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Abstract: Piscirickettsia salmonis is an intracellular bacterial fish pathogen that causes 15 
piscirickettsiosis, a disease with numerous negative impacts in the Chilean salmon farming 16 
industry. Although transcriptomic studies of P. salmonis and its host have been performed, dual 17 
host-pathogen proteomic approaches during infection are still missing. Considering that gene 18 
expression not always corresponds with observed phenotype, and bacteriological culture studies 19 
inadequately reflect infection conditions, to improve the existing knowledge for the pathogenicity 20 
of P. salmonis we present here a global proteomic profiling of Salmon salar macrophage-like cell 21 
cultures infected with P. salmonis LF-89. The proteomic analyses identified several P. salmonis  22 
proteins from two temporally different stages of macrophages infection; some of them related to 23 
key functions for bacterial survival in other intracellular pathogens. Metabolic differences were 24 
observed in early-stage infection bacteria, compared to late-stage infections. Virulence factors 25 
related to membrane, LPS and surface component modifications, cell motility, toxins and secretion 26 
systems also varied between the infection stages. Pilus proteins, beta-hemolysin and the T6SS were 27 
characteristic of the early-infection stage, while fimbria, upregulation of 10 toxins or effector 28 
proteins, and the Dot/Icm T4SS were representative of the late-infection stage bacteria. Previously 29 
described virulence-related genes in P. salmonis plasmids were identified by proteomic assays 30 
during infection in SHK-1 cells, accompanied by an increase of mobile-related elements. By 31 
comparing the infected and un-infected proteome of SHK-1 cells, we observed changes in cellular 32 
and ROS homeostasis, innate immune response, microtubules and actin cytoskeleton organization 33 
and dynamics, alteration in phagosome components, iron transport and metabolism, and amino 34 
acids, nucleoside and nucleotide metabolism, together with an overall energy and ATP production 35 
alteration. Our global proteomic profiling and the current knowledge of the P. salmonis infection 36 
process allowed us to propose a model of the macrophage-P. salmonis interaction.  37 
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 39 

1. Introduction 40 

Microbial infections are characterized by a constant interplay between pathogen and host , with 41 
pathogens exploiting various host functions during infection and hosts reacting with appropriate 42 
defense responses [1]. Therefore, understanding host-pathogen interaction is crucial for the 43 
development of effective vaccines and therapies [2]. 44 

Piscirickettsiosis or Salmonid Rickettsial Septicaemia (SRS) is one of the most threatening 45 
bacterial diseases in the Chilean salmon industry [3]. Piscirickettsia salmonis, the causative agent of 46 
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SRS, has the ability to infect, survive and replicate in salmonid monocyte/ macrophage cell lines [4]. 47 
However, despite current advances in aquaculture infectious diseases, P. salmonis pathogenesis is still 48 
poorly understood, with many relevant aspects of its life cycle, virulence factors and pathogenesis 49 
that remain to be elucidated. 50 

A significant challenge for studying intracellular bacterial pathogens is understanding the 51 
molecular bases of disease development during host infection. Therefore, knowledge about bacterial 52 
virulence factors expressed during infection is crucial to gain a quantitative view of the pathogenic 53 
functions. Considering the scarce information existent to generate P. salmonis knockout mutants [5], 54 
and that molecular biology tools to manipulate P. salmonis genetic material is limited [6], omics 55 
approaches have emerged as effective tools in basic and applied research for the study of biological 56 
pathways involved in pathogen replication, host response, and disease progression . 57 

Functional genomic studies of P. salmonis infection in salmon cells and tissues have been mainly 58 
focused on changes in gene expression following bacterial infection [7–10]. Particularly, 59 
transcriptomic analyses have provided evidence of host cellular processes and particular genes 60 
targeted during P. salmonis infection to promote intracellular survival and replication [7,11–13]. These 61 
analyses contributed to a better understanding of the in vivo infection process, since genes expressed 62 
in this condition can reveal the pathogen’s survival strategy in the intracellular environment. 63 
Recently, the simultaneous sequencing of both pathogen and host transcriptomes (dual 64 
transcriptomics) during the infection has uncover the complexity of the host -pathogen interactions. 65 
This global transcriptomic analysis was used to simultaneously analyze the transcriptome of P. 66 
salmonis during Salmo salar infection, revealing a bacterial dependency to host metabolism and 67 
nutrients accessibility [14]. 68 

The combination of proteomics with other omics approaches has expanded the repertoire of 69 
tools to study pathogen infections [15]. Identification of these host–pathogen protein interactions in 70 
the context of infection can be critical to understand the biology of infection and to discover novel 71 
targets for treatments against microbial pathogens. In P. salmonis, proteomics studies of cell-free 72 
growth conditions have been reported [16,17], including proteomic studies of P. salmonis extracellular 73 
vesicles during infection that contained proteins related to key functions for pathogen survival and 74 
plasmid-encoded toxins [18,19]. However, global proteomic profiling of host -pathogen interaction 75 
that could complement the gene expression knowledge, is still lacking in P. salmonis, since a more 76 
comprehensive global proteomic analyses can suggest a more direct interpretation of molecular 77 
responses in a biological system. 78 

Our study used a global proteomic profiling to identify differentially expressed proteins in 79 
macrophage-like cells of Atlantic salmon challenged with P. salmonis at different stages of infection. 80 
We focused on the host and bacterial processes, rather than individual proteins altered during 81 
infection, to discover the defense mechanism of Atlantic salmon against P. salmonis invasion, P. 82 
salmonis induced changes in the host, potential bacterial virulence factors and their target in host cells. 83 

2. Materials and Methods  84 

2.1. Bacterial strains and culture conditions 85 

The P. salmonis strain LF-89 (ATCC VR-1361) was grown aerobically in nutrient broth 86 
(AUSTRAL-SRS [20]) at 16 or 18 °C in a shaking incubator at 140 rpm. Each subculture was confirmed 87 
as P. salmonis by Gram stain and RFLP [21]. To build the growth curve, bacterial growth was 88 
measured every day for 12 days by monitoring the optical density at 600 nm (OD600). Bacterial cell 89 
numbers were estimated by counting in a Petroff-Hauser chamber, according to manufacturer’s 90 
instructions. 91 

2.2. SHK-1 cell culture infection assays 92 

The SHK-1 macrophage-like cell line derived from Atlantic salmon (Salmo salar) head kidney 93 
(ECACC 97111106), was routinely grown at 20 °C in T25 or T75 tissue culture flasks, with Leibovitz’s 94 
L-15 medium (Gibco) supplemented with 2 mM L-glutamine (Gibco), 40 µM β-mercaptoethanol and 95 
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10% FBS (Gibco). For infection assays, cells were seeded at 80% confluency and inoculated with 96 
stationary-state bacteria at multiplicity of infection (MOI) ranging from 50 to 250, as described 97 
previously [11]. After three days of co-incubation at 16 °C, gentamicin was added to a final 98 
concentration of 50 µg/mL, to kill extracellular bacteria. The antibiotic was incubated for 1 hour, 99 
washed three times with PBS, and replaced with fresh culture media. The infection assay s (in 100 
triplicate) were monitored daily under optical inverted microscope (100X magnification) until the 101 
appearance of cytopathic effects (CPE). 102 

2.3. Global proteomic profiling using Q-Exactive mass spectrometry 103 

For proteomic analyses, infected and uninfected (control) SHK-1 cells were processed. Two 104 
infection stages were compared: an early-infection stage named vacuolization (6 days post-infection, 105 
dpi), and a late-infection stage named propagation (12 days post-infection, dpi). Planktonic cells 106 
grown in broth medium for three days (exponential-state bacteria) were used as P. salmonis control 107 
condition. Cells from each experimental condition were concentrated by centrifugation at 500 × g for 108 
10 min and 8,000 × g for 5 min for SHK-1 and bacterial cells, respectively. Sample replicates (3 per 109 
condition) were pooled together and cell pellets were quickly frozen and kept at -80 °C until further 110 
use. Schematic representation of samples obtained for proteome analysis is shown in Figure S1. 111 

Global proteomic profiling of samples representing the different experimental conditions were 112 
processed in Bioproximity, LLC (USA). Protein denaturation, digestion and desalting of samples 113 
were prepared using the filter-assisted sample preparation (FASP) method [22]. Briefly, the samples 114 
were digested using trypsin, and each digestion mixture was analyzed by ultra -high pressure liquid 115 
chromatography (UHPLC-MS/MS), coupled to a high resolution, high mass accuracy quadrupole-116 
Orbitrap mass spectrometer (Q-Exactive, Thermo Fisher). Mass spectrometer RAW data files were 117 
compared with the most recent protein sequence libraries available from UniProtKB. Proteins were 118 
required to have one or more unique peptides detected across the analyzed samples with an e-value 119 
≤ 0.0001. All proteomics results are listed in Table S1. 120 

2.4. Bioinformatics analysis of proteins detected by global proteomic profiling 121 

Data analysis was performed separately for P. salmonis and S. salar, as shown in Figure 2 scheme. 122 
All known proteins were identified and functionally annotated using the UNIPROT database. For 123 
unknown bacterial proteins, functional annotation was performed using NCBI nr database, GenDB, 124 
VFDB, ProtFun server 2.2 and SMART (Simple Modular Architecture Research Tool). Proteins were 125 
classified according to the predicted functions annotated in the Clusters of Orthologous Groups of 126 
Proteins (COGs) database [23]. As P. salmonis genome is sequenced and annotated, the UniProtKB ID 127 
of each protein was mapped to the EggNOG database of orthologous groups and functional 128 
annotation [24]. S. salar proteins were identified from Q-proteomics data using: NCBI:txid8030 ID 129 
(PubMed Taxonomy database). Proteomes from each experimental condition were compared using 130 
an online tool that generates Venn diagrams and lists of proteins detected in any given condition 131 
(http://bioinformatics.psb.ugent.be/webtools/Venn/). The proteins detected in two experimental 132 
conditions were analyzed by calculating log2 values of condition_1/condition_2 detection ratios. 133 

Enrichment analyses were performed using AgriGO for S. salar proteins, first with the complete 134 
proteome list for each sample (control, vacuolization or propagation proteome against the reference 135 
genome), and afterwards in pairwise comparisons (vacuolization vs. control, propagation vs. control 136 
and propagation vs. vacuolization) considering the proteins significantly up- or down-regulated (log2 137 
ratio ≥ 0.6 or ≤ -0.6). Enrichments analysis for S. salar proteins were consider statistically significant 138 
when FDR < 0.5, P-value < 0.01 and log2 fold-enrichment > |0.5| (fold-enrichment = % of enriched 139 
proteins in sample / % of enriched proteins in reference). 140 

2.6. Bacterial RNA purification and transcripts quantification  141 

Total RNA was purified from infected and uninfected SHK-1 cultures, and from P. salmonis batch 142 
cultures, as mentioned for the proteomic assay . SHK-1 and P. salmonis cells were collected by 143 
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centrifugation at 8,000 × g for 5 min, washed with sterile PBS and suspended in RLT buffer (RNeasy 144 
®  Mini Kit, Qiagen). Cells were disaggregated and homogenized with a 27G syringe, and RNA was 145 
purified with RNeasy ®  Mini Kit (Qiagen), as indicated by the manufacturer . Bacterial RNA was 146 
purified using the RNeasy ®  Mini Kit (Qiagen) with the adjusted protocol for bacterial cells.  RNA 147 
was quantified using a Qubit™ RNA HS Assay kit (Thermo Fischer Scientific), and 400 ng of RNA 148 
from each sample were used to synthesize cDNA with the High Capacity RNA-to-cDNA kit (Applied 149 
Biosystems) 150 

Transcripts were quantified using a Takyon qPCR Kit (Eurogentec) with specific primers (Table 151 
S2) designed for selected P. salmonis genes that changed its expression during infection in the 152 
proteomic assay. Real time PCR (qPCR) was performed in an AriaMx 1.0 system (Agilent) with the 153 
following PCR conditions: 95 °C for 3 min followed by 95 °C for 3 s, 60 °C for 15 s and 72 °C for 15 s 154 
for 40 cycles. Melting curves (1 °C steps between 60-95 °C) ensured that a single product was 155 
amplified in each reaction. The geometric median of the housekeeping genes recF and rho was 156 
calculated for each sample, and used to calculate the relative expression levels of the P. salmonis genes  157 
using the method described by Pfaffl [25]. GraphPad Prism software version 6.01 was used for 158 
graphical representation and statistical analysis of the results. 159 

3. Results 160 

3.1. Piscirickettsia salmonis infection progress in fish macrophages culture 161 

To standardize the infection conditions, P. salmonis growth was evaluated in liquid culture 162 
medium at different temperatures (Figure 1), including the normal temperature of bacterial growth 163 
(18 °C), the temperatures used for growth and infection of SHK-1 cells (20 °C and 16 °C respectively), 164 
and a higher temperature (23 °C). It was observed that the bacteria grow from 16 to 23 °C with a 165 
similar generational time (21,3 h. at 16 °C, 20 h. at 18 °C, 23,7 h. at 20 °C and 23,5 h. at 23 °C), however, 166 
at 16 °C the lag phase was extended, and growth at 23 °C increased bacterial decay upon reaching 167 
the stationary phase. Between 16 and 20 °C the OD at 600 nm (OD600) remained relatively constant 168 
during the stationary phase until 12 days of growth. Therefore, for all the infection assays, bacterial 169 
cells from liquid cultures in stationary growth phase at 18 °C were employed. Under these conditions, 170 
differences of two days were observed in the appearance of cytopathic effects (CPE, i.e. intracellular 171 
vacuoles and distortion of cellular shape) in SHK-1 cells infected with different multiplicity of 172 
infection (MOI) (Figure 1b). As the appearance of CPE was similar between MOI 250 and MOI 100, 173 
all subsequent infection assays were performed with the lower MOI. The progression of cytopathic 174 
effects was evaluated directly under the microscope and three stages of infection were distinguished 175 
(Figure 1c-g). The early-stage, vacuolization, was characterized by the appearance of small and 176 
disperse intracellular vacuoles (up to three vacuoles per field were observed under a microscope with 177 
100X magnification, Figure 1e). A late-stage, named as propagation, was characterized by the merge 178 
of several vacuoles, or the increase in vacuolar size, forming large vacuoles throughout the cell 179 
culture. Large vacuoles in groups of neighboring cells in all fields were observed (Figure 1f). Finally, 180 
detachment was observed as a disruption of the cell monolayer and lysis of the macrophage cells in 181 
all the fields under the microscope (Figure 1g). Since a gentamycin treatment was applied to 182 
infections after 3 days of incubation, the remaining bacteria that continued with the infection process 183 
were internalized and, therefore, the CPE occurred by the action of intracellular bacteria. 184 
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 185 

Figure 1. P. salmonis growth and infection progression in salmon macrophage-like cells. (a) Growth 186 
curves P. salmonis at different temperatures . (b) Day of appearance of CPE in SHK-1 cells using 187 
different MOI. (c) Day of occurrence of the different infection stages using MOI  = 100. (d and g) 188 
Micrographs details in bright-field of P. salmonis infected SHK-1 cultures. (d) Uninfected SHK-1 cells 189 
(control). (e) Vacuolization stage, cells showed small and dispersed intracellular vacuoles. (f) 190 
Propagation stage, characterized by the presence of large vacuoles in groups  of cells. (g) Detachment 191 
stage, where  infection disrupted the cell monolayer and lysis of the macrophage-like  cells were 192 
observed in all fie lds. Inset shows 300X digital magnification, barr = 100 µm. 193 

3.2. Global proteomic profiling of P. salmonis infection in S. salar  SHK-1 cell cultures 194 

To compare the expression of P. salmonis proteins during the infection process and the effect on 195 
the macrophage cells of S. salar, SHK-1 infected cells were collected from vacuolization and 196 
propagation stages of infection, as well as from uninfected control cells. Additionally, P. salmonis cells 197 
grown exponentially in a bacteriological culture medium were collected (Figure S1). Global 198 
proteomic profiling was performed as previously described [26,27]. As shown in the Venn diagrams 199 
(Figure 2), 778 distinct proteins were identified in the vacuolization stage, 674 of them from S. salar 200 
and 104 from P. salmonis. In the propagation stage 1,076 proteins were identified, 719 corresponded 201 
to S. salar proteins and 357 to P. salmonis. Finally, in the control condition of uninfected SHK-1 cells, 202 
763 S. salar proteins were identified. Considering that these samples where obtained from equivalent 203 
numbers of SHK-1 cells, S. salar proteomic profiles from different infection stages could be quantified 204 
and compared with the control growth condition. On the other hand, control P. salmonis cells were 205 
collected from a pure bacteriological culture and the amount of proteins in this condition could not 206 
be quantitatively compared with those of bacterial cells obtained from infected macrophages. 207 
Additionally, the number of proteins identified in the three conditions (19) was low compared to the 208 
SHK-1 cell cultures (191). Therefore, analysis of the proteomic results of P. salmonis was performed 209 
differently from the S. salar proteomes (Figure 2a). 210 
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 211 

Figure 2. Quantitative proteomics results and identification of proteins. (a) Bioinformatics pipeline 212 
for global proteomic profiling analysis of P. salmonis-SHK-1 infected cells. (b and c) Venn diagrams 213 
of quantitative proteomics results for SHK-1 infections with P. salmonis. (b) P. salmonis proteins 214 
identified in control bacteria grown in nutrient broth (exponentially growing bacteria)  and 215 
intracellular bacteria in SHK-1 at vacuolization and propagation stage of infection. (c) S. salar 216 
identified in control uninfected cells, and in different infection stages of infection (vacuolization and 217 
propagation). 218 

Each proteome was ordered and categorized according to their ontology. In the case of P. 219 
salmonis, orphan proteins with unknown function were further analyzed. Sequence similarity 220 
searches using the Virulence Factor Database (VFDB) allowed us to identify putative virulence factors 221 
in the list of P. salmonis proteins with unknown function. A detailed pipeline for the assignment of 222 
functions of unknown proteins is depicted in Figure 2a diagram. 223 

3.2.1. P. salmonis proteome 224 

As shown in Figure 2b, 239 unique proteins were identified during exponential growth of P. 225 
salmonis cells in nutrient broth, 37 in the vacuolization stage and 282 in the propagation stage of 226 
infection. In the bacterial control cells, a total of 324 proteins were identified, a similar number to that 227 
obtained in the P. salmonis proteomes from the late-infection stage intracellular bacteria, while the 228 
lowest number of identified proteins was found in the early stage of infection. A total of 19 proteins 229 
were found in all conditions and also 19 proteins were common between the infection stages. This 230 
gives a total of 338 bacterial proteins identified exclusively during the infection of salmon 231 
macrophages. P. salmonis proteins were group in COG categories and quantified in each proteome 232 
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(Figure 3). Some of the over-represented COGs (percentile 75 or above) were common for all 233 
conditions, such as translation, structure and biogenesis of ribosomes (J), cell wall/ membrane/ 234 
envelope biogenesis (M), and amino acid transport and metabolism (E). In a general view, categories 235 
related to cellular metabolism, such as energy production and conversion (C), transport and 236 
metabolism of amino acids (E) and nucleotides (F) were over-represented in control cells. Particularly, 237 
J was the category with the highest number of representatives in the control condition. Also, post-238 
translational modifications, protein replacement and chaperones (O) were over-represented.  239 

On the other hand, during the infection P. salmonis proteome showed a high percent of proteins 240 
in categories related to cell motility (N), extracellular structures (W), intracellular trafficking, 241 
secretion and vesicular transport (U, including secretion system proteins), lipid transport and 242 
metabolism (I, including toxins and LPS synthesis and modification proteins ), and mobilome 243 
prophages and transposons (X). Proteins annotated in the N category were mostly part of the flagellar 244 
structure, while pilus and fimbrial proteins were assigned to W. Of note, no transposons or phage-245 
related proteins (X category) were found in control cells. Also, unknown proteins with no orthologs 246 
(N.O.F in the bar chart) represented a high percent of proteins in both bacterial infection stages, but 247 
not in control cells. Besides metabolism-related proteins, chromosome partitioning proteins, pilus 248 
assembly and type VI secretion system (T6SS) proteins were present during vacuolization, but not in 249 
propagation; in the latter stage fimbria was represented in W category and type IV secretion system 250 
(T4SS) in U. Contrary to the proteome in propagation stage, no proteins in V category (defense 251 
mechanisms) were found during vacuolization. Almost 29% of all proteins in propagation stage did 252 
not have an assigned function (categories S, R and N.O.F in Figure 3), and the over-represented COGs 253 
were J, T, M, E, I and X. Although T category was in similar proportions in control and propagation 254 
stage, in the control condition this category comprised proteins that regulate nutrient transport and 255 
storage, such as carbon and phosphate, while in the pr opagation stage it was mostly composed by 256 
chemotaxis proteins. 257 

 258 

Figure 3. Functional categories of P. salmonis proteins Percent of proteins in each COG (Cluster of 259 
Orthologous Groups) related to the total bacterial proteins identified by quantitative proteomic for 260 
the control condition (exponentially growing bacteria in nutrient broth, blue), vacuolization (bacteria 261 
inside SHK-1 cells in vacuolization stage of infection, orange) and in propagation (bacteria inside 262 
SHK-1 cells in propagation stage of infection, pink). 263 
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3.2.2. S. salar SHK-1 cells proteome 264 

A total of 2,156 host proteins were identified in the proteome data obtained from S. salar infected 265 
and uninfected SHK-1 cells, and 492 proteins were shared between two or more conditions (Figure 266 
2c). Enrichment analyses for gene ontology (GO) terms related to Biological Process, Molecular 267 
Function and Cellular Component were performed to gain insight into the functionality of host 268 
proteins expressed at vacuolization and propagation stages  (Table S3). 269 

Approximately 45% of SHK-1 proteins identified by quantitative proteomics were found 270 
exclusively in one condition and, therefore, could not be compared between samples. To explore 271 
which Biological Process were altered at each stage of infection, enrichment analyses were performed 272 
using the total proteomes from each sample. A total of 98, 158 and 107 processes were enriched in the 273 
control, vacuolization and propagation stages, respectively. Based on the fold-enrichment and the 274 
number of proteins, the 15 most abundant GO terms were ranked, as shown in Figure 4. In a general 275 
view, the enriched categories in the vacuolization stage were similar to the control proteome, where 276 
the most enriched categories were related to metabolism and energy production. Seven GO terms 277 
(nucleoside phosphate metabolic and biosynthetic processes, actin polymerization and 278 
depolymerization, alcohol metabolic process, carbohydrate metabolic process, cellular homeostasis 279 
and ATP metabolic process) were over-represented in all proteomes, whereas amino acid metabolism 280 
and protein catabolism were over-represented only in the vacuolization sample. Compared to the 281 
other samples, the propagation stage showed less amount of proteins in each category, and a marked 282 
enrichment in categories related to the immune cell response and the regulation of protein complex 283 
assembly, protein regulation and polymerization. Is worth noticing that most of the proteins present 284 
in those categories were exclusively found in the propagation stage. 285 

 286 

Figure 4. Classification of SHK-1 proteins in most represented Gene ontology (GO) terms. All proteins 287 
in control, vacuolization and propagation stages were classified based on GO annotation of SHK-1 288 
proteome, and the 15 most representative Biological Processes GO terms are shown. The number of 289 
proteins in each category for all identified proteins in the three conditions is shown in the bar graph. 290 

To incorporate the abundance levels of the proteins in each condition, enrichment analysis was 291 
performed using only the proteins over- or under-expressed in the infection stages relative to the 292 
control uninfected proteome. Considering the Biological Process, Cell Compartment and Molecular 293 
Function categories, 114 significant terms were found among the 119 upregulated proteins in 294 
vacuolization stage relative to the control cells, and 35 terms were enriched among the 75 295 
downregulated proteins. Biological Process categories highly enriched in the vacuolization stage 296 
(Figure 5, left panel) were related to energy production and metabolism and included “glycolysis”, 297 
“generation of precursor metabolites and energy”, and “cellular amino acid metabolic process”, 298 
grouped in the parent GO term “cellular metabolic process” (together with nucleoside, nucleotide, 299 
and ribonucleotide metabolic and biosynthetic processes). Also enriched were glucose, 300 
monosaccharide, hexose, and alcohol catabolic process categories, grouped in the parent GO term 301 
“organic substance metabolic process”, and “ATP metabolic process”. Processes related to protein 302 
and amino acids were significantly enriched, as revealed by the terms “amino acid metabolism”, 303 
“protein catabolic process” and “proteolysis” (grouped in the parent GO term “organic substance 304 
metabolic process”), together with the Molecular Function term “peptidase activity”. The most 305 
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under-represented Biological Process terms were “gene expression” (parent term “organic substance 306 
metabolic process”), and “biosynthetic process”. Also, processes related to homeostasis were under-307 
represented in vacuolization stage, denoted by the term “homeostatic process” (grouped in the 308 
parent term “biological regulation”), and the parent term “cellular homeostasis”, which includes the 309 
most under-represented terms in vacuolization, “cell redox homeostasis”. The extracellular region 310 
was over-represented in vacuolization stage, mainly due to the enrichment of the “extracellular 311 
vesicular exosome” category, a GO unique to this stage of infection. Also unique to the vacuolization 312 
stage was the proteasomal complex and its components, and membrane-bounded vesicle and vesicles 313 
(“membrane-bounded organelle” parent Cellular Component GO term). When data of the protein 314 
abundance were considered, we noticed that enriched processes in Figure 4, such as translation, 315 
cellular homeostasis and catabolic process were under-represented when compared to uninfected 316 
cells. 317 

In the propagation stage proteome, 126 proteins were upregulated relative to the control cells 318 
and 60 significant terms were found, whereas 27 terms were enriched among the 118 downregulated 319 
proteins. A highly enriched Biological Process was “cellular metabolic process”, a term comprising 320 
diverse nucleoside, nucleotide, nucleobase, and ribonucleotide metabolic and biosynthetic processes  321 
(Figure 5, central panel), which correlates with the enriched Molecular functions “ribonucleotide 322 
binding” (“carbohydrate derivative binding” parent term), “heterocyclic compound binding” and 323 
“nucleoside-phosphatase activity” (parent term “hydrolase activity”). Additional over-represented 324 
cellular metabolic processes were organic acid, nitrogen compound and ketone metabolic processes. 325 
As in vacuolization stage, the most under-represented Biological Process was the parent term 326 
“organic substance metabolic process” and specifically the “translation”, which correlates with the 327 
most under-represented Molecular Function GO, “structural constituent of ribosome” (parent term 328 
“structural molecule activity”). Also under-represented were the categories “actin filament-based 329 
process” and “biosynthetic process”. Interestingly, “microtubule-based process” was enriched in 330 
vacuolization and in propagation stages relative to the control cells, as was the Molecular Function 331 
“structural constituent of cytoskeleton” (“structural molecule activity” parent term), and the Cellular 332 
Component categories of “cytoskeleton”, and specifically “microtubules” (grouped in “intracellular 333 
organelle” parent term). As observed before, when the protein abundance levels of propagation stage 334 
proteins relative to the control proteome are considered, some enriched terms in Figure 4 corresponds 335 
to under-represented GOs in Figure 5, as observed with cellular metabolic process, cellular 336 
macromolecular complex assembly and organization, and actin filament -based process. 337 

When comparing the proteome of both infection stages (Figure 5, right panel), “homeostatic 338 
process” (“biological regulation” parent term) and “cellular homeostasis” were the only enriched 339 
Biological Process categories that increased in propagation over vacuolization, while processes 340 
related to actin and microtubule cytoskeleton, gene expression, generation of precursor metabolites 341 
and energy, carbohydrate metabolism and protein catabolism were under-represented in 342 
propagation. In the Cellular Component category, “cytoskeleton”, “microtubules”, “vesicle”, 343 
“membrane-bounded vesicles”, “ribosomes”, “protein complex” and “proteasome complex”, were 344 
all under-represented in propagation. On the other hand, the Molecular Functions of “catalytic 345 
activity”, nucleotide, ribonucleotide and ATP binding (grouped in “heterocyclic compound binding” 346 
parent term), as well as nucleoside and purine nucleoside binding (“carbohydrate derivative 347 
binding” parent term) were over represented in propagation. Molecular Functions terms related to 348 
GTP binding (“heterocyclic compound binding” parent term), GTPase activity (“hydrolase activity” 349 
parent term), and “peptidase activity” were under-represented in the propagation stage. 350 
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 351 

Figure 5. Enrichment analysis of S. salar proteins in SHK-1 infected and uninfected cells. Gene 352 
ontology (GO) terms were assigned to the proteins identified by quantitative proteomics, and the 353 
resulting GO were compared to S. salar proteome (reference). Proteins with assigned GO were 354 
quantified and each GO is shown as fold-enrichment. For each comparison (vacuolization vs. control, 355 
propagation vs. control, and propagation vs. vacuolization), s ignificantly upregulated proteins (log2 356 
ratio ≥ 0.6) or downregulated proteins (log2 ratio ≤ -0.6) were used for enrichment analysis. Positive 357 
values indicate over-represented categories, and negative values under-represented categories for 358 
each comparison (indicated with rectangles at the top). Over- or under-represented GO with FDR < 359 
0.05 are shown. 360 

Then, we sought to compare individual proteins of interest and their relative expression changes 361 
between infected and control cells. As detailed in Figure 2a, previous transcriptomic analyses 362 
reporting P. salmonis infection in salmon cell lines [28,29] or fish organs [7–9,30], were used to identify 363 
functional categories of genes differentially expressed in the host during P. salmonis infection. S. salar 364 
proteins associated with these categories were identified in each proteome. A complete list of the 365 
categorized proteins, their description, fold-change (when appropriate) and reference (when 366 
possible) is provided in Table 1.  367 

Proteins related to iron metabolism were scarce and only found in the infected cell proteomes. 368 
Among the proteins related to host  immune response during infection with P. salmonis, only 20 369 
proteins were found in two or more conditions, and only one of them was increased in the infection 370 
condition. Toll-like receptors 5 and 8b1, interleukin receptor 12, interleukin-1 receptor-associated 371 
kinase 4, a leukocyte elastase inhibitor significantly decreased in the propagation stage compared to 372 
the control cells. The pro-inflammatory interleukin 1-beta was identified only in vacuolization, 373 
interleukin receptors were found in both infection stages, and two interleukin enhancer-binding 374 
factors were increased in the propagation stage when compared to the vacuolization proteome. 375 
Interferon-related proteins, as well as the interferon-induced guanylate-binding protein 1 (GBP1),  376 
were identified only in the propagation stage, as observed in Figure 4. 377 
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Redox and stress response were altered in the infected cells. Among the vacuolization proteome, 378 
heat shock proteins (especially HSP90 and HSP70) and ROX detoxifying proteins (glutathione S-379 
transferase A, tryparedoxin and peroxiredoxin-6) were upregulated. The same proteins were 380 
downregulated in the propagation stage, both relative to the control and the vacuolization stage. 381 
Also, peroxiredoxines PRDX1, PDX5 and TDX were upregulated in propagation stage. Although 382 
stress related proteins and radical-detoxifying enzymes were found in the infected cells, enzymes 383 
related to the generation of reactive nitrogen species in macrophages (such as nitric oxide synthase 384 
NOS2 or iNOS) were not identified in any condition (with the exception of a N-oxide forming 385 
monooxigenase significantly increased in vacuolization), while the reactive oxygen species (ROS) 386 
generating enzyme NADPH oxidase was found in similar levels in the control and the infected cells 387 
during propagation stage. 388 

Proteins related to structure and dynamic of cellular cytoskeleton were differentially expressed 389 
in the infected cells. Tubulin and tubulin-related proteins appeared to be upregulated in infected 390 
cells, although increased in vacuolization over propagation. Tropomyosin was decreased in 391 
vacuolization relative to control cells and propagation stage, myosin proteins were increased in both 392 
infection stages, and actin was more abundant in propagation compared to vacuolization stage. 393 
Actin-related proteins were found in significantly increased levels, or exclusively in the vacuolization 394 
stage. 395 

Finally, proteins related to clathrin-mediated endocytosis, phagosome and vesicular trafficking 396 
were identified in infected samples. Clathrin light chain and clathrin assembly protein PICA were 397 
only found in vacuolization stage, and the protease inhibitor cystatin B was increased in this infection 398 
stage. Proteins associated with the phagosome (syntaxin-3 and -5), vesicle fusion (synaptotagmin, 399 
syntaxins, syntaxin-binding proteins), endosome (Rab-14, Rab-18), and LAMP1 (lysosome) were 400 
identified in propagation stage.  401 

Table 1. List of S. salar proteins identified by quantitative proteomics and classified in protein 402 
categories. SHK-1 proteins were identified (UNIPROT id) and quantified in uninfected cells (control 403 
sample), SHK-1 cells infected with P. salmonis in vacuolization stage, and in propagation stage. 404 
Significantly upregulated proteins (log2 ratio ≥ 0.6) are colored red, downregulated proteins (log2 ratio 405 
≤ -0.6) in green, and unchanged in gray. “C” indicates the protein was found only in control sample, 406 
“V” only in vacuolization sample, and “P” only in propagation sample. The reference column 407 
indicates if a protein was found and reported previously. 408 

UNIPROT id Description 

Log2 ratio 
vacuolization 

vs. control 

Log2 ratio 
propagation 
vs. control 

Log2 ratio 
propagation 

vs. 
vacuolization Reference 

Iron metabolism 

B5XCL8 Lipocalin V P -0.785 [14] 
B5X740 Ferritin  P P [9,30] 
C0H8L6 Hemoglobin subunit alpha HBA  P P [12] 
C0PU56 Iron-responsive element-binding protein 2 IREB2  P P  
Immune response 

B5X1Q8 Leukocyte elastase inhibitor ILEU -0.388 -0.700 -0.312  
Q2QEY8 MHC class I alpha 1 antigen -4.54 C V  
B9EPF1 Proteasome activator complex subunit 1 PSME1 -3.26 C V  
B5X3L4 B-cell lymphoma 6 protein homolog BCL6 C -0.994 P  
B9ENT4 CCAAT/enhancer-binding protein delta C 0.580 P [7] 
B9EQ10 GTPase IMAP family member 7 GIMA7 C -0.0038 P  
T2L2I0 Interleukin-1 receptor-associated kinase 4 C -2.05 P  
C0H8Y1 Interleukin-12 receptor beta-2 chain C -1.36 P  
C0H9Y8 Interleukin-6 receptor subunit alpha C -0.321 P  
F5B7Y2 Membrane toll-like receptor 5 TLR5 C -0.321 P [12,28] 
Q8HX42 MHC class I C 0.861 P [9] 
B5X3J8 Mothers against decapentaplegic homolog SMAD4 C -2.23 P  
F5B7Y3 Soluble toll-like receptor 5 TLR5 C -1.02 P [12,28] 
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B5X7I0 TNF receptor-associated factor 5 C -1.66 P  
S0F1A6 Toll-like receptor 8b1 C -2.05 P  

B5X6C0 
Gamma-interferon-inducible lysosomal thiol 
reductase GILT V P -2.42 

[12] 
B5X1U2 Interleukin enhancer-binding factor 2 homolog ILF2 V P 4.81  
B5X2T5 Interleukin enhancer-binding factor 3 homolog ILF3 V P 2.75  
C0PUM0 CD166 antigen homolog V  V  
B5X3Y9 CD99 antigen V  V  

B5XAB6 
Complement component 1 Q subcomponent-binding 
protein, mitochondrial V  V 

 
B5XFB9 Complement factor D V  V  
Q6IWH5 Interleukin-1 beta V  V  
C0H963 Interleukin-17 receptor A V  V  
C0HAA1 Interleukin-31 receptor A V  V  
B9ELT2 Lysozyme g V  V  
D0UGE1 MHC class I antigen Sasa-ZBA V  V  
B5XAL9 C-C motif chemokine 13 CCL13  P P [7] 
B9ENV6 CD40 ligand  P P  
A4ZHU6 CD4-like protein  P P  
Q5ILA0 CD8 beta splice variant  P P [7] 
C0HBS7 Complement C1q subcomponent subunit B  P P [7] 
B5X7J5 Complement C1q-like protein 2  P P  
C0H9W8 Cytokine receptor-like factor 3  P P  
X2JBZ1 CRFB1b. Type I IFN receptor  P P  
B5X149 Interferon regulatory factor 2-binding protein 2-A  P P  
B5X3F0 Interferon regulatory factor 2-binding protein 2-B  P P  
B5X2U0 Interferon-stimulated 20 kDa exonuclease-like 1  P P  
B5XA65 Lysozyme  P P [9] 
B9EP53 Metalloendopeptidase HCE2  P P  
C0H9L0 Metalloendopeptidase BMP1  P P  
C0H9S3 Neutrophil cytosol factor 2  P P  
B5X678 NF-kappa-B inhibitor-interacting Ras-like protein 2  P P  
V9Q6E2 Suppressor of cytokine signaling 2a  P P  
B9EP15 T-cell surface antigen CD2  P P  
A0A0F6QNL8 Toll-like receptor 3  P P  

B5XCC4 
Tumor necrosis factor receptor superfamily member 
11B  P P 

 
ROS and stress response 

B5DG64 
Heat shock protein 90kDa alpha (Cytosolic) class B 
member 1 1.64 2.19 0.546  

C0HAB6 Heat shock protein 90-alpha 1 1.06 1.48 0.417  

U5KQM7 Heat shock protein 90-alpha 2 0.883 1.48 0.598 [7–9] 

Q9W6K6 Heat shock protein 90-beta 1 -0.151 1.08 1.23 [7–9] 

B9EMS3 Heat shock protein HSP 90-beta 2.89 0.733 -2.16 [7–9] 

C0HBF1 60 kDa heat shock protein CH60, mitochondrial 2.25 -2.91 -5.16  

B5DG30 Heat shock protein 70 isoform 3 0.978 -0.688 -1.66  

B5DFX7 Heat shock cognate 70 kDa protein 0.187 -0.906 -1.09  

B5X3U6 Heat shock cognate 70 kDa protein HSP70 -0.0341 -0.778 -0.744  

B9ENS1 Glutathione S -transferase A GSTA 2.01 -1.04 -3.06  

B5X9L4 Peroxiredoxin-4 PRDX4 0.534 0.421 -0.116  

C0HBF4 Tryparedoxin 3.31 -0.503 -3.81  

B5X5Q6 Peroxiredoxin-5 PRDX5, mitochondrial -1.94 0.623 2.56  

B5X7X7 Peroxiredoxin-1 PRDX1 -1.19 1.43 2.62  

B5X8H5 Peroxiredoxin TDX -0.549 0.524 1.07  

B5X9Q1 Peroxiredoxin-6 PRDX6 2.96 C V  
B5X0U9 Dimethylaniline monooxygenase [N-oxide-forming] 3.20 C V  
C0PUG5 Heat shock 70 kDa protein 4 1.34 C V  
Q0KFS6 Heat shock 90kDa protein C 0.777 P [7,12] 
B8YQA0 NADPH oxidase 1 C 0.179 P  
B5XD88 S-adenosylmethionine synthetase METK2 C -3.42 P [12] 
Q8UWF4 Heat shock protein 60 C -4.33 P  

B5DG46 
Stress-induced-phosphoprotein 1 (Hsp70/Hsp90-
organizing) stip1 V P -0.577 

 
U5KQ14 Heat shock protein 90-alpha 3 V P -0.659 [7–9] 
B9ELQ1 Heat shock cognate 71 kDa protein V P -1.01  
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B5XGZ2 Glutathione S -transferase P V P -2.25 [12] 
U5KR11 Heat shock protein 90-alpha 4 V P -2.36 [7–9] 
B5XDQ7 Heat shock factor-binding protein 1 HSBP1 V  V  
Q3ZLR1 Superoxide dismutase [Cu-Zn] SOD1 V  V  
Apoptosis 

B5X8Y9 Diablo homolog, mitochondrial C 0.837 P [7] 
B5XB64 Thymocyte nuclear protein 1 THYN1 C -1.92 P  
B9EL90 Programmed cell death protein 5 V  V  

B5DG91 
Apoptosis-associated speck-like protein containing a 
CARD V  V 

 
B5XDE1 Bcl10-interacting CARD protein  P P [7] 
B5XEY3 Caspase-1  P P  
B5XDX7 Programmed cell death 1 ligand 1 PDL1  P P  
Cytoskeleton, organization and regulation 

B5DGE8 Tubulin alpha chain tuba8l2 3.84 2.56 -1.28  
C0HBL4 Tubulin beta-2A chain 3.20 1.51 -1.69 [7] 
Q2ERI0 Beta-tubulin 3.12 1.95 -1.16  
A7KJD9 TUBB 3.09 1.98 -1.12  
B5X0U5 Tubulin beta chain 2.62 1.94 -0.676  
C0PU76 Tubulin alpha-1C chain 1.58 1.54 -0.0359  
B5DH01 Tubulin alpha chain TBA 1.55 1.80 0.251  
B5DH02 Tubulin, alpha 8 like 3-2 1.46 1.76 0.310  
C0H808 Tubulin beta-1 chain 1.42 0.766 -0.650  
B5XFE9 Tubulin alpha-1A chain 1.32 1.79 0.473  
B9EN30 Tubulin beta-2C chain 1.28 0.714 -0.568  
B5X3H7 Tubulin beta-3 chain 1.27 -0.500 -1.77  
B9EMD3 Tubulin-specific  chaperone A -1.01 0.290 1.30  
B5XFN3 Myosin light polypeptide 6B 1.40 -0.883 -2.28  
B5X9N0 Myosin light polypeptide 6 1.30 -0.837 -2.14  
C0PU50 Myosin-9 0.562 1.77 1.21  
B5XAM0 Thymosin beta-12 0.613 -1.83 -2.44 [7,9] 
B5X2P7 Tropomyosin-1 alpha chain -0.300 -0.118 0.182  
B5X2S2 Tropomyosin alpha-4 chain -1.11 0.0879 1.20 [9] 
B5X4C0 Tropomyosin alpha-3 chain -1.52 0.023 1.55 [9] 
B9ENC8 Transgelin TAGL -1.02 -0.810 0.215  
B5X2M3 Septin-7 -1.16 -1.04 0.130  
B5XFZ3 Actin, adductor muscle 0.546 1.51 0.962  
B5X3R3 F-actin-capping protein subunit beta 0.890 -1.03 -1.92  
B5DG56 Capping protein (actin filament) muscle Z-line α 2 -0.277 -1.01 -0.732  
O42161 Actin, cytoplasmic 1 -0.516 -0.00485 0.511 [9] 
B5DG40 Fast myotomal muscle actin 2 -0.917 0.154 1.07  
Q78BU2 Actin alpha 1-1 -0.967 0.104 1.07  
C0H9H2 Actin-related protein 2-A ARP2A 2.36 C V  
B5DH12 Myosin light chain 1-1 2.02 C V  
B5DGD5 Actin related protein 2/3 complex subunit 2 ARPC2 0.179 C V  
B5XCW2 Actin-related protein 2/3 complex subunit 4 ARPC4 C -2.76 P  
A8WCK1 Myosin 1 C 1.24 P  
C0HBJ2 Gamma-tubulin complex component 4 C -0.519 P  
B5X3R2 Dynactin subunit 2 V P 1.58  
C0HBE5 Actin-related protein 3 ARP3 V P -3.50  
C0H8E0 Actin-related protein 2/3 complex subunit 5 ARPC5 V  V  
B5RI24 Actinin alpha 3 V  V  
C0HBR6 Actin-related protein 2/3 complex subunit 1B ARC1B V  V  
C0PUH9 Actin-related protein 2-B ARP2B V  V  
B5XFD6 Myosin light polypeptide 4  V  V  

B5X1K8 
Myosin regulatory light chain 2, smooth muscle 
isoform V  V 

 
Q7ZZN0 Myosin regulatory light chain 2 V  V  
B5XG71 Actin-related protein 6 ARP6  P P  
B5X2S3 Actin-related protein 8  P P  
C0H9Q6 Rho GTPase-activating protein 15  P P  
B5X3B9 Rho-related GTP-binding protein RhoE  P P  
Lysosome, phagosome, vesicle fusion and trafficking 

B5XDV8 Cystatin-B 2.69 -3.43 -6.12 [12] 
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B5DFV6 Cathepsin D -0.0872 C V [7,29] 
C0H8J4 AP-1 complex subunit mu-2 C 0.923 P [7] 
B9ELB6 Charged multivesicular body protein 5 CHMP5 C 0.668 P  

C0HBD4 
Interferon-induced guanylate-binding protein 1 
GBP1 C -0.188 P 

[12,29] 

C0H9C2 
Phosphatidylinositol-5-phosphate 4-kinase type-2 
beta C 0.428 P 

 
B5X6D9 Ras-related protein ralB-B C -0.305 P  
B5X6L9 Ras-related protein Rab-39B C -1.12 P  
B5X127 Ras-related protein Rab-7a V P 0.251  
C0PUQ5 Cathepsin Z V  V [8] 

B5XCD1 
Vesicle-associated membrane protein-associated 
protein B V  V 

 
C0PUP3 AP-2 complex subunit beta-1 V  V [30] 
B9EQ28 Clathrin light chain B V  V [30] 

C0HAE8 
Phosphatidylinositol-binding clathrin assembly 
protein PICA V  V 

 

C0HAE8 
Phosphatidylinositol-binding clathrin assembly 
protein V  V 

 
B9ENL7 Ras-related protein Rab-5C V  V  
B5XFU5 Adaptin ear-binding coat-associated protein 1  P P  
B5X152 AP-3 complex subunit mu-1  P P  
B5RI38 Cathepsin l-like  P P [12] 
C0HA36 Endophilin-B2  P P  

C0H980 
Lysosome-associated membrane glycoprotein 1 
LAMP1  P P 

 
B5X7X4 Ragulator complex protein LAMTOR2  P P  
B5X198 Ran GTPase-activating protein 1 RGP1  P P  
C0PU44 Ras-related protein Rab-14  P P  
B5X0U0 Ras-related protein Rab-18  P P  
B5X481 Synaptotagmin-4 SYT4  P P  
B5X179 Syntaxin-3  P P  
C0H9V3 Syntaxin-5  P P  
C0PUM9 Syntaxin-binding protein 2 STXB2  P P  

3.3. P. salmonis virulence factors 409 

Bacterial virulence factors were predicted in all proteomes, as described in Figure 2a, and 410 
grouped in virulence factor families as classified in the VFDB for other pathogens. About 18% of all 411 
proteins in the control and the vacuolization stage, and 24% of propagation-stage proteins, were 412 
classified as virulence factors (Figure 6a). Virulence factors were grouped by stage of infection, as 413 
shown in Figure 6. Each pie chart represents the percent of virulence factor families that were present 414 
in one or more samples. The highest diversity of virulence factor families was observed in the 415 
propagation stage. Only three virulence factor families were shared for all three proteomes, and three 416 
families were common to the two infection proteomes (Figure 6b).  417 

“Adhesins, adherence and adhesion-related proteins”, “endotoxin”, “host immune evasion, 418 
molecular mimicry”, “metal uptake and heme acquisition”, and “secretion system” were the more 419 
abundant families, summing up a total of 50%, 74% and 60% of the virulence factor proteins in the 420 
control, vacuolization and propagation stage, respectively (Figure 6c). “Anti-apoptosis factor”, 421 
“antimicrobial activity”, “exoenzyme”, “glycosylaton system”, and “protease” were the virulence 422 
factor families found exclusively in the control cells. In addition, “amino acid and purine 423 
metabolism”, “lipid and fatty acid metabolism”, “invasion, intracellular survival”, “motility and 424 
export apparatus”, “regulation”, and “stress adaptation” families were common for the control and 425 
propagation stage conditions (Figure 6c). There were no common families between the control and 426 
the vacuolization stage bacterial proteome.  427 

Although some virulence factor families were present in all samples, the identity of those 428 
virulence factors differed. For example, the highly represented “secretion system” family was 429 
composed mainly by type VI-secretion system (T6SS) proteins in the control and in the vacuolization 430 
stage proteome, but in the propagation stage the secretion system proteins belonged to the Dot/Icm 431 
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type IV-secretion system (T4SS). Also, in “adhesins, adherence and adhesion-related proteins” family 432 
there were common proteins to all conditions, with the exception of flagella-related proteins, which 433 
were found exclusively in intracellular bacteria in both infection stages. 434 

On the other hand, “cell surface component” and “chemotaxis” families were exclusive for  435 
intracellular bacteria inside the infected cells (Figure 6d). Although no families were found to be 436 
exclusive for the vacuolization-stage bacteria, “amino acid and purine metabolism”, “cell surface 437 
components”, “invasion, intracellular survival”, “lipid and fatty acid metabolism”, “motility and 438 
export apparatus”, “regulation”, and “stress adaptation” families were found exclusively in the 439 
propagation stage (Figure 6d). The virulence factor family “cell surface components” was also 440 
exclusively found in propagation stage bacterial proteome. 441 
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 442 

Figure 6. Virulence factors families identified by quantitative proteomics in P. salmonis proteomes 443 
form control sample, and infection samples in SHK-1 cells (vacuolization and propagation stages of 444 
infection). Proteins were classified according to the virulence fa ctor data base (VFDB) family 445 
classification. (a) Virulence factor classification of P. salmonis proteins identified in control, control 446 
and vacuolization, control and propagation, and the three samples. (b) Virulence factor classification 447 
of P. salmonis proteins identified only in infection samples. 448 
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3.3.1. Gene expression of selected P. salmonis virulence factors  449 

To validate the differentially expressed proteins at a transcriptional level, and to evaluate the 450 
expression of selected virulence factors families of the infected proteomes, RT-qPCR analysis was 451 
performed. The genes selected for evaluation belonged to virulence factor families relevant to the 452 
infective process, as shown in Figure 7. Most of these genes were identified in our proteomic data, 453 
but also others were evaluated because of their proximity to the identified genes or forming a gene 454 
cluster (dot/icm genes and toxin-antitoxin modules), or were present in more than one copy (pipb2  455 
genes). All the evaluated P. salmonis genes, their location (chromosome or plasmid), the virulence 456 
factor prediction and family, the proteome sample (if any), and the ΔΔCt values are listed in Table 457 
S4. Overall, 12 of the 54 selected genes did not change their expression during infection compared to 458 
the exponentially growing bacterial cells (control). A “central metabolism” family gene (pgi), a “stress 459 
adaptation” gene (sspA) and proteins related to membrane, cell wall and surface components (wzb, 460 
waaE, iap/cwha and mce2B) showed similar relative expression levels in control and intracellular 461 
bacteria from infected cells. The stationary phase-related genes rpoS, relA, and spoT were upregulated 462 
only in the late infection stage (propagation). In the vacuolization stage, 19 genes were 463 
downregulated, 13 were upregulated, and 22 were similar to the control condition. All the genes that 464 
belonged to the “adhesins, adherence and adhesion-related proteins”, 2 out of 7 genes from the 465 
“regulation” and 11 out of 15 from the “secretion system” virulence factor families, were 466 
downregulated. In the propagation stage, only one gene was downregulated, 36 were upregulated 467 
and 17 were similar to the control condition. Most genes from “secretion system” (12/15) and 9 out of 468 
10 genes from “toxin, effector protein” families were upregulated in the propagation stage bacteria. 469 
The evaluated T4SS genes corresponded to two of the three dot/icm gene clusters found in P. salmonis  470 
chromosome [11]. These gene clusters showed different behavior in the vacuolizat ion and 471 
propagation stages, as most of them were upregulated in propagation , while being downregulated 472 
or unchanged in the vacuolization stage. 473 

 Additionally, 47% of all genes upregulated during infection were plasmid-encoded. In the global 474 
proteomic profiles, 3.1% of the identified proteins in the control sample were encoded in a plasmid, 475 
while the same occurred for the 4.5% and the 6.7% of the vacuolization and the propagation 476 
proteomes, respectively. Considering that about 10.2% of P. salmonis proteins are plasmidial, and that 477 
plasmid proteins found in the infected cells appeared to be twice as many as the control in the 478 
proteomes, we include them in the qPCR analyses. It is interesting to note that 6 out of 10 tested genes  479 
encoded in pPSLF89-1 plasmid were upregulated in vacuolization, while 10 out of 10 were 480 
upregulated in propagation (Figure 7). Of the unchanged pPSLF89-1 genes in vacuolization, two of 481 
them were toxins, one was a surface component and the last, a regulator. Regarding the toxins, both 482 
pPSLF89-1 copies of pipB2, and the pPSLF89-3 copy were upregulated in both stages of infection 483 
(Figure 7), although the chromosomal copy of pipB2 did not change its expression relative to the 484 
control. The only plasmidial gene that did not change its expression in both infection stages was moeB  485 
in pPSLF89-3, while all the tested toxin-antitoxin genes were upregulated in both stages of infection. 486 
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 487 

Figure 7. Heat map showing expression levels of P. salmonis virulence factors in SHK-1 infected cells. 488 
Expression levels of P. salmonis genes are expressed as ΔΔCt values nomalized by exponential culture 489 
bacteria as control, and recF and rho genes as housekeepings. ΔΔCt values were used to create a heat 490 
map, values between 0.5 and 2 (yellow) corresponds to expression levels similar to control bacteria, 491 
increased expression relative to control bacteria is shown in red and purple, and decreased expression 492 
in green. Virulence factors were classified in families as before (Figure 5). 493 

4. Discussion 494 

P. salmonis is a fish intracellular pathogen that causes severe salmonid mortality with costly 495 
economic and social impacts in aquaculture. This situation has encouraged research and 496 
development of novel therapeutics toward this pathogen. Considering the impor tance of 497 
understanding host-pathogen interactions during P. salmonis infection, the present investigation aims 498 
to unravel the cellular response of Atlantic salmon against P. salmonis infection and those virulence 499 
factors that contribute to bacterial pathogenesis by using global proteomic profiling of infected 500 
macrophages. In addition, we further characterize P. salmonis macrophage infection at different 501 
stages to discover novel biomarkers of early- and late-infection stages. 502 
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A standardized infection method was developed based on previous work [11], that allowed to 503 
discriminate between two infection stages: an early stage (vacuolization) characterized by the 504 
appearance of small focalized intracellular vacuoles in the SHK-1 cells, and a late stage (propagation) 505 
when the large intracellular vacuoles spread across the cellular monolayer. Since the first stage 506 
occurred shortly after the bacterial infection and the second stage was closer to the cellular rupture 507 
(and consequent bacterial release), we sought to further investigate the host -bacteria interaction in 508 
these different infection stages, as deciphering P. salmonis virulence factors inside host cells can 509 
provide a better understanding of the virulence traits of this fish pathogen. 510 

Based on microarray analysis Rise et. al. proposed a set of molecular biomarkers of P. salmonis 511 
infection in Atlantic salmon macrophages [8]. They suggested a panel of nineteen host genes that 512 
responded with differential expression during infection with the bacteria. In our work, only seven 513 
proteins corresponding to the gene biomarkers were identified in the S. salar proteomes. Of those 514 
seven proteins, four were found in infected cells: CLIC4, with similar levels in infected and control 515 
cells; glutathione S-transferase P and A, which were up-regulated in vacuolization; and ependymin, 516 
found only in vacuolization. Thus, our proteomic results do not correlate completely with thos e 517 
found by microarray analysis, which highlights the different outcomes that can be obtained when 518 
comparing the proteins with the gene expression. As a result, we propose to observe alterations in 519 
biological processes, such as ROS production with concomitant increase in HSPs and peroxiredoxins, 520 
actin cytoskeleton or microtubule organization, energy conversion and ATP production as 521 
indicatives of P. salmonis infection in S. salar cells. Considering those processes, a model of P. salmonis  522 
infection is suggested based on our global proteomic results, including novel and previous findings 523 
using different omics strategies (Figure 8). 524 

Previously, clathrin-dependent endocytosis has been implicated in the internalization of P. 525 
salmonis in macrophage cells [30,31]. Proteins related to this process, such as clathrin light chain and 526 
clathrin assembly protein PICA were identified in the SHK-1 cells only in the vacuolization stage 527 
(Table 1). Cell wall/ membrane/ envelope biogenesis was a predominant category in vacuolization 528 
over control bacteria. In this stage, proteins belonging to the “endotoxin” virulence factor family were 529 
also abundant, suggesting the bacteria modifies or overproduce surface components, including the 530 
lipopolysaccharide (LPS), allowing its survival inside the host (Figure 8a). This has been previously 531 
described for other intracellular pathogens, such as Francisella tularensis, which modulate the LPS and 532 
other surface components in order to survive and replicate inside macrophages [32]. 533 

An important difference between the vacuolization and the propagation infection stages is 534 
related to the cell metabolism and energy production. In the SHK-1 cells infected in vacuolization 535 
stage, the Biological Processes “glycolysis”, “generation of precursor metabolites and energy”, “ATP 536 
metabolic process”, and “cellular amino acid metabolic process” were highly over -represented 537 
(Figure 4, Table S3). Also, protein metabolism was shifted, as the bacteria increased the amino acid 538 
metabolism, proteolysis and proteasomal protein catabolic process. The proteasomal complex and 539 
Molecular Functions related to protein degradation were also over -represented in the vacuolization 540 
stage SHK-1 cells (Figure 4, Table S3), reflecting the bacterial nutritional requirements to grow inside 541 
the host cells. Bacterial alteration of biosynthesis and degradation of amino acids and proteins has 542 
also been reported in transcriptomic studies [14], as well as the bacterial nutritional requirements due 543 
to the lack of amino acid-synthesis pathways [20,33]. Nucleotide transport and metabolism was over 544 
represented both in the bacteria and the host cells, and can also be contributing to bacterial growth 545 
as nutrient or energy source. Here, we propose that P. salmonis highjacks the host cellular metabolism 546 
in order to obtain the nutrients required for its intracellular replication (Figure 8a). As the bacteria 547 
prepares the cell to sustain its replication, host gene expression decay , as well as processes related to 548 
the regulation of biological quality, such as protein folding, cellular homeostasis and cell redox 549 
homeostasis (Figure 8a).  550 
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Regarding the early cellular response to P. salmonis, ROS- and N-oxide-forming proteins were 551 
identified in infected SHK-1 cells (Table 1), which is in agreement with the respiratory burst response 552 
to pathogen infection in fish [34], although, the enzyme NADPH-oxidase (NOX2), which is pivotal to 553 
the respiratory burst, was not found at any infection stage. Along with the oxidative environment, 554 
several heat-shock proteins (HSPs) and specially HSP70 and HSP90 were up-regulated in the SHK-1  555 
cells during the early stage of infection (Table 1). HSPs have an immune regulatory function during 556 
infection in cytoprotection against tissue damage associated with inflammation [35,36]. Previously, 557 
the upregulation of HSP90 and HSP40 in three tissues (liver, head kidney and muscle), and in 558 
macrophages of Atlantic salmon has been reported [7,8], which is in accordance with our results and 559 
reflects the importance of these chaperone proteins during P. salmonis infection. Also, HSP70 has been 560 
linked to lysosomal stabilization after permeabilization takes place by ROS and inflammation in 561 
response to intracellular pathogens [37]. The “membrane-bound vesicles”, “vesicles” and 562 
“extracellular vesicular exosome” terms were over -represented in the vacuolization, but not in the 563 
propagation stage (Figure 4). Although vesicular trafficking and extracellular exosomes have 564 
multiple functions in the cells, it has been suggested that they play an important role in the release of 565 
cytokines [38] and HSPs (especially HSP70 and HSP90) [36] during the inflammation process. As a 566 
result, the bacteria expresses catalase, thioredoxin, and chaperones to counteract the oxidative 567 
environment (Table S1, Figure 8a). This, together with a decrease in other host cellular processes , 568 
such as the regulation of cellular homeostasis, ribosomes and translation process, suggests the 569 
bacteria modifies the host cell gene expression and alters the host REDOX homeostasis, as a result of 570 
the host immune response to the pathogen challenge (Figure 8a).  571 

In addition, proteins associated with the anti-oxidative response were up-regulated in the 572 
vacuolization stage, such as Glutathione S-transferase P, GTSA, peroxiredoxin-6 (PDX6) and 573 
Tryparedoxin (Table 1). In response to pathogen infection, peroxiredoxins gene expression varies 574 
depending on the tissue or cell type, the fish species and the stimulus [39,40]. P. salmonis seems to be 575 
specifically altering some peroxiredoxins as part of its infection strategy, since PDX4 levels were 576 
similar in infected and uninfected cells, while PDX6 was upregulated in was upregulated in 577 
vacuolization, and the peroxiredoxins TDX, PDX1 and mitochondrial PDX5 were upregulated in the 578 
infected SHK-1 cells during the propagation stage (Table 1). 579 

Although a ROS-forming environment appears to be elicited in infected cells, neither Nf-kappa-580 
B nor Nf-kappa-B-induced proteins were identified during P. salmonis infection in vacuolization 581 
stage. Also, the canonical ROS response that activate immune genes and the inflammatory response 582 
is absent (Table S1), suggesting the bacteria modulates or interrupts the downstream ROS response 583 
that leads to cellular inflammation and, eventually, cell death. Thus, by a still unknown mechanism, 584 
the host cell innate immunity is not activated in the early -infection state. Chemotaxis, endotoxin (LPS) 585 
alteration, flagellar and fimbriae proteins, T6SS and the toxins beta -hemolysin and Ymt are some of 586 
the P. salmonis virulence mechanisms that were present in the vacuolization stage bacteria, and can 587 
be related to the host immune response adjustments (Figure 8a). 588 

As the infection progress, the host-cell shape begins to transform internally and externally. The 589 
extracellular vesicular exosome term was increased in vacuolization stage, along with membrane-590 
bounded vesicles and vesicles in general (Figure 8b). Also, the bacteria dysregulate the actin 591 
cytoskeleton by the differential expression of ARPs and actin-capping proteins. Although not every 592 
type of actin protein was increased in the infection stages compared to the control cells, most of them 593 
were more expressed in the propagation, relative to the vacuolization stage (Table 1). Specifically, 594 
our findings suggests that the reorganization of actin cytoskeleton in actin stress fibers, which has 595 
been shown in fluorescence microscopy imaging [11,31,41], could be related to changes in actin-596 
related proteins (ARPs) as a result of P. salmonis infection (Figure 8). This is in agreement with 597 
previous observations reporting that a reorganization of the actin cytoskeleton during infection with 598 
P. salmonis allows the formation of PCVs (Figure 8). Also, it has been suggested that P. salmonis  599 
induces the synthesis of actin molecules during infection [31]. Although in this work we did not 600 
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explore these results further, there are extensive literature that relates actin cytoskeleton dynamics to 601 
the P. salmonis infection in salmon cells [7,11,12,29–31,41–43]. Interestingly, not only the actin 602 
cytoskeleton was affected by P. salmonis infection. The GO terms “microtubules” and “microtubule-603 
based process” were over-represented in both infection stages, and tubulin proteins were increased 604 
in the infection stages relative to control cells (Figure 4 and Table 1). The modulation of microtubules 605 
dynamics is a common mechanism for intracellular pathogen survival [44–46]. However, to our 606 
knowledge, microtubule alteration has not been described as a mechanism related to P. salmonis 607 
infection.  608 

As P. salmonis replicates inside large cytoplasmic vacuoles, it faces nutrient scarcity (Figure 8b). 609 
The propagation stage host cells in did not exhibit the increase in ATP, amino acids and overall 610 
energy production observed in vacuolization. This is also supported by t he observation that the 611 
bacteria inside the propagation stage cells showed stationary-state bacteria attributes, as seen by the 612 
increased expression of stationary phase sigma factor rpoS, and stringent response genes relA and 613 
spoT (Figure 6). In addition, the nitrogen-starvation RNA polymerase sigma-54 factor (RpoN) was 614 
found in the propagation stage bacteria (Table S1). In other pathogens, this alternative sigma factor 615 
has been shown to positively regulate virulence factor expression, motility, quorum sens ing and 616 
biofilm production [47–50]. In P. salmonis, flagellar structures, fimbrial proteins, toxins and effectors 617 
were found in the propagation stage. Components of two gene clusters of Dot/Icm T4SS were up-618 
regulated, in addition to chromosomal and plasmid-encoded toxins. The majority of virulence factor 619 
proteins were identified in the propagation stage, representing over 24% of the identified proteins in 620 
this stage (Figure 5a-b). The most represented virulence factor families in the bacteria propagation 621 
stage proteome were “secretion system”, “metal uptake and heme acquisition”, “endotoxin” and 622 
“adhesins, adherence and adhesion-related proteins”. Similar results were obtained for the bacteria 623 
during vacuolization stage, but the identity of the proteins in each family differed between both 624 
infection stages. For example, we observed proteins related to the T6SS in the vacuolization stage, 625 
and T4SS (Dot/Icm) in the propagation stage. These results, in addition to the upregulation of two 626 
dot/icm gene clusters in propagation stage bacteria (Figure 6), suggests that this secretion system 627 
activates in a later infection state, when is probably required to continue to infect other cells [11]. 628 
Previously, it has been proposed that P. salmonis could modulate the cellular immune response by 629 
secreting effectors from the Dot/Icm secretion system, allowing its intracellular replication [29,51], 630 
however, the role of the T6SS in P. salmonis virulence has not been explored. Proteins such as the 631 
outer membrane fibronectin-binding protein, fimbrial proteins and flagellar structures were 632 
identified in the propagation stage bacteria, as part of the “adhesins, adherence and adhesion-related 633 
proteins” virulence factor family. The over-representation of proteins related to the flagellum and 634 
pilus cell structures was unexpected since P. salmonis has been described as a non-motile bacteria 635 
[52,53]. These proteins were also part of the COG categories cell motility (N) and extracellular 636 
structures (W), which were over-represented in the intracellular bacterial proteomes. Both the 637 
fimbriae and the bacterial pilus can participate in adherence to substrate, such as host tissues, or in 638 
DNA transfer, as in the case of the conjugative pili [54]. It is interesting to note that fimbrial proteins 639 
were found exclusively in the propagation stage of infection, while pili proteins were found in the 640 
vacuolization stage bacteria. Flagellar proteins w ere identified both in vacuolization and in 641 
propagation stage bacteria, although flagellin was found only in propagation. In agreement with our 642 
proteomic findings, flagellar genes have been reported to express inside host cells during P. salmonis  643 
infections, suggesting an alternative role to flagellar structures during intracellular growth [13]. In 644 
this regard, in pathogenic bacteria, flagella have also been described as another secretion system [55]. 645 

Propagation stage host cells have recognized the pathogen presence and an innate immune 646 
response has been elicited, mainly by the cellular response to interferon-gamma (Figure 4). The 647 
inflammation response, however, did not trigger cell death as seen by the maintenance of the cellular 648 
monolayer integrity (Figure 1f), and the absence of key factors in cell death pathways (as caspases, 649 
and apoptosis-inducing factors), and pore-forming proteins (gasdermin E, perforins, pannexins or 650 
granzymes, among others). The infected SHK-1 cells in the propagation stage exhibited increased 651 
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nucleoside-phosphatase activity, and nucleoside, nucleotide, nucleobase, and ribonucleotide 652 
metabolic and biosynthetic processes (Figure 5). On the other hand, proteins related to nucleotide 653 
transport and metabolism were identified in the bacteria, such as nucleosidases, nucleotide 654 
hydrolases, ribonucleoside triphosphate deaminase, and ribonucleoside-diphosphate reductase 655 
(Table S3). Although this suggests an interconnection between the host and the bacteria nucleotide 656 
metabolism, the function in the bacterial growth or infection process is unknown. 657 

Several peroxisome-related proteins (such as peroxisome proliferator -activated receptor beta2B, 658 
peroxisomal proliferator-activated receptor A-interacting complex, peroxisomal 2,4-dienoyl-CoA 659 
reductase, peroxisomal 3,2-trans-enoyl-CoA isomerase, peroxisomal membrane protein PEX13, 660 
peroxisomal coenzyme A diphosphatase NUDT7, Lon protease homolog 2, listed in Table S1) were 661 
found exclusively or increased in propagation, thus suggesting P. salmonis could be specifically 662 
altering this organelle as part of its infection strategy. Accumulating evidence report vital role for 663 
peroxisomes in the maintenance of cellular redox equilibrium in eukaryotic cells, and have been 664 
identified as pivotal regulators of immune functions and inflammation during infection [56,57]. To 665 
our knowledge, no interaction between P. salmonis and host peroxisomes and peroxiredoxins have 666 
been reported in salmon infected cells. However, peroxisomes have been pinpointed as key innate 667 
immune effectors to resolve microbial infection in the Drosophila  melanogaster and murine 668 
macrophages infected with Staphylococcus aureus and E. coli [56]. 669 

When the infection thrust forward, the size and amount of intracellular vesicles increases (as 670 
observed in Figure 1e-f), along with the number of intracellular bacteria [11]. This is accompanied by 671 
an increase in microtubule-based process, tubulin and actin proteins (Figure 8b). Nevertheless, the 672 
decrease in translation and ribosomes in this stage suggests that these changes are initiated and set 673 
by the early-infection stage. Phagosome- and lysosome-related proteins were also detected in this 674 
stage. In addition to Dot/Icm system, bacteria in the propagation stage increased the expression of 675 
toxins and effector proteins. (Figure 6), such as phospholipases, that may participate in bacterial scape 676 
from the intracellular compartments, and PipB2, which has been shown to modify the 677 
endosome/lysosome distribution along microtubules via the filament extension to elicit bacterial 678 
replication inside Salmonella-induced filaments (Sifs [58]). These results suggest that during the 679 
propagation stage bacteria contain the necessary elements and signaling systems activated to exit the 680 
host cells. 681 

In the host proteomic study, we found proteins associated with iron acquisition (ferritin and 682 
hemoglobin HBA) and iron-responsive element (IREB2) in the propagation stage. Consequently, in 683 
P. salmonis proteome in the propagation stage, different iron acquisition proteins were detected, 684 
including heme and siderophore receptors, heme response regulators, ferric and ferrous iron 685 
transporters, as well as ferrichrome transporters (Figure 8b). The bacterial requirement for iron has 686 
been previously studied [9,13], and restriction of iron availability has been described as a central 687 
mechanism to resist P. salmonis infection in salmon cells [9,30]. These results are in compliance with 688 
previous P. salmonis transcriptomic assays, in which the feo system and siderophore genes were up-689 
regulated inside infected cell cultures [13]. “Metal uptake and heme acquisition” was one of the most 690 
represented virulence factor families in the intracellular bacteria (Figure 6), a category that grouped 691 
two principal iron-acquisition systems: heme synthesis and transport and siderophore and iron 692 
transporters. Intracellular bacteria in vacuolization and propagation stages expressed proteins from 693 
both iron-acquisition systems, but with different identities: pyoverdine synthesis protein PvdJ was 694 
identified in vacuolization bacteria, while pyochelin proteins PchA and PchH were found in 695 
propagation (Table S1). Whether this difference in proteins translates in differential siderophore 696 
production remains to be elucidated. 697 

Interestingly, proteins from mobilome, prophages and transposons were found in higher 698 
proportions in the intracellular bacteria (Figure 3 and Table S1). No proteins related to gene transfer 699 
or prophage categories were identified during the exponential growth in control bacterial cells. Also, 700 
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plasmid related genes were up-regulated in the intracellular bacteria, and specifically in the 701 
propagation stage (Figure 6). This strongly suggests a role for the mobilome, or phage-derived 702 
proteins during P. salmonis infection. In addition, many virulence factors upregulated in both 703 
infection stages corresponded to plasmid-encoded proteins (Figure 6), which supports the hypothesis 704 
of the importance of P. salmonis plasmids in the infective process [59]. 705 

Finally, it should be noted that categories related to unknown proteins - predicted function only 706 
(R), unknown function (S), and proteins with no associated category - represented the higher 707 
percentage of the proteins identified during macrophage infection. This was in compliance with other 708 
studies, as an estimate of over 20% of bacterial proteins does not have an assigned function, and that 709 
percentage could be higher in pathogenic bacteria [60–62]. However, given the high number of 710 
identified proteins in P. salmonis that have not been previously characterized and/or have unknown 711 
functions, many topics remain to be answered and, therefore, further analysis are needed to 712 
investigate the role of this unknown proteins in P. salmonis pathogenesis. 713 

 714 

 715 

Figure 8. Schematic model of host-pathogen interaction during P. salmonis LF89 infection in salmon 716 
macrophage-like cell line. The infection model is constructed based in this work and in previous 717 
results [7,9,11,14,29–31]. The early infection stage (vacuolization) is depicted in a, and the late-718 
infection stage (propagation) in b. a: Bacteria is internalized by clathrin-dependent endocytosis. Inside 719 
the SHK-1 cell, P. salmonis highjacks the cellular metabolism, increasing energy and ATP production 720 
via glycolysis and sugar metabolism. Carbohydrates, amino acids, peptides, iron and other nutrient 721 
transport is increased in the bacteria inside the small PCVs. The host-cell shape begins to be altered 722 
and components of vesicular systems increase. Biological quality regulation, gene expression and cell 723 
redox homeostasis decay in SHK-1 cells, forming an oxidative environment. The bacteria responds 724 
producing catalase, thioredoxin and chaperones. The bacteria dysregulate the host cytoskeleton, 725 
altering the actin- filaments and microtubules, probably by the secretion of chromosome- and 726 
plasmid-encoded toxins. Bacteria inhibit their detection by interfering with the host cell immune 727 
response by an unknown mechanism related to toxins and T6SS effectors. b: When the infection thrust 728 
forward, the size and amount of intracellular vesicles increases along with the number of intracellular 729 
bacteria. As P. salmonis replicates inside large cytoplasmic vacuoles, the nutrient transport to the 730 
bacterial cytoplasm decrease, and the stringent response is triggered. Iron becomes limited, different 731 
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iron acquisition proteins increase in P. salmonis, while  iron-transporting proteins are found in SHK-1 732 
cells. General nucleotide, nucleoside and ribonucleotide metabolic and biosynthetic processes 733 
increases both in P. salmonis and host cells. Propagation stage host cells detects the bacterial pathogen 734 
and elicits an immune response via interferon-γ. The expression of Dot/Icm T4SS genes, toxins and 735 
effector proteins increases in P. salmonis, together with plasmid genes, mobilome, transposons and 736 
phage-related proteins. The increase expression of secretion system proteins, toxins and effector 737 
proteins, suggests the bacteria is preparing to exit the cell (by a yet unknown mechanism) moving 738 
forward to the detachment stage of infection, as depicted in Figure 1g. 739 
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of P. salmonis selected virulence factors. 744 

Author Contributions: Conceptualization, J.O.S, F.P.C. and V.C.; investigation, J.O.S.; methodology, J.O.S, F.P.C. 745 
and D.T.; validation, J.O.S.; formal analysis, J.O.S. and D.T; data curation, J.O.S. and D.T.; writing – original draft, 746 
F.P.C. and J.O.S.; writing – review & editing, F.P.C., V.C., A.M and D.T; resources, V.C., A.M. and F.P.C.; 747 
supervision, F.P.C., V.C. and A.M.; project administration F.P.C.; funding acquisition, F.P.C., V.C. and A.M. 748 

Funding: This research was funded by Fondecyt 1160802 (V.C.) and 1120209 (F.P.C.), Conicyt Doctoral 749 
scholarship 21130717 (J.O.S.), Basal Grant AFB170001 and CRG Fondap Grant 15090007. 750 

Acknowledgments: The authors thanks Nicole  Molina for her valued technical assistance at SysmicroLab and 751 
Carlos Rojas Cuitiño for the  graphics design. 752 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role  in the design of the 753 
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to 754 
publish the results. 755 

References 756 

1.  Cotter, P. a; DiRita, V.J. Bacterial virulence gene regulation: an evolutionary perspective. Annu. Rev. 757 

Microbiol. 2000, 54, 519–65. 758 

2.  Rasko, D.; Sperandio, V. Anti-virulence strategies to combat bacteria-mediated disease. Nat. Rev. Drug 759 

Discov. 2010, 9, 117–28. 760 

3.  Rozas, M.; Enriquez, R. Piscirickettsiosis and Piscirickettsia salmonis in fish: a review. J. Fish Dis. 2014, 37, 761 

163–188. 762 

4.  Makrinos, D.L.; Bowden, T.J. Growth characteristics of the intracellular pathogen, Piscirickettsia salmonis, 763 

in tissue culture and cell-free media. J. Fish Dis. 2017, 40, 1115–1127. 764 

5.  Mancilla, M.; Saavedra, J.; Grandón, M.; Tapia, E.; Navas, E.; Grothusen, H.; Bustos, P. The mutagenesis 765 

of a type IV secretion system locus of Piscirickettsia salmonis leads to the attenuation of the pathogen in 766 

Atlantic salmon, Salmo salar. J. Fish Dis. 2018, 41, 625–634. 767 

6.  Saavedra, J.; Grandón, M.; Villalobos-González, J.; Bohle, H.; Bustos, P.; Mancilla, M. Isolation, functional 768 

characterization and transmissibility of p3PS10, a multidrug resistance plasmid of the fish pathogen 769 

Piscirickettsia salmonis. Front. Microbiol. 2018, 9, 923. 770 

7.  Tacchi, L.; Bron, J.E.; Taggart, J.B.; Secombes, C.J.; Bickerdike, R.; Adler, M.A.; Takle, H.; Martin, S.A.M. 771 

Multiple  tissue transcriptomic responses to Piscirickettsia salmonis in Atlantic salmon (Salmo salar). Physiol 772 

Genomics 2011, 43, 1241–1254. 773 

8.  Rise, M.L.M.; Jones, S.S.R.M.; Brown, G.D.; von Schalburg, K.R.; Davidson, W.S.; Koop, B.F. Microarray 774 

analyses identify molecular biomarkers of Atlantic salmon macrophage and hematopoietic kidney 775 

response to Piscirickettsia salmonis infection. Physiol. Genomics 2004, 20, 21–35. 776 

9.  Pulgar, R.; Hödar, C.; Travisany, D.; Zuñiga, A.; Domínguez, C.; Maass, A.; González, M.; Cambiazo, V. 777 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 September 2020                   doi:10.20944/preprints202009.0106.v1

https://doi.org/10.20944/preprints202009.0106.v1


 25 of 28 

 

Transcriptional response of Atlantic salmon families to Piscirickettsia salmonis infection highlights the 778 

relevance of the iron-deprivation defence system. BMC Genomics 2015, 16, 495. 779 

10.  Fuentealba, P.; Aros, C.; Latorre, Y.; Martinez, I.; Marshall, S.; Ferrer, P.; Albiol, J.; Altamirano, C. 780 

Genome-scale metabolic reconstruction for the insidious bacterium in aquaculture Piscirickettsia 781 

salmonis. Bioresour. Technol. 2017, 223, 105–114. 782 

11.  Zúñiga, A.; Aravena, P.; Pulgar, R.; Travisany, D.; Ortiz-Severín, J.; Chávez, F.P.; Maass, A.; González, 783 

M.; Cambiazo, V. Transcriptomic changes of Piscirickettsia salmonis during intracellular growth in a 784 

salmon macrophage-like cell line. Front. Cell. Infect. Microbiol. 2020, 9. 785 

12.  Rozas-Serri, M.; Peña, A.; Maldonado, L. Transcriptomic profiles of post-smolt Atlantic salmon 786 

challenged with Piscirickettsia salmonis reveal a strategy to evade the adaptive immune response and 787 

modify cell-autonomous immunity. Dev. Comp. Immunol. 2018, 81, 348–362. 788 

13.  Machuca, A.; Martinez, V. Transcriptome analysis of the intracellular facultative pathogen Piscirickettsia 789 

salmonis: Expression of putative groups of genes associated with virulence and iron metabolism. PLoS 790 

One 2016, 11, 1–17. 791 

14.  Valenzuela-Miranda, D.; Gallardo-Escárate, C. Dual RNA-Seq uncovers metabolic amino acids 792 

dependency of the intracellular bacterium Piscirickettsia salmonis infecting Atlantic salmon. Front. 793 

Microbiol. 2018. 794 

15.  Jean Beltran, P.M.; Federspiel, J.D.; Sheng, X.; Cristea, I.M. Proteomics and integrative omic approaches 795 

for understanding host–pathogen interactions and infectious diseases. Mol. Syst. Biol. 2017, 13, 922. 796 

16.  Cortés, M.; Sánchez, P.; Ruiz, P.; Haro, R.; Sáez, J.; Sánchez, F.; Hernández, M.; Oliver, C.; Yáñez, A.J. In 797 

vitro expression of Sec-dependent pathway and type 4B secretion system in Piscirickettsia salmonis. 798 

Microb. Pathog. 2017. 799 

17.  Sánchez, P.; Oliver, C.; Hernández, M.; Cortés, M.; Cecilia Rauch, M.; Valenzuela, K.; Garduño, R.A.; 800 

Avendaño-Herrera, R.; Yáñez, A.J. In vitro genomic and proteomic evidence of a type IV pili-like 801 

structure in the fish pathogen Piscirickettsia salmonis. FEMS Microbiol. Lett. 2018. 802 

18.  Oliver, C.; Hernández, M.A.; Tandberg, J.I.; Valenzuela, K.N.; Lagos, L.X.; Haro, R.E.; Sánchez, P.; Ruiz, 803 

P.A.; Sanhueza-Oyarzún, C.; Cortés, M.A.; et al. The proteome of biologically active membrane vesicles 804 

from Piscirickettsia salmonis LF-89 type strain identifies plasmid-encoded putative toxins. Front. Cell. 805 

Infect. Microbiol. 2017, 7, 420. 806 

19.  Tandberg, J.I.; Lagos, L.X.; Langlete, P.; Berger, E.; Rishovd, A.L.; Roos, N.; Varkey, D.; Paulsen, I.T.; 807 

Winther-Larsen, H.C. Comparative analysis of membrane vesicles from three Piscirickettsia salmonis 808 

isolates reveals differences in vesicle characteristics. PLoS One 2016, 11, 1–27. 809 

20.  Yañez, A.J.; Valenzuela, K.; Silva, H.; Retamales, J.; Romero, A.; Enriquez, R.; Figueroa, J.; Claude, A.; 810 

Gonzalez, J.; Carcamo, J.G. Broth medium for the successful culture of the fish pathogen Piscirickettsia 811 

salmonis. Dis. Aquat. Organ. 2012, 97, 197–205. 812 

21.  Mandakovic, D.; Glasner, B.; Maldonado, J.; Aravena, P.; Gonzalez, M.; Cambiazo, V.; Pulgar, R. 813 

Genomic-based restriction enzyme selection for specific detection of Piscirickettsia salmonis by 16S rDNA 814 

PCR-RFLP. Front. Microbiol. 2016, 7, 643. 815 

22.  Wiśniewski, J.R.; Zougman, A.; Nagaraj, N.; Mann, M. Universal sample preparation method for 816 

proteome analysis. Nat. Methods 2009, 6, 359–362. 817 

23.  Tatusov, R.L. The COG database: a tool for genome-scale  analysis of protein functions and evolution. 818 

Nucleic Acids Res. 2000, 28, 33–36. 819 

24.  Jensen, L.J.; Julien, P.; Kuhn, M.; von Mering, C.; Muller, J.; Doerks, T.; Bork, P. eggNOG: Automated 820 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 September 2020                   doi:10.20944/preprints202009.0106.v1

https://doi.org/10.20944/preprints202009.0106.v1


 26 of 28 

 

construction and annotation of orthologous groups of genes. Nucleic Acids Res. 2008. 821 

25.  Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids 822 

Res. 2001, 29, e45. 823 

26.  Díaz-Pascual, F.; Ortíz-Severín, J.; Varas, M.A.; Allende, M.L.; Chávez, F.P. In vivo host-pathogen 824 

interaction as revealed by global proteomic profiling of zebrafish larvae. Front. Cell. Infect. Microbiol. 825 

2017, 7. 826 

27.  Varas, M.A.; Riquelme-Barrios, S.; Valenzuela, C.; Marcoleta, A.E.; Berríos -Pastén, C.; Santiviago, C.A.; 827 

Chávez, F.P. Inorganic polyphosphate is essential for Salmonella Typhimurium virulence and survival in 828 

Dictyostelium discoideum. Front. Cell. Infect. Microbiol. 2018, 8. 829 

28.  Salazar, C.; Haussmann, D.; Kausel, G.; Figueroa, J. Molecular cloning of Salmo salar Toll-like receptors 830 

(TLR1, TLR22, TLR5M and TLR5S) and expression analysis in SHK-1 cells during Piscirickettsia salmonis 831 

infection. J. Fish Dis. 2015, 39, 239–248. 832 

29.  Alvarez, C.A.; Gomez, F.A.; Mercado, L.; Ramirez, R.; Marshall, S.H. Piscirickettsia salmonis imbalances 833 

the innate immune response to succeed in a productive infection in a salmonid cell line model. PLoS One 834 

2016, 11, 1–14. 835 

30.  Valenzuela-Miranda, D.; Gallardo-Escárate, C. Novel insights into the response of Atlantic salmon 836 

(Salmo salar) to Piscirickettsia salmonis: Interplay of coding genes and lncRNAs during bacterial infection. 837 

Fish Shellfish Immunol. 2016, 59, 427–438. 838 

31.  Ramírez, R.; Gomez, F.A.; Marshall, S.H. The infection process of Piscirickettsia salmonis in fish 839 

macrophages is dependent upon interaction with host-cell clathrin and actin. FEMS Microbiol. Lett. 2015, 840 

362. 841 

32.  Dai, S.; Mohapatra, N.P.; Schlesinger, L.S.; Gunn, J.S. Regulation of Francisella tularensis virulence. Front. 842 

Microbiol. 2010, 1, 144. 843 

33.  Cortés, M.P.; Mendoza, S.N.; Travisany, D.; Gaete, A.; Siegel, A.; Cambiazo, V.; Maass, A. Analysis of 844 

Piscirickettsia salmonis metabolism using genome-scale reconstruction, modeling, and testing. Front. 845 

Microbiol. 2017, 8, 1–15. 846 

34.  Grayfer, L.; Kerimoglu, B.; Yaparla, A.; Hodgkinson, J.W.; Xie , J.; Belosevic, M. Mechanisms of fish 847 

macrophage antimicrobial immunity. Front. Immunol. 2018, 9. 848 

35.  Jindal, S. Heat shock proteins: Applications in health and disease. Trends Biotechnol. 1996, 14, 17–20. 849 

36.  Sevin, M.; Girodon, F.; Garrido, C.; De Thonel, A. HSP90 and HSP70: Implication in inflammation 850 

processes and therapeutic approaches for myeloproliferative neoplasms. Mediators Inflamm. 2015, 2015. 851 

37.  Galluzzi, L.; Vitale , I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; 852 

Amelio, I.; Andrews, D.W.; et al. Molecular mechanisms of cell death: Recommendations of the 853 

Nomenclature Committee on Cell Death 2018. Cell Death Differ. 2018, 25, 486–541. 854 

38.  Duque, G.A.; Descoteaux, A. Macrophage cytokines: Involvement in immunity and infectious diseases. 855 

Front. Immunol. 2014, 5, 1–12. 856 

39.  Knoops, B.; Argyropoulou, V.; Becker, S.; Ferté, L.; Kuznetsova, O. Multiple  roles of peroxiredoxins in 857 

inflammation. Mol. Cells 2016, 39, 60–64. 858 

40.  Esteban, M.A.; Chaves-Pozo, E.; Arizcun, M.; Meseguer, J.; Cuesta, A. Regulation of natural killer 859 

enhancing factor (NKEF) genes in teleost fish, gilthead seabream and European sea bass. Mol. Immunol. 860 

2013, 55, 275–282. 861 

41.  McCarthy, Ú .M.; Bron, J.E.; Brown, L.; Pourahmad, F.; Bricknell, I.R.; Thompson, K.D.; Adams, A.; Ellis, 862 

A.E. Survival and replication of Piscirickettsia salmonis in rainbow trout head kidney macrophages. Fish 863 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 September 2020                   doi:10.20944/preprints202009.0106.v1

https://doi.org/10.20944/preprints202009.0106.v1


 27 of 28 

 

Shellfish Immunol. 2008, 25, 477–484. 864 

42.  Lagos, L.; Tandberg, J.; Kashulin-Bekkelund, A.; Colquhoun, D.; Sørum, H.; Winther-Larsen, H. Isolation 865 

and characterization of serum extracellular vesicles (EVs) from Atlantic salmon infected with 866 

Piscirickettsia salmonis. Proteomes 2017, 5, 34. 867 

43.  Valenzuela-Miranda, D.; Valenzuela-Muñoz, V.; Farlora, R.; Gallardo-Escárate, C. MicroRNA-based 868 

transcriptomic responses of Atlantic salmon during infection by the intracellular bacterium Piscirickettsia 869 

salmonis. Dev. Comp. Immunol. 2017. 870 

44.  Aggarwal, P.; Wei, L.; Cao, Y.; Liu, Q.; Guttman, J.A.; Wang, Q.; Leung, K.Y. Edwardsiella induces 871 

microtubule-severing in host epithelial cells. Microbiol. Res. 2019, 229, 126325. 872 

45.  Alves-Silva, J.; Tavares, I.P.; Guimarães, E.S.; Costa Franco, M.M.; Figueiredo, B.C.; Marques, J.T.; 873 

Splitter, G.; Oliveira, S.C. Modulation of microtubule dynamics affects Brucella abortus intracellular 874 

survival, pathogen-containing vacuole maturation, and pro-inflammatory cytokine production in 875 

infected macrophages. Front. Microbiol. 2017, 8, 1–10. 876 

46.  Radhakrishnan, G.K.; Splitter, G.A. Modulation of host microtubule dynamics by pathogenic bacteria. 877 

Biomol. Concepts 2012, 3, 571–580. 878 

47.  Hendrickson, E.L.; Plotnikova, J.; Mahajan-Miklos, S.; Rahme, L.G.; Ausubel, F.M. Differential roles of 879 

the Pseudomonas aeruginosa  PA14 rpoN gene in pathogenicity in plants, nematodes, insects, and mice. J. 880 

Bacteriol. 2001, 183, 7126–7134. 881 

48.  Lloyd, M.G.; Lundgren, B.R.; Hall, C.W.; Gagnon, L.B.P.; Mah, T.F.; Moffat, J.F.; Nomura, C.T. Targeting 882 

the alternative sigma factor RpoN to combat virulence in Pseudomonas aeruginosa . Sci. Rep. 2017, 7, 1–12. 883 

49.  Ancona, V.; Li, W.; Zhao, Y. Alternative sigma factor RpoN and its modulation protein YhbH are 884 

indispensable for Erwinia amylovora virulence. Mol. Plant Pathol. 2014, 15, 58–66. 885 

50.  Dong, T.; Yu, R.; Schellhorn, H. Antagonistic regulation of motility and transcriptome expression by 886 

RpoN and RpoS in Escherichia coli. Mol. Microbiol. 2011, 79, 375–386. 887 

51.  Gómez, F. a; Tobar, J. a; Henríquez, V.; Sola, M.; Altamirano, C.; Marshall, S.H. Evidence of the presence 888 

of a functional Dot/Icm type IV-B secretion system in the fish bacterial pathogen Piscirickettsia salmonis. 889 

PLoS One 2013, 8, e54934. 890 

52.  Cvitanich, J.D.D.; Garate N., O.; Smith, C.E.E.; Garate, O.; Smith, C.E.E. The isolation of a rickettsia -like 891 

organism causing disease and mortality in Chilean salmonids and its confirmation by Koch’s postulate. 892 

J. Fish Dis. 1991, 14, 121–145. 893 

53.  Mauel, M.J.; Miller, D.L. Piscirickettsiosis and piscirickettsiosis -like infections in fish: a review. Vet. 894 

Microbiol. 2002, 87, 279–89. 895 

54.  Gerlach, R.G.; Hensel, M. Protein secretion systems and adhesins: the molecular armory of Gram-896 

negative pathogens. Int. J. Med. Microbiol. 2007, 297, 401–15. 897 

55.  Young, G.M.; Schmiel, D.H.; Miller, V.L. A new pathway for the secretion of virulence factors by bacteria: 898 

the flagellar export apparatus functions as a protein-secretion system. Proc. Natl. Acad. Sci. U. S. A. 1999, 899 

96, 6456–6461. 900 

56.  Di Cara, F.; Sheshachalam, A.; Braverman, N.E.; Rachubinski, R.A.; Simmonds, A.J. Peroxisome-901 

mediated metabolism is required for immune response to microbial infection. Immunity 2017, 47, 93-902 

106.e7. 903 

57.  Di Cara, F.; Andreoletti, P.; Trompier, D.; Vejux, A.; Bülow, M.H.; Sellin, J.; Lizard, G.; Cherkaoui-Malki, 904 

M.; Savary, S. Peroxisomes in immune response and inflammation. Int. J. Mol. Sci. 2019, 20, 1–29. 905 

58.  Knodler, L.A.; Steele-Mortimer, O. The Salmonella Effector PipB2 affects late  endosome/lysosome 906 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 September 2020                   doi:10.20944/preprints202009.0106.v1

https://doi.org/10.20944/preprints202009.0106.v1


 28 of 28 

 

distribution to mediate sif extension. Mol. Biol. Cell 2005, 16, 4108–4123. 907 

59.  Ortiz-Severín, J.; Travisany, D.; Maass, A.; Chávez, F.P.; Cambiazo, V. Piscirickettsia salmonis cryptic 908 

plasmids: Source of mobile  DNA and virulence factors. Pathogens 2019, 8. 909 

60.  Goodacre, N.F.; Gerloff, D.L.; Uetz, P. Protein domains of unknown function are essential in bacteria. 910 

MBio 2014, 5, e00744-13. 911 

61.  Franco, M.; D’haeseleer, P.M.; Branda, S.S.; Liou, M.J.; Haider, Y.; Segelke , B.W.; El-Etr, S.H. Proteomic 912 

profiling of Burkholderia thailandensis during host infection using Bio-Orthogonal Noncanonical Amino 913 

Acid Tagging (BONCAT). Front. Cell. Infect. Microbiol. 2018, 8, 370. 914 

62.  Załuga, J.; Stragier, P.; Baeyen, S.; Haegeman, A.; Van Vaerenbergh, J.; Maes, M.; De Vos, P. Comparative 915 

genome analysis of pathogenic and non-pathogenic Clavibacter strains reveals adaptations to their 916 

lifestyle . BMC Genomics 2014, 15, 1–14. 917 

 918 

 

©  2019 by the authors. Submitted for possible open access publication under the terms 

and conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 919 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 September 2020                   doi:10.20944/preprints202009.0106.v1

https://doi.org/10.20944/preprints202009.0106.v1

