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Abstract
Flavobacterium psychrophilum (Fp) causes Bacterial Cold Water Disease in
salmonids. During host-pathogen interactions, gram-negative bacteria, such as Fp,
release external membrane vesicles (OMVs) harbouring cargos, such as DNA, RNA
and virulence factors. This study aimed to characterise the potential role of theOMVs’
small RNAs (sRNAs) in the Fp-rainbow trout host-pathogen interactions. sRNAs car-
ried within OMVs were isolated from Fp. RNA-Seq datasets from whole-cell Fp and
their isolatedOMVs indicated substantial enrichment of specific sRNAs in theOMVs
compared to the parent cell. Many of the OMV-packaged sRNAs were located in the
pathogenicity islands of Fp. Conservation of sRNAs in 65 strainswith variable degrees
of virulencewas reported.Dual RNA-Seq of host and pathogen transcriptomes onday
5 post-infection of Fp -resistant and -susceptible rainbow trout genetic lines revealed
correlated expression of OMV-packaged sRNAs and their predicted host’s immune
gene targets. In vitro, treatment of the rainbow trout epithelial cell line RTgill-W1
with OMVs showed signs of cytotoxicity accompanied by dynamic changes in the
expression of host genes when profiled 24 h following treatment. The OMV-treated
cells, similar to the Fp -resistant fish, showed downregulated expression of the sup-
pressor of cytokine signalling 1 (SOCS1) gene, suggesting induction of phagosomal
maturation. Other signs of modulating the host gene expression following OMV-
treatment include favouring elements from the phagocytic, endocytic and antigen
presentation pathways in addition toHSP70,HSP90 and cochaperone proteins, which
provide evidence for a potential role of OMVs in boosting the host immune response.
In conclusion, the study identified novel microbial targets and inherent characteris-
tics of OMVs that could open up new avenues of treatment and prevention of fish
infections.
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 INTRODUCTION

Flavobacterium psychrophilum (Fp) causes Bacterial cold-water disease (BCWD), a severe infection that frequently affects
salmonid species, including salmon and rainbow trout. BCWD is responsible for causing a considerable economic loss in fresh-
water aquaculture of salmonids (Nematollahi et al., 2003). Losses from this infection have been reported in many countries,
including the United States, the United Kingdom, Australia and Japan (Starliper, 2011). Mortality rates from this disease vary,
but rates as high as 90% have been reported (Barnes & Brown, 2011). Fp is a psychrophilic, gram-negative bacterium typically
found in cold freshwater (Madetoja. et al., 2001). After entering the host, likely through skin abrasions, Fp spreads through the
dermis, connective and muscle tissues (Nematollahi et al., 2003). Rainbow trout (especially fry) infected by Fp exhibit irregu-
lar swimming behaviour, exophthalmia, darkened coloration, skeletal deformities and visible deep necrotic lesions around the
caudal peduncle (Barnes & Brown, 2011). The survivability of this pathogen under various environmental conditions and the
unavailability of vaccines contribute to the severity of the disease (Gomez et al., 2014).
Recent approaches have correlated fish genetic variations to immune responsiveness and survival rates after challenges with

Fp (Barbier et al., 2020, Marancik et al., 2014, Wiens et al., 2013). Efforts have been made to create BCWD-resistant strains of
rainbow trout. Through a selective breeding program, the National Center for Cool and Cold-Water Aquaculture (NCCCWA)
developed three genetic lines of rainbow trout: BCWD-susceptible, -control and -resistant lines (Marancik et al., 2014, Wiens
et al., 2013). The susceptible line has a very low survival rate (29.4%), the control line has an intermediate survival rate (54.6%)
and the resistant line has undergone multiple generations of selection against Fp challenge to enhance their survival rate up to
94% (Marancik et al., 2014).
The molecular pathogenesis of Fp is still not yet completely understood. Many factors, including biofilm formation, secretion

systems and virulence factors such as exotoxins, proteases and adhesins, are thought to play a role in the pathogenesis of this
bacterium (Barbier et al., 2020, Nematollahi et al., 2003). Fp, similar to other gram-negative bacteria, produce small (<300 nm in
diameter) spherical particles derived from the bacterial outermembrane, commonly known as outermembrane vesicles (OMVs)
(Moller et al., 2005). Many pathogenic bacteria rely on OMVs to deliver virulence factors to their host (Ellis & Kuehn, 2010,
Oliver et al., 2016), and OMV-mediated delivery has been considered an essential mechanism in host-pathogen interactions. For
example, OMVs of Porphyromonas gingivalis contain a group of proteases, constituting the virulence factor ‘gingipains’, which
degrade cytokines and ultimately downregulate the immune response of host cells (Haurat et al., 2011). Similarly, different cargos,
such as DNA, RNA and cytosolic proteins within OMVs, can be transported to the host cell when OMVs fuse with host cell
membranes or bind to the host cell receptors (Jan, 2017, Koeppen et al., 2016, van der Pol et al., 2015). sRNAs within OMVs of
Pseudomonas aeruginosa have been shown to reduce the host immune response (Koeppen et al., 2016). We recently showed the
potential role of the coding genes of Fp-OMVs in the host–pathogen interactions (Chapagain et al., 2023); however, the sRNAs
role is yet to be explored.
Bacterial sRNAs are non-protein-codingmolecules with a length typically ranging from 50 to 500 nucleotides and have essen-

tial roles in post-transcriptional gene regulation (Chao et al., 2012, Dutcher & Raghavan, 2018). sRNAs usually originate from
the untranslated regions of the bacterial genome but can also be acquired by horizontal gene transfer (Dutcher & Raghavan,
2018, Padalon-Brauch et al., 2008). Many sRNAs act as complementary antisense sequences to mRNAs (Gottesman & Storz,
2011), and their function resembles eukaryotic microRNAs (miRNAs). They cause translational repression by directly hybridis-
ing with mRNAs to promote transcript degradation (Wang et al., 2015). These molecular mechanisms enable sRNAs to play a
role in bacterial pathogenicity. For example, previous studies have suggested that the network of bacterial genes in biofilm for-
mation is controlled by sRNAs (Chen et al., 2018, Kang et al., 2015). A recent study in P. aeruginosa has shown the involvement
of sRNAs in repressing the translation of genes involved in quorum sensing by binding to the ribosome binding sites of mRNA
targets (Chen et al., 2019). A study on Staphylococcus aureus reported the participation of sRNAs in regulating cellular responses
to signal molecules (Mader et al., 2016). Another study reported that entry of bacterial sRNAs inside host cells triggers a host
gene-bacterial sRNAs interaction resulting in the degradation of host immune genes (Papenfort & Bassler, 2016).
In this study, OMVs were isolated from Fp (strain CSF-259-93) broth culture on day 8 of bacterial growth. The parent bacteria

and OMVs were subjected to RNA sequencing, and then the transcriptomic data were used for sRNAs prediction. We identified
specific and/or enriched sRNAs in OMVs by comparing sRNA expression levels in the parent cells versus OMVs. Many of the
OMV-packaged sRNAs were located in the pathogenicity islands of Fp. Sequence conservation of sRNAs was compared in 65
strains with variable degrees of virulence.
Further, dual RNA-Seq of host and pathogen revealed that bacterial sRNAs were reciprocally expressed with their in silico

predicted target immune genes on day 5 following infection of selectively bred resistant- and susceptible-line rainbow trout. We
also used RNA-Seq to in vitro investigate the transcriptomic effect of OMVs treatment on RTgill-W1 host cells. We noticed a
similar downregulated expression of SOCS1 in Fp-infected resistant fish and OMV-treated cells, which could explain the high
bacterial load in susceptible fish following infection. sRNAs targeting and reciprocally correlated in expression with the SOCS1
were identified. Signs of cytotoxicity were noticed; however, immune response genes expression was boosted at the early phase
of OMV treatment (24 h post-treatment).
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 MATERIALS ANDMETHODS

. Ethic statement

Fishweremaintained at theNCCCWA, and animal experimental protocols were approved by theNCCCWA Institutional Animal
Care and Use Committee Protocols #053 and #076.

. Bacterial culture

Fp (CSF 259–93) were obtained fromUSDA/NCCCWA (Dr. GregoryWiens). Fpwere cultured as we previously described (Cha-
pagain et al., 2023). In brief, frozen stock cultures of Fp were cultured on Tryptone Yeast Extracts (TYEs) agar, and the plate
was incubated at 15◦C for 1 week. Fp colonies isolated from the TYEs agar plate were transferred to TYEs broth, and absorbance
(525nm wavelength) was measured after 24 h of incubation. Absorbance was measured every day for 2 weeks to determine the
log phase of the cultures. TYEs broth culture without Fp was used as a negative control.

. Isolation of OMVs

OMVs were isolated from Fp broth culture on day 8 of bacterial growth as we previously described (Chapagain et al., 2023). In
brief, a loopful of culture was sub-cultured onto a plate on day 7 of bacterial growth to ensure the brothwas free of contamination.
For OMV isolation, broth culture from a flask was distributed into several 50 mL tubes. Each tube was centrifuged at 2800 ×
g for 1 h at 4◦C to pellet the bacterial cells. To remove any remaining bacterial cells, the supernatant was collected and filtered
through a 250 mL sterile 0.22 μm PES membrane filter (EMDMillipore Corporation, Billerica, MA, USA). The filtrate was then
subjected to ultracentrifugation for 3 h at 40,000 rpm and 4◦C to pellet the OMVs. The OMV pellet was washed with phosphate-
buffered saline (PBS) and again subjected to ultracentrifugation for 2 h at 40,000 rpm and 4◦C to re-pellet the OMVs. The OMV
pellet was resuspended in nuclease-free water and stored at −20◦C. To ensure that the suspension containing OMVs was free of
bacteria, 30 μL of the suspension was cultured on a TYEs agar plate and incubated for 10 days. After 10 days, no bacterial growth
was observed in TYEs agar.

. Nanoparticle tracking analysis (NTA)

Nanoparticle tracking analysis (NTA), using ZetaView (Particle Metrix, Germany), was conducted to measure the size and con-
centration of OMVs isolated from Fp. The instrument settings included a laser wavelength of 488 nm, filter wavelength set to
Scatter, sensitivity at 85.0 and Shutter at 100. The videos were analysed using the built-in ZetaView Software (version 8.05.16
SP7). Analysis parameters were configured with a maximum area of 1000, minimum area of 0, minimum brightness of 65 and
nm/class set to 10.

. Bacterial RNA extraction, cDNA library preparation and sequencing

RNA extraction and downstream processing for sequencing were previously described (Chapagain et al., 2023). Briefly, RNA
was extracted from Fp colonies isolated from a TYEs agar plate and from OMVs isolated from Fp broth culture using TriZol
reagent (Invitrogen, Carlsbad, CA, USA). The RNA concentration was measured using a Nanodrop™ ND-1000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA). To confirm the existence of RNA in OMVs, 4 μL of the RNA samples
(∼ 500.2 ng/ μL) were treated with 2 μg/μL of RNase Cocktail Enzyme mix (Thermo Fisher Scientific, Waltham, MA, USA) and
incubated in a water bath at 37◦C for 30 min. RNase-treated and -untreated OMV RNA samples were then run on an agarose
gel. RNA samples isolated from Fp and OMVs were stored at -80◦C until further processing.

For library preparation and RNA sequencing, RNA samples isolated from Fp cells and OMVs were sent to BGI Genomics
(Cambridge, MA, USA). Library preparation was performed using a Trio RNA-Seq kit (NuGEN, San Carlos, CA, USA) accord-
ing to manufacturer recommendations. Briefly, rRNA was depleted and RNAs were fragmented using a fragmentation buffer.
Fragmented pieces were then purified using a QiaQuick PCR extraction kit (QIAGEN, Germantown, MD, USA), and the solu-
tion was resuspended in EB buffer, and cDNA was subjected to end repair and poly (A) tail addition. The fragments were then
connected with the adaptors. The library was then purified using aMinElute PCR Purification kit before PCR amplification. PCR
was used to amplify the libraries, and then the yield was quantified. Sequencing was performed on an Illumina MiSeq platform
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(Illumina, Inc., San Diego, CA, USA). Raw RNA-Req reads were submitted to the NCBI Short Read Archive under BioProject
ID PRJNA259860 (accession number SUB10837562).

. Prediction of sRNAs and their target genes

Raw sequence reads were trimmed by removing adaptor sequences and 5 bp from each end using the CLCGenomicsWorkbench
in accordance with the manufacturer’s instructions manual followed by filtering out low-quality reads. RiboDetector software
was used to assess rRNA reads depletion. The average proportion of rRNA per sample was approximately 0.02% confirming
a successful rRNA depletion (Deng et al., 2022). High-quality reads from Fp (60,352,578 reads) and OMVs (55,722,742 reads)
were used for downstream analyses. Reads from the Fp transcriptome and OMVs were mapped to the Fp (CSF-259-93) ref-
erence genome using TopHat2 (Kim et al., 2013). The FlaiMapper tool (Hoogstrate et al., 2015) was used to identify potential
sRNAs. sRNAs were predicted and filtered according to their length. sRNAs greater than 500 nt long were filtered out. Further,
PredsRNA (Kumar et al., 2021) was downloaded from the PresRAT webserver (http://www.hpppi.iicb.res.in/presrat) to confirm
results obtained from FlaiMapper and identify high-confidence list of sRNAs. PredsRNA predicts novel sRNA sequences by using
secondary structural information to calculate a combined score (sRNAscore). Log Odds (LOD) ratio matrices is used to calculate
Sequencescore for the input sequence. U-richness score reflects the presence of uracil at the 3ʹ end of the sRNA. PresRAT uses the
secondary structure information to calculate a set of local minima conformations of the input sRNA sequence, then estimating
the Average Base Energy (ABEscore) and Average Loop Energy (ALEscore.) of local minima secondary structure conformations.
The combined score ( sRNAscore,) can be calculated as follows:

sRNAscore = (Sequencescore + Urichscore − ABEscore − ALEscore)

The combined sRNAscore was used as the final scoring scheme to predict the most likely true positive sRNA from the list of
sRNA instances predicted by FlaiMapper.
DE transcripts and trout immune-related genes targeted by the DE sRNAs were predicted using a locally installed LncTar

software (Li et al., 2015) and IntaRNA (version 2.0) (Mann et al., 2017). A normalised deltaG (ndG) of −0.10 was used as a cutoff
value to determine the potential interaction among paired RNAs.

. BCWD-resistant and -susceptible fish population and bacterial challenge

The current study used samples from two rainbow trout genetic lines of divergent resistance to BCWD. USDA-NCCCWA pro-
duced these genetic lines via a family-based selection method as previously described (Silverstein et al., 2009). Briefly, single-sire
× single-dammatingsweremade between 3-year-old dams and 1-year-old sires (neo-males) within the genetic lines. The resistant
line eggs were produced from dams that had undergone three generations of BCWD selection, whereas the sires had undergone
four generations of selection to increase the disease resistance phenotype. On the other hand, the susceptible line eggs were
produced from parents that had undergone one generation of selection to increase susceptibility to infection. The resistant and
susceptible genetic lines had significant differences in susceptibility to Fp (Marancik et al., 2014, Paneru et al., 2016).
For this study, fish from resistant and susceptible genetic lines (49 days post-hatch) were challenged with Fp as we previously

described (Marancik et al., 2014). Briefly, fifty fish were randomly assigned to each tank with 2.4 L min−1 of 12.5 ± 0.1◦C flow-
through spring water supply. For each genetic line, two fish tanks were intraperitoneally injected with 4.2× 106CFU fish−1 Fp
suspended in 10 μL PBS, and survival was monitored daily for 21 days. Five individuals were sampled from each tank on day 5
post-injection. All fish were certified to be infection-free before being injected with F. psychrophilum.

. RNA sequencing and gene expression analysis of BCWD-resistant and -susceptible fish

As explained above, tissue samples used in this study were obtained from USDA/NCCCWA (Dr. Gregory D Wiens). RNA was
extracted from the whole fish using TriZol (Invitrogen, Carlsbad, CA, USA), followed by quantity and quality assessments as
described above. RNA samples were then treated with DNAase I (Fisher BioReagents, Hudson, NH, USA) to remove DNA from
samples. For sequencing, equal amounts of RNA samples were pooled from 2 fish, and 4 pooled samples were sequenced from
each of the resistant and susceptible genetic lines (i.e., a total of 8 libraries). Sequencing was done at RealSeq Biosciences, Inc.
(Santa Cruz, CA, USA). The Zymo Ribofree library prep kit (Irvine, CA, USA) targeted all RNAs during the library preparation,
including trout and bacterial RNAs.

http://www.hpppi.iicb.res.in/presrat
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The raw sequence reads from each genetic line were trimmed using the CLC Genomics Workbench in accordance with the
manufacturer’s instructions manual in order to obtain high-quality reads. Read mapping and gene expression analyses were
performed using a CLC Genomics Workbench. Reads were separately mapped to the rainbow trout genome [USDAOmykA_1.1
assembly (GCF_013265735.2)] and Fp reference genomes to identify DE transcripts. Mapping criteria were as follows: mismatch
cost = 2, insertion/deletion cost = 3, minimum length fraction = 0.9 and similarity fraction = 0.9. The expression value of
each transcript was calculated in terms of TPM andDE transcripts between resistant and susceptible genetic lines were identified
using EDGE test (FDR value < 0.05, log2 fold change cutoff ±1). Raw RNA-Req reads were submitted to the NCBI Short Read
Archive under BioProject ID PRJNA259860 (accession number SUB10837562).

. Maintenance of RTgill-W cell line

Frozen RTgill-W1(CRL-2523) cells were obtained from ATCC (American Type Culture Collection, Manassas, VA, USA). Cells
were handled according to instructions provided by ATCC. Briefly, frozen cells were thawed at 20◦C in a water bath, and the
full content from the vial was transferred to L-15 media (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% complement inactivated foetal bovine serum (FBS) and 100 units/mL of penicillin and 100 μg/mL of streptomycin (complete
medium). Cells were centrifuged at 125× g for 8min, the supernatant was removed, and the cells were resuspended in a complete
medium. The cells were maintained in 25 cm2 flasks at 18◦C. Media were renewed every 4 days, and cells were passaged every 8
days. Since cells are adherent, cells were dislodged by trypsinisation whilst passaging.

. Exposure of RTgill-W cells to OMVs

Approximately 1.2×106 RTgill-W1 cells/well in L-15 media supplemented with 2% FBS (Semple et al., 2020) were seeded in 6-well
tissue culture plates. Before treatment, cells were maintained overnight at 18◦C. A 100 μL volume of OMVs (at concentration of
7.1E+7 particles/μL) was added to cells for 6, 12 and 24 h. For control, nuclease-free water was added to cells. Each condition
was run in triplicate. Plates were incubated at 18◦C, and sampling was done after each incubation period. All the media from the
‘control’ and ‘treated cells’ were removed, and cells were then washed twice with PBS. The cells were trypsinised and then lysed
with Trizol reagent for RNA extraction, followed by sequencing and gene expression analyses. To determine the cell viability, we
performed a PrestoBlue Assay in which ∼500,000 cells/well were seeded in a 96-well plate for 24 h. Cells were then treated with
OMVs for different time intervals of 0 min, 6, 12 and 24 h. Each condition was run in triplicate. Nuclease-free water was added to
cells as a control, and only cell culture medium was used as a blank for the PrestoBlue Assay. After treatment, PrestoBlue reagent
was added to wells, and then the plate was incubated at 37◦C for 10 min, followed by incubation at 18◦C for 1 h. The absorbance
of treated cells and controls was then measured at 570 nm wavelength to determine cell viability.

. Gene expression analyses by qPCR

For qPCR analyses, cDNA was prepared from total RNA using Verso cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham,
MA,USA). Each qPCR reaction contained 3 μL template (100 ng/μL), 1 μL (10 μM) forward and reverse primers, 5 μL SYBRGreen
MasterMix (Bio-Rad,Hercules, CA,USA) and 1 μL nuclease-freewater. A negative control (same reaction butwithout a template)
was used to ensure the samples were free of DNA contamination. β-actin (NCBI GenBank Accession number: AJ438158) and
Prolyl tRNA synthetase (Hesami et al., 2011) were used as reference genes to normalise gene expression for rainbow trout genes
and Fp, respectively. The amplification conditions were 95◦C for 3 min, followed by 39 cycles. Each cycle started with 95C for
30 s, followed by a primer annealing step for 30 s, and was completed at 60◦C for 30 s. An extension step at 72◦C for 5 min was
added. The delta-delta (∆∆Ct) method was used to quantify the gene expression and the fold change was computed using the
formula 2−∆∆Ct at a significant p-value < 0.05 (Ali et al., 2018, Paneru et al., 2018, Schmittgen & Livak, 2008).

. sRNAs conservation and identification of sRNAs within pathogenicity islands

To determine the conservation of sRNAs, DE sRNAs reported in this study were blasted against the genome sequences of 65
different Fp strains downloaded from the National Center for Biotechnology Information (NCBI) GenBank database (https://
www.ncbi.nlm.nih.gov/genome/browse/#!/prokaryotes/1589/). Fp strains used in this study were 950106-1/1, DSM 3660, 010418-
2/1, 4, 10, 11754, 17830, 160401-1/5, 990512-1/2A, CH8, CH1895, CHN6, CN, CR, F164, FI055, FI070, FP G3, FP G48, FP RT1, FP
G1, FP S-F15, 160401-1/5N, P30-2B/09, F164, FP S-F16, FP S-S11A, 990512-1/2A, P15-8B/11, 160401-1/5M, FP S-F27, FP S-R7, FP
S-S9, JIP02-86, FP S-S6, OSU THCO2-90, FP S-P3, FP S-P1, V46, JIP 08/99, JIP 16/00, FP S-S10, 010418-2/1, K9/00, 950106-1/1,

https://www.ncbi.nlm.nih.gov/genome/browse/#!/prokaryotes/1589/
https://www.ncbi.nlm.nih.gov/genome/browse/#!/prokaryotes/1589/
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F IGURE  Overview of the experimental design to predict and validate bacterial small RNAs. Frozen stock cultures of Fp were cultured on TYEs agar,
and the plate was incubated at 15◦C for 1 week. Fp colonies isolated from TYEs agar plate were transferred to TYEs broth. For OMV isolation, broth culture
tubes were centrifuged to pellet the bacterial cells, and the supernatant was collected and filtered to remove any remaining bacterial cells. The filtrate was then
subjected to ultracentrifugation to pellet the OMVs. OMVs were characterised using NTA, followed by RNA sequencing on an Illumina MiSeq platform. Small
RNAs were predicted using FlaiMapper and PresRAT, and validated by qPCR.

FP G3, FP GIW08, IT02, IT09, IWL08, K9/00, KKOK-1706, KU060626-59, LM01-Fp, MH1, NNS1-1804, NNS4-1804, NO014,
OSU-THCO2-90, P7-7B/10, P158B-11, P30-2B, TN, TR). The high virulent Fp strains included FP G1, FP S-F15, 160401-1/5N,
P30-2B/09, F164, FP S-F16, FP S-S11A, 990512-1/2A, P15-8B/11, 160401-1/5M, FP S-F27, FP S-R7, FP S-S9, JIP02-86, FP S-S6, OSU
THCO2-90, FP S-P3, FP S-R9, FP S-P1, V46, JIP 08/99, JIP 16/00) (Sundell et al., 2019), whereas less virulent Fp strains included
FP S-S10, 010418-2/1, K9/00, 950106-1/1, FP G3 and FP GIW08 (Jarau et al., 2018, Sundell et al., 2019). A threshold of >95%
identity and 100% query coverage were used as the cutoff values for homology.
The web server IslandViewer 4 (Integrated Interface for Computational Identification and Visualisations of Genomic Island;

http://www.pathogenomics.sfu.ca/islandviewer/) (Bertelli et al., 2017) was used to identify and visualise pathogenicity islands
present within the Fp genome sequence. Bedtools (Quinlan & Hall, 2010) was used to determine the location of sRNAs within
the islands.

 RESULTS

. OMVs extraction and NTA

In our previous study, OMVs were isolated from bacterial cells for RNA sequencing to profile the transcriptome of the protein-
coding genes in the Fp-OMVs versus the Fp-whole cell (Chapagain et al., 2023) as shown in Figure 1. Fp colonies grown on
Tryptone Yeast Extracts (TYEs) agar plates were observed as bright yellow colonies after 5 days of incubation at 15◦C. In broth
culture, bacterial log phase growthwas observed fromday 5 until day 11 (Chapagain et al., 2023). Isolated FpOMVswere observed
by transmission electron microscopy (TEM) as spherical-shaped particles with an average diameter of 50–100 nm, whereas Fp
was observed as having rod-shaped morphology with a size of approximately 3–5 μm (Chapagain et al., 2023). Consistent with
our previous data, examination of the TEM images of OMVs produced from two strains of Acinetobacter baumannii, Gram-
negative, revealed that each strain produces OMVs ranging from 30 to 140 nm in diameter (Li et al., 2015). In this study, we used
the Nanoparticle Tracking Analyzer to accurately characterise the vesicles (Figure 2a,b). The average size of the isolated OMVs
was 235.9 ± 0.64 nm [mean ± standard error of the mean] (Figure 2b). We also sought to further characterise the Fp sRNAs and
investigate their abundance in the OMVs versus the Fp whole cell. The experimental design is depicted in Figure 1.

. RNA-Seq identifies sRNAs enriched in OMVs

Total RNA isolated from Fp whole-cells and OMVs was sequenced, yielding 60,352,578 and 55,722,742 sequence reads, respec-
tively. High-quality reads from whole-cell and OMVs were separately mapped to the Fp reference genome, where 80.0% and

http://www.pathogenomics.sfu.ca/islandviewer/
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F IGURE  (a) A high-quality image showing properly diluted scattered OMVs tracked using Nanoparticle Tracking Analysis (NTA). (b) The absolute
number of particles of each diameter is plotted. The plot displays a single peak that represents the most frequently measured size of particles, which is slightly
smaller than the average size of 235.9 nm indicated by the red dots. (c) RNase A facilitates degradation of free RNA associated with the external surface of
OMVs, whereas internal RNA in intact OMVs is protected from degradation. RNA attached to the OMV surface (external) and isolated from the intact, RNase
A-treated OMVs (internal) were used to quantify the abundance of soFE and soFE. The sRNAs were significantly more abundant (indicated by
lower CT values) inside OMVs (p-value ≤ 0.01).

80.3% read mapping rates were achieved, respectively. FlaiMapper (Hoogstrate et al., 2015) was used to predict small RNAs from
the alignment files. Transcripts longer than 500 bp were filtered out, yielding 118,305 and 133,815 predicted sRNAs from the
whole-cells and OMVs, respectively. The sRNA length ranged from 87 to 499 nucleotides (Average 100.4 nt). The majority of the
predicted sRNAs (98.9%) were ≤100 bp in length. Large numbers of sRNAs were previously reported in OMV, (481K) in Pseu-
domonas aeruginosa (Koeppen et al., 2016). However, to further validate the predicted sRNAs, PresRAT (Kumar et al., 2021) was
used to calculate a combined score (sRNA score) for each sRNA sequence using sequence score, U-richness score and average
base energy and average loop energy of local minima secondary structure conformations (see methods section). Based on the
calculated sRNA score, 6440 and 5537 high-confidence sRNAs were identified from the OMV and whole-cell, respectively. The
predicted sRNAs with their genomic location and attributes are included in Additional file 1 (Tables S1 and S2). Various methods
were used to predict sRNA candidates from datasets of Salmonella enterica and Escherichia coli (Leonard et al., 2019). The total
number of sRNAs varied significantly depending on the algorithm used, ranging from around a hundred (Rockhopper) to nearly
20,000 (sRNA-Detect), with APERO yielding intermediate results (Leonard et al., 2019).
RNA-Seq of the whole-cell andOMVs revealed 499 and 592 high-confidence sRNAs, respectively, with Transcripts PerMillion

(TPM) expression level greater than 0.5. Of them, 279 sRNAs in OMVs and 261 sRNAs in the whole cell had TPM >1. The
expression value of sRNAs in OMVs and the whole-cell are included in Additional file 1 (Tables S1 and S2). sRNAs were classified
as OMV-specific when OMV sRNAs share less than 90% sequence overlap with sRNAs in the whole cell. Otherwise, they were
considered ‘common’ sRNAs. We reported the sRNAs classification in Additional file 1 (Tables S3 and S4). In total, 958 high-
confidence OMV-specific sRNAs were identified (Table 1 and Additional file 1; Table S3). Also, common sRNAs were classified
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TABLE  Expression and genomic location of a subset of high-confidence OMV-specific sRNAs; PAI denotes sRNAs located in Pathogenicity Islands.

sRNA Start End length TPM PAI sRNA score

soFE129980 607022 607121 100 829.95 Yes 3.13

soFE005824 1180568 1180667 100 1.86 No 3.57

soFE124131 2532058 2532157 100 1.06 No 3.20

soFE009066 2542664 2542763 100 0.84 No 4.67

soFE125260 595778 595888 111 0.81 Yes 4.42

soFE069865 2471256 2471355 100 0.76 No 3.29

soFE002719 592543 592643 101 0.54 Yes 4.24

soFE121564 1661037 1661136 100 0.30 Yes 4.23

soFE037856 678722 678821 100 0.13 Yes 3.76

soFE034166 596554 596769 216 0.10 Yes 3.52

Note: All sRNAs were predicted by two methods.

TABLE  A subset sRNAs exhibiting enriched expression in the OMVs compared to the whole-cell.

sRNA Start End TPM (OMV) TPM (cell) log ratio sRNA score PAI

soFE000208 2080699 2080798 822.14 7.66 6.75 3.31 No

soFE044277 1814045 1814144 2.69 0.02 7.16 3.26 No

soFE039138 597080 597179 1.12 0.07 4.01 6.39 Yes

soFE086681 596975 597085 1.05 0.05 4.26 6.79 Yes

soFE003644 2364152 2364251 1.05 0.05 4.42 3.21 No

soFE037172 2058129 2058228 0.79 0.01 5.89 3.16 No

soFE059881 2058153 2058252 0.78 0.01 5.86 3.62 No

soFE004683 1211780 1211879 0.76 0.02 5.31 3.29 No

soFE022545 2058177 2058276 0.75 0.06 3.77 3.57 No

soFE041581 2058192 2058300 0.73 0.06 3.71 3.89 No

soFE016429 2058122 2058221 0.73 0.01 5.76 3.50 No

soFE013584 2196236 2196335 0.17 0.02 3.09 6.91 No

soFE090116 2061593 2061691 0.12 0.03 2.09 5.24 No

Note: Log2 ratio is the logarithmic value obtained by dividing the TPM expression of each sRNA in OMVs by that of the whole cell. PAI denotes sRNAs located in Pathogenicity Islands.

as OMV-enriched if their TPM expression was at least two times higher than the whole cell (log2 TPM ratio ≥1). 17.09% of the
sRNAs were OMV-enriched (Table 2 and Additional file 1; Table S4).
To validate OMV-packaged sRNAs, two sRNAs (soFE and soFE) were quantified inside and outside the OMVs

by qPCR (Figure 2b). We used the membrane-impermeable RNase A, which can degrade RNAs adherent to the external sur-
face of OMVs without penetrating the vesicles. OMV-associated RNAs were visualised on agarose gel (data not shown). sRNA
quantification was performed in triplicates by using RNA isolated from RNase-untreated versus-treated OMVs. RNase digestion
of the external RNA revealed a high abundance of sRNAs soFE and soFE inside OMV that is, in RNase-treated
OMVs compared to RNase-untreated OMVs (Figure 2b). Before performing qPCR, we tested whether exposure of OMVs to
42◦C during cDNA preparation affects the OMVs stability and quantity of RNA adherent to the OMV external surface. There
was no significant difference between the RNA quantities before and after exposure to 42◦C (11.7 vs. 9.4 ng/μL; p-value = 0.47),
indicating stability of the OMVs at 42◦C. This result agrees with the notion that OMVs remain intact under different treatments
and temperatures (reviewed in (Cai et al., 2018)). The OMV-specific or -enriched sRNAs could be explained by the selective
inclusion of sRNAs in the OMV, which suggests potential roles of these sRNAs in microbe-host interaction. Consistent with our
data, a previous study reported enrichment of sRNAs in P. aeruginosa OMVs (Koeppen et al., 2016).

. sRNAs within pathogenicity islands (PAIs)

Genomic islands were predicted in Fp by at least one computational method (Figure 3). The complete output table from
the IslandViewer showing genomic island size, location and annotation is included in Additional file 2 (Table S5). 309
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F IGURE  Genomic pathogenicity islands (clusters of genes that play a role in microbial adaptability) of Fp predicted by either IslandPath-DIMOB alone
(Blue) or integrated methods (at least two methods, Red). The green window indicates the location of two sRNAs, soFE and soFE, within genomic
PAIs. Color-coded arrows representing the physical location of genes within PAIs are annotated at the bottom of the figure, where the red arrows indicate
sRNAs.

OMV-packaged sRNAs (Avg TPM = 67.6) were predicted in the PAIs (Additional file 2; Table S6). For instance, the OMV-
specific sRNA soFE overlapped with a hypothetical protein within a PAI spanning the genomic region 583,837–607,648.
Other genes within this PAI included transposase, integrase, universal stress protein UspA and transcription termination/anti-
termination protein NusA (Figure 3). Also, we identified OMV-specific sRNAs, such as soFE, spanning intergenic regions
within the PAIs.
sRNAs can function like eukaryotic microRNAs by binding to mRNA targets to repress translation (Koeppen et al., 2016).

Due to their pathogenic potential, we thought to gain insight into the possible interaction of OMV-specific sRNAs (Table 1) with
immune-related target genes in the rainbow trout host. Marancik et al. (2014) identified 2633 putative immune relevant genes
by GO and manual annotations of the first draft of the trout genome (Berthelot et al., 2014). We remapped these sequences to a
newer reference of the rainbow trout genome. Sequences were mapped to 2101 genomic loci. We selected the longest transcript
generated from each locus to investigate the OMV sRNA-host immune gene interactions. sRNAs in Table 1 were predicted to
target multiple host immune transcripts (Additional file 2; Table S7). sRNA soFE exhibited the highest-confidence inter-
actions with immune-related genes encoding NLR family CARD domain-containing protein 3, interleukin 1 receptor-like 1 and
tripartite motif-containing protein 16 (ndG <−1). Consistent with our findings, a single bacterial small RNA enriched in the
OMVs has previously been shown to modify the abundance of thousands of proteins through direct and/or indirect repression
of the host target proteins (Koeppen et al., 2016). These results suggest a potential role for the OMV-sRNAs in the host-pathogen
interaction.

. Dual RNA-Seq of host and pathogen on day  post-infection of fish from resistant and
susceptible genetic lines

In this study, we aimed to investigate host-pathogen interactions, in vivo, on day 5 following infection of rainbow trout with F.
psychrophilum. In particular, we sought to investigate the correlation in expression between bacterial sRNAs and host immune-
related genes that are likely targeted by these sRNAs in genetic lines with various disease susceptibility. For this purpose, we
used fish collected from selectively bred resistant (ARS-Fp -R) and susceptible (ARS-Fp -S) genetic lines challenged with Fp
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F IGURE  (a) Whole-body dual RNA-seq. Fish were intraperitoneally injected with Fp as previously described by Marancik et al. (2014). Total RNA was
isolated from fish collected on day 5 post-infection and processed for sequencing. Sequence reads were separated, in silico, by mapping to the rainbow trout
and Fp genomes to identify DE transcripts and hub genes during host-pathogen interactions. (b and c) Volcano plots showing the host transcripts (mRNAs &
lncRNAs) and bacterial sRNAs, respectively, differentially expressed on day 5 following Fp infection in selectively bred, resistant- versus susceptible-line
rainbow trout. The red dots represent the upregulated transcripts in the resistant line, whereas the blue dots represent the downregulated transcripts at FDR ≤

0.05. Two sRNAs named in the figure, located in the PAIs, were among the most upregulated sRNAs in the susceptible genetic line. (d) Principal component
analysis of OMV-specific sRNAs obtained from 8 RNA-seq datasets generated from selectively bred, resistant- and susceptible-line rainbow trout on day 5
post-infection. Each round dot represents a single RNA-seq dataset color-coded by a genetic line.

as previously described in (Marancik et al., 2014). Total RNA was sequenced for host mRNAs, lncRNAs and bacterial sRNAs
(see Methods section). RNA-Seq from infected resistant and susceptible genetic lines yielded 372,100,715 raw sequence reads
(average of 46,512,589 reads/sample) with ∼12.1 depth of coverage. To identify differentially expressed (DE) transcripts, high-
quality reads were separately mapped to the reference genomes of the host and pathogen (Figure 4a). A total of 285,744,993
(76.8%) trimmed reads were mapped to the rainbow trout genome. In our previous studies, 59.9% of the total RNA-sequence
reads (518,881,838) were mapped to the trout references (Marancik et al., 2014, Paneru et al., 2016). Additionally, 4,729,437 reads
(1.27%) were mapped to the Fp reference genome. Notably, 99.4% of the Fp mapped reads were generated from the susceptible
genetic line, which is explained by a higher bacterial load as reported in the susceptible line compared to the resistant line
(Marancik et al., 2014). Normalised gene expression was used to account for differences across samples by converting raw count
data to TPM values. Quality and mapping statistics of sequence reads are given in Additional file 3; Table S8. A total of 516
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F IGURE  (a) Gene expression network of DE bacterial sRNAs (triangular nodes) and DE host transcripts (mRNAs ‘circular nodes’ and lncRNAs
‘rectangular nodes’) (R> 0.85 or <−0.85). DE transcripts are clustered into two groups based on their fold change, with the upregulated transcripts in the
BCWD-resistant genetic line represented in red and the downregulated transcripts represented in blue. (b) A heat map showing the expression profile of 25 DE
sRNAs between resistant (R) and susceptible (S) genetic lines. (c) Interaction network between 3 bacterial sRNAs (blue), including the OMV-specific sRNA
soFE, exhibited reciprocal expression with two isoforms encoding trichohyalin (LOC110510487_1 & LOC110510487_2). (d) Interaction network between
4 sRNAs negatively correlated in expression with transcripts encoding SOCS1 & SOCS3. The SOCS transcripts were downregulated in resistant fish. The sRNA
in the centre of the figure (soFE) is located in PAI. (e) A heat map showing the expression profile of the SOCS transcripts and negatively correlated
sRNAs in resistant (R) and susceptible (S) genetic lines. (f) Interaction network of ANAPC13_1 (red circle); the top downregulated transcript with known
functions in susceptible fish on day 5 post-infection. ANAPC13_1 exhibited target interaction and negative correlation in expression with 6 sRNAs located in
PAI or enriched in OMVs. LncRNA Omy300040532 likely mediates the interaction between most of these sRNAs and ANAPC13_1.

(483 loci) protein-coding, 595 lncRNA and 116 bacterial sRNA transcripts were DE with false discovery rate (FDR)< 0.05 and a
minimum log2 fold change value≥ 1 or ≤−1 (Figure 4b,c and Additional file 3; Tables S9, S10 and S11). Of the DE protein-coding
transcripts, 82 had immune-related functions, as we previously reported (Marancik et al., 2014). Most of the DE protein-coding
(86.2%) and lncRNA transcripts (68.7%) were downregulated in the resistant line. In our previous study, 54 out of 83 lncRNAs
(65.1%) were downregulated on day 5 post-infection (Paneru et al., 2016). Notably, 26.5% of the differentially regulated lncRNAs
previously described in (Paneru et al., 2016) were also identified in the current study, suggesting the potential role of these genes
in resistance to BCWD. More information about DE transcripts is given in Additional file 3 (Tables S9, S10 and S11).

In order to gain insights into the roles of bacterial sRNAs in fish following infection, we profiled their expression in resistant
and susceptible genetic lines (Figure 4c) and then investigated their expression correlation with the host genes (Figure 5a and
Additional file 3; Tables S12 and S13). Interestingly, a significant difference in the OMV-specific sRNA expression was detected
between the genetic lines on day 5 following infection, with principal component analysis showing primary axis accounting for
∼44% of the variation (Figure 4d). The pairwise comparison revealed 116 sRNAs with differential abundance between fish from
the two genetic lines following infection (Additional file 3; Table S11); of them, 28DE sRNAswere OMV-specific. Figure 5b shows
the expression profile of 25 DE sRNAs predicted using the two predictionmethods. Out of 25 DE sRNAs, 17 sRNAs (68.0%) were
upregulated in susceptible fish. TheDE sRNAs exhibited reciprocal expression correlation (R<−0.85) and predicted target inter-
action (ndG ≤ −0.1) with 286 DE host protein-coding transcripts (Additional file 3; Table S12). For instance, the OMV-specific
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sRNA soFE exhibited reciprocal interaction with two isoforms encoding trichohyalin (Figure 5c). Trichohyalin has an
essential role in the proliferation and anti-apoptosis of human keratinocytes (Makino et al., 2020), which previously demon-
strated a capacity to kill bacteria (Kisich et al., 2007). BCWD causes caudal lesions in rainbow trout, and thus the upregulation of
trichohyalin in resistant fishmay represent a defencemechanism against the pathogen.On the other hand, 22DE bacterial sRNAs
(88.0%) were correlated in expression and predicted to interact with 42.2% of the host DE lncRNAs (ndG ≤ −0.2) (Additional
file 3; Table S13). Four of the hosts’ lncRNAs showed expression correlation and interaction with the host trichohyalin isoforms
and bacterial sRNAs (Figure 5c and Additional file 3; Tables S13 and S14).
Among the differentially regulated protein-coding transcripts, 445 (86.2%) were downregulated in the resistant line (Addi-

tional file 3; Table S9). Of note, seven transcripts encoding suppressor of cytokine signalling 1 and 3 (SOCS1&3) were upregulated
in the susceptible genetic line.Mycobacterium tuberculosis induced early expression of a member of the SOCS family to control
phagosomal acidification by selectively targeting theATP6V1A for degradation (Queval et al., 2017). SOCS1-deficientmice exhib-
ited increased phagocytosis and decreased bacterial loads (Klopfenstein et al., 2020). This mechanismmay help explain the high
bacterial load in the susceptible genetic line compared to the resistant line. Four upregulated sRNAs in resistant fish showed
interaction and correlation in expression with transcripts encoding SOCS1 and SOCS3 (Figure 5d,e). For instance, the OMV-
packaged sRNA soFE was negatively correlated in expression with the SOCS1 (Figure 5d). Also, the list of DE transcripts
included histone H3, MYOD, C-X-C motif chemokine 11, cathelicidin antimicrobial peptide and hepcidin. Histone H3 (log2FC
= −8.05) and MYOD (log2FC = −6.3) were at the top of the downregulated genes in the resistant line. Pathogens, such as bac-
teria, reprogram the host cells during infection through the induction of histone H3 modifications, which modulate the host
transcription machinery (Dong et al., 2020).
In contrast, only 71 upregulated host transcripts were identified in resistant fish (Additional file 3; Table S9). Uncharac-

terised LOC110486996 and anaphase-promoting complex subunit 13 (ANAPC13_1) were themost highly upregulated transcripts.
ANAPC13 is involved in cell cycle progression and has been reported to have a potential role in class-I MHC-mediated antigen
presentation (Abbas et al., 2020). ANAPC13_1 exhibited interaction and reciprocal expression with 6 sRNAs (Figure 5f). Of them,
the OMV-enriched sRNA soFE was located in PAI (Additional file 2; Table S6), whereas the 5 other sRNAs were either
OMV-specific or -enriched (Additional file 1; Table S3). Of note,most of the sRNAsweremore likely interactingwithANAPC13_1
through lncRNA Omy300040532, which negatively correlates in expression with ANAPC13_1 (Figure 5f).

. Conservation of DE sRNAs in  strains with variable degrees of virulence

We investigated the conservation of 25 DE high-confidence sRNAs in 65 strains with variable degrees of virulence. Based on
previous studies, 23 Fp strains were categorised as high virulent strains, and six strains were categorised as low virulent strains
(seeMethods section) (Castillo et al., 2016, Jarau et al., 2019, Sundell et al., 2019). Of 25DE sRNAs, a singleDE sRNA (soFE)
is conserved in all tested strains, whereas three DE sRNAs are present in the virulent strains. The list of sRNAs belonging to each
group is included in Additional file 3 (Table S15).
Among sRNAs present in virulent strains, a single sRNA (soFE) was located within a PAI spanning the genomic

region 583837–607648. sRNA soFE has many predicted immune gene targets, including dedicator of cytokinesis protein
2, leucine-rich repeats and immunoglobulin-like domains protein 1, and tumour necrosis factor-alpha-induced protein 2.

. In vitro treatment of RTgill-W cells with OMVs

A cell viability assay was performed to determine whether OMVs induce cytotoxicity in RTgill-W1 cells after different time
durations of treatment (Figure 6a). A Presto Blue cell viability assay showed significant cytotoxicity after OMV exposure of 12
and 24 h (Figure 6b). The cytotoxic effect of OMVs on host cells might be mediated by the enzymes or toxins incorporated in
OMVs.
To further gain insights into themolecular mechanism of interaction between OMVs and host cells, we profiled transcriptome

expression of RTgill-W1 cells at 24 h post-treatment withOMVs (Figure 6c). RNA sequencing yielded 105,955,286 reads (Average
of 17,659,214 reads) from six cDNA libraries prepared from control and treated cells (3 libraries/each). A total of 77,160,290
(72.82%) readsweremapped to the rainbow trout genome. 152 trout transcriptswereDE in response toOMVtreatment (Figure 6d
and Additional file 3; Table S16). Most of them (∼66%) were upregulated in treated cells.

Remarkably, our analysis of the RTgill-W1 cell response to OMV treatment after 24 h, considered an early response (Ali &
Salem, 2022, Marancik et al., 2014), did not reveal signs of downregulation of host genes with potential roles in immunity. Only
a single gene, complement factor H was downregulated in treated cells (Additional file 3; Table S16). Pathogens exploit comple-
ment factor H to inhibit opsonisation by C3, and thus resist phagocytosis (Pandiripally et al., 2003). Conversely, we observed
upregulated expression of several immune-related genes such as complement protein component C7-1, chemokine CXCF1b,



CHAPAGAIN et al.  of 

F IGURE  (a) Overview of PrestoBlue cell viability assay in RTgill-W1 cells after different time durations of OMVs treatment. Approximately 500,000
cells/well were seeded in 96-well plates for 24 h. Cells were then treated with OMVs or Nuclease-free water (NFW; control group) for 0 min, 6, 12 and 24 h at
18◦C. Cell culture medium was used as a blank for the PrestoBlue Assay. PrestoBlue reagent was added to wells, followed by incubation at appropriate
temperatures and absorbance measurement at 570 nm wavelength to determine cell viability. (b) PrestoBlue cell viability assay in OMVs treated RTgill-W1 cells
showed that the cytotoxicity increases with increased time duration of OMVs exposure. Significant cytotoxicity was observed at 12 and 24 h (p < 0.05). (c)
Approximately 1.2 × 106 RTgill-W1 cells/well were seeded in 6-well tissue culture plates and maintained overnight at 18◦C. Cells were exposed to either OMVs
or NFW (control group) for 6, 12 and 24 h at 18◦C. The media from the ‘control’ and ‘treated’ cell wells were removed, and cells were washed, trypsinised and
then lysed with Trizol reagent for RNA extraction and sequencing on day 1 post-treatment. (d) A Volcano plot showing the host transcripts DE on day 1
following OMVs treatment in RTgill-W1 cells. The red dots represent the upregulated transcripts in the OMV-treated cells, whereas the blue dots represent the
downregulated transcripts at FDR ≤0.05. Heat maps showing DE transcripts involved in chaperones and folding catalysts (e), membrane trafficking and
endocytic pathway (f) and phagocytosis and antigen processing and presentation (g).

TNFAIP3-interacting protein 1, and transcription factor AP-1 (Additional file 3; Table S16). C7 molecule is a constituent of the
membrane attack complex (MAC), which forms pores into bacterial target membranes, leading to cell lysis and death (Sundell
et al., 2019).
The KEGG analysis provided a general overview of essential genes/pathways showing DE following OMV treatment. Genes

involved in chaperones and folding catalysts, membrane trafficking and endocytic pathway, phagocytosis, and antigen processing
and presentation were upregulated (Figure 6e–g and Additional file 3; Table S16). Also, 12 transcripts encoding Hsp70, Hsp90
and cochaperones were upregulated in RTgill-W1cells in response to OMV treatment (Figure 6e).
In addition, some proteins involved in endosomal trafficking were upregulated, including Rab and vacuolar protein sorting

proteins. Upregulation of lysosomal-associated membrane protein 2 (LAMP2), ras-related protein Rab-5A (Rab5a) and ras-
related protein Rab-7a (Rab7a) was detected by qPCR. Contrariwise, we noticed downregulation of a few endocytosis-related
genes such as PH and SEC7 domain-containing protein 1, protein CLEC16A and SH3 domain-containing kinase binding protein
1 (sh3kbp1) (Figure 6f). Figure 6g shows seven upregulated genes implicated in phagocytosis. The list includes genes essential
for pathogen recognition (CD209 molecule), actin remodelling (fibroblast growth factor 7 and transgelin-2) and phagosome
acidification (V-type proton ATPase catalytic subunit A; ATP6V1A).
Similar to the response of resistant fish to Fp infection shown above, OMV treatment showed early inhibition of SOCS1 at 24

h, which may indicate induction of phagosomal maturation (Queval et al., 2017). We also noticed downregulation of a transcript
encoding protection of telomeres 1 (POT1), which negatively regulates phagocytosis. Additionally, ten upregulated genes involved
in antigen processing and presentation were identified. These genes encode beta-2-microglobulin (B2M) and nine heat shock
proteins (Figure 6g).
Furthermore, genes with anti-apoptotic roles, such as AP-1 proteins, DNA-damage-inducible transcript 4 (DDIT4), heat shock

proteins (Hsp70 and Hsp90) and cochaperones (DnaJ/Hsp40 and tetratricopeptide repeat (TPR)), were upregulated (Additional
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TABLE  OMV-enriched/-specific versus whole cell-enriched bacterial sRNA detected 24 h following treatment of the RTgill-W1 cells with OMVs.

ID Start End Read counts Category (log ratio) PAI sRNA status (score)

soFE125269 1637553 1637893 3145 cell-enriched (−1.72) No Yes (7.77)

soFE004028 2056951 2057269 2062 OMV-specific No No

soFE013584 2196235 2196334 1912 OMV-enriched (3.1) No Yes (6.91)

soFE002123 2061751 2061850 1020 OMV-enriched (4.23) No No

soFE104747 1635059 1635287 918 OMV-specific No Yes (6.73)

soFE048173 2195010 2195109 657 OMV-enriched (4.21) No No

soFE011466 597087 597258 272 cell-enriched (-1.43) Yes Yes (7.13)

soFE091624 595998 596220 264 OMV-enriched (1.61) Yes Yes (6.54)

soFE004713 1634302 1634689 231 OMV-specific No Yes (3.60)

soFE100359 593374 593473 216 cell-enriched (−1.31) Yes No

soFE073471 2540111 2540210 210 OMV-enriched (1.63) No Yes (7.02)

soFE011096 2046508 2046607 181 cell-enriched (−1.2) No No

soFE100358 593129 593228 133 OMV-specific Yes No

Note: The negative log2 ratio indicates that sRNA is less abundant in OMV than in the whole cell.

file 3; Table S16). However, a few genes whose products likely have apoptotic properties, such as MAP/microtubule affinity-
regulating kinase 4 and Growth arrest and DNA-damage-inducible protein GADD45 beta, exhibited contrasting expression
(Additional file 3; Table S16).

The OMV treatment led to the upregulation of genes implicated in the phagocytosis process. In addition, OMV-treated
cells similar to the Flavobacterium-challenged resistant fish exhibited downregulation of the host gene encoding SOCS1. The
OMV-treated cells downregulation of SOCS1 was a −220.14 fold change. SOCS1-deficient mice exhibited increased phagocyto-
sis, bacterial killing and decreased bacterial loads (Klopfenstein et al., 2020). On the other hand, although susceptible fish had a
high bacterial load, they did not demonstrate upregulation of the phagocytic pathway to degrade the pathogen, and their SOCS
gene expression was higher than the resistance fish. Taken together, these results thus allowed us to propose a model for the
control of phagosomal maturation by Flavobacterium infection and OMVs treatment (Figure 7).
Notably, 69 bacterial sRNAs showed significant abundance (>100 reads) in the treated cells. Of them, 7 sRNAs belong to the

cell-enriched orOMV-enriched/-specific categories (Table 3). The top four sRNAs showed predicted target interactionwithmost
of the downregulated host transcripts following OMV treatment. Further experimental work is needed to provide insights into
the potential interaction of these sRNAs with the host genes involved in the endocytic pathway following OMVs treatment.

 DISCUSSION

Several studies have focused on the role of eukaryotic membrane vesicles carrying nucleic acid content (DNA, RNA, miRNA)
in disease states (van den Boorn et al., 2013). However, little is known about the role of nucleic acids in prokaryotic membrane
vesicles, especially in host-pathogen interactions. Previous studies have demonstrated the presence of DNA, peptidoglycan and
lipopolysaccharides (LPS) in OMVs purified from bacterial cultures (Renelli et al., 2004, Turnbull et al., 2016). These cargos can
be delivered to host cells by binding OMVs to surface receptors on host cells or through endocytosis (Anand & Chaudhuri, 2016,
Kaparakis-Liaskos & Ferrero, 2015). Because OMVs enable the transfer of various inner constituents from bacteria to the host, it
has driven our attention further to investigate the effect of OMVs on host-pathogen interactions (Chapagain et al., 2023). Thus
far, only a few studies (Choi et al., 2017, Koeppen et al., 2016) have associated the presence of sRNAs within bacterial OMVs
with a role in host health. Dual RNA-seq identified sRNAs produced from Salmonella enterica, such as PinT, demonstrated a
role in regulating the expression of host genes and mediating the activity of virulence genes necessary for intracellular survival
of the pathogen (Westermann et al., 2016). Koeppen et al. reported that P. aeruginosa sRNAs target kinases in the LPS-stimulated
MAPK signalling pathway (Koeppen et al., 2016). sRNAs in the plant pathogen Xanthomonas compestris pv vesicatoria were also
involved in pathogenicity, and deletion of the sRNA led to a reduction in virulence of bacteria (Abendroth et al., 2014).
In this study, RNA-Seq analysis revealed the presence of sRNAs in OMVs and found variation in sRNA abundance between

OMV and whole-cell transcriptome. Our results indicated the existence of OMV-specific/enriched sRNAs and bioinformati-
cally predicted their target immune-relevant genes. These sRNAs included soFE and soFE, which targets SOCS1.
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F IGURE  A proposed model showing modulation of the endocytic pathway by bacteria and OMVs under reciprocal regulation of SOCS1. Bacteria likely
suppress phagosome maturation and lysosome fusion by upregulating the expression of the host SOCS1, as reported in Klopfenstein et al. (2020). On the
contrary, phagosome maturation is likely enhanced by the downregulation of the host SOCS1 in response to OMVs treatment. The phagosome acquires Rab5
and EEA1 via fusion with early endosomes. Upregulation of EEA1 triggers fusion of the phagosome and late endosome. During the phagosome maturation
process, a suite of other proteins is recruited, including Rab7, V-ATPase and lysosome-associated membrane glycoprotein (LAMP), which facilitates the fusion
of lysosomes with the mature phagosome forming a phagolysosome. Degraded antigenic peptides by the proteasome (cytosolic pathway; not shown) are
transported to the endoplasmic reticulum (ER) and loaded onto MHC-I molecules. Whereas degraded antigenic peptides by phagosome (vacuolar pathway)
can be loaded onto itinerant MHC-I molecules within the phagosome. Dashed arrows indicate processes suggested in this study, and solid arrows refer to
processes supported by information from the literature.

Similar to our work, a recent study used RNA-Seq to characterise OMVs-packaged sRNAs in P. aeruginosa and predicted their
human immune transcript target. The study reported a specific OMV-sRNA delivered to host cells, resulting in OMV-induced
attenuation of IL-8 secretion and neutrophil infiltration in mouse lungs (Koeppen et al., 2016).
Althoughmany attempts have been made to understand the mechanism of host-pathogen interactions between rainbow trout

and Fp (Ali et al., 2021,Marancik et al., 2014, Paneru et al., 2016), very little is known regarding the pathogenesis of this bacterium.
Differential expression of trout genes between the resistant ARS-Fp -R and susceptible ARS-Fp -S genetic lines has been previ-
ously reported (Marancik et al., 2014). However, the bacterial sRNAs expression and their correlation with the rainbow trout host
genes were not previously reported in rainbow trout. Our study showed that most DE sRNAs were upregulated in fish suscep-
tible to BCWD. OMV-enriched sRNAs exhibited strong interactions and differential reciprocal expression with trout genes in
BCWD-resistant and -susceptible genetic lines. sRNAs interacting with the trout genes share complementary sequences, which
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might cause post-transcriptional repression of the trout genes as sRNAs can act as eukaryotic microRNAs (Wang et al., 2015).
Previous studies showed that sRNAs targeting immune genes might help the bacteria to hijack the immune response and mod-
ulate the survival of bacteria in the host (Soares-Silva et al., 2016). The effect of sRNAs was also tested in S. aureus by silencing
the sRNA, which modulated the virulence and disease resistance of S. aureus (Sjostrom et al., 2015). Similarly, another study in
S. aureus reported the role of sRNA in bacterial virulence and in regulating the expression level of an immune evasion molecule
(Chabelskaya et al., 2010). The current study bioinformatically predicted immune genes targeted by bacterial sRNA. Further
validation studies beyond the scope of this study are warranted.
The study revealed OMV-induced cytotoxicity at 12 and 24 h following in vitro exposure of RTgill-W1 cells to 12.5 μg/mL

OMVs. Consistently, Burkholderia cepacia OMVs induced cytotoxicity in host cells treated with ≥10 μg/mL of OMVs for 24 h
(Kim et al., 2020). In addition, OMVs induced cytotoxicity of the salmonid CHSE-214 cells (Oliver et al., 2016). Most of the DE
transcripts involved in cell death regulation are encoding products with anti-apoptotic roles, suggesting that cell death occurred
by necrosis due to exposure toOMV toxins.One characteristic of theOMV treatment is the upregulation of transcripts forHSP70,
HSP90 and cochaperones. Cochaperones, such asDnaJ/Hsp40 and tetratricopeptide repeat (TPR), determine themultifunctional
properties of Hsp70 andHsp90, including their anti-apoptotic functions (Takayama et al., 2003). The virulence factor Hsp60 was
identified in the proteome ofOMVs of the fish pathogenPiscirickettsia salmonis[]. In addition to regulating cell death/apoptosis,
heat shock proteins stimulate elements of innate immunity and traffic antigens into antigen-presenting cells, which facilitates the
induction of specific acquired immune responses (reviewed in (Colaco et al., 2013)).
Moreover, OMV treatment modulated host gene expression, favouring elements from the phagocytic, endocytic and antigen

presentation pathways. Phagocytosis is a conserved defence strategy in which host cells engulf and destroy self/nonself anti-
gens. Although the epithelial RTgill-W1 cells are not professional phagocytes, epithelial cells were previously reported to have
low phagocytic activity and a significant contribution to pathogen clearance (Sharma et al., 2020). Following OMV treatment,
RTgill-W1 cells upregulated the phagocytic receptor CD209 (DC-SIGN), responsible for pathogen recognition (Uribe-Querol &
Rosales, 2020). Upregulation of genes involved in regulating actin cytoskeleton, such as fibroblast growth factor and Transgelin-
2, suggests that actin remodelling is essential at the site of phagocytosis. It has been previously reported that Transgelin-2 (Jo
et al., 2018) and fibroblast growth factors (Ichinose et al., 1998, Mendoza et al., 1990) enhance phagocytosis. Several other genes
involved in phagocytosis, includingATP6V1A,were also upregulated. V-ATPasemolecules accumulate on the phagosomalmem-
brane to acidify the phagosome interior (Kinchen & Ravichandran, 2008, Marshansky & Futai, 2008). Some pathogenic bacteria
(M. tuberculosis) have developed a strategy to survive inside host phagocytes by inducing early expression of a member of the
SOCS family of proteins, which controls phagosomal acidification by selectively targeting the ATP6V1A for ubiquitination (Que-
val et al., 2017). Consistent with the upregulation of genes implicated in the phagocytic pathway, particularly ATP6V1A, SOCS1
was dramatically downregulated in host cells in response to OMV treatment. Similarly, SOCS1 and SOCS3 were downregulated
in Flavobacterium-infected resistant fish, which may explain the low bacterial load. In addition to phagocytosis, genes impli-
cated in the endocytic pathway, such as early endosome antigen 1 (EAA1), vacuolar sorting proteins and Rab proteins, were also
upregulated in response to OMV treatment. EAA1 is recruited to the phagosome, promoting early endosomal fusion with the
new phagosome (Christoforidis et al., 1999).
Moreover, OMV-treated cells upregulated B2M, a scaffolding protein that retains the native structure ofMHC class Imolecules

on the surface of nucleated cells to present antigens to cytotoxic CD8+ T cells. In addition to the role of B2M in adaptive immu-
nity, it possesses antimicrobial activities (i.e., innate response). B2M sheds sB2M-9 fragments, which function as antibacterial
chemokines, and perhaps as potential antimicrobial peptides (AMPs) following modification by thioredoxin (Chiou et al., 2021).
Upregulating the expression of phagocytosis-, endocytosis- and antigen presentation-related genes may lead to increased uptake
of OMVs by host cell which present processed antigens and stimulate the immune response.
OMVs possess inherent characteristics that qualify them as vaccine candidates (reviewed in (Cai et al., 2018)). For instance,

OMVs are storage containers that can remain intact under different treatments and temperatures. Also, OMVs have non-living
activity, adjuvant effects, non-replicative properties and hold substantial immunogenic components belonging to the parent
bacteria, which may induce immune responses against bacterial infection. OMVs derived from Salmonella Enteritidis (Liu et al.,
2017) and Bordetella bronchiseptica (Bottero et al., 2018) provided substantial protection against the parent bacterial infection.
However, further research is still needed to study the role of F. psychrophilum-derived OMVs in boosting the host immune
response, and thus their potential application as a vaccine to contain/control the BCWD. It is worth mentioning that the OMV
treatment effects on host gene expression are considered early response compared to the late response shown in the in vivo study,
the fifth day after infection in the susceptible versus resistant genetic lines.

 CONCLUSIONS

The current study characterised for the first time the Fp sRNAs in OMVs and demonstrated their correlation in expression with
predicted host immune genes in vivo and in vitro. One key aspect of this study is the simultaneous capture of the RNA expression
profile of the Fp and its fish host (rainbow trout) following infection in selectively bred resistant and -susceptible genetic lines.
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The whole-body dual RNA-seq approach yielded a comprehensive transcriptomic dataset that enabled us to identify microbial
factors contributing to the disease progression at a late stage of the infection. We identified bacterial sRNAs packaged/enriched
within OMVs delivered to the host cells after OMV treatment. Future studies considering the early and late stages of infection
will provide insights into the dynamics of gene expression changes during infection.
Additionally, the study revealed significant cell lysis/death at 12 and 24 h following in vitro exposure of RTgill-W1 cells to

OMVs. Another key finding of this study is the reciprocal regulation of SOCS1 in Flavobacterium-infected susceptible fish and
OMVs-treated host cells. The OMV treatment modulated host gene expression, favouring elements from the phagocytic, endo-
cytic and antigen presentation pathways. Further studies are needed to investigate whether OMVs can induce immune memory
in rainbow trout and thus assess their potential use as a vaccine.
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