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ABSTRACT

Background: Endosomally produced by eukaryotic cells, exosomes are microvesicles involved in cell-to-
cell communication. Exosomes have shown a wide range of therapeutic potential as a drug or vaccine
delivery system, and they are useful as biomarkers in several disease processes. Another biological func-
tion described is pathogen dissemination through host-derived molecules released during infection, thus
modulating the immune response in the host.
Results: This work characterizes the exosomal fraction recovered from serum of Piscirickttesia salmonis-
challenged Salmo salar specimens and from the corresponding non-challenged controls. Exosomes pre-
sented a spherical morphology and particle size distribution within 50-125 nm, showing similar param-
eters in both groups. The mass spectrometry analysis of exosomes isolated at 14 and 21 d post-challenge
showed the presence of peptides corresponding to the three proteins of Hsp70/DnaK chaperone system
(DnakK, DnaJ, and GrpE). BLAST search of these peptides showed the specificity to P. salmonis. Data are
available via ProteomeXchange with identifier PXD023594.
Conclusions: The chaperones were found with >95% identity in the core genome when aligned to 73 gen-
omes of P. salmonis. The proteins also showed a high degree of similarity with other microorganisms,
where this system has proven to be vital for their survival under stress conditions.

The presence of these three proteins in exosomes isolated from challenged fish sera calls for further
study into their potential role in bacterium pathogenicity.
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1. Introduction

Classified as Extracellular Vesicles (EVs) due to their size (30 to
100 nm diameter), origin, and mechanism of secretion, exosomes
are produced and released via the endosomal pathway [1], origi-
nating as grouped multivesicular bodies (MVBs) inside cells and
then released to the extracellular space upon fusion with the cell
membrane. These microvesicles envelop the same content as the
endosomal compartment from which they emerge [2], comprising
lipids, proteins, and RNAs.

The main function of exosomes is cell-to-cell communication
[3]. Exosomes have shown a wide range of therapeutic potential
as a drug or vaccine delivery system [4,5,6,7] and they are useful
as biomarkers in clinical diagnoses of cancer, autoimmune syn-
dromes, and neurodegenerative conditions like Parkinson’s and
Alzheimer’s [8,9,10,11,12]. Another biological function described
is pathogen dissemination through host-derived molecules
released during infection, thus modulating the immune response
in the host [4]. Exosomes can be isolated from various biological
fluids (serum, urine, saliva, synovial fluid) using classical tech-
niques like ultracentrifugation, separation by density gradient,
commercial kits (using polyethylene glycol precipitation), and size
exclusion resins. The later have been used to great success to iso-
late exosomes with minimal contamination of other EVs or serum
proteins, thus rendering one of the best alternatives to obtain clean
exosomal fractions compared to the other methods [13,14,15].

Proteomic analysis of exosome content via LC-MS (Liquid
Chromatography-Mass Spectrometry) has identified proteins of
different origins and functions, including cytoplasmic, nuclear,
endosomal, and membrane proteins; as well as those involved in
vesicular traffic and exosomal biogenesis; tetraspanins; and,
finally, heat shock proteins (HSPs) [5,6,7,8].

These heat shock proteins, also used as predictive markers or
therapeutic targets for the treatment of some diseases [16], belong
to the family of the chaperones, which regulate the correct folding
and assembly of other proteins via its binding to newly synthesized
or misfolded proteins by interacting with exposed hydrophobic
segments until these proteins reach their proper functional confor-
mation. A subgroup of adenosine 5'-triphosphate (ATP)-dependent
chaperones (HSPs) assist in folding nascent proteins, refolding pro-
teins denatured by stress factors and in assembly or disassembly of
protein complexes [17,18]. HSPs and other chaperones regulate
cellular homeostasis, protect cellular structures, and maintain the
integrity and fluidity of lipid membranes [19].

The Hsp70/DnaK system, the most widely studied prokaryote
chaperone system, is comprised of chaperone DnaK (Hsp70), co-
chaperone DnaJ (Hsp40) and nucleotide-exchange factor GrpE.
DnaK assists polypeptide folding, mediated by ATP hydrolysis;
co-chaperone DnaJ interacts with non-folded peptides and trans-
fers them to Dnak, concomitantly increasing the ATP hydrolysis
rate; and GrpE promotes dissociation of adenosine 5'-
diphosphate (ADP) bound to the nucleotide-binding domain of
Dnak, thus enabling its replacement by ATP. Both GrpE and Dna]
act jointly in controlling non-folded peptide flow into and out of
the substrate-binding domain of DnakK, regulating its conformation
and nucleotide binding [20]. The mechanism of action is cyclic,
beginning with Dna] substrate binding, then transferred to a
DnaK-ATP complex. Energy released by ATP hydrolysis properly
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binds the substrate to DnaK in a closed conformation, generating
a DnaK-ADP-substrate complex. ADP is then released and replaced
by ATP, which promotes substrate release [21]. The ADP release
step is mediated by GrpE, which allows DnaK to return to an open
conformation, i.e., the initial ATP-binding condition [21].

This vital chaperone system has also been identified in
Gram-positive bacteria, such as Mycoplasma sp. Furthermore, the
bacterial DnaK protein may mediate oncogenic activity through
the inhibition of DNA repair and p53 functions [22]. Additionally,
GrpE from Mycobacterium tuberculosis has been described to induce
Th1 immune response via activation of dendritic cells [23]. Also, it
has been reported that Dna] has a role in Escherichia coli physiology
and is directly involved with the formation of biofilms [24].

Another example comes from Piscirickettsia salmonis, a faculta-
tive, Gram-negative intracellular pathogen that causes Salmon
Rickettsial Septicemia (SRS) or Piscirickettsiosis, a disease affecting
the main salmonid species farmed in Chile, including Atlantic sal-
mon (Salmo salar) [25]. Infectious diseases are the main causes of
mortality in S. salar farms, responsible for up to 22.9%; and, of these
deaths, Piscirickettsiosis (SRS) cases amounted to 47.6% in 2019
(Sernapesca, informe Sanitario 2019).

P. salmonis uses an arsenal of molecules during infection,
including virulence effector proteins [26], small RNAs, outer mem-
brane vesicles (OMVs) [27], and exosomes [28,29]. These latter
facilitate the infectious process and allow the intracellular multi-
plication of the pathogen by means of modulating the host cell’s
behavior, specifically conferring a distinct pathogenicity and viru-
lence to the bacterium. This characteristic makes them an ideal tar-
get for the design of novel preventive or therapeutic alternatives.

P. salmonis Hsp’s proteins, GroEL (Hsp60) and DnaK (Hsp70),
have been identified and then cloned and expressed as recombi-
nants for potential use as vaccines [30]. Possessing immunogenic
potential, these proteins have also been found in membrane vesi-
cles (MVs). Several bacteria also require the DnaK system for their
survival under stress conditions; during infection, Hsp’s genes are
activated to protect the cell machinery from the host defense
mechanisms and thus strengthen virulence [31].

Based on the above, this paper reports on the identification of
bacterial proteins present in the content of exosomes isolated from
sera of P. salmonis-challenged (and non-challenged) Atlantic sal-
mon specimens via mass spectrometry. To do so, purified exo-
somes at different stages of a 30-day-kinetic analysis during the
infection period were obtained to determine if the Hsp70/DnaK
chaperone system is selectively enriched, and therefore estimate
its potential in pathogen virulence.

2. Materials and methods
2.1. Ethics statement

In vivo assays and sampling were carried out for veterinarians
in accordance with the standards and norms defined by the
responsible entity in Chile, SERNAPESCA, and in compliance with
the procedures and standards established at “The Aquatic Animal
Health Code” chapter 7 of the World Organization for Animal
Health (OIE) (registered with folio No. 22522 of the National Aqua-
culture Registry code SERNAPESCA N° 050034).
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Fig. 1. Work flow for collection of exosomes. Serum is loaded onto IZON qEV size-exclusion columns (1) and eluted with sterile PBS separating large EVs (2A), exosomes
(2B) and serum proteins (2C). Characterization is then performed on the exosomes and their RNA and protein content (3).

2.2. Fish husbandry and challenge

A total of 30 Salmo salar smolted individuals (average 35 g) were
admitted to the Curauma Aquaculture Research Center, in hermeti-
cally closed containers with forced oxygenation (according to the
Exempt Resolution No. 64 of 2003, of the Chilean National Service
of Fishing and its modifications) and subjected to acclimatization
for 5 d. On day six, the fish were inoculated by intraperitoneal injec-
tion in the central abdominal cavity taking care not to damage the
internal organs and the anesthetic Kalmagin® 20% (Centrovet Virbac)
was used as a painkiller, by submersion, according to the product
specifications. Two different formulations were used: 1) 10% cfu/mL
Piscirickettsia salmonis cells (genogroup EM90 Genbank access N
°CP039214), in 500 pL of Marine Medium (24 individuals); and 2)
500 pL of Marine Medium (six individuals), as uninfected control.
The challenge was set for 28 d; fish health and behavior were mon-
itored daily. The fish were fed standard commercial feed pellets
according to size considering a relationship of 1.5% weight/body. Of
the challenged individuals, groups of six were selected at four differ-
ent challenge times post-inoculation: 7 d (Tp), 14 d (T;), 21 d (T;) and
28 d (Ts) for collection of serum. Controls were kept until 28 d (Ts)
post-inoculation. Upon each point of time and until the end of the
challenge, fish are sacrificed for visualization of clinical signology in
internal organs, extraction of total blood and of liver for RNA extrac-
tion (six individuals for each time point).

2.3. Collection of serum samples

Total blood was extracted from P. salmonis-challenged S. salar
individuals at all four challenge times following initial inoculation
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with the pathogen, and from control at Ts. Blood samples were left
at 4°C for 30 min to allow coagulation and then centrifuged at
500 x G for 15 min at 4°C to obtain serum. Sera from the
six individuals under each condition were pooled to obtain up to
3 mL.

2.4. Exosome isolation

Serum pool (approximately 3 mL per time point) was pre-
cleared in two stages: first at 1,500 x G for 10 min at 4°C and
then at 10,000 x G for 10 min at 4°C, collecting supernatant
after each stage. Resulting pre-cleared serum was loaded onto
qEV size exclusion columns (IZON Science) pre-equilibrated with
0.22 pm filtered PBS (Gibco). Immediately, 0.5 mL fractions were
collected, eluting with filtered PBS. Samples were then concen-
trated to 100 pL using Amicon® Ultra-0.5 mL 3 kDa MWCO cen-
trifugal filter units (Merck Millipore). Fig. 1 summarizes this
workflow.

2.5. Nanoparticle tracking analysis (NTA)

Exosome size distribution was analyzed in a Nanosight NS500
system (Nanosight Ltd.). Data were acquired using the NTA v1.3
software to calculate particle hydrodynamic diameters. From each
sample, three videos, each of 30 s duration, were captured with a
sCMOS camera, with a green laser shutter set at 607 ms and cam-
era gain set at 400. Analysis was performed for control and chal-
lenged samples at 28 d.
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2.6. Transmission electron microscopy (TEM)

Exosome samples were negative-stained for TEM analysis by
loading 10 pL onto copper grids for 1 min and adding 10 pL of
4% (w/v) uranyl acetate in methanol for 1 min. Excess solution
was removed by contacting the grid edge with filter paper. Grid
was then incubated for 10 min at 37°C. The grids were examined
under a Philips Tecnai 12 electron microscope (Biotwin) at a range
of 12 to 80 kV. Images were acquired using FEI Software v 2.1.8 (FEI
Company). Analysis was performed for control and challenged
samples at 28 d.

2.7. RNA extraction

RNA extraction was performed using a mixed protocol with TRI-
zol® RNA isolation reagents (ThemoFisher) and the E.Z.N.A Total
RNA kit (Omega Biotek). Briefly, a 10-mg portion of liver was taken
from each infected fish and homogenized with 750 pl of TRIzol®,
after 10 min of incubation, 250 pl of chloroform was added and
centrifuged at 12,000 x g for 10 min at 4°C. Subsequently, the
aqueous fraction was recovered and mixed with 700 pul of absolute
ethanol and then loaded onto a column of the E.Z.N.A Total RNA kit,
followed by purification according to the manufacturer’s instruc-
tions. Finally, all samples were quantified in a Nanodrop-1000
spectrophotometer and kept at —80°C until use.

2.8. qRT-PCR assay

In general, a qRT-PCR analysis was performed using the
methodology proposed by Flores-Herrera et al. with validated
modifications to transform it in real time [32]. This methodology
was aimed at the detection of the ITS gene, using the Brillant III
Ultra-Fast SYBR® Green QRT-PCR Master Mix kit (according to
the manufacturer’s recommendations). Elongation factor (EIf)
served as the housekeeping gene.

2.9. Extraction and quantification of exosome proteins

Proteins were extracted from 80 puL of EV concentrate, adding
320 pL of RIPA buffer (50 mM Tris-HCI pH 8.0, 150 mM Nadl,
1 mM EDTA, 0.1% w/v SDS, 1% v/v Triton X-100, and 1x Roche Pro-
tease Inhibitor Cocktail). Samples were incubated on ice for 30 min
and sonicated on ice bed using a B550 Ultrasonic Processor with
10 s pulses and 10 s rest at 20% amplitude for a total of 3 min,
and then centrifuged at 10,000 x g for 30 min at 4°C. Supernatant
was collected. Total protein concentration was quantified using
Qubit Protein Assay Kit in a Qubit® 4.0 Fluorometer (Invitrogen)
according to the manufacturer’s instructions.

2.10. Western blot

Protein extract was loaded onto a 12% Criterion™ TGX™ Precast
Midi Protein Gel (Bio-Rad) polyacrylamide gel under denaturing
conditions (run at 300 V for 20 min) and the resulting bands were
transferred to a 0.2 pm nitrocellulose membrane using a Trans-
Blot® Turbo™ Transfer System (Bio-Rad) according to the manufac-
turer’s instructions. Membrane was blocked with 5% p/v non-fat
milk in PBST 0.05% for 2 h at RT. Mouse anti-salmonid MHC-II
was prepared at 1:1000 dilution and was then added at 37°C for
1.5 h. Membrane was washed thrice with PBST 0.05%. Goat anti-
mouse IgG (H + L) antibody (Thermo Scientific) was added in
1:7000 dilution and kept at 37°C for 1 h under mild agitation.
Membrane was washed thrice with PBST 0.05%. Bands were visual-
ized with Westar Supernova chemiluminescent substrate
(Cyanagen).
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2.11. Preparation of protein samples for LC-MS

Exosome protein samples were twice dialyzed against Digestion
Buffer (10 mM CaCl,, 100 mM Tris-HCI, pH = 8.0) using a 3.5
MWCO dialysis membrane (Thermo). Disulfide bonds were
reduced with 5 mM DTT (Winkler) at 60°C for 20 min. After cooling
to room temperature, free cysteinic thiols were alkylated with
15 mM lodoacetamide (Sigma) for 15 min at RT, protected from
light. Finally, 1 pg of sequencing grade chymotrypsin (Promega)
was added per 200 pg of protein sample and digestion performed
for 20 h at 25°C. Digested samples were desalted in Sephadex G-10
(Sigma) and lyophilized.

2.12. LC-Ms

Lyophilized peptides were resuspended in 100 pL of LC-MS
grade water with 0.1% trifluoroacetic acid, transferred into a glass
vial and placed into a Bruker Elute UHPLC Autosampler and kept at
4°C. Peptide separation was achieved using a C18 Shim-pack GIST
column (3 pm, 1 mm x 250 mm) at 55°C using a gradient of LC-MS
grade water with 0.1% formic acid (Solvent A) and LC-MS grade
acetonitrile with 0.1% formic acid (Solvent B). A total of 10 pL of
the sample was injected into the column and subjected to a 75-
min gradient (10% B for 5 min, and then a linear gradient to 50%
B for 55 min) at a flow of 50 pL/min. For MS/MS data acquisition,
a Bruker compact QTOF mass spectrometer with an Elute UHPLC
was used in positive mode, 4 kV spray voltage, 0.9 bar nebulizer
gas, 6 L/min drying gas at a drying temperature of 200°C, a spectra
rate of 3 Hz, and a cycle time of 3 s.

2.13. Proteomic analysis

Trans Proteomic Pipeline (TPP, v. 5.0.0) software was used for
protein identification using acquired peptide signals. Car-
bamidomethyl was used as a fixed modification and included
Methionine Oxidation, Sodium adduct, and deamination of Aspar-
agine and Glutamine residues as optional modifications. A BLAST
[33], search using the blastp suite, was performed with the result-
ing MS/MS peptides corresponding to the Hsp70/DnaK chaperone
system to determine specificity to the EM90 P. salmonis strain.
Raw mass spectrometry data were analyzed using Bruker DataA-
nalysis 4.4, general identification analysis was performed using
MaxQuant v1.6.17.0 and specific identification was performed
using Trans-Proteomic Pipeline v5.0.0.

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE [56] partner
repository with the dataset identifier PXD023594.

2.14. Data analysis

An internal database was built with the data of the 73 genomes
available for Piscirickttesia salmonis (Table S1) with the Geneious
package 9.1.8 (https://www.geneious.com), and the tblastn algo-
rithm [33] was used to search for the corresponding identified pro-
teins. The obtained hits were used to perform a multiple alignment
for each protein, which were compared among the different
defined genotypes. Sequences of Dnak, DnaJ and GrpE for different
organisms were obtained from Uniprot and NCBI databases, and
aligned in CLC Mainworkbench 6.9.2 to obtain pairwise compar-
isons, and multiple alignments.

P. salmonis protein sequences were modeled through I-Tasser
server [34], and the structures were analyzed with Chimera [35].
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3. Results
3.1. Exosome isolation and characterization

To assess potential differences, exosomes were isolated from
sera of P. salmonis challenged and non-challenged S. salar after 28
d and then characterized (Fig. 1).

Given the small size of sampled fish, recovery of the exosomal
fraction from limited serum volume was also limited. Therefore,
to obtain a detectable and sufficient quantity of exosomal proteins,
a pool testing approach was used: sera from six individuals in each
condition were pooled for exosome isolation and the resulting exo-
somal fraction was concentrated. Only then was a detectable pro-
tein quantity available for further analysis. Correspondingly, mass
spectrometry was chosen as the ideal technique to analyze the
samples, as detection would be difficult by other standard tech-
niques [36,37,38,39].

NTA characterization showed mean and mode size distribution
values, respectively, of 124.6 nm and 106.8 nm in controls
(Fig. 2A); and 126.4 nm and 99.0 nm, in challenged fish (Fig. 2B).
Concentration (particles/mL) was 6.62 x 10% in controls and
7.08 x 108 in challenged fish. TEM images show spherical particles
delimited by a lipid membrane at a size range of 50-125 nm
(Fig. 2C and 2D).

Size distribution results as assessed by NTA confirmed that
these isolated EVs are in the range of 40-125 nm supporting
reports in the literature for exosomes [40,41,42] and further con-
firmed by TEM imaging. Between control-derived exosomes and
challenged-derived exosomes at the 28-d post-infection mark,
there was no relevant difference in particle size, morphology, or
concentration (ranging from 4.5 to 5.5 x 10® particles/mL), con-
firming previously reported analyses [31].

3.2. Western blot

Exosomal protein extracts were resolved by denaturing SDS-
PAGE and then analyzed by Western blot to detect MHC-II, one
of several markers that are found in exosomes, denoting their
antigen-presenting cell origin. We found a specific band around
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the 60 kDa marker, which corresponds approximately to the full
MHC-II complex (Fig. 2E), seemingly resistant to a standard denat-
uration treatment with Laemmli Buffer.

3.3. qRT-PCR

To assess systemic infection of the individuals by P. salmonis,
RNA from liver samples was extracted and the presence of the
ITS gene was analyzed. The results indicate that bacterial ITS is pre-
sent in all samples tested (Fig. 3) from Ty to T3 while pooled liver
samples of non-challenged fish introduced as a negative control
did not show bacterial ITS presence. This, added to clinical signol-
ogy observed (Fig. 4), confirms a successful challenge and progres-
sion of the infection.

3.4. Mass spectrometry and proteomic analysis

Analysis of exosomal protein extracts collected at 7 (Ty), 14 (Ty),
21 (T) and 28 (Ts) d post-inoculation was carried out by ESI-MS/
MS and resulting peptide sequences were compared against the
CDS of 36 EM90 strains of P. salmonis, which is the most aggressive
genogroup found in field samples [43]. Previous works have
detected DnaK in this fraction along with the chaperones [27].

Indeed, the three expected proteins of the Hsp70/DnaK chaper-
one system, for all strains, were identified in T; and T, (14 and 21
dpi) challenged individuals in this initial search. Conversely,
P. salmonis chaperone peptides were not found in any control sam-
ple, nor in Ty and Ts; of the challenged samples. The peptide
sequences obtained by MS/MS analysis and their corresponding
protein matches are summarized in Table S1.

3.5. Core genome analysis

For further confirmation, Hsp70/DnaK system proteins were
compared against those of the 73 available P. salmonis genomes,
which are grouped into three main genogroups: LF, EM, and NC
(Norway-Canada). The EM genogroup is further subdivided into
three subgroups, EM1, EM2, and EM3. Based on this information,
a core genome was defined (based on results from a grant project)

Fig. 2. Size distribution by Nanoparticle Tracking Analysis, Transmission Electron Microscopy and Western blot characterization of exosomes. (A)(C) NTA and TEM for
exosomes derived from control Salmo salar specimens. (B)(D) NTA and TEM for exosomes derived from challenged Salmo salar specimens. (E) Western blotting of exosome
proteins using salmon MHCII as a marker. Line 1: molecular weight markers (overlaid on the left from viewing), Line 2: exosome proteins from fishes challenged with P.

salmonis (strain EM90), Line 3: Positive control (CP) fish serum.
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Fig. 3. qRT-PCR SybrGreen ITS P. salmonis. Cq for all challenged individuals from Ty = 7 d to T3 = 28 d compared to a housekeeping gene (EIf) and to a positive control.

Fig. 4. Clinical signology of P. salmonis infection. Images show the signs of systemic P. salmonis infection of Salmo salar (A). Note white nodules in the liver (A), bloody

ascites (B) and renomegaly (C).

and the DnaK system was localized in it, a schematic view is shown
based on the isolate Psal104a (Genome NCBI accession CP039214)
(Fig. 5).

To analyze conservation among genomes, a consensus DNA
sequence generated for each main genogroup was used to con-
struct a multiple alignment and establish identity (Fig. S1).

The BLAST search showed that the three proteins (Dnak, Dna],
and GrpE) were present in the 73 P. salmonis genomes (Table S2),
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which means that it is part of the core genome (identity >95%, in
all cases). Furthermore, as expected, identity increases to 100%
for all EM90 strains. These results are summarized in Table 1.
Since most chaperone systems are ubiquitous, with constitutive
proteins across species, consensus protein sequences were addi-
tionally compared to several species in order to establish conserva-
tion and active site homology. The comparison showed that among
the three components, DnaK is the most conserved among all
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Fig. 5. Schematic view of the HSP70 system. A fragment of the genome of P. salmonis isolate p104a is shown, where the three genes corresponding to the HSP70 system are

located.

organisms, followed by Dnaj and finally GrpE, which presents the
greatest variation (Fig. 6 and Fig. S2). Table 2 summarizes the iden-
tity of the three proteins between the species compared.

This protein similarity suggests that assessing the specificity of
peptides identified in the exosomal fraction is necessary. Thus,
reported peptides were also searched in the blastp suite to deter-
mine whether they are specific to EM90 strains of P. salmonis. Pep-
tide sequences were then classified into three categories: P.
salmonis EM90 specific (Table 3), Piscirickettsia spp. specific
(Table S3) and general bacterial sequences (Table S4).

The results indicate that at the T; and T, post-infection markers,
two peptide sequences show a single match in Piscirickettsia litor-
alis (Table S3). Additionally, almost all peptides were found with
100% conserved sequence in all P. salmonis genogroups according
to the 73 genomes compared. The exception is DnaK peptide 1,
with differences between the EM genogroup and the other two
genogroups (LF and NC) (Table 2 and Fig. S3).

4. Discussion

DnakK, the central chaperone in the Hsp70 chaperone system,
shows high conservation at an evolutionary level [44], and in the
case of P. salmonis, an identity of more than 50% is found with
organisms of different classes (Fig. 6). Likewise, its cochaperones
DnaJ and GrpE, with a high conservation between intracellular bac-
teria, both Gram- and Gram + (Fig. 5, Fig. S2-S6). Sequence analysis
of DnaK shows the same domains defined for other bacteria such as
E. coli, and structural homology modeling results in structures very
similar to those experimentally determined for E. coli (Fig. 7). These

facts together suggest that the role of these chaperones in P. salmo-
nis may be similar to that of other pathogenic bacteria.

Experimentally, peptides of the Hsp70/DnaK chaperone system,
specific to the EM90 P. salmonis strains, were detected in the exo-
some content of challenged S. salar individuals, at 14 and 21 d post-
challenge, but not earlier or later (7 and 28 d). Given these results,
it is clear uninfected controls are needed for 14 and 21 d to solidify
these results, although bacterial Hsp70/DnaK peptides specific for
the EM90 strain of P. salmonis should not appear in any uninfected
fish. Initially, a 28-d uninfected control was considered due to
infrastructure limitations for the assay.

Although proteomic analysis only showed the presence of pep-
tides from the Hsp70/DnaK system at intermediate times of infec-
tion, analysis of liver RNA evaluated by qRT-PCR (Fig. 3), the
primary target organ in Salmon Rickettsial Septicaemia (SRS),
clearly detects bacterial RNA, according to the guidelines estab-
lished by the laboratories of reference for the diagnosis of infection
with P. salmonis in salmonids [32].

The interpretation of these results falls under two possible sce-
narios: the first one indicates that the Hsp70/DnaK chaperone sys-
tem supports bacterial proteostasis under the stress conditions
generated by the host cell defense mechanisms [31,45], and there-
fore, its export via exosomes affects bacterial survival. This would
be the case when antigen-presenting cells (e.g.,, macrophages),
enriched during the middle stages of infection, are the sources of
the exosomes. This alternative is supported by the presence of
the MHC-II marker in the isolated exosomes (Fig. 2E). The infective
process of P. salmonis involves the interference of the phagosome-
lysosome fusion as an evasion mechanism [26,46,47], thus, export-
ing these proteins in exosomes may be a feasible alternative strat-
egy of the host cell to control the infection.

Table 1
Gene location of the DnaK system proteins in P. salmonis genomes.
Protein Protein name Location %ID by genogroup
DnaK Heat shock protein Hsp70 Core genome EM 100
LF 99.5
NC 99.5
Dna]j Heat shock protein Hsp40 Core genome EM 100
LF 98.9
NC 99.5
GrpE Heat shock protein Core genome EM 100
LF 95.1
NC 98.5
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Piscirickettsia salmonis 1 .

Piscirickettsia litoralis 2 High Low

Coxiella_burnetti 3 Intracellular

Francisella tularensis 4 Gram - “

Legionella pneumophila 5

Leptospira interrogans 6

Renibacterium salmoninarum 7] 50 49 51 49 48 50

Clostridium acetobutylicum 8| 56 55 55 56 55 56 55 Intracellular

Mycobacterium tuberculosis 9] 53 52 52 50 49 53 70 56 Gram +

Mycoplasma fermentans 10| 42 42 42 43 42 45 46 47 47

Clostridioides difficile 11| 57 55 54 56 55 55 54 67 54 48

Escherichia coli 12| 74 73 70 72 70 56 47 54 51 43 54

Teredinibacter turnerae 13| 74 74 75 75 75 57 48 57 51 44 54 75 Extracellular

Pseudohaliea rubra 14| 74 74 74 74 73 56 47 57 49 43 55 73 85 Gram -

Halioglobus japonicus 15| 78 78 73 75 73 55 48 55 50 43 54 73 84 88

Pseudomonas aeruginosa 16| 74 74 74 74 74 57 48 55 52 43 54 76 79 77 77

Thermus thermophilus 17 50 50 50 51 52 52 48 53 51 47 52 51 52 51 52 52

Acetobacter pasteurianus 18| 65 65 65 67 64 58 52 60 54 44 55 64 68 68 66 67 54 Extracellular

Staphylococcus aureus 19| 54 53 53 54 53 55 55 64 55 49 66 53 54 53 53 54 53 56 Gram +

Streptococcus intermedius 20 54 54 53 55 52 56 54 63 56 50 66 53 54 54 53 52 53 56 74

Salmo salar 21| 52 52 53 54 53 S50NEE 490 45HEM 46 52 54 53 51 53146 5745045

Onchorhynchus mykiss 22| 52 52 53 54 53 50 42 49 45 40 46 52 54 53 51 53 46 57 45 45 Eukaryota

Onchorhynchus kisutch 23| 52 52 53 54 53 50 42 49 45 49\ 46 52 54 53 51 53 46 56 45 45

Homo sapiens 24| 54 53 54 55 54 51 42 49 46 40 47 53 54 53 52 53 47 58 46 46 86 86 86
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23]

Fig. 6. Identity matrix for the DnaK protein of P. salmonis in comparison with the

organisms in Table 2. The proteins of each species indicated in the left column are

ordered numerically from 1 to 23 according to the type of organism, as indicated in the upper part of the triangular matrix. The highest percentages of identity are in blue and
the lowest in red (according to the indicated scale). Values greater than 70% with respect to P. salmonis are indicated in bold. The highest identity with P. salmonis is indicated

in bold.
Table 2
Comparison of the EM90 DnaK system with other organisms, expressed as percentage of identity. Accession number of the compared proteins are in Table S3.
Species DnaK DnaJ GrpE Class Type Lifestyle
Piscirickettsia salmonis 100 100 100 Gammaproteobacteria Gram — Intracellular
Piscirickettsia litoralis 94.9 92.7 80.9 Gammaproteobacteria Gram — Intracellular
Coxiella burnetti 75.7 59.8 321 Gammaproteobacteria Gram — Intracellular
Francisella tularensis 71.0 53.9 344 Gammaproteobacteria Gram — Intracellular
Legionella pneumophila 74.9 62.7 36.0 Gammaproteobacteria Gram — Intracellular
Leptospira interrogans 56.1 48.2 4.2 Spirochaetia Gram — Intracellular
Renibacterium salmoninarum 48.9 38.1 5.5 Actinomycetia Gram + Intracellular
Clostridium acetobutylicum 54.7 443 6.0 Clostridia Gram + Intracellular
Mycobacterium tuberculosis 51.6 37.0 6.8 Actinobacteria Gram + Intracellular
Mycoplasma fermentans 42.2 143 7.2 Mollicutes Gram + Intracellular
Clostridioides difficile 55.4 49.4 7.3 Clostridia Gram + Intracellular
Escherichia coli 72.9 62.1 7.6 Gammaproteobacteria Gram — Extracellular
Teredinibacter turenrae 74.2 65.5 6.4 Gammaproteobacteria Gram — Extracellular
Pseudohaliea rubra 74.2 63.9 7.9 Gammaproteobacteria Gram — Extracellular
Halioglobus japonicus 734 63.7 9.0 Gammaproteobacteria Gram — Extracellular
Pseudomona aeruginosa 73.9 65.3 6.9 Gammaproteobacteria Gram — Extracellular
Thermus thermophilus 49.6 14.3 14.9 Deinococci Gram — Extracellular
Acetobacter pasteurianus 64.8 48.2 6.2 Alphaproteobacteria Gram + Extracellular
Staphylococcus aureus 53.0 434 8.1 Bacilli Gram + Extracellular
Streptococcus intermedius 53.6 439 6.9 Bacilli Gram + Extracellular
Salmo salar 51.8 124 8.5 Actinopteri - -
Onchorhynchus mykiss 51.7 124 5.7 Actinopteri - -
Onchorhynchus kisutch 51.7 129 8.1 Actinopteri - -
Homo sapiens 53.2 124 8.5 Mammalia - -
Table 3
P. salmonis EM-specific peptides for DnaK system proteins (DnakK, DnaJ and GrpE).
# T T,
DnaK 1 SVSDVTDVILVGGQTRMPKAQEVVKNFF SVSDVTDVILVGGQTRMPKAQEVVKNF
2 QELVGARNNAEAMIHATEKGL
3 APPQISAQVLAKMKKTAEDYL
Dnaj 1 HPDRNPGDTATEAKFKEAKEAYEVL HPDRNPGDTATEAKFKEAKEAYEVL
GrpE 1 TTMHQGVELTLKML
2 RAKAESENARRRFEREAIQARQF

The second scenario may involve P. salmonis hijacking fish cell
exosomes as a potential signaling tool to aid in its survival and dis-
semination [4]. This is supported, first, by our finding of all three
proteins of the system in exosomes, rather than one or two of them
separately. Indeed, in other Gram-negative facultative bacteria
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related to P. salmonis, these three proteins are well described
[48,49,50]. Second, it has been reported that Oncorhynchus mykiss
exosomes are enriched with salmonid Hsp70 under heat stress
conditions [51]; since Hsp70 lacks the classic export signal peptide
[52], this suggests a signaling role in other cell targets [51]. Given
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Fig. 7. Homology models for the HSP70/DnakK system of P. salmonis. A. Open form of DnaK superposed with E. coli DnaK PDB ID 4B9Q in white. B. Closed form of DnaK

superposed with E. coli DnaK PDB ID 2KHO. C. DnaJ model. D. GrpE model.

that bacterial DnaK is a functional equivalent to Hsp70, P. salmonis
may adopt a similar survival strategy and perhaps facilitate dis-
semination to other organs [4]. Indeed, the confinement of these
proteins within the exosomal structure protects them from
immune detection and IgM neutralization, an advantage for the
pathogen. Furthermore, other sequences with high identity to mar-
ine gamma proteobacteria such as Teredinibacter turnerae, Pseudo-
haliea rubra and Halioglobus japonicus were also found, which could
indicate a conserved survival mechanism for these organisms
under stress conditions.

While specific sequences allow us to identify P. salmonis DnaK
in the exosome content, other sequences found are common bacte-
rial sequences. Interestingly, one sequence identified, MAKII-
GIDLGTTNSCVAVL, corresponds to a conserved N-terminal
portion of the protein, containing the TTN ATP-binding motif. This
amino terminal segment is highly conserved in gammaproteobac-
teria and other widely studied pathogens, such as Escherichia coli
and Staphyloccocus aureus (Fig. 6 and Fig. S4), which is a potential
indication that we could find similar roles for P. salmonis DnaK as
those described for these pathogens. While no studies have been
conducted to assess the role of the Hsp70/Dnak system in P. salmo-
nis survival and pathogenicity, previous work can be considered to
support our proposal. First, the role of the Hsp70/DnaK system is
very well described in E. coli as central in its chaperone network
[53]. Under stress conditions, it is essential for bacterial survival.
E. coli provides a useful starting point as a Gram-negative model.
In addition, we established a 75% identity between P. salmonis
EM90 and E. coli DnaK (Fig. 6, Fig. 7, Fig. S4 and Table 2) which is
conducive to such a proposal. Furthermore, while not a Gram-
negative model, it has been described that the Hsp70/DnaK system
is crucial for Staphylococcus aureus survival to oxidative, tempera-
ture and antibiotic stress conditions in hosts [54]. Finally, DnaK
from a closely related Gram-negative intracellular facultative
pathogen, Francisella tularensis, has been shown to bind and inhibit
alkaline phosphatase (AP) in human infections [55]. This is relevant
for bacterial survival against host defenses, as AP has been shown
to neutralize LPS [56,57]. DnaK sequences show more than 70%
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identity between C. burnetii and F. tularensis and P. salmonis DnaK
(Fig. 6), which could imply similar functions. It will be interesting
to conduct further experimentation to establish the role of the
Hsp70/Dnak system in the survival and pathogenicity of P. salmonis
and if it participates in the same mechanisms of bacterial survival
as described for other pathogens.
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