skeletal muscle was relatively low when animals were subjected to handling stress
in comparison to those found in the more immunologically active tissues [66]. As such,
the data presented here are consistent with the idea that the relatively moderate number
of DE IncRNAs identified in skeletal muscle will be significantly lower than those found
in studies that are typically done examining the head kidney or spleen, where various
immune responses are generally associated with much larger numbers of IncRNAs [29,30].
Thus, there does appear to be a greater degree of transcriptional complexity exhibited
by the skeletal muscle compared to other tissues; however, this degree of transcriptional
complexity may still have important functional implications.

Several biotic or abiotic stimuli can determine how IncRNAs are regulated. In this
sense, P. salmonis infection could induce a cascade of immunological events (innate immune
activation, inflammation, and metabolic reprogramming) that may require different sets of
regulatory IncRNAs than those triggered by stress conditions such as handling or confine-
ment [67]. Thus, by using co-expression network analyses to characterize IncRNAs related
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to genes associated with immune-related functions, researchers can provide important
evidence for the potential functional involvement of IncRNAs even if they exhibit moderate
levels of differential expression. Our analysis, which conducted functional enrichment in a
network-based manner, revealed an asymmetric distribution between DE IncRNAs, with
predominantly annotated IncRNAs in the downregulated co-expression modules in both
control and infected fish, and upregulated IncRNAs demonstrating the presence of both
annotated and unannotated IncRNAs, with the majority unannotated. This finding suggests
that a substantial portion of the transcriptional response (especially under conditions of
activation) may involve uncharacterized or novel IncRNAs and illustrates the significant
limitations of current genome annotation [26,28]. This result indicates that unannotated or
novel IncRNAs may have important regulatory roles in specific biological contexts.

There are some limitations to the discussion of these findings that should be con-
sidered. The functional predictions of IncRNAs that were derived from co-expression
and enrichment analyses are mostly based on correlation data. Further studies should
include more comprehensive functional analysis by using other functional databases for
enrichment, integrating identified differentially expressed coding genes to validate regula-
tory actions of IncRNAs, and carrying out expression analysis on the functional effects of
IncRNAs on host-pathogen interaction in skeletal muscle. Also, functional validation using
targeted molecular approaches, such as loss- or gain-of-function or reporter assays, will be
required to confirm the regulatory roles of the candidate IncRNAs identified in this study.
This would enhance our knowledge and validate the biological relevance of the identified
patterns of IncRNAs, characterizing how they contribute to how IncRNAs interact with
pathogens in skeletal muscle.

The fact that ncRNA expression is highly tissue-specific, and developmentally and
physiologically dependent, implies that the biological context in which IncRNAs are studied
is important for understanding their function [68]. The expression of IncRNAs specific to
skeletal muscle likely reflects the interplay between metabolic, structural, and immune
functions, especially during stress or infection. For this reason, the IncRNA expression
profiles described in this study increase our understanding of muscle biology in teleosts
and provide a basis for future studies to elucidate the molecular mechanisms that underline
host—pathogen interactions in aquacultured animals.

5. Conclusions

These findings indicate that the IncRNA repertoire in teleost skeletal muscle is struc-
turally conserved yet dynamically regulated in response to P. salmonis infection. The
observed co-expression patterns with mRNAs suggest that IncRNAs may contribute to
the modulation of immune response, apoptosis, and signaling pathways, reinforcing their
emerging role as key origin-specific regulatory elements in fish physiology and disease.
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in the infected condition between skeletal muscle and myotubes of rainbow trout.

Author Contributions: Conceptualization, ].A.V., A M., P.D.;methodology, R.Z. and J.A.V.; software,
L.A.-L.; formal analysis, R.Z., and L.A.-L.; investigation, ].A.V,; resources, ].A.V.; data curation, R.Z.
and L.A.-L.; writing—original draft preparation, R.Z. and L.A.-L.; writing—review and editing, R.Z.
and J.A.V,; supervision, J.A.V,; project administration J.A.V.; funding acquisition, ].A.V. All authors
have read and agreed to the published version of the manuscript.

https:/ /doi.org/10.3390/fishes11070398


https://www.mdpi.com/article/10.3390/fishes11070398/s1
https://www.mdpi.com/article/10.3390/fishes11070398/s1
https://doi.org/10.3390/fishes11070398

Fishes 2026, 11, 398 17 of 20

Funding: This work was supported by Agencia Nacional de Investigacién y Desarrollo, ANID
INCAR? CIA250009 (to Juan Antonio Valdés); the Fondo Nacional de Desarrollo Cientifico y Tec-
nolégico (FONDECYT) under grant numbers 1201498 and 1230794 (to Juan Antonio Valdés); and
ANID Vinculacién Internacional FOVI250249.

Institutional Review Board Statement: This research was approved by the Bioethics Committee of
Andrés Bello University, approval code: 012/2020; and date: 14 April 2020.

Data Availability Statement: These data are available at NCBI under the codes PRJNA732666 for
myotubes and PRJNA676020 for skeletal muscle. The datasets generated and analyzed during the
current study are not publicly available due to privacy or ethical restrictions but are available from
the corresponding author upon reasonable request.

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

Abbreviations

The following abbreviations are used in this manuscript:

bp base pair

BP biological process

circRNAs  circular RNAs

DE differentially expressed

DMSO dimethyl sulfoxide

GO gene ontology

ISA infectious salmon anemia
IncRNA long non-coding RNA

MOI multiplicity of infection

BH multiple comparisons

NGS next-generation sequencing
ncRNA non-coding RNA

PAMPs pathogen-associated molecular patterns
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