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Abstract 

Introduction: The Shewanella genus is widely distributed in aquatic environments and occurs in different niches with a wide 

range of temperatures and salinities. It includes a novel species, S. oncorhynchi, described as recently as 2022, causing lens atrophy, 

inappetence and growth retardation in rainbow trout (Oncorhynchus mykiss, Walbaum 1792). Shewanella oncorhynchi also occurs 

in common carp (Cyprinus carpio L.), but its potential pathogenicity in this species is unclear. Material and Methods: In this 

study, the pathogenicity of three well-characterised S. oncorhynchi strains was assessed in vivo in experimental infection of 

common carp and in vitro by estimation of their cytotoxicity to an epithelioma papulosum cyprini cell line. The strains’ 

characterisation involved whole-genome sequencing to identify possible virulence genes. Results: Our study proved the 

pathogenicity of S. oncorhynchi to common carp and the bacterium’s cytotoxicity to epithelioma papulosum cyprini cells. Swollen 

abdomens, lens opacity, areas of discoloration and skin lesions were recorded in infected common carp. However, the ability to 

cause disease symptoms and mortality depended on the strain. Conclusion: The study showed the potential roles of the quorum-

sensing system, type IV pili, fimbriae, stress survival, iron metabolism and secretion system genes in the virulence of  

S. oncorhynchi. Of these, the vscC2, vscN2, vscR2, vscS2 and vscU2 type III secretion system genes potentially and probably 

enhance the bacterium’s ability to cause lesions in common carp. 
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Introduction 

Shewanella spp. belong to the Gammaproteobacteria 

class and Alteromonadales order and consist of a group 

of Gram-negative bacteria that widely inhabit freshwater 

and marine environments from the surface to the deepest 

parts of sediment (12, 19). The wide distribution of 

Shewanella species is associated with their adaptability 

to growing in different niches, especially in a wide range 

of temperatures and salinities (19). Some species have 

been recognised as causative spoilage agents of certain 

proteinaceous foods, particularly fish even when stored 

at low temperature (35). Shewanella spp. can also cause 

human diseases: mostly skin and soft tissue infections 

but also ophthalmological or intracranial infections, 

pneumonia and endocarditis (23, 24, 36). 

The first isolation of a member of the Shewanella 

genus from cultured freshwater diseased fish was 

reported in 2004 (17). Since then, numerous cases of 

infection with Shewanella species have been described 

worldwide in freshwater fish belonging to  

the Salmonidae, Cyprinidae, Acipenseridae, Anguillidae, 

Cichlidae and Centrarchidae families (1, 7, 8, 9, 11, 13, 

14, 27, 28, 31, 32). 

 Shewanella putrefaciens, S. baltica, S. oneidensis 

and S. xiamenensis have been isolated from common 

carp (Cyprinus carpio L.), the dominant freshwater fish 

reared in central and eastern Europe (14, 17, 28). These 

isolations involved diagnosis based on bacterial culture, 

phenotypic characterisation and/or 16S rRNA 

sequencing. Whole-genome sequencing showed that the 

recently described S. oncorhynchi was also isolated from 
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common carp (2, 26). In rainbow trout (Oncorhynchus 

mykiss, Walbaum 1792), S. oncorhynchi caused lens 

atrophy, inappetence, lethargy, reduction of feed intake 

and growth retardation (2, 32). This bacterium is related 

to S. hafniensis and S. baltica (2, 26), and comprehensive 

genome analyses revealed that like these species, it also 

carried the genes responsible for protein secretion 

systems, for quorum sensing systems and for enterotoxin 

production, which may contribute to its virulence  

(2, 32).  

Our previous analysis showed a considerable share 

of S. oncorhynchi in fish infections (26). Therefore, the 

current study aimed to evaluate the in vivo and in vitro 

virulence of pre-selected strains carrying the genes 

possibly involved in the pathogenicity of  

S. oncorhynchi. 

Material and Methods 

Bacterial strains. Of the 35 strains of S. oncorhynchi 

characterised previously (26), 3 strains were selected for 

the current study to determine the pathogenicity of this 

bacteria for common carp. Initially, 22 strains from 

common carp were taken into consideration, and 

analyses based on source and their properties were 

performed, particularly targeted on establishing 

phylogenetic relationships and the presence of potential 

virulence genes. Finally, strains representing three gene 

profiles were arbitrarily selected: K999, K313 and K61. 

Their genes which possibly impact pathogenicity are 

shown in Table 1. 

Challenge tests. Before the experiment, 165 

common carp of 90±10 g weight were acclimatised to 

laboratory conditions in a tank of 1000 L volume. Five 

randomly selected fish were examined negative for 

possible parasitological and microbiological agents. 

During all procedures, the fish were kept at a temperature of 

14±1°C, in water containing 6±0.5 mg/L of dissolved 

oxygen and flowing at 15 L/h, and in a 12/12-h 

light/dark cycle. The fish were fed with a nutritionally 

balanced feed suitable for common carp (Aller Aqua, 

Golub-Dobrzyn, Poland). No health disorders or 

mortality were observed during the animal 

acclimatisation period. 

After 14 days of acclimatisation, the fish were 

divided into three experimental groups (A, B and C) and 

a control group (K). Each group of 40 fish was placed in 

a tank of  200 L volume. Individuals from each 

experimental group were injected intraperitoneally with 

0.5 mL of one selected strain (group A’s challenge was 

with K999, group B’s with K313 and group C’s with 

K61) at a concentration of 108 colony-forming units/mL 

per fish, while the control group fish were injected with 

0.5 mL of phosphate-buffered saline (PBS). The 

procedures were performed after the fish were 

anaesthetised by immersion using MS-222 water 

solution (150 mg/L; Sigma-Aldrich, St. Louis, MO, 

USA). 

The fish were observed daily for any clinical signs 

over a 21-day period. Fish from each group were 

sacrificed to collect internal organs. Kidneys and lesion 

tissues either from those individuals or from daily 

moribund fish were collected. Bacteriological methods, 

including biochemical properties and enzyme activity, 

were performed as described previously (27). 

Genome sequencing. Three Shewanella strains 

isolated from kidney samples of each experimental 

group (A, B and C) were whole-genome sequenced. 

Extraction of genomic DNA was performed using  

the Genomic Mini kit (A&A Biotechnology, Gdańsk, 

Poland) according to the manufacturer’s instructions. 

Whole-genome sequencing was performed using  

the MiSeq platform (Illumina, San Diego, CA, USA). 

Library preparation, sequencing, quality control and 

assembly were carried out as described previously (26). 

To compare original challenge strains with their 

reisolated strains obtained from experimental fish 

samples, fastq files were trimmed using fastp 0.23.2 (6). 

Next variant calling analysis was performed by 

freebayes 1.3.2 (10), and detected single-nucleotide 

polymorphisms (SNPs) were filtered with minimum 

depth ≥10× and allele frequency >90%. 

The presence of potential virulence genes in the 

bacterial genome assembly was determined using 

Abricate 1.0.1 (33) against the Virulence Factor 

Database (5). The analyses only included genes of which 

the similarity to genes contained in the tested bacteria 

was ≥60% and sequence coverage ≥60%. 

In vitro virulence assay. The cytotoxicity of 

Shewanella oncorhynchi to the epithelioma papulosum 

cyprini (EPC) cell line was estimated by measuring 

lactate dehydrogenase (LDH) release activity in the 

damaged cells using the CyQUANT LDH Cytotoxicity 

Assay Kit (Invitrogen, Carlsbad, CA, USA). Before the 

tests, the optimal number of cells was determined 

according to the manufacturer’s instructions. The 

preliminary density of the EPC cell line was about  

3 × 105/mL. The absorbance values for the spontaneous 

release of LDH from cells (spontaneous LDH) and the 

activity of the enzyme released from chemically lysed 

cells (maximum LDH) were analysed across different 

EPC cell densities (Supplementary Fig. S1). The number 

of EPC cells for cytotoxicity testing was established  

at 1.5 × 105/ mL. The optimal incubation time for EPC 

cells with bacteria was 48 h. Longer incubation caused 

an increase in the level of LDH in no infected cells, 

which indicated spontaneous cell death (Supplementary 

Fig. S2). 

Strains were cultured on tryptic soy broth 

(BioMérieux, Marcy-l’Étoile, France) at 24±2°C for  

24 h and washed three times in PBS free from calcium 

and magnesium cations (Biomed, Lublin, Poland) by 

centrifugation at 2,000 × g and 4°C for 15 min. Each 

bacterial strain was individually added to appropriate-

density EPC cells in a 96-well culture plate at the 

concentration of 108 bacterial cells per well. 

Spontaneous LDH and maximum LDH activity were 
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included in each experimental plate. Following this, 

incubation was carried out for 48 h at 24±2℃. The 

infected cell cultures were observed under an inverted 

microscope after 2 h, 24 h and 48 h. Lactate 

dehydrogenase activity was determined using a UV-VIS 

5100 spectrophotometer (Metash Instruments, 

Shanghai, China) by measuring the absorbance of each 

well at 490 nm and subtracting the 680 nm absorbance 

value (the background signal from the instrument). 

The percentage of cytotoxicity was calculated for 

48-h incubation based on sample LDH activity, 

spontaneous LDH and maximum LDH released from the 

chemically lysed cells according to the instructions 

provided by the manufacturer of the CyQUANT 

Cytotoxicity Assay Kit (Invitrogen). The cytotoxicity of 

S. oncorhynchi to EPC cells was determined in triplicate 

experiments to obtain the most precise results. 

Results  

Challenge tests. During the experiment, no health 

disorders or mortality were observed in fish from the 

control group (K). The first clinical signs of health 

disorders in experimental group fish occurred no earlier 

than 3 d after injection. In group A infected with the 

K999 strain, poor food intake, swollen abdomens, 

discolorations of the skin, and, in some animals, lens 

opacity were observed (Fig. 1), followed by death. On 

the eighth day of the experiment, the mortality of group 

A fish reached 100%. In common carp infected with  

the K313 strain (group B), the first clinical signs 

appeared on the fifth day post infection. The only 

symptoms different to those noted in group A fish were 

discolorations and slight skin lesions affecting the pelvic 

and anal fins. Mortality also affected all group B fish, 

but later than it did the group A fish, on the 13th day after 

infection (Fig. 2). The clinical picture in common carp 

infected with the K61 strain (group C) differed: poor 

food intake was noted on the sixth day after injection, 

and slightly swollen abdomens on day 10. Also, 

discolorations of the skin and small ulcers were observed 

in two fish near the experiment end, and lens opacity was 

noted in only a single animal on day 16. The overall 

group C fish mortality rate was 47.5%. 

In the post-mortem examination of the fish that had 

died after having been observed moribund, swelling of 

the kidneys and the presence of exudative fluid in the 

body cavity were noted in specimens from all 

experimental groups. In some cases intestinal 

hyperaemia was also observed. Samples of kidneys 

collected from all experimental groups on day 7 after 

injection were positive for Shewanella. In addition, the 

bacterium was isolated from lesions of the skin and eye. 

No bacteria were detected in the control group. 

Based on biochemical properties, all strains 

obtained from infected fish were perfectly identified as 

being in the S. putrefaciens group and with distinct 

biochemical profiles as matched by API 20E (27): 

0502000 (K999), 0402004 (K313) and 0502004 (K61). 

Strain K999 decarboxylated ornithine, in contrast to 

K313 and K61. Positive enzymatic reactions for esterase 

(C4), esterase lipase (C8), alkaline phosphatase, leucine-

arylamidase, trypsin, α-chymotrypsin, alkaline 

phosphatase, naphthol-AS-BI-phosphohydrolase, and 

N-acetyl β-glucosaminidase were observed in all strains. 

No biochemical or enzymatic properties differed 

between the original strains and the re-isolated ones. 

 

Fig. 1. Lesions observed in common carp challenged with Shewanella 

oncorhynchi: group A (bacterium strain K999) – swollen abdomens, 

discolorations of the skin, lens opacity and swelling of the kidneys; 

group B (strain K313) – slightly swollen abdomens, discolorations of 

the skin, lens opacity and swelling of the kidneys; group C (strain K61) 

– slightly swollen abdomens, lens opacity, swelling of the kidneys, 
skin lesions and discolorations; group K – no lesions  

 

Genome sequencing. The whole-genome sequences of 

the three S. oncorhynchi strains revealed 51 putative 

virulence genes, of which 28 were found in strain K999, 

25 in K313 and 21 in K61 (Table 1). Different chromosomal 

genes related to flagella (cheV, cheW, cheY, flmH, lfgG, 

fliG, fliM, fliP, fleN/flhG, flgI, flhA and motA), fimbriae 



 E. Paździor et al./J Vet Res/69 (2025) 

 

(tapB, tapC, tapT, tufA and mshG), heat shock protein 

(htpB), secretion system proteins (exeF, epsE, epsG, 

vscC2, vscN2, vscR2, vscS2 and vscU2), the ferric 

siderophore adenosine 5ʹ-triphospate binding cassette 

transporter (bauB and bauD), immune modulation or 

regulation (rfbC, rffG, galE, ugd, pseC, pseI, rpoS, lpxC, 

kdsA, wbtL, ACICU_RS00475, cap8E, rpe, csrA, fur and 

tufA), stress survival (katA, clpP and sodB), biofilm 

formation (adeG, algU and luxS) and putative carbonic 

anhydrase (mig-5) were detected. Those genes were 

most similar to the virulence genes deposited in  

the Virulence Factor Database, with coverage 

percentages ranging from 61.8 to 100.0%. Comparison 

of the original challenge strain sequences and the 

reisolated strains from carp tissue samples showed no 

SNP differences between multiple K999, K313 and K61 

strains. Respective sequences were deposited in the 

European Nucleotide Archive under the accession Nos 

ERR10850092, ERR10850099 and ERR10850106. 

In vitro virulence assay. As shown in Fig. 3, all 

tested bacteria were cytotoxic to EPC cells. Similar 

results were obtained in two independent repeats.  

A cytopathic effect was observed compared to the 

control cells. Changes in the morphology of the infected 

cells and degeneration due to nucleus and cytoplasmic 

vacuolation were detected. 

Fig. 2. Cumulative mortality in fish infected with K999, K313 and K61 
strains and in uninfected fish

Table 1. Potential virulence genes of the Shewanella oncorhynchi strains

 
A                                                                                            B1                                                   B2

 
 

 

Fig. 3. Cytotoxicity of Shewanella oncorhynchi to common carp epithelial cells: A – Percent of cytotoxicity of K999, K313 and K61 strains after 

48 h incubation; B1 – Photomicrograph (×100) of carp epithelial cells uninfected with any strain of S. oncorhynchi (control groups cells);  
B2 – Photomicrograph (×100) of carp epithelial cells infected with K999 strain. Experiment I – initial 48-h experiment; Experiment II – first 

independent repeat; Experiment III – second independent repeat

Function Gene K61 K313 K999 

Flagella 
protein 

flgI flmH fleN/flhG motA fliG fliM fliP flhA cheW cheY + + + 

cheV  +  

lfgG  + + 

Type IV pilus protein 
tapC tapT tufA mshG + + + 

tapB   + 

Heat-shock protein htpB + + + 

T2 secretion system 
exeF   + 

epsE epsG + + + 

T3 secretion system vscC2 vscN2  vscR2 vscS2 vscU2  + + 

Ferric-siderophore adenosine  

5ʹ-triphosphate binding cassette transporter 

bauB   + 

bauD + + + 

Immune modulation 

galE pseC rpoS lpxC kdsA + + + 

rfbC rffG   + 

ugd pseI  +  

wbtL ACICU cap8E +   

Regulation rpe tufA csrA fur + + + 

Stress survival katA clpP sodB + + + 

Biofilm adeG algU luxS + + + 

Putative carbonic anhydrase mig-5   + 
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Discussion  

In this study, we proved the in vivo pathogenicity 

of S. oncorhynchi to common carp. Swollen abdomens, 

areas of skin discolourations and, lesions, lens opacity, 

swelling of the kidneys and the presence of exudative 

fluid in the body were developed. As similar findings to 

ours, in the only described case of disease caused by  

S. oncorhynchi in rainbow trout, lens abnormalities were 

reported (32). In both the present research and the 

research on rainbow trout infection, bacteria were 

isolated from the eye and kidney. However, unlike our 

results, those of Saticioğlu et al. (32) do not describe 

other disorders or internal organ lesions, nor any mass 

mortality. Therefore, it is worth considering whether the 

clinical symptoms caused by S. oncorhynchi depend on 

the host species. The results of the in vivo challenge 

showed that disorders in common carp were observed 

regardless of the challenging S. oncorhynchi strain; 

however, the time of appearance of the first symptoms 

of the overall disease varied. The first signs occurred 

most rapidly in fish infected with the K999 strain 

on day 3, and fish infected with the K313 and K61 

strains presented signs only on the fifth and sixth days, 

respectively. Nevertheless, 100% mortality was observed in 

fish infected with K999 and K313 , up to two weeks post 

challenge. In contrast, half of the fish survived the 

exposure to K61. Our observation may indicate that  

S. oncorhynchi is pathogenic for carp, but the pathogenicity 

and virulence vary from strain to strain. 

This variability is in contrast to the outcome of our 

in vitro experiment, which proved that all the three  

S. oncorhynchi used for the fish challenge did develop  

a cytotoxic effect on EPC cells. This is in line with the 

findings of Jung-Schroers et al. (14) who reported the  

in vitro capacity of the bacterium to damage epithelial 

cells; however, they also noted no significant difference 

between tested strains. This might be understood in  

a clinical context, recognising that epithelial cells serve 

as the primary barrier against pathogens. It would be 

predictable that all challenge strains were able to affect 

the epithelium, but not that further generalised infection 

had to be similar. Such a concept of bacterial–host 

interactions is supported by scientific literature (18, 34). 

Our results provide insightful data regarding the 

presence of potential virulence genes. They indicate 

genetic differences between S. oncorhynchi strains and 

the presence of genes encoding putative virulence 

factors. All the three currently tested strains contained 

the quorum-sensing system luxS gene related to the 

production of autoinducer-2 (AI-2), as reported in other 

studies (32, 37). The quorum-sensing system plays a role 

in inter-species communication and biofilm formation 

and occurs in most Shewanella species (4, 21). In  

S. baltica, a species closely related to S. oncorhynchi, the 

AI-2 activity intensified with increases in cell density 

(38). Cerbino et al. (4) reported potential virulence genes 

related to type IV pili, fimbriae, iron metabolism and 

stress survival which were characteristic of most 

Shewanella species. These genes were detected in all 

tested strains in the present study. Initiation of the 

infections caused by many bacterial fish pathogens is 

related to pili or fimbriae, organelles of adhesion 

allowing bacteria to colonise skin or mucosal surfaces 

(22, 29). The role of iron acquisition mechanisms in 

virulence has not yet been clearly explained in fish 

pathogens; however, a bacterial pathogen’s ability to 

infect a host is dependent on its capacity to acquire iron 

from the environment (20). The stress survival genes in 

fish pathogens have not been clearly defined, but they 

are involved in the survival of bacteria under stress 

conditions (15). The genes related to the quorum-sensing 

system, type IV pili, fimbriae, stress survival and iron 

metabolism were characteristic of the Shewanella genus; 

therefore, their roles in the pathogenicity of  

S. oncorhynchi probably are in the strain’s survival in 

the environment, adhesion to the host and initiation of 

infection in stress conditions. The mimic occurrence of 

the above determinants might result in variable 

experimental disease picture. 

Bacterial fish pathogens transfer virulence factors 

across the membrane either to the extracellular 

environment or into host cells, using different secretion 

systems for each destination (22). The genes encoding 

these factors which specifically related to the type III 

(T3SS) and II (T2SS) secretion systems were indicated 

to differ between the tested strains of S. oncorhynchi in 

our study. Potential virulence genes related to the T3SS, 

namely vscC2, vscN2, vscR2, vscS2 and vscU2 similar 

to those of Vibrio parahaemolyticus, were detected in 

two out of the three strains tested in the present study. 

These strains, K999 and K313, caused higher mortality 

in infected fish than the strain without this gene, K61. 

Our study suggested that the type III secretion system is 

probably the most important factor for infectivity in  

S. oncorhynchi. In agreement with our study, in  

S. oncorhynchi strain S-1 causing lens atrophy in 

rainbow trout, T3SS genes were also detected (32). 

Interestingly however, among 144 genomes of 

Shewanella spp. analysed by Cerbino et al. (4),  

the vscC2, vscN2, vscR2, vscS2 and vscU2 potential 

virulence genes were detected only in six, one of which 

was the genome of strain WE21 classified to  

S. oncorhynchi based on whole-genome sequencing. 

The type III secretion system constitutes a way for 

bacteria to manipulate the physiology of the host cells 

and plays an important role in the virulence of many 

bacterial pathogens of fish and other aquatic animals 

(30). Nevertheless, within the Shewanella genus, T3SS 

was noted to be considerably more frequent in the 

genome of one particular species, which indicates the 

need for further research on S. oncorhynchi into the regulatory 

mechanisms of the expression of these genes and into the 

secretion of bacterial proteins into fish cells (25). 

The other secretion-related component of the 

genome coding for virulence is the T2SS. It delivers 

toxins or a wide range of enzymes such as proteases and 

is important for the survival for opportunistic pathogens 
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finding their primary niche outside the host. Genes of 

this system were also detected in most Shewanella 

species (3, 4, 16). All three strains tested in our study 

contained the epsE and epsG potential virulence genes, 

while only strain K999, the most virulent, harboured 

exeF. Therefore, the secretion of different extracellular 

factors may determine the pathogenicity of particular 

strains; however, it requires further analysis. 

Also pertaining to virulence, only in strain K999 

did our study confirm the presence of the mig-5 gene, 

putatively one for virulence, encoding carbonic anhydrase. 

This was a similar finding to one in a previous report 

(32), which correlated the presence of the mig-5 gene 

with pathological findings observed in infected rainbow 

trout. 

Finally, we indicated that S. oncorhynchi showed 

high enzymatic activity, which was also described in the 

previous research cited above (32). The similar 

biochemical profiles of the three tested strains were 

consistent with the properties of S. oncorhynchi strain  

S-1 isolated from rainbow trout which were reported by 

Saticioğlu et al. (32). In contrast to our results, strain S1 

does not hydrolyse β-glucosidase and esculin. 

Interestingly, ornithine decarboxylation was observed 

only in strain K999 in contrast to K313, K61 and the 

reference S1 strain. 

Conclusion 

The pathogenicity of various strains of  

S. oncorhynchi to common carp was confirmed by  

in vivo challenge and demonstrable cytotoxicity to 

epithelioma papulosum cyprini cells. To the best of our 

knowledge, this study is the first report of the 

pathogenicity of the recently described S. oncorhynchi 

to this fish species. The three tested strains of  

S. oncorhynchi were demonstrated to have diverse 

profiles of the genes that cause fish disorders; ability to 

cause disease may be thought to depend on the specific 

strain. Virulome analysis showed that S. oncorhynchi 

encoded different genes which may play a role in 

virulence. Further studies need to be undertaken to better 

understand the pathogenesis of the disease caused by this 

bacterium in common carp. 

 

Conflict of Interests Statement: The authors declare 

that there is no conflict of interests regarding the 

publication of this article. 

 

Financial Disclosure Statement: The study was funded 

from a subsidy provided by the Ministry of Science and 

Higher Education under the grant No. S/403 for research 

performed in 2020–2022 at the National Veterinary 

Research Institute, Puławy, Poland. 

 

Animal Rights Statement: The Local Ethics 

Commission (Resolution No. 76/2021) approved all 

procedures on fish. 

Acknowledgements: Special thanks are expressed to  

K. Jóźwik, A. Sandomierska, A. Owcarz and A. Giza for 

their excellent technical support. 

 

CRediT Authorship Contribution Statement: Ewa 

Paździor: research concept and design, collection and 

assembly of data, data analysis and interpretation, 

writing the article, critical revision of the article, final 

approval of the article. Agnieszka Pękala-Safińska: 

collection and assembly of data, data analysis and 

interpretation, critical revision of the article, final 

approval of the article. Arkadiusz Bomba: data analysis 

and interpretation, final approval of the article. Dariusz 

Wasyl: research concept and design, collection and 

assembly of data, data analysis and interpretation, critical 

revision of the article, final approval of the article. 

References 

1. Altun S., Büyükekiz A.G., Duman M., Özyiğit M.Ö., Karataş S., 

Turgay E.: Isolation of Shewanella putrefaciens from goldfish 

(Carassius auratus auratus). Isr J Agric Bamidgeh 2014, 66, 1–7, 

doi: 10.46989/001c.20750.. 

2. Altun S., Duman M., Ay H., Saticioğlu I.B.: Shewanella 

oncorhynchi sp. nov., a novel member of the genus Shewanella, 

isolated from Rainbow Trout (Oncorhynchus mykiss). Int J Syst 

Evol Microbiol 2022, 72, 005460, doi: 10.1099/ijsem.0.005460. 

3. Barger P.C., Liles M.R., Newton J.C.: Type II Secretion Is 

Essential for Virulence of the Emerging Fish Pathogen, 

Hypervirulent Aeromonas hydrophila. Front Vet Sci 2020, 25, 

574113, doi: 10.3389/ fvets.2020.574113. 

4. Cerbino G.N., Traglia G.M., Ayala Nuñez T., Parmeciano Di Noto G., 

Ramírez M.S., Centrón D., Iriarte A., Quiroga C.: Comparative 

genome analysis of the genus Shewanella unravels the association 

of key genetic traits with known and potential pathogenic lineages. 

Front Microbiol 2023, 28, 1124225, doi: 10.3389/fmicb.2023.1124225. 

5. Chen L., Yang J., Yu J., Yao Z., Sun L., Shen Y., Jin Q.: VFDB: 

a reference database for bacterial virulence factors. Nucl Acids 

Res 2005, 33, D325–D328, doi: 10.1093/nar/gki008. 

6. Chen S., Zhou Y., Chen Y., Gu J.: fastp: an ultra-fast all-in-one 

FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890, doi: 

10.1093/bioinformatics/bty560. 

7. Cocchi M., De Zan G., Di Giusto T., Deotto S., Pretto T.,  

Manfrin A., Brunetta R., Toffan A.: Systemic polymicrobic 

infection involving Shewanella putrefaciens group in koi. J Fish 

Dis 2018, 41, 1929–1931, doi: 10.1111/jfd.12892. 

8. El-Barbary M.I.: First recording of Shewanella putrefaciens in 

cultured Oreochromis niloticus and its identification by  

16S rRNA in Egypt. Egypt J Aquat Res 2017, 43, 101–107, doi: 

10.1016/j.ejar.2017.01.002. 

9. Esteve C., Merchán R., Alcaide E.: An outbreak of Shewanella 

putrefaciens group in wild eels Anguilla Anguilla L. favoured by 

hypoxic aquatic environments. J Fish Dis 2017, 40, 929–939, doi: 

10.1111/jfd.12574. 

10. Garrison E., Marth G.: Haplotype-based variant detection from 

short-read sequencing. arXiv preprint 2012, arXiv:1207.3907 [q-bio.GN]. 

11. Hu X., Li X., Lü A., Sun J., Shi H., Chen C., Li L., Xianghui K.: 

Characterization of Shewanella sp. isolated from cultured loach 

Misgurnus anguillicaudatus. Isr J Agric Bamidgeh 2016, 68, 1–9, 

doi: 10.46989/001c.20810. 

12. Ivanova E.P., Flavier S., Christen R.: Phylogenetic relationships 

among marine Alteromonas-like proteobacteria: emended 

description of the family Alteromonadaceae and proposal of 

Pseudoalteromonadaceae fam. nov., Colwelliaceae fam. nov., 

Shewanellaceae fam. nov., Moritellaceae fam. nov., 

Ferrimonadaceae fam. nov., Idiomarinaceae fam. nov. and 



 E. Paździor et al./J Vet Res/69 (2025)  

 

 

Psychromonadaceae fam. nov. Int J Syst Evol Microbiol 2004, 54, 

1773–1788, doi: 10.1099/ijs.0.02997-0. 

13. Jiang X., Wang X., Li L., Niu C., Pei C., Zhu L., Kong X.: 

Identification of Shewanella putrefaciens as a novel pathogen of 

the largemouth bass (Micropterus salmoides) and 

histopathological analysis of diseased fish. Front Cell Infect 

Microbiol 2022, 12, 1042977, doi: 10.3389/fcimb.2022.1042977. 

14. Jung-Schroers V., Jung A., Ryll M., Bauer J., Teitge F., 

Steinhagen D.: Methods for identification and differentiation of 

different Shewanella spp. isolates for diagnostic use. J Fish Dis 

2018, 41, 689–714, doi: 10.1111/jfd.12772. 

15. Kloska A., Cech G.M., Sadowska M., Krause K.,  

Szalewska-Pałasz A., Olszewski P.: Adaptation of the Marine 

Bacterium Shewanella baltica to Low Temperature Stress. Int J 

Mol Sci 2020, 21, 4338, doi: 10.3390/ijms21124338. 

16. Korotkov K.V., Sandkvist M.: Architecture, Function, and 

Substrates of the Type II Secretion System. EcoSal Plus 2019, 8, 

1–22, doi: 10.1128/ecosalplus.ESP-0034-2018. 

17. Kozińska A., Pękala A.: First isolation of Shewanella putrefaciens 

from freshwater fish – a potential new pathogen of the fish. Bull 

Eur Ass Fish Pathol 2004, 24, 199–203. 

18. Larsen S.B., Cowley C.J., Fuchs E.: Epithelial cells: liaisons of 

immunity. Curr Opin Immunol 2020, 62, 45–53, doi: 

10.1016/j.coi.2019.11.004. 

19. Lemaire O.N., Méjean V., Iobbi-Nivol C.: The Shewanella genus: 

ubiquitous organisms sustaining and preserving aquatic 

ecosystems. FEMS Microbiol Rev 2020, 44, 155–170, doi: 

10.1093/femsre/fuz031. 

20. Lemos M.L., Balado M.: Iron uptake mechanisms as key virulence 

factors in bacterial fish pathogens. J Appl Microbiol 2020, 129, 

104–115, doi: 10.1111/jam.14595. 

21. Li Y.-H., Tian X.: Quorum sensing and bacterial social 

interactions in biofilms. Sensors 2012, 12, 2519–2538, doi: 

10.3390/s120302519. 

22. Mekasha S., Linke D.: Secretion Systems in Gram-Negative 

Bacterial Fish Pathogens. Front Microbiol 2021, 12, 782673, doi: 

10.3389/fmicb.2021.782673. 

23. Müller S., von Bonin S., Schneider R., Krüger M., Quick S., 

Schröttner P.: Shewanella putrefaciens, a rare human pathogen:  

A review from a clinical perspective. Front Cell Infect Microbiol 

2023, 12, 1033639, doi: 10.3389/fcimb.2022.1033639. 

24. Ng W.W.-S., Shum H.-P., To K.K.-W., Sridhar S.: Emerging 

infections due to Shewanella spp.: A case series of 128 cases over 

10 years. Front Med 2022, 9, 850938, doi: 10.3389/fmed.2022.850938. 

25. Pais S.V., Kim E., Wagner S.: Virulence-associated type III 

secretion systems in Gram-negative bacteria. Microbiology 2023, 

69, 001328, doi: 10.1099/mic.0.001328. 

26. Paździor E., Bomba A., Tłuścik K., Nadolna-Ałtyn K.,  

Podolska M., Reichert M., Wasyl D., Pękala-Safińska A.: 

Phylogenetic analysis of Shewanella spp. isolated from fish. J Fish 

Dis 2023, 46, 1163–1171, doi: 10.1111/jfd.13834. 

27. Paździor E., Pękala-Safińska A., Wasyl D.: Phenotypic diversity 

and potential virulence factors of the Shewanella putrefaciens 

group isolated from freshwater fish. J Vet Res 2019, 63, 321–332, 

doi: 10.2478/jvetres-2019-0046. 

28. Pękala A., Kozińska A., Paździor E., Głowacka H.: Phenotypical 

and genotypical characterization of Shewanella putrefaciens 

strains isolated from diseased freshwater fish. J Fish Dis 2015, 38, 

283–293, doi: 10.1111/jfd.12231. 

29. Qin Y., Lin G., Chen W., Xu X., Yan Q.: Flagellar motility is 

necessary for Aeromonas hydrophila adhesion. Microb Pathog 

2016, 98, 160–166, doi: 10.1016/j.micpath.2016.07.006. 

30. Rahmatelahi H., El-Matbouli M., Menanteau-Ledouble S.: 

Delivering the pain: an overview of the type III secretion system 

with special consideration for aquatic pathogens. Vet Res 2021, 

52, 1–18, doi: 10.1186/s13567-021-01015-8. 

31. Rusev V., Rusenova N., Simeonov R., Stratev D.: Staphylococcus 

warneri and Shewanella putrefaciens coinfection in Siberian 

sturgeon (Acipenser baerii) and Hybrid sturgeon (Huso huso x 

Acipenser baerii). J Microbiol Exp 2016, 3, 7–10, doi: 

10.15406/jmen.2016.03.00078.  

32. Saticioğlu I.B., İşbilir F., Yavaş O., Avci Z., Özdemir B.,  

Süzer B., Altun S., Duman H.: Description of lens atrophy caused 

by Shewanella sp. strain S-1, a putative novel species isolated 

from cultured rainbow trout. Aquaculture 2021, 541, 736779, doi: 

10.1016/j.aquaculture.2021.736779. 

33. Seemann T.: Abricate. Github 2020, https://www.github.com/ 

tseeman/abricate. 

34. Wang X.H., Oon H.L., Ho G.W.P., Wong W.S.F., Lim T.M., 

Leung K.Y.: Internalization and cytotoxicity are important 

virulence mechanisms in Vibrio-fish epithelial cell interactions. 

Microbiology 1998, 144, 2987–3002, doi: 10.1099/00221287-

144-11-2987. 

35. Yi Z., Xie J.: Comparative Proteomics Reveals the Spoilage-

Related Factors of Shewanella putrefaciens Under Refrigerated 

Condition. Front Microbiol 2021, 3, 740482, doi: 

10.3389/fmicb.2021.740482.  

36. Yu K., Huang Z., Xiao Y., Wang D.: Shewanella infection in 

humans: Epidemiology, clinical features and pathogenicity. 

Virulence 2022, 13, 1515–1532, doi: 10.1080/21505594.2022.2117831. 

37. Zhang Y., Pan M., Wang Q., Wang L., Liao L.: Complete Genome 

Sequence and Pan-Genome Analysis of Shewanella oncorhynchi Z-P2,  

a Siderophore Putrebactin-Producing Bacterium. Microorganisms 2023, 

11, 2961, doi: 10.3390/microorganisms11122961. 

38. Zhu J., Zhao A., Feng L., Gao H.: Quorum sensing signals affect 

spoilage of refrigerated large yellow croaker (Pseudosciaena 

crocea) by Shewanella baltica. Int J Food Microbiol 2016, 217, 

146–155, doi: 10.1016/j.ijfoodmicro.2015.10.020. 

  

 

 

 


