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Simple Summary

Bacterial diseases in fish are a primary cause of mortality in global aquaculture. This study
presents experimental data on the pathogenesis in rainbow trout infected with a moderately
pathogenic strain of Aeromonas salmonicida. The study determined the dose causing 50%
mortality (LD50) and documented associated clinical and pathological abnormalities. As
part of a prolonged experiment, the disease course was examined following infection with
a sublethal dose of the pathogen, and physiological and histological abnormalities were
compared on days 1–6 post-infection. The findings revealed a relationship among the
microbiological load, clinical signs, physiological indicators, and histopathological changes
during the acute form of the disease. This combination of factors resulted in significant
organ dysfunction and an incomplete recovery, with persistent signs of pathology.

Abstract

Furunculosis caused by Aeromonas salmonicida is one of the most common diseases in
aquaculture, leading to significant economic losses. This study comprehensively inves-
tigated the dynamics of pathophysiological and histopathological disorders in rainbow
trout (Oncorhynchus mykiss) infected with the moderately virulent strain A. salmonicida
SL0n. Whole-genome analysis showed that strain SL0n belongs to the A. salmonicida species
complex, possessing a single circular chromosome. The genome encodes a wide range of
virulence factors, including adhesion systems (type IV pili, fimbriae), toxins (aerolysin,
hemolysins), and a type II secretion system (T2SS), but notably lacks plasmids and a type
III secretion system (T3SS). This genomic profile likely dictates a pathogenic mechanism
reliant on secreted exotoxins (via T2SS), explaining the observed systemic cytotoxic damage.
In an acute experiment, the 4-day LD50 was determined to be 1.63 × 106 CFU/fish. In a pro-
longed experiment, fish were injected with a sublethal dose (1.22 × 106 CFU/fish—75% of
LD50). The disease progressed through three consecutive stages. The early stage (1–2 DPI)
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was characterized by maximal bacterial load and activation of nonspecific immunity. The
acute stage (4 DPI) manifested as severe septicemia and anemia, associated with systemic
organ damage, which correlated with peak AST and ALT enzyme activity. The recovery
stage (6 DPI) was marked by partial regression of inflammation, key biochemical and
histological parameters indicated persistent liver and kidney dysfunction, signifying an
incomplete recovery. These results demonstrate the pathogenesis of acute furunculosis and
reveal that the genomic profile of the SL0n strain causes a sequential, systemic infection
characterized by severe organ dysfunction.

Keywords: aquaculture; septicemia; bacteremia; histopathology; hematology; blood
biochemistry; pathomorphology; immune response; neutrophilia; virulence

1. Introduction
Furunculosis is one of the most common infectious diseases of fish in aquaculture,

owing to its high prevalence and ability to infect a wide range of hosts [1–3]. Traditionally,
the non-motile aeromonad Aeromonas salmonicida is considered the sole etiological agent of
furunculosis, often without specifying a particular subspecies. The subspecies A. salmonicida
ssp. salmonicida is recognized as the typical pathogen causing high mortality, mainly in
salmonid species [2]. However, other so-called “atypical” subspecies of A. salmonicida,
such as achromogenes, masoucida, smithia, and pectinolytica [4], have also been isolated from
various infected fish species exhibiting diverse clinical symptoms [5–8].

The virulence of A. salmonicida isolates varies significantly, depending on geographical
origin, host-species specificity, and the presence of virulence factors [9–11]. In particular, A.
salmonicida ssp. salmonicida has been repeatedly isolated from clinically healthy fish [12,13].
The diversity of clinical manifestations of furunculosis is thought to depend on several
key factors: strain virulence, culture conditions, the physiological state of the fish, and
individual genetic resistance [10,14–16]. Fish that survive a bacterial infection develop long-
term immunity. However, the significant diversity of strains and serotypes has hindered
the development of a universal vaccine providing cross-protective immunity [17–19]. In
addition, Aeromonas spp. often develop antimicrobial resistance, largely due to the intensive
use of antibiotics [20]. The effectiveness of furunculosis therapy depends not only on the
efficacy of the antibiotic used, but also on the timeliness of treatment initiation. In the
ulcerative course of the disease, even successful therapy leads to a significant decrease in
the growth rate of surviving individuals and a decline in their commercial quality [21].
Developing more effective therapeutic strategies requires considering not only the virulence
of a particular strain, but also its prevalence in the aquatic environment and host organism,
as well as its transmission routes. Furthermore, selective breeding has been successfully
used to obtain lines of various fish species resistant to furunculosis [22,23].

According to current understanding, the virulence of A. salmonicida is determined
by a complex set of factors: adhesion factors, extracellular hydrolytic enzymes, exotoxins,
secretory systems, and lipopolysaccharides [10,24,25]. These factors allow the pathogen to
attach, colonize, invade, multiply, and damage host cells, leading to the development of
the disease [26]. The activity of these factors can vary both with environmental conditions
(e.g., host species, microbial community composition, water quality) [25,27] and during
isolation and cultivation on nutrient media [28,29].

Furunculosis is characterized by a variety of clinical and pathomorphological manifes-
tations [10,30–32]. Furunculosis presents in three forms: subacute, acute, and chronic. The
subacute form is associated with a relatively favorable outcome. The acute form manifests
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as severe septicemia and ulceration, leading to mass fish mortality. Finally, the chronic form
is characterized by less pronounced clinical signs and a persistent infection. Typical clinical
signs include anorexia, swimming disorders, hemorrhages on the skin and internal organs,
exophthalmos, and ascites [5,33,34]. In natural outbreaks on fish farms, mass mortality can
be observed within 15–30 days in the chronic form and within 2–5 days in the acute form,
but the rate of disease development is influenced by water quality, age, and the innate
resistance of the fish [34–36]. In experimental infection, pathological changes develop
more rapidly, but their rate depends on the dose and route of inoculation/infection (oral,
intramuscular, intraperitoneal, immersion) [37,38]. Of particular interest are studies that
describe the pathogenesis caused by various strains of non-motile aeromonads, along with
their biochemical and genetic characteristics. The study of moderately virulent strains may
overcome the limitations of research using highly lethal isolates, which often result in rapid
mortality that precludes a detailed temporal analysis of the host–pathogen interaction.

Despite a significant number of studies on the experimental infection of fish with A.
salmonicida, data on strain virulence, typically expressed as the median lethal dose (LD50),
remain inconsistent [39–41]. In this regard, the study of the pathogenicity of individual A.
salmonicida strains is particularly relevant, as this will help build a unified understanding of
the disease’s pathogenesis and provide a basis for identifying clinical markers to develop
effective therapeutic and preventive strategies.

A detailed study of the pathogenesis of bacterial diseases requires an assessment of
the dynamics of the pathological process based on a set of physiological and morphological
indicators. Despite the active development and implementation of molecular biological
technologies in aquaculture, the study of disease pathogenesis based on classical clinical and
morphological approaches remains of fundamental importance. A comprehensive study of
the clinical picture, hematological changes, biochemical markers, and histological indicators
provides a holistic view of the pathogenesis at the whole-organism level. Histopathological
studies are an important tool that provides valuable information about changes at the tissue
and cellular levels in different organs affected by pathogen invasions [42,43]. While the
pathogenesis of septicemia caused by motile aeromonads has been described in detail for both
salmonids [44] and other fish species [33,45], a comprehensive approach for identifying the
relationship between the clinical picture and the degree of morphophysiological disorders in
organs and tissues has not yet received sufficient attention.

The aim of this study was to characterize, under experimental conditions, the rela-
tionship between clinical signs, biochemical and morphological blood parameters, and
pathomorphological changes in tissues in rainbow trout (Oncorhynchus mykiss) infected
with sublethal doses of Aeromonas salmonicida strains with established virulence factors.

2. Materials and Methods
2.1. Fish Housing Conditions

One thousand rainbow trout (Oncorhynchus mykiss, 8 months old, 18.5 ± 0.5 cm and
85.3 ± 8.0 g) were obtained from the fish farm LLC Rusregionbiznes (Kondrovo, Russia).
The fish were then acclimatized for 28 days in a recirculating aquaculture system (RAS).
The RAS included a 4000 L tank equipped with biological (1000 L biofilters) and mechanical
filtration systems (Eiskpolimer 402M, Eiskpolimer, Eisk, Russia), as well as ultraviolet
installations (UOV-PV-5 in ECO-1A105H40US version, Alexandra-Plus LLC, Vologda,
Russia). The system’s water exchange rate was 70 L/h, with 8% fresh water added daily.
The water temperature in the fish tanks during cultivation was 16.05 ± 0.2 ◦C, the pH
was 7.46 ± 0.05, and the oxygen content was 9.1 ± 0.2 mg/L. The content of nitrogenous
metabolites and phosphates was within the normal range for this species. Fish were fed
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twice daily (at 11:00 and 17:00) with commercial granular feed (Trout Growth 44/23 A75,
GK MELKOM, Tver, Russia), according to the feeding tables provided by the manufacturer.

2.2. Ethics Statement

This study was conducted in accordance with the guidelines of the Local Ethics
Commission of the Scientific and Technical Council of the Moscow State University of
Technology and Management (approval number 1, 16 January 2025) and in accordance
with the Guidelines for the Care and Use of Laboratory Animals of the National Institutes
of Health.

2.3. Bacterial Isolation, Physiological and Biochemical Tests

The isolate, identified as Aeromonas salmonicida, was collected from the water of the
RAS (Moscow, Russia) in April 2025. The isolate was incubated on nutrient agar (NA)
(State Research Center of Applied Microbiology and Biotechnology (SRCAMB), Obolensk,
Moscow Region, Russia) for 24 h at 25 ◦C, followed by serial dilutions to obtain a pure
culture. The pure bacterial culture was stored in ultralow temperature freezer at −80 ◦C
(DW-HL340, Meling, Hefei, China) in tryptic soy broth (TSB) with 20% (v/v) glycerol added.

Gram staining and determination of biochemical characteristics (oxidase, Voges-
Proskauer test, OF test, H2S formation, indole formation, catalase, lactose fermentation,
glucose utilization) were performed in accordance with standard microbiological proce-
dures described in Bergey’s Manual [46]. The effect of NaCl concentration on the growth
of the isolate was assessed by transferring the culture to fresh nutrient medium with the
addition of NaCl in various concentrations (from 1% to 2%). The effect of temperature on
culture growth was evaluated at 13, 17, 27, and 37 ◦C using a thermostat (Binder 115, Binder
GmbH, Tuttlingen, Baden-Württemberg, Germany). All experiments were performed in
three independent replicates (n = 3).

Antibiotic sensitivity was analyzed using the disk diffusion method developed by
Bauer et al. [47] with indicator disks (SRCAMB, Moscow Region, Russia): gentamicin
(10 µg); bacitracin (0.04 units); ciprofloxacin (5 µg); ceftriaxone (30 µg); chloramphenicol
(15 µg); azithromycin (15 µg); and cefixime (5 µg). The sensitivity of the strain was deter-
mined by the size of the growth inhibition zone in accordance with the recommendations
of Whitman [48].

Fish blood agar (FBA) was prepared using blood collected from healthy rainbow trout.
Blood collection was performed under aseptic conditions using sterile syringes (2 mL, 24G
needle) pretreated with sodium heparin solution (5000 IU/mL) to prevent coagulation. The
blood was added to sterile GRM-1 Agar (composition (g/L): Pancreatic hydrolysate of fish
meal, 12.0; Enzymatic peptone, 12.0; Sodium chloride, 6.0; Microbiological agar, 10.0 ± 2.0)
(SRCAMB, Obolensk, Russia) to a final concentration of 5% (v/v). The prepared medium
was poured into Petri dishes and stored at 4 ◦C until use. The sterility of the medium was
checked by incubating several dishes at 25 ◦C for 24 h; no microbial growth was observed.
To prepare the inoculum, the A. salmonicida strain was cultured on GRM-1 agar (without
blood) at 25 ◦C for 24 h. The resulting biomass was suspended in 10 mL of sterile saline
solution. The suspension was standardized by optical density to match the McFarland 1.0
turbidity standard, and then it was serially diluted to 1:100,000. FBA plates were inoculated
with the resulting inoculum and incubated at 25 ◦C for 24 h, after which the presence of
hemolysis zones was assessed.

2.4. Genome Sequencing

Genomic DNA was extracted from an overnight culture of A. salmonicida SL0n
(OD620 = 0.6) grown in Luria–Bertani broth using the Wizard Genomic DNA Purifica-
tion Kit (Promega, Madison, WI, USA) according to the manufacturer’s instructions. DNA
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concentration and purity were measured with a Qubit 4 Fluorometer and a Nanodrop
ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). For library
construction, 100 ng of purified genomic DNA was processed with the KAPA HyperPlus
Kit (Roche, Basel, Switzerland) following the manufacturer’s protocol. The library was pu-
rified using KAPA HyperPure Beads (Roche, Basel, Switzerland). Library size distribution
and integrity were assessed with a High Sensitivity DNA chip (Agilent Technologies, Santa
Clara, CA, USA), and quantification was performed using the Quant-iT DNA Assay Kit,
High Sensitivity (Thermo Fisher Scientific).

DNA libraries were sequenced on the NextSeq 1000 platform (Illumina Inc., San Diego,
CA, USA) following the manufacturer’s specifications. The NextSeq 1000/2000 P2 Reagents
kit (200 Cycles) v3 was employed in conjunction with a 2% PhiX spike-in control.

2.5. Genome Assembly and Bioinformatics Analysis

Quality assessment of paired-end reads was conducted using FastQC v0.12.1 [49].
Adapter trimming and read filtering were performed with fastp v0.23.4 [50]. Taxonomic
verification and contamination screening used BLAST v2.17.0 [51] analysis on 100 ran-
domly selected reads. Genome assembly was accomplished using Unicycler v0.5.1 [52].
The draft genome assembly was annotated using the NCBI Prokaryotic Genome Anno-
tation Pipeline (PGAP) [53]. This Whole Genome Shotgun project has been deposited at
DDBJ/ENA/GenBank under the accession JBQCCD000000000. The version described in
this paper is version JBQCCD010000000.

Genome-based taxonomic classification was performed using the Type Strain Genome
Server (TYGS) on the DSMZ platform (http://ggdc.dsmz.de/, accessed 12 August
2025) [54]. Additionally, average nucleotide identity (ANI) values were calculated employ-
ing BLASTN-based (ANIb) and MUMMER-based (ANIm) algorithms via the JSpeciesWS
tool (https://jspecies.ribohost.com/jspeciesws/, accessed 12 August 2025) [55].

Plasmid detection was undertaken using PlasmidFinder v2.1 [56] with the thresh-
old established at 80%. Prophage sequences were predicted employing the PHASTER
web server [57]. Transposon and insertion sequence identification was conducted using
TnCentral BLAST [58]. Virulence-associated genes were detected utilizing VF Analyzer
based on the Virulence Factor Database (VFDB) [59], with the detection threshold set at
90%. Antimicrobial resistance genes were identified using the Resistance Gene Identifier
(RGI v6.0.5) from the Comprehensive Antibiotic Resistance Database (CARD v4.0.1) [60],
applying default parameters. All aforementioned tools were accessed on 13 August 2025.

2.6. Experimental Infection

To study the dynamics of pathological changes induced by the isolated strain A.
salmonicida SL0n, two series of experiments were conducted (Figure 1): (I) an acute experi-
ment to determine the LD50 and comprehensively assess virulence; and (II) a prolonged
experiment to identify the stages of disease development (pathogenesis) under the influence
of a sublethal dose (75% of LD50). For these studies, rainbow trout without visible signs of
disease or injury, measuring 21.1 ± 1.1 cm and weighing 141.2 ± 10.5 g, were selected.

Acute and prolonged experiments were conducted in recirculating aquaculture sys-
tems (RAS) comprising 700 L tanks, a mechanical filter (GREEN RESET 25–40, Sicce S.r.l.,
Pozzolone, Italy), a 500 L biofilter, and UV units (Jebao STU-40w, Zhongshan, China). Water
replacement in the system was 6% per day. The temperature, oxygen content, and other
hydrochemical parameters within the systems corresponded to those in the holding tanks.
Control and experimental fish were kept in different tanks.

http://ggdc.dsmz.de/
https://jspecies.ribohost.com/jspeciesws/
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Figure 1. Scheme of experiments to determine the dynamics of pathological disorders in rainbow
trout infected with A. salmonicida SL0n.

To obtain bacterial biomass, A. salmonicida SL0n culture was grown on GRM-1 Agar
solid medium for 24 h at 25 ◦C under aerobic conditions. The grown biomass was washed
off the agar surface with sterile phosphate-buffered saline (PBS, pH 7.2–7.4). To remove
residual nutrient medium and metabolites, the resulting suspension was washed three
times. Each washing cycle included centrifugation at 4000× g for 10 min at 4 ◦C (M1324R,
RWD Life Science, Shenzhen, China), followed by supernatant removal and resuspension
of the bacterial pellet in sterile PBS. Cell concentration in the suspension was assessed
spectrophotometrically by measuring the optical density (OD) at a wavelength of 600 nm
(OD600). The initial suspension was diluted with sterile PBS to achieve working concen-
trations. The number of viable cells in the working suspension was confirmed by plate
counting on GRM-1 Agar. Only freshly prepared suspensions with confirmed bacterial
concentrations were used for the infection experiment.

To determine the LD50 (acute experiment), a range of doses per individual was
selected, considering the significant variability in virulence among different isolates of
A. salmonicida: 1.6 × 105, 3.2 × 105, 6.5 × 105, 1.5 × 106, 3.0 × 106, 6.0 × 106, 8.0 × 106,
1.0 × 107, and 1.2 × 107 CFU/fish. This dose range was established based on results from
preliminary experiments and an analysis of literature data [37,61,62]. Ten experimental
groups, each comprising 20 rainbow trout (n = 20), were formed: one control group,
injected intramuscularly (IM) with 0.2 mL of PBS per individual, and nine experimental
groups, IM injected with 0.2 mL of A. salmonicida SL0n bacterial suspension containing
the corresponding amount of bacteria. During the 4-day acute experiment, fish survival,
behavioral changes, and the development of clinical signs were assessed daily.

The sublethal dose of A. salmonicida determined in the acute experiment was used in
the prolonged study. Two groups, each comprising 30 rainbow trout (n = 30), were formed
for the prolonged experiment: (I) Control group (CTR): similar to the control group in the
acute experiment (PBS injection); (II) Experimental group (AS): injected with A. salmonicida
SL0n at a dose of 1.22 × 106 CFU/fish (75% of LD50). The prolonged experiment lasted
6 days. On days 0, 1, 2, 4, and 6 post-injection (DPI), a comprehensive assessment of
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fish condition was performed for both groups (n = 6), including: clinical signs of disease;
microbiological load; hematological and biochemical blood analyses; and histological
examination of the muscles, intestines, liver, kidneys, and spleen.

On the first day of the prolonged experiment, no significant differences in the severity
of clinical signs were observed between the control and experimental groups. Therefore,
individuals for biomaterial collection were selected randomly at this time point. At subse-
quent time points (2, 4, and 6 DPI), individuals with the most pronounced clinical picture
were selected to assess the dynamics of pathological changes. We acknowledge that this
non-random sampling introduces a selection bias and may overestimate the severity of the
disease. However, this approach to individual selection was driven by the need to study
the dynamics of pathological changes at different stages of the disease, as, according to the
literature, the manifestation of obvious clinical signs in fish usually precedes death [34].
Given the individual sensitivity of fish to the disease, random individual selection would
lead to high sample heterogeneity in the measured parameters.

2.7. Blood Sampling and Hematological Study

Fish were anesthetized by immersion in MS-222 solution at a concentration of 20 mg/L
until loss of equilibrium was observed. Blood samples (1.5 mL) were collected from the
caudal vein using sterile 2 mL syringes with 24 G needles. Blood was collected from six
fish (n = 6) from each experimental group at five time points: 0, 1, 2, 4, and 6 DPI. The
total number of erythrocytes and leukocytes was determined immediately after sampling
using a hemocytometer according to the method described by Blaxhall and Daisley [63].
Peripheral blood smears were prepared using a standard method [64]. The smears were
stained with Romanovsky-Giemsa (Ecolab, Moscow, Russia).

Differential blood cell counts were performed on prepared smears, including erythro-
cytes and their immature forms, lymphocytes, monocytes, neutrophils (segmented and
band), basophils, and thrombocytes. For each preparation, at least 50 fields of view were
examined, counting a minimum of 7000 erythrocytes and 150 leukocytes. Differential leuko-
cyte counts were expressed as a percentage of the total number of leukocytes. The counting
and identification of blood cells were performed according to established morphological
criteria [65–67].

2.8. Bacterial Load Assessment

To determine the bacterial load in fish, aseptic samples of liver and skeletal muscle
tissue, each weighing approximately 5 g, were taken. The muscle tissue sample collected
from the contralateral side. Each sample was placed in a pre-weighed sterile test tube
containing 5 mL of sterile phosphate-buffered saline (PBS, pH 7.2). The test tubes with
tissue samples were reweighed on analytical scales to accurately determine the mass of
each sample. The tissues were homogenized using a homogenizer (MT-13K-L, MIULAB,
Hangzhou, China). For quantitative analysis, a series of tenfold dilutions in PBS were
prepared from the homogenate. Plating on Endo Agar (SRCAMB, Obolensk, Russia) was
performed using the surface method. Fifty microliters of whole blood, as well as each
corresponding dilution of tissue homogenates, were evenly distributed over the surface
of the agar using a sterile spatula. The cultures were incubated in a thermostat at 25 ◦C
for 24 h. After incubation, the number of colony-forming units (CFU) on the plates was
counted. The bacterial load was expressed in CFU per 1 mL of blood (CFU/mL) or per
1 g of tissue (CFU/g), taking into account the mass of the original sample and the degree
of dilution.

To confirm species identification, confirmatory testing was performed on 3–5 colonies
from each plate. All tested isolates showed the same phenotype consistent with that of A.
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salmonicida SL0n: oxidase (+), catalase (+), non-motile, and fermented glucose with acid
and gas production (O+/F+).

2.9. Blood Biochemical Parameters

The collected blood was placed in vacuum tubes (MiniMed, Suponevo, Russia) and
incubated at 4 ◦C for 15–30 min for coagulation. After coagulation, the blood was cen-
trifuged at 5000× g rpm for 10 min (DM0506 centrifuge, Dlab Scientific, Beijing, China)
to separate the serum. Serum samples were analyzed for substrate content (total protein,
albumin, globulin, total bilirubin, direct bilirubin, creatinine, glucose, urea) and enzymes
(alkaline phosphatase, alanine aminotransferase, aspartate aminotransferase, and lactate
dehydrogenase) using an automatic biochemical analyzer CS-T240 (DIRUI, Changchun,
China) with ready-made reagent kits supplied by DIRUI, following the manufacturer’s
instructions.

2.10. Histological Study

After blood sampling, six fish (n = 6) from each experimental group were dissected
at five time points to collect tissue from the following organs: muscle at the injection site,
liver, spleen, hindgut, and body kidney. Tissue samples weighing 3–7 g were fixed for 24 h
in Davidson’s solution, then transferred to 70% ethanol for further processing. The tissue
samples were dehydrated through a series of increasing ethanol concentrations (80% for
1 h, 95% for 1 h, and 99% for two 1 h periods) (Citadel 2000, Thermo FS, Waltham, MA,
USA). Subsequently, the samples were cleared in xylene for 1.5 h and embedded in paraffin.
Three serial microtome sections (Minux S700A, RWD Life Science, Shenzhen, China) with a
thickness of 4 µm were prepared from the samples and stained with hematoxylin-eosin
(H&E), periodic acid-Schiff (PAS), and Masson’s trichrome (MT) (Biovitrum, St. Petersburg,
Russia). The preparation and staining of histological sections were performed according
to the generally accepted method [68]. The resulting preparations were viewed under
an Olympus BX53 light microscope (Olympus Corp., Tokyo, Japan), equipped with Carl
Zeiss ERc 5s eyepiece attachments (Zeiss, Oberkochen, Baden-Württemberg, Germany)
and a ToupCam 16.0 MP camera (ToupTek Photonics, Hangzhou, China). Images were
captured and processed using ZEN lite (Zeiss) and ToupCam view 16.0 (ToupTek Photonics)
software. Adobe Photoshop 2024 (Adobe Systems, San Jose, CA, USA) was used to adjust
image parameters such as brightness, contrast, and lighting balance.

2.11. Histomorphometric Analysis

Histomorphometric parameters were measured using Fiji ImageJ2 v2.15.0 soft-
ware [69]. The measured parameters for each tissue are listed in Table S1. The selection and
measurement methods for these parameters followed previous studies [70,71] and other
published data [72,73].

2.12. Statistical Analysis

The comparison data for the analyzed variables are presented as means ± SD. Statis-
tical significance between experimental groups or sampling times was determined using
one-way ANOVA with Tukey’s post hoc test or Kruskal–Wallis with Dunn’s post hoc
test, depending on the distribution of data and homogeneity of variance (Shapiro–Wilk
and Levene tests). A p-value < 0.05 was considered statistically significant. The median
lethal concentration (LD50) was calculated graphically using probit analysis [74]. The 95%
confidence intervals (CI) for the obtained LD50 values were also determined. Statistical
data were processed using GraphPad Prism v 9.0 (GraphPad, San Diego, CA, USA) and
RStudio v 3.6.0 (Posit, PBC, Boston, MA, USA) [75], which uses the R v 4.4.3 programming
language (R Core Team, Vienna, Austria, 2025) [76].
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3. Results
3.1. Characterization of the A. salmonicida Isolate

The results of phenotypic and biochemical analysis showed that the isolated strain
is a Gram-negative, non-motile, oxidase- and catalase-positive rod (Figure 2a; Table S2).
On Endo agar, the strain formed small, pink, round, glossy colonies (Figure 2b); on GRM1
medium, it formed cream-colored, round colonies (Figure 2c). Growth was rapid; in
primary and subsequent cultures at 25 ◦C, visible colonies formed within 24 h. The strain
fermented glucose to form acid and gas but did not utilize lactose. The reactions for indole,
H2S, and the Voges-Proskauer test were negative. The isolate was capable of growing in the
temperature range of 13–37 ◦C and in the presence of 0–2% NaCl. Using the disk diffusion
method, the strain showed sensitivity to ciprofloxacin, gentamicin, chloramphenicol, and
azithromycin but was resistant to bacitracin, cefixime, and ceftriaxone (Table S2). When
cultured on blood agar, the isolate’s colonies produced a characteristic brown, water-
soluble pigment and exhibited a pronounced zone of β-hemolysis (observed as a zone of
discoloration) (Figure 2d).

 

Figure 2. Phenotypic and genotypic characteristics of Aeromonas salmonicida SL0n strain:
(a) Microscopy of cells after staining with methylene blue (scale bar 5 µm); (b) colony morphol-
ogy on Endo agar, (c) GRM1, and (d) FBA media; (e) Heatmap visualization of genomic similarity
between A. salmonicida SL0n and various Aeromonas species. The matrix shows pairwise similar-
ity percentages with a color gradient from dark blue (low similarity) to dark red (high similarity),
providing a clear view of genetic relationships. Numeric values indicate the measured similarity
percentages. Square brackets within the dDDH by d4 column represent the corresponding confidence
intervals for each measurement.
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3.2. Genome Characteristics and Taxonomic Analysis

The draft genome assembly of strain SL0n comprised a 4,707,138 bp circular chromo-
some with an average GC content of 58.42%. The assembly has an N50 value of 349,787 bp
with sequencing coverage of 101-fold. Annotation by the NCBI Prokaryotic Genome An-
notation Pipeline (PGAP) analysis identified a total of 4397 genes, including 4289 coding
DNA sequences (CDS), of which 4233 encoded putative protein products.

Taxonomic assessment via the Type Strain Genome Server (TYGS) revealed that strain
SL0n clustered robustly within the Aeromonas salmonicida spp. clade. Genome Blast Distance
Phylogeny (GBDP) using formula d4 did not resolve subspecies boundaries, suggesting the
possibility of a novel subspecies. Digital DNA–DNA hybridisation (dDDH) yielded highest
values with A. salmonicida subsp. masoucida NBRC 13784T (78.3%) and subsp. oncorhynchi A-
9T (78.2%) (Figure 2e). The lowest intraspecies dDDH value was observed with Aeromonas
salmonicida subsp. pectinolytica DSM 12,609 (75.2%). As the species threshold for dDDH is
70%, these data support assignment of SL0n to the A. salmonicida species complex.

Comparative average nucleotide identity (ANI) analysis corroborated this placement
(Table 1). The ANIb values ranged from 96.59% to 97.27%, whilst ANIm values spanned
97.22% to 97.58%. The highest sequence similarities were observed with A. salmonicida
subsp. masoucida (97.27% ANIb; 97.58% ANIm) and A. salmonicida subsp. smithia (97.21%
ANIb; 97.57% ANIm). The top matches were with subsp. masoucida (97.27% ANIb;
97.58% ANIm) and subsp. smithia (97.21% ANIb; 97.57% ANIm). Since ANI values
above 95% denote the same species, these results additionally confirm that SL0n belongs to
A. salmonicida species.

Table 1. Bacterial load of A. salmonicida in the internal organs of injected rainbow trout in a prolonged
experiment.

Parameter 0 DPI 1 DPI 2 DPI 4 DPI 6 DPI

Blood, lg(CFU/mL) 0 1.36 ± 0.07 3.73 ± 0.05 1.49 ± 0.04 0
Liver, lg(CFU/g) 0 3.09 ± 0.04 5.51 ± 0.05 2.66 ± 0.04 1.68 ± 0.11

Muscule, lg(CFU/g) 0 0 4.95 ± 0.07 2.33 ± 0.04 0

No plasmids or transposable elements were detected in the SL0n genome. Prophage
analysis using PHASTER identified two prophage regions (Table S3), one intact and one
questionable. The latter is commonly found in A. salmonicida strains and shows high
identity to Aeromonas phage phiO18P (Myoviridae family). Notably, neither prophage
element harbored virulence-associated or antimicrobial resistance genes.

3.3. Virulence Factors

The virulence determinants present in strain SL0n comprise a broad spectrum of
factors, including genes involved in adherence, secretion systems, toxin production, and im-
mune evasion, as detailed in Table S4 alongside comparisons with several other Aeromonas
species. None of these virulence genes exist within mobile genetic elements in SL0n.

Regarding adherence, the genome contains intact operons encoding several adhesion
systems: Flp type IV pili (flp1-flpL), Tap type IV pili (tapB-tapY1, tppA-tppF), mannose-
sensitive haemagglutinin (Msh) pili (mshA-mshQ), and Type I fimbriae (fimA-fimF). Also,
a complete gene list for polar flagella is present. However, strain SL0n lacks genes for
lateral flagella, a characteristic shared by approximately 60% of Aeromonas species [77].
This characteristic is known to lower, but not completely eliminate, its adherence [78]. In
contrast, the reference strains A. salmonicida subsp. salmonicida A449 and A. salmonicida
subsp. masoucida RFAS1 do encode lateral flagellar genes within their chromosomes.
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The strain possesses a complete type II secretion system (T2SS) and several genes
associated with the type VI secretion system (T6SS). Consistent with its plasmid-free
status, SL0n lacks the type III secretion system (T3SS) commonly found among Aeromonas
species [79].

A diverse set of toxin-encoding genes is present within the genome, including aerolysin
(aerA), multiple haemolysins (ahh1, hlyA, hly-III, TH), and a complete repertoire of RTX
toxins (rtxA–rtxH). The same diverse set of toxins was found in A. salmonicida subsp.
oncorhynchi A-9, A. salmonicida subsp. pectinolytica 34 mel, and reference A. hydrophila
subsp. hydrophila ATCC 7966 strains. Regarding immune evasion genes, strain SL0n
harbors the wecC gene (alone from its operon wecA–G), which participates in enterobacterial
common antigen (ECA) biosynthesis, and genes associated with an Acinetobacter-like
capsule (fdtA–fdtC, rmlA).

3.4. Antimicrobial Resistance Genes

Resistance gene analysis using the Resistance Gene Identifier (RGI) detected 8 antimi-
crobial resistance (AMR) genes in strain SL0n: 1 perfect match and 7 strict matches. These
included OXA-956 (conferring penicillin resistance), adeF (associated with fluoroquinolone
and tetracycline resistance), cph5 (mediating carbapenem resistance), and FOX-18 (respon-
sible for cephalosporin resistance), as detailed in Table S5. Such resistance determinants are
commonly found among Aeromonas strains worldwide.

3.5. LD50 Determination and Clinical Picture of Acute Infection

For A. salmonicida SL0n, the 4-day median lethal dose (LD50) was determined to be
1.63 × 106 CFU/fish (95% CI: 1.18 × 106–2.23 × 106 CFU) (Figure S1a). Doses below
3.2 × 105 CFU did not cause significant fish mortality, while doses above 6.0 × 106 CFU
resulted in 100% mortality among the experimental individuals. The onset of mortality at
high doses was observed within 24 h of the experiment (Figure S1b).

Behavioral changes in fish initially manifested as reduced motor activity and a ten-
dency to remain in the water inflow zone or at the bottom of the tank. In later stages, or
when exposed to high doses of the pathogen, coordination disorders and chaotic swim-
ming developed. Additionally, individuals with severe skin lesions exhibited “flashing,”
characterized by rubbing their bodies against the walls of the tank.

The first signs of disease were observed 18–24 h after injection and manifested as
behavioral abnormalities and skin damage. Clinical examination of the fish at the end of
the acute experiment (96 h) showed distinct clinical signs depending on the dose of A.
salmonicida SL0n. At doses up to 6.5 × 105 CFU/fish, local inflammation was observed
at the injection site, characterized by distinct borders and light coloration (Figure S2a).
At a higher dose (1.5 × 106 CFU/fish), the area of inflammation at the injection site was
more extensive and showed signs of tissue necrosis while maintaining the integrity of the
skin (Figure S2b). When the dose was increased to 3.0 × 106 CFU, extensive ulcerative
lesions were observed on the dorsal part of the body (Figure S2c). Additionally, some
fish showed exophthalmos and hemorrhages on the fins and ventral part of the body. At
6.0 × 106 CFU/fish, the dose that resulted in minimal survival, the fish developed extensive
and pronounced hemorrhagic dermatitis and ulcers (Figure S2d). Some fish showed areas
of tissue loss and exposure of the underlying muscles. In the control group of fish injected
with PBS, no inflammation or damage to the external integument was observed on day 4.

Pathological changes in the abdominal organs included: (1) congestive phenomena,
such as blood congestion in the liver and spleen; (2) the presence of hemorrhagic foci;
(3) the accumulation of serous or hemorrhagic fluid in the abdominal cavity; and (4) gill
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anemia. Samples collected from the muscle tissue at the injection site and the liver of fish
with clinical signs confirmed the presence of A. salmonicida within the organism.

3.6. Clinical Picture in Prolonged Experiment

As part of the prolonged experiment, at 1 DPI, the control and experimental groups
showed no significant pathological abnormalities beyond for edema and pigmentation
changes at the injection site. The condition of the internal organs was normal in both
groups (Figure 3a,b). Nevertheless, biological material was collected for hematological,
biochemical, and histological studies to investigate the initial stages of pathogenesis.

Figure 3. Appearance of rainbow trout at 1–6 DPI injected with A. salmonicida SL0n in a prolonged
experiment: (a) skin lesions (arrowhead) at various periods of the experiment in infected fish;
(b) condition of internal organs in control fish at 0 DPI; (c) condition of internal organs in infected fish
at 2 DPI; and (d) 4 DPI. Abbreviations: Sp—spleen, Li—liver, PI—posterior intestine. Scale bar 2 cm.

On the second day (2 DPI), some individuals in the experimental group showed the
first pathological changes, namely an increase in the area of redness and edema at the injec-
tion site, indicating the initial stage of an inflammatory response. Upon gross examination
of the fish, a significant increase in the size of the liver and spleen was observed; these or-
gans were dark in color (Figure 3c), indicating congestive phenomena. The gastrointestinal
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tract, especially the hindgut, showed focal hemorrhages and inflammatory changes. The
gills appeared dark. No visible abnormalities were observed in the kidneys.

On the fourth day (4 DPI), the injection site was characterized by severe damage
to the skin, manifested by edema and significant inflammation of the underlying tissue
(Figure S4). Autopsy of individuals with obvious clinical signs revealed systemic damage
to the abdominal organs. Marked hepatosplenomegaly was observed, with the liver and
spleen appearing dark in color and containing multiple areas of necrosis and hemorrhage
(Figure 3d). Throughout the intestine, catarrhal or hemorrhagic enteritis was observed,
characterized by hyperemia and thinning of the walls, as well as the presence of bloody
exudate in the lumen. The gills were dark in color and had diffuse hemorrhages. The trunk
kidney was edematous, with isolated petechial hemorrhages (Figure S3).

By the sixth day of the experiment (6 DPI), partial regression of pathological changes
was observed in the remaining individuals. Compared to 4 DPI, both skin lesions and
gastrointestinal inflammation were less pronounced. However, affected skin areas re-
mained edematous, and the spleen and liver tissues were still congested. Renal edema and
severe congestion of the gills persisted. After 6 DPI, no fish deaths were recorded in the
experimental group. By 8–10 DPI, all external clinical signs of the disease had resolved.
Notably, 13.3% (n = 4) of infected individuals remained asymptomatic throughout the
observation period.

3.7. Bacterial Load

To assess the spread of bacteria in the fish’s body, an analysis of the bacterial load in the
internal organs was performed (Table 1). No microorganisms were detected in the tissues of
the control group throughout the experiment. In infected individuals at 1 DPI, A. salmonicida
was detected in the blood (0.02 × 103 CFU/mL) and liver tissue (1.24 × 103 CFU/g). By
2 DPI, the bacterial load reached peak values of 3.24 × 105 CFU/g in liver tissue. By 4 DPI,
the number of bacteria in the tissues studied had decreased. At 6 DPI, A. salmonicida was
detected exclusively in the liver at a concentration of 0.04 × 103 CFU/g.

3.8. Hematological Parameters

A study of hematological parameters in infected fish revealed notable changes. The
erythrocyte count decreased significantly (p < 0.05) compared to the control group, starting
at 1 DPI (1.37 × 106 cells/µL) and reaching a minimum at 4 DPI (1.19 × 106 cells/µL)
(Figure 4a). Concurrently, the immature erythrocyte initially decreased slightly at 1 DPI
and then gradually increased (Figure 4c). The level of immature erythrocytes at 6 DPI
differed significantly from both the corresponding control group and the experimental fish
at other time points (p < 0.01). The white blood cell count significantly increased (p < 0.01)
in the experimental group as early as 2 DPI, with the highest level observed at 4 DPI,
reaching 2.59 × 104 cells/µL (Figure 4b). Examination of blood smears from experimental
fish on days 2 and 4 post-infection revealed numerous cell fragments (cell ghosts) among
the erythrocytes. These fragments were basophilic and irregularly shaped, indicating
they formed via hemolysis (Figure 4n). The list of abbreviations for hematological and
histological parameters is provided in Table S12.
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Figure 4. The figure illustrates hematological parameters of rainbow trout from control and infected
groups, along with images of specific blood cell types and overall blood pictures at different time
points. Panels (a–f) display hematological parameters. Representative images of blood cells include:
(g) lymphocyte, (h) immature erythrocyte, (i) rod-shaped neutrophil, (j) segmented neutrophil,
(k) monocyte, (l) basophil, and (m) thrombocyte. Panels (n) and (o) show the overall blood picture
at 4 DPI and 6 DPI, respectively. Abbreviations: CD—cell debris; IEr—immature erythrocyte;
RNe—rod-shaped neutrophil; SNe—segmented neutrophil. Scale bars are 5 µm for panels (g–m) and
10 µm for panels (n,o). Note: Superscript letters (a, b, c, d) denote statistical significance (p < 0.05
or p < 0.01) within a group across different time points. Asterisks (*) indicate statistical significance
between the control (CTR) and experimental (AS) groups at a given time point. The exact p-values
are provided in Supplementary Table S7.

The neutrophil count exhibited increased linearly, significantly exceeding values
in the control group as early as 1 DPI (Figure 4d). The highest neutrophil count was
observed at 6 DPI, significantly exceeding (p < 0.01) both the control group and other
experimental time points. At 6 DPI, blood smears from infected fish contained up to
5–8 neutrophils per field of view (Figure 4o). Concurrently, the count of rod-shaped forms
exceeded segmented forms only at 1 DPI (RNe:SNe = 13.11:5.83%), whereas at 6 DPI,
segmented forms were significantly more frequent (RNe:SNe = 14.55:32.05%) (Table S6).
Experimental fish exhibited a significant increase in monocyte levels, peaking at 2 DPI
(8.87%). Subsequently, their percentage decreased at 4 and 6 DPI, yet it remained higher
than in the control group, which also displayed a transient, significant increase in monocytes
at 2 DPI (p < 0.05) (Figure 4e). The basophil level in the experimental group showed a
similar pattern: a marked increase at 1 and 2 DPI, followed by a decrease at 4 and 6 DPI
(Figure 4f). These changes were statistically significant compared to the control group at all
specified points (p < 0.01). Thrombocyte levels decreased significantly in the experimental
group at 1 DPI (to 0.66%), followed by recovery by 4 and 6 DPI (Table S6).

3.9. Blood Biochemistry

Most biochemical parameters in the blood of infected rainbow trout changed over
the course of the experiment. Total bilirubin concentration in infected individuals was
significantly lower (p < 0.01) than in the control group from 1 to 4 DPI, subsequently
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recovering to control values by 6 DPI (Figure 5a). Notably, the control group also showed
a significant decrease (p < 0.05) in total bilirubin by 6 DPI compared to 4 DPI (Figure 5a).
No significant differences in total protein content were observed between the control and
infected groups at any time point (Figure 5b). However, within the infected group, the total
protein level peaked at 41.08 g/L on 2 DPI, a value significantly (p < 0.01) higher than levels
at 4 and 6 DPI. The dynamics of albumin and globulin fraction concentrations were similar
(Table S8); however, significant differences (p < 0.01) were found in globulin concentrations
between the control and infected groups at 4 and 6 DPI (Figure 5c).

Figure 5. Biochemical parameters of rainbow trout blood serum in the control and infected groups at
various time points (a–i). Note: Superscript letters (a, b, c, d) denote statistical significance (p < 0.05
or p < 0.01) within a group across different time points. Asterisks (*) indicate statistical significance
between the control (CTR) and experimental (AS) groups at a given time point. The exact p-values
are provided in Supplementary Table S7.

At 1 DPI, blood glucose in infected fish dropped significantly (p < 0.05), a level
lower than both the control group at that time and the infected group at later time points
(Figure 5d). Glucose concentration in the infected group peaked at 4 DPI, but this level
was not significantly different from the control group. Urea concentration also showed
a significant decrease at 1 DPI (Table S8), after which it recovered to control values by
2–6 DPI. Creatinine concentration in the infected group differed significantly (p < 0.05 and
p < 0.01) from control values at all time points, peaking sharply at 4 DPI (39.35 µmol/L)
before decreasing at 6 DPI (29.98 µmol/L) (Figure 5e).
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The activity of aminotransferases (AST and ALT) significantly increased (p < 0.01) at
4 and 6 DPI, markedly exceeding levels both the control group and the infected group at
earlier time points (Figure 5f,g). Alkaline phosphatase (ALP) and lactate dehydrogenase
(LDH) activity significantly decreased (p < 0.01) in infected individuals at 1 and 2 DPI
(Figure 5h,i). This decrease was significant compared to the control group at the corre-
sponding time points. For ALP, this low activity persisted until 4 DPI. LDH activity then
increased significantly at 4 DPI (p < 0.05), exceeding the control value.

3.10. Histology of Muscle Tissue at the Injection Site

Histological sections of rainbow trout muscle tissue prior to infection (0 DPI)
clearly showed individual myocytes organized into myomers and separated by myosepta
(Figure 6a). Small elongated nuclei were visible within the myocytes (Figure 6b).

 

Figure 6. Histological sections of the dorsal musculature of rainbow trout before (a,b) 0 DPI and
after infection: (c,d) 1 DPI, (e,f) 2 DPI, (g–i) 4 DPI, and (j–l) 6 DPI. Abbreviations: MS—myoseptum,
Mm—myomer, MN—myomer nucleus, MD—myomer degradation, He—hemorrhage, Ly—lymphocyte,
Ne—necrosis, In—infiltration, RF—reticular fiber, Fb—fibrosis. H & E staining (a–h,j,k) and MT
staining (i,l), scale bar 100 (a,e,g,j), 25 (b–d,f,h,i,k,l) and 10 µm.
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One day after infection (1 DPI), foci of hemorrhage and edema, along with pronounced
degradation of individual muscle fibers, were present at the injection site and in the
surrounding area (Figure 6c). However, at this time, no signs of immune cell infiltration
were evident (Figure 6d). In the control group injected with PBS, similar structural changes
in muscle tissue were observed (Figure S5a). By 2 DPI, the area of muscle tissue damage
had increased (Figure 6e). Disruption of myocyte structure included the condensation of
myofibrils and their separation from the sarcolemma. Additionally, in the myoseptum area,
near the affected regions, the presence of individual immunocompetent cells, primarily
lymphocytes, was noted (Figure 6f).

At 4 DPI, lesions similar to those observed at 2 DPI were present in the muscle tissue
near the injection site. Furthermore, necrotic areas were identified surrounding regions
of tissue exhibiting marked myocyte atrophy and immune cell infiltration (Figure 6g,h).
These areas were often located adjacent to intact tissue. These necrotic areas lacked muscle
fibers and contained a network of collagen matrix (Figure 6i). The control group at 4 DPI
showed no pronounced regressive changes; however, areas of muscle tissue contained a
significant amount of collagen fibers and blood cells (Figure S5b)

By 6 DPI, regression of lesions was observed. Areas of damaged muscle fibers were
replaced by connective tissue (fibrosis) characterized by a high content of reticular fibers,
among which various blood cell elements were located (Figure 6j–l). There were no
significant foci of hemorrhage or infiltration of muscle tissue in the studied individuals at
this time point.

3.11. Histology of the Hindgut

The distal intestine was selected for histopathological examination due to macroscopic
pathological changes detected there during both the acute and prolonged phases of the
experiment. The normal histological structure of the posterior intestine comprised: a folded
mucous layer; lamina propria, consisting of connective tissue with vascular inclusions
and individual immunocompetent cells; a submucosa of compact and granular layers;
and a muscularis with two layers of smooth muscle—the inner longitudinal and outer
transverse (Figure 7a). The epithelium of the mucosa consisted of columnar epithelial cells
with pronounced apical vacuolization (supranuclear vacuoles) and goblet cells (Figure 7b).

At 1 DPI, no significant morphological abnormalities showed in intestinal tissues.
However, morphometric analysis revealed a significant decrease in the area of epithelial
cell nuclei, an increase in the number of intraepithelial lymphocytes, and a thickening of
the muscle layer compared to the control group (Figure 7c; Figure 8b,e,f; Table S9). In
addition, a statistically significant decrease (p < 0.01) in the average area of goblet cells to
105.8 µm2 was observed in the experimental group, whereas this value in the control group
was 157.9 µm2 (Figure 8e).

By 2 DPI, some areas of the longitudinal muscle layer showed marked edema, evi-
denced by a decrease in tissue chromophilia and structural integrity (Figure 7e). Addition-
ally, changes were detected in the mucous membrane, manifested as a significant increase
(p < 0.01) in the number of intraepithelial leukocytes (Figure 7d) and a decrease in the
thickness of the muscular layer. The hindgut tissues of control fish showed no significant
morphological abnormalities throughout the experimental period.
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Figure 7. Histological sections of the posterior intestine of rainbow trout before (a,b) 0 DPI and after
infection: (c) 1 DPI, (d,e) 2 DPI, (f–i) 4 DPI, and (j–l) 6 DPI. Abbreviations: LP—lamina propria,
SM—submucosa, Mu—muscularis, GC—goblet cell, EN—epithelial cell nucleus, SV—supranuclear
vacuoles, IEL—intraepithelial lymphocytes, LM—longitudinal muscle layer, CM—circular muscle
layer, SG—stratum granulosum, SC—stratum compactum, MN—myocyte nucleus, IF—inflammation
focus, He—hemorrhage, Ne—necrosis, RC—reticular fiber, Er—erythrocyte, Ly—lymphocytes,
CD—cell debris, De—desquamation, PN—pyknotic nuclei. H & E staining (a,c,d,f–j,l) and PAS
staining (b,e,k), scale bar 100 (a,f,j), 25 (b–e,g–i,k,l) and 10 µm.
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Figure 8. Histomorphometric parameters of tissue elements in the posterior intestine of rainbow
trout in the control and infected groups (a–f). Note: Superscript letters (a, b, c) denote statistical
significance (p < 0.05 or p < 0.01) within a group across different time points. Asterisks (*) indicate
statistical significance between the control (CTR) and experimental (AS) groups at a given time point.
The exact p-values are provided in Supplementary Table S7.

At 4 DPI, the most pronounced histopathological changes exhibited in the intestines
of experimental fish. Extensive hemorrhages and foci of necrosis of the mucosal epithelium
appeared throughout the examined sections (Figure 7f). In the lamina propria of the
mucous membrane, capillary dilatation and hyperemia were observed, accompanied by
reticular tissue hypertrophy (Figure 7g). During this period, the thickness of the lamina
propria in the infected group reached its maximum value for the entire observation period
(23.9 µm; p < 0.01) (Figure 8d). Large clusters of immunocompetent cells were present
near the submucosa (Figure 7h), and the number of intraepithelial lymphocytes was
11.03 cells/100 µm, significantly exceeding (p < 0.01) the control group values (Figure 8e).
In areas of mucosal necrosis, desquamation of epithelial cells with pyknotic nuclei and
abundant cell debris in the intestinal lumen were observed (Figure 7i). Morphometric
measurements confirmed these observations, showing that at 4 DPI, the height and area of
the epithelial nucleus were the smallest (p < 0.01) of the entire experiment in the infected
group (Figure 8a,b).

At the end of the experiment (6 DPI), areas of necrosis and desquamation of the
mucosal epithelium persisted in the intestinal tissues of infected fish, but their prevalence
was significantly lower (Figure 7j). No major hemorrhages or clusters of immunocompetent
cells were detected. Additionally, the area of goblet cells and the number of intraepithelial
lymphocytes decreased significantly (p < 0.05 and p < 0.01, respectively). In the muscle
layer, histological abnormalities similar to those at 2 DPI were present, notably, myocyte
edema (Figure 7i). Morphometric data revealed that the muscle layer in the infected group
was significantly thinner (p < 0.01) than in the control (Figure 8f).

3.12. Liver Histology

The histology of rainbow trout liver tissue at the start of the experiment (0 DPI) was
normal for this species of fish. Hepatocytes with dense cytoplasm and round basophilic
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nuclei were organized into anastomotic cords separated by sinusoidal capillaries (Figure 9a).
The liver tissue also contained blood vessels and bile ducts (Figure 9b).

 

Figure 9. Histological sections of rainbow trout liver before infection (a,b) 0 DPI and after infec-
tion: (c,d) 1 DPI, (e,f) 2 DPI, (g–i) 4 DPI (j,k) and 6 DPI. Abbreviations: HN—hepatocyte nucleus,
Si—sinusoidal capillary, BV—blood vessel, BD—bile duct, Va—vacuolization, BC—blood stasis,
PN—pyknotic nucleus, Oe—edema, NH—necrotic hepatocyte. H & E staining, scale bar 100 (b),
25 (a,c–k) and 10 µm.

At 1 DPI, the livers of infected fish showed multifocal dilatation of sinusoidal capil-
laries (Figure 9c). Morphometric analysis confirmed that their average width significantly
(p < 0.01) exceeded the control values (Figure 10d; Table S10). Some sections showed focal
vacuolization of hepatocytes, which contained vacuoles of variable size with irregular
borders (Figure 9d). During the same period, the area of hepatocyte nuclei decreased
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significantly (33.2 µm2; p < 0.01), while cell density increased (18.7 cells/100 µm2; p < 0.01)
compared to the control (Figure 10a,e).

Figure 10. Histomorphometric parameters of liver tissue elements in rainbow trout in the control
and infected groups (a–e). Note: Superscript letters (a, b, c, d) denote statistical significance (p < 0.05
or p < 0.01) within a group across different time points. Asterisks (*) indicate statistical significance
between the control (CTR) and experimental (AS) groups at a given time point. The exact p-values
are provided in Supplementary Table S7.

By 2 DPI, the dilation of sinusoidal capillaries had become diffuse; their lumen was
enlarged and filled with erythrocytes (Figure 9e). Additionally, foci of necrosis were evident,
with hepatocytes exhibiting pyknotic nuclei and indistinct cell boundaries (Figure 9f).
Simultaneously, the area of hepatocytes at 2 DPI significantly (p < 0.05) increased compared
to both the control and 1 DPI experimental groups (Figure 10b).

At 4 DPI, histopathological changes in the liver of infected fish reached their maximum
severity. In all samples, foci of edema and vacuolization of hepatocytes were recorded
(Figure 9g). These foci were characterized by expanded intercellular spaces and hepatocytes
exhibiting moderate nuclear pleomorphism and rounded cytoplasmic vacuoles. Necrotic
changes became more widespread compared to 2 DPI and presented as two morphological
types. The first type consisted of small foci with blurred boundaries, containing hepatocytes
with signs of pyknosis and karyorrhexis, and abundant cellular debris (Figure 9h). The
second type included large foci of necrosis with morphological signs of apoptosis, such as
cytoplasmic condensation and nuclear pyknosis, in the absence of pronounced leukocyte
infiltration (Figure 9i). Morphometric analysis showed a statistically significant (p < 0.01)
decrease in the area of the nucleus and cytoplasm of hepatocytes (Figure 10a,b), and
an increase in the lumen of sinusoids and cell density compared to the control group
(Figure 10d,e).

By 6 DPI, the overall intensity of pathological changes had decreased. Nevertheless,
congestive phenomena persisted in the liver including erythrocyte stasis in sinusoidal
capillaries (Figure 9j) and extensive areas of hepatocyte necrosis without signs of infiltration
(Figure 9k). Several morphometric parameters remained unchanged from 4 DPI levels,
maintaining statistically significant differences from the control (Figure 10).

3.13. Histology of the Trunk Kidney

At 0 DPI (before the experiment), the following morphofunctional elements were
clearly distinguishable in the trunk kidney tissue: the renal corpuscle (glomerulus) located
in Bowman’s capsule; the proximal and distal sections of the nephron, differing in the thick-
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ness of the cuboidal epithelium and the development of the brush border; hematopoietic
tissue and blood vessels; and collecting ducts with an enlarged basal membrane of the
epithelium (Figure 11a,b).

 

Figure 11. Histological sections of the trunk kidney of rainbow trout before (a,b) 0 DPI and af-
ter infection: (c) 1 DPI, (d–f) 2 DPI, (g–j) 4 DPI and (k,l) 6 DPI. Abbreviations: BV—blood ves-
sel, CD—collecting duct, HT—hematopoietic tissue, DT—distal renal tubule, PT—proximal renal
tubule, GL—glomerulus, BS—Bowman’s space, PE—parietal epithelium, GA—glomerular arteriole,
NNT—neonephrogenic tubules, Ma-l—macrophage-like cell, IF—inflammation, Oe—edema,
BM—basement membrane, Ly—lymphocyte, Va—vacuolization. H & E staining (a–c,e,g,j–l) and PAS
staining (d,f,h,i), scale bar 100 (a), 25 (b–l) and 10 µm.

On the first day (1 DPI), infected fish showed small foci of inflammation in the
hematopoietic tissue, characterized by the presence of cells with large nuclei and am-
phiphilic cytoplasm (Figure 11c). In addition, some glomeruli showed structural disruption,
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evidenced by a decrease in the area of Bowman’s space and hypercellularity of the glomeru-
lus. Morphometric measurements of kidney tissue elements did not reveal statistically
significant differences from the control (Table S11). The group of fish injected with PBS did
not show any pathological abnormalities in the kidney throughout the entire experiment.

On the second day (2 DPI), the severity of morphological abnormalities in the infected
fish was significantly higher. Most glomeruli showed signs of hypercellularity, likely
associated with mesangial cell proliferation. Additionally, the parietal epithelium was
significantly hypertrophied (Figure 11d). A large number of neonephrogenic tubules with
pronounced basophilic staining and a narrow lumen were observed throughout the section
(Figure 11e). The prevalence and severity of inflammatory foci were higher than on 1 DPI.
Cells with large irregular nuclei and PAS-positive cytoplasm (macrophage-like cells) were
also found in these areas (Figure 11f). Measurements of tissue elements showed a significant
increase (p < 0.01) in the area of the corpuscle, glomerulus, and Bowman’s space compared
to the control (Figure 12a–c). However, no significant morphological changes in the renal
tubules were detected.

Figure 12. Histomorphometric parameters of tissue elements of the trunk kidney of rainbow trout in
the control and infected groups (a–e). Note: Superscript letters (a, b, c) denote statistical significance
(p < 0.05 or p < 0.01) within a group across different time points. Asterisks (*) indicate statistical
significance between the control (CTR) and experimental (AS) groups at a given time point. The exact
p-values are provided in Supplementary Table S7.

At 4 DPI, kidney tissue from infected fish exhibited pronounced edema, characterized
by cell-free areas containing a small number of cellular elements and cell debris (Figure 11g).
Glomerular abnormalities were similar to those at 2 DPI and included hypertrophy of the
parietal epithelium and glomerular hypercellularity. Additionally, renal corpuscles with
severely disrupted morphology were observed in the tissue, exhibiting a significantly
enlarged parietal epithelium infiltrated by scattered leukocytes and deformed capillary
loops (Figure 11i). Morphometric analysis showed a significantly larger (p < 0.01) area of
the glomerulus and corpuscle in the experimental group compared to the control and to
the injected group at 1 and 6 DPI (Figure 12a,b). In addition, the distal tubule epithelium
became significantly thicker (p < 0.05), while the proximal tubule epithelium became thinner
(Figure 12d,e).

At 6 DPI, the kidney tissue of the experimental group showed decreased edema sever-
ity, while glomerular structural damage persisted and was morphologically similar to that
observed at 2 and 4 DPI (Figure 11j,k). The epithelium of some proximal tubules showed
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signs of atrophy and vacuolization. The rounded vacuoles, varied in size, were eosinophilic,
which may indicate hyaline degeneration (Figure 11j,l). The cuboidal epithelium of both
the proximal and distal tubules was significantly thinner (p < 0.05) compared to the control
(Figure 12d,e). These values reached their minimum at 6 DPI and were significantly lower
(p < 0.01) than at other time points.

3.14. Histology of the Spleen

In the spleen of fish at 0 DPI, differentiation of the parenchyma into red and white
pulp was indistinct. The stroma of the organ consisted of a connective tissue capsule with
individual trabeculae extending from it, transitioning into a network of reticular tissue
(Figure 13a,c). Large blood vessels, ellipsoids, capillaries containing erythrocytes, and small
melanomacrophage centers with characteristic yellow pigmentation were present in the
parenchyma (Figure 13b).

 

Figure 13. Histological sections of rainbow trout spleen before at (a–c) 0 DPI and after infection:
1 (d) DPI, (e–f) 2 DPI, (g–j) 4 DPI, and (k–m) 6 DPI. Abbreviations: BV—blood vessel, RP—red
pulp, WP—white pulp, MMC—melanomacrophage centers, Tr—trabecula, SC—spleen capsule,
El—ellipsoid, RC—reticular cell, RF—reticular fiber, BC—blood stasis, REC—reticuloendothelial cell,
He—hemorrhages, Ma-l—macrophage-like cell, AB—apathetic bodies. H&E staining (a,b,d,e,g,i,k),
PAS staining (f,h,m), and MT staining (c,j,i); scale bar 100 (a,d,g), 25 (b,e,f,h–m), and 10 µm.
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On day 1 post-infection, signs of hyperemia were observed in the spleen: the red pulp
sinuses were dilated and filled with erythrocytes. Concurrently, atrophy of discrete areas of
white pulp was observed (Figure 13d). No necrotic changes or significant abnormalities
in the white pulp tissue were detected. No significant morphological abnormalities were
found in control fish at 1 DPI.

At 2 DPI, capillary dilation and hyperemia persisted at the same level. In addition, hy-
pertrophy of the reticular endothelial cells of the spleen ellipsoids was observed (Figure 13e).
These cells were characterized by moderately basophilic and PAS-positive cytoplasm, as
well as oval or bean-shaped nuclei (Figure 13f).

At 4 DPI, the most prominent pathological changes were observed in the spleen of
infected fish. Extensive hemorrhages with foci of necrosis containing abundant cellular
debris were present throughout the section (Figure 13g). Large cells with areas of PAS-
positive cytoplasm, morphologically similar to macrophages, were also found in the necrotic
areas (Figure 13h). The structure of the ellipsoids was significantly altered. Key changes
included marked hypertrophy of most reticular endothelial cells, deformation of their
nuclei, increased reticular fiber density, and significant enlargement of the ellipsoid lumen
(Figure 13i,j).

At 6 DPI, the severity of hemorrhagic manifestations and capillary hyperemia de-
creased significantly. Multiple rounded, homogeneous eosinophilic inclusions, identified as
apoptotic bodies/cells, were present throughout the organ (Figure 13k,l). Hypertrophy of
reticular endothelial cells of ellipsoids was less pronounced compared to 4 DPI (Figure 13k).
In addition, some areas of the tissue contained connective tissue nodules consisting of
reticular fibers (Figure 13m).

4. Discussion
4.1. Strain A. salmonicida SL0n

The morphological, physiological, and biochemical properties of the studied A. salmoni-
cida SL0n strain generally align with the species description in Bergey’s Manual [46].
Consistent with previous reports for this species, the isolate is non-motile, catalase- and
oxidase-positive, and ferments glucose to produce acid and gas [18,80]. Its ability to grow
in a medium containing up to 2% NaCl is also typical [37,81]. While the lack of motil-
ity was previously considered a distinctive feature of A. salmonicida, recent studies have
demonstrated the existence of motile and highly virulent strains of this species [8,82]. An
atypical characteristic of the described strain is its ability to grow at 37 ◦C [80]. Although
mesophilic A. salmonicida isolates were not previously considered pathogenic, this view has
been challenged. For instance, strains AB001 [8] and SRW-OG1 [81], which were isolated
from diseased fish exhibiting typical signs of bacterial infection, were also able to grow at
high temperatures.

The studied A. salmonicida SL0n isolate demonstrated resistance to several antimicro-
bial drugs. Its resistance to bacitracin is typical for Gram-negative bacteria and has been
previously reported [81]. Resistance to penicillins in many Aeromonas isolates is attributed
to the production of chromosomal β-lactamases, as has been previously documented [83].
Furthermore, the strain exhibited resistance to cephalosporins (cefixime and ceftriaxone),
which aligns with data from Bakiyev et al. [8], although other Aeromonas strains remain
sensitive to these antibiotics [84]. Notably, this strain displayed sensitivity to ciprofloxacin
and gentamicin, a finding corroborated by other authors [8,81,85], suggesting the effective-
ness of aminoglycosides and fluoroquinolones against A. salmonicida. The intermediate
or low inhibition zones observed for chloramphenicol and azithromycin may indicate an
initial stage of developing resistance to these drugs.
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Whole-genome taxonomic assessment indicates that the A. salmonicida SL0n strain
represents a new species within the Aeromonas genus. Its dDDH values (75.0–78.3%) and
ANI metrics (96.99–97.59%) further imply that SL0n is a novel subspecies, although the
value and necessity of subspecies delineation remain under discussion within the commu-
nity [86–88]. Although plasmids and transposons rank among the most impacting mobile
genetic elements in Aeromonas, SL0n lacks both [89]. Nevertheless, it possesses a variety of
antimicrobial-resistance and virulence-associated genes, displaying a moderate pathogenic
potential. Several of these resistance determinants target antibiotics frequently employed
in Russian and global aquaculture, underscoring the strain’s potential significance for fish
health. The role of these virulence factors in infection dynamics is considered further below.
Finally, SL0n harbors two prophages, one of which is intact. This intact prophage could
potentially be induced and explored as a therapeutic agent against this strain [90].

The phenotypic characteristics identified in strain SL0n may be related to its adaptation
to the specific environmental conditions of aquaculture (RAS). This finding aligns with the
previously described phenotypic diversity of A. salmonicida isolates from different regions
of the world [18].

4.2. Acute Experiment and Virulence of Strain A. salmonicida SL0n

Determination of the median lethal dose (LD50) is a standard method for assessing the
virulence of pathogenic microbial isolates. A. salmonicida is characterized by a wide range of
values for this indicator. Thus, Daly et al. [40] found that the LD50 for brook trout (Salvelinus
fontinalis) when administered intraperitoneally was <10 CFU/individual. According to
Izumikawa et al. [91], for dark rockfish (Sebastes melanops) via intramuscular infection,
the LD50 was 1.1 CFU/fish. Strains with such low LD50 values are considered highly
virulent. Conversely, for other isolates, the LD50 can reach significantly higher values.
For example, for strain RFAS-1 in dark rockfish, this indicator was 1.5 × 106.4 CFU/fish
for intramuscular and 1.5 × 105.3 CFU/fish for intraperitoneal administration [37]. LD50

values also vary depending on the host species: for golden crucian carp (Carassius carassius),
LD50/7d was 2.06 × 107 CFU/fish [61], and for common carp (Cyprinus carpio), LD50/4d
was 1.5 × 107 CFU/fish [62]. For comparison, according to Mittal et al. [92], A. hydrophila
strains with an LD50 value around 105 CFU are considered virulent.

In this study, the LD50 value for strain SL0n was 1.63 × 106 CFU/fish. It is known that
this indicator varies significantly among representatives of the genus Aeromonas (A. veroni,
A. hydrophila, A. salmonicida, etc.) [38,39]. The lethality caused by the pathogen depends
on its virulence factors, the host fish species, and the route of inoculation [37,38,62]. Thus,
strain virulence assessment should be based on a comprehensive analysis including the
pathological changes it causes, its LD50, and its virulence factor profile.

The pathological changes observed during the induction of acute infection with high
doses of the SL0n strain (>6.0 × 106 CFU/fish) were predominantly systemic and gen-
eralized, typical of septicemia. Muscle tissue damage, manifested by extensive necrosis
and observed at maximum inoculum doses, indicates the expression of toxins (aerolysin,
hemolysin, enterotoxin) and an active secretory system (T2SS) in the studied strain [93].
The presence of skin lesions confirms the strain’s ability to successfully replicate in muscle
tissue, leading to acute inflammation and necrosis. This dissemination leads to disruption
of skin integrity and the formation of characteristic ulcers [32]. The identified pathological
changes are consistent with previously described data in the literature and are typical of
virulent strains of A. salmonicida and other Aeromonas species [10,29,94]. Administration of
doses close to the LD50 induced the development of an acute form of the disease; however,
some individuals exhibited no clinical signs. These observations are consistent with data
indicating that infected individuals do not always exhibit clinical signs of furunculosis [34].
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Based on these findings, we classify strain SL0n as moderately virulent. Although it
causes pathological disorders characteristic of A. salmonicida infection, it lacks the full com-
plement of virulence factors (e.g., T3SS, GCAT, A-layer) common to typical A. salmonicida
ssp. salmonicida strains [25]. This moderate virulence was advantageous for our study, as it
permitted a detailed examination of pathogenesis. Such an analysis would be unfeasible
with highly virulent strains, which typically either cause acute mortality within 24–48 h or
establish a chronic infection [34].

4.3. First Stage of Pathogenesis (1–2 DPI)

In a prolonged experiment using a dose of 75% of the LD50, clinical signs and patho-
logical changes were minimal during the first two days post-infection (1–2 DPI). However,
the organism’s initial response manifested as changes in blood cell composition and blood
biochemical parameters. Specifically, a significant increase in the number of neutrophils,
monocytes, and basophils indicates the development of a nonspecific immune response
aimed at eliminating the pathogen [95], which is typical for infectious diseases [96–98].
An increase in the level of band neutrophils serves as an indicator of the initial phase of
the body’s response to an infectious agent. This is because these cells have limited func-
tionality [99]; their subsequent differentiation into segmented forms provides a functional
reserve for immune defense. Notably, as early as 1 DPI, a significant increase in the total
number of leukocytes was observed, indicating absolute leukocytosis.

Bacterial load measurements confirmed a systemic infection, with levels peaking in
the blood, liver, and muscle tissue at 2 DPI. This pattern of internal organ colonization is
typical for bacteria of the genus Aeromonas [14,100] and suggests the likely overcome bodily
barriers to reach the systemic bloodstream and subsequently colonize target organs. The
presence of genes encoding polar flagella and type I pili in SL0n confirms the strain’s ability
to penetrate mucosal barriers and attach to cells. Organ invasion is usually accompanied
by damage resulting from the pathogen’s cytotoxic action.

At this stage of pathogenesis, biochemical parameters showed a marked decrease in
the concentrations of total bilirubin and glucose, as well as in the activity of ALP and LDH.
The decrease in glucose concentration is likely associated with an altered basal metabolism
used to overcome disease-induced stress [44]. The immune response to pathogen invasion
is energy-intensive, which leads to increased glucose utilization. A similar phenomenon
was previously observed in pacu (Piaractus mesopotamicus) infected with A. hydrophila [101].
Conversely, a significant increase in the concentration of this substrate was observed at
1 DPI in Nile tilapia (Oreochromis niloticus) [102]. This suggests that the dynamics of
glucose concentration during infection depend on many factors, the most significant likely
being the physiological status of the fish. Hypobilirubinemia, most pronounced at 1 DPI,
is presumably due to impaired erythrocyte hemolysis and/or bilirubin transport in the
spleen [103]. The splenic hyperemia detected during histological examination confirms this
hypothesis. Similar biochemical changes were previously described by Řehulka [104] in
rainbow trout during the natural course of ulcerative dermatitis caused by Aeromonas.

ALP plays a key role in calcification and lipid transport in the intestine [105]. A sharp
decrease in its blood activity at 1–2 DPI may indicate suppression of the liver’s synthetic
function. However, no significant damage to hepatocytes was observed at the cellular level
at 1 and 2 DPI. This suggests that the decrease in ALP activity may be a consequence of
damage to erythrocyte membranes and their hemolysis, leading to the release of significant
amounts of Mg2+, which is known to inhibit this enzyme [106].

The observed decrease in LDH activity, a key enzyme in the anaerobic metabolic path-
way [103], is also likely related to the destruction of red blood cells and the development
of hypoxia. In particular, a decrease in LDH activity was demonstrated in Amur goby
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(Rhynchocypris lagowskii) and Rhinelepis strigosa under induced hypoxia [107,108]. This study
also revealed a significant decrease in the red blood cell count and abundant cell debris
in blood smears, indicating, indicating hemolysis and concomitant hypoxia. Typically, an
increase in the activity of these enzymes is associated with extensive damage to internal
organs, in particular, muscle tissue [109]. For example, Mbokane et al. [98] described an
increase in ALP and LDH activity in Mozambican tilapia (Oreochromis mossambicus) at 1 DPI
after infection with A. hydrophila. Thus, the decrease in enzyme activity observed in this
study may represent a specific stress response to the systemic spread of an infectious agent
with pronounced hemolytic activity.

Histopathological changes in the examined organs were mainly characterized by
the development of congestive phenomena and microcirculation disorders, including
capillary dilation and vascular stasis. Degenerative changes detected in the liver (foci of
hepatocyte necrosis) and kidneys (glomerular hypercellularity, foci of inflammation of the
hematopoietic tissue) indicate tissue damage caused by the cytotoxic action of bacterial
toxins and other extracellular products, including hemolysin, aerolysin, and enterotoxin,
which are characteristic products of A. salmonicida Sl0n and other representatives of the
genus Aeromonas [110–112]. Primary disorders in muscle tissue (myomer degradation)
are probably more related to the mechanical effect of the injection, as they were also
observed in control individuals. Similar histopathological changes in various organs have
been described in studies of the pathogenesis of bacterial diseases caused by pathogenic
Aeromonas spp. between 1 and 3 DPI [14,62,84,102,113].

The most significant changes during this period were observed in the spleen tissues,
confirming its role as the primary target organ [14,114]. The increase in the size of reticuloen-
dothelial cells is likely associated with the accumulation of a significant amount of antigens
in the lumen of the sinusoids. In particular, Coscelli et al. [33] used immunohistochemical
methods to demonstrate that infection of turbot (Scophthalmus maximus) with A. salmonicida
causes antigen accumulation near the ellipsoids. Ellipsoids, being the terminal branches of
the splenic arterioles, filter blood plasma, retaining immune complexes [115]. The invasion
of the pathogen into the bloodstream led to an increase in the filtration activity of ellipsoid
macrophages, leading to their increased size. PAS staining showed that foreign bodies lo-
calized in the cytoplasm of macrophages and the reticular network stained positive, which
was previously noted by Espenes et al. [116]. Similar structural abnormalities of ellipsoids
were found in channel catfish (Ictalurus punctatus) infected with A. hydrophila [113].

4.4. Second Stage of Pathogenesis (4 DPI)

The most pronounced clinical manifestations and pathological changes in the ex-
amined organs were observed at 4 DPI. The clinical signs of the disease at this stage of
pathogenesis were similar to those in the acute phase, demonstrating a typical picture of
septicemia [14,116,117], characterized by marked inflammation of the internal organs and
swelling at the injection site. However, the bacterial load in the organs was significantly
lower than at 2 DPI. Such dynamics are characteristic of moderately virulent or avirulent
strains that are incapable of long-term host persistence [14,36].

Hematological analysis on day 4 revealed a robust immune response. The leukocyte
count at 4 DPI was characterized by a predominance of neutrophils and a significant
decrease in the number of monocytes and basophils compared to 2 DPI, although their
levels remained above control values. Neutrophils play a key role in the immune response
to various infectious agents due to their ability to phagocytose cells and foreign particles,
as well as produce superoxide anions and bactericidal substances [118]. Neutrophilia
combined with leukocytosis is a typical response of the host to the systemic spread of
a pathogen and is a well-documented response in the literature [101,119]. The observed
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decrease in the relative number of monocytes and basophils at 4 DPI may indicate a
transition from the acute phase of the inflammatory response to pathogen invasion to a
more stable stage, typified by inflammation within target organs [120]. This is consistent
with the histological examination, which revealed a marked inflammatory reaction in
muscle and posterior intestine tissue, characterized by significant leukocyte infiltration.

A significant decrease in red blood cell count was also observed, accompanied by an
increase in immature cell forms. One of the key factors of A. salmonicida virulence is its
ability to produce hemolysins and aerolysins, which induce the destruction of host red
blood cells [37,121], leading to a decrease in the oxygen-carrying capacity of the blood
and the development of anemia. The hemolytic activity of the studied strain is confirmed
by its cultivation on blood agar, the deposition of hemosiderin in hematopoietic organs
and the liver, and the detection of significant cell debris characteristic of hemolyzed ery-
throcytes in peripheral blood smears. Furthermore, the detection of the ahh1, hlyA, and
ast genes encoding hemolysins in the studied strain directly corroborates these findings.
The previously observed (1–2 DPI) decrease in ALP activity persisted at 4 DPI, further
indicating erythrocyte hemolysis. It is noteworthy that LDH activity, conversely, increased
substantially compared to the earlier period and exceeded control values. This may be
explained by the enzyme’s release due to organ damage, particularly in the liver and
muscles [98,122].

The blood’s biochemical profile showed significant changes across most of the pa-
rameters studied. Specifically, at 4 DPI, a marked decrease in globulin (GLO) levels was
detected compared to both the control group and the 2 DPI infected group. Previous studies
have shown that a decrease in total protein and its fractions is a characteristic response to
infection with various infectious agents. Such changes were observed in a sturgeon hybrid
(Acipenser baerii ♀× Acipenser schrencki ♂) infected with Citrobacter freundii [122], Atlantic
salmon (Salmo salar) infected with A. salmonicida [44], and black sea bass (Centropristis
striata) infected with Vibrio harveyi [123]. A decrease in blood protein levels is traditionally
associated with blood loss and impaired protein synthesis in the liver [103,124]. A decrease
in blood oncotic pressure, a common consequence of severe infection, leads to increased
vascular permeability and exudate formation. This process likely contributed to the fluid
accumulation observed in the abdominal cavity of the infected fish. This assumption is
further confirmed by the identified disorders and morphological changes within kidney
tissue, indicating decreased functional activity and protein reabsorption capacity at 4 DPI.

A significant increase in the activity of aminotransferases (AST and ALT), which
are biomarkers of liver damage [125], correlated with the detection of extensive foci of
hepatocyte necrosis in infected fish. It is noteworthy that these foci of necrosis did not
show infiltration by immune cells but predominantly exhibited morphological signs of
apoptosis, indicating direct cytotoxic damage to hepatocytes. This type of cell death may
be due to the presence of a type II secretion system (T2SS) in the strain and/or the action of
specific toxins. It is generally accepted that the type III secretion system (T3SS), which was
absent in the studied strain, is a key factor in virulence, as it ensures the direct translocation
of bacterial toxins into the cytoplasm of the host cell [3]. In the case of the Sl0n strain,
T2SS is responsible for the bulk secretion of toxins into the environment without attacking
individual cells [126]. However, the complete absence of T3SS in the isolate suggests that
under the conditions of acute septicemia observed in this study, the action of T2SS in
combination with protective and immune evasion factors (ECA, RTX toxins) led to the
development of widespread areas of liver tissue necrosis without pronounced signs of
inflammation, which indicates a cytotoxic rather than inflammatory mechanism of cell
death [127]. The presence of signs of hepatocyte apoptosis may also be associated with the
activation of apoptosis signaling pathways (e.g., NF-κB and Caspase 3) and the blocking of
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pro-inflammatory signals, resulting in apoptosis without an accompanying inflammatory
response. Studies have shown, that A. hydrophila induces the expression of Caspase 3 in
rohu (Labeo rohita) [128], and A. salmonicida activates the NF-κB pathway during infection
of golden carp [61] and lumpfish (Cyclopterus lumpus) [129]. Such extensive liver damage
leads to disruption of metabolic, detoxification, and excretory functions of the body [130].

Increased LDH activity and creatinine concentration likely correlate with extensive
damage to internal organs, confirmed both macroscopically and microscopically. Creatinine
is the end product of muscle tissue metabolism, excreted mainly by the kidneys and
gills [131]. Consequently, an elevated creatinine concentration is typically associated with
renal dysfunction [103] and muscle tissue injury [109], which aligns with the findings of
this study. The most pronounced degenerative changes in muscle tissue were observed on
day 4 post-infection, which is consistent with the results of Sharifpour et al. [45].

The changes identified in the mesonephros tissue (edema, glomerular hypercellularity,
parietal epithelial hypertrophy) indicate partial organ dysfunction. Notably, morphometric
data revealed an increase in the area of glomerular capillaries, renal corpuscles, and
distal tubule epithelium, which can be interpreted as a morphological manifestation of
compensatory organ adaptation in response to the loss of some functional nephrons [42].
The pathological changes in the kidneys were notably less pronounced than in other organs,
an atypical finding for bacterial infections. The kidney is widely recognized as one of the key
target organs for this pathogen [132]. In contrast, infections caused by other bacteria, such as
A. hydrophila [113], Pseudomonas truttae [133], Vibrio anguillarum [134], and A. salmonicida [61],
have resulted in more pronounced pathological changes, including extensive necrosis
of the tubular epithelium and hematopoietic tissue, hemorrhages, vacuolization, and
inflammation. The moderate pathogenic effect of the studied strain on kidney tissue may be
associated with a unique set of virulence factors and the characteristics of their expression.
This further confirms the diversity of the pathomorphological picture of furunculosis.

The pathological changes observed in the posterior intestine were consistent with acute
enteritis, characterized by necrosis of the mucosa, extensive hyperemia, and inflammation
of the submucosa. Extensive intestinal lesions indicate the ability of the SL0n strain to
overcome the intestinal barrier, even though the most likely route of spread to the intestine
and other organs is hematogenous. A. salmonicida can penetrate the intestinal barrier both
transcellularly, through surface-bound proteins and secreted toxins [135], and paracellularly,
due to disruption of intercellular contacts [136,137]. Consequently, the identified intestinal
lesions are likely caused by a two-stage process: an initial disruption of the epithelial
barrier, followed by the pathogenic effects of microbial colonization and virulence factor
production, which ultimately results in toxemia. Additionally, it is plausible that the
thermostable enterotoxin encoded by the ast gene, as well as aerolysin, play a key role in
intestinal tissue damage [138]. Similar intestinal tissue disorders have been previously
described in a number of studies [62,113,136,139].

It should also be noted that different intestinal sections react differently to infection
with Aeromonas spp. For example, Ringø et al. [136] identified the anterior intestine of
Atlantic salmon as the most likely route of infection and the site of the most significant
pathological changes. In contrast, the posterior intestine exhibited a more pronounced
response to the introduction of inactivated bacteria [135] and potentially faster recovery
after infection compared to the anterior and middle sections [140]. In this study, the
posterior intestine exhibited more pronounced macroscopic and microscopic damage,
suggesting a greater susceptibility to the pathogenic effects of the investigated strain.
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4.5. Third Stage of Pathogenesis (6 DPI)

By 6 DPI, the final observation point, the injected fish showed partial regression of
pathological changes, though residual morphological and physiological abnormalities per-
sisted. In particular, the leukocyte formula remained similar to that at 4 DPI, characterized
by neutrophilia. The neutrophil count peaked at 6 DPI, with segmented forms predomi-
nating. A further increase in the number of neutrophils, coupled with a slight decrease
in the total number of leukocytes, may indicate an increase in myelopoiesis to limit the
spread and localization of infection [95]. This assumption is consistent with clinical and
histopathological observations showing a decrease in the severity of inflammatory reactions
in organs despite persistent tissue damage. This observed phenomenon—a decrease in
inflammatory severity despite persistent tissue damage—aligns with stress responses in
fish exposed to various toxic substances, indicating a potential immunosuppressive effect
of the pollutant [141]. It is important to note that at 6 DPI, the bacterial load was detected
exclusively in the liver and was significantly reduced compared to previous time points.

A significant increase in immature red blood cells may be associated with a decrease
in the pathogen’s hemolytic activity. This assumption is confirmed by a marked increase in
ALP activity and the restoration of total bilirubin concentration to control values. It has
previously been shown that erythropoiesis activation, evidenced by an increase in imma-
ture erythrocytes in peripheral blood, is a typical compensatory response to erythrocyte
damage [70,142]. A similar restoration of erythrocyte parameters during late stages of
infectious diseases was observed in sturgeon hybrids infected with C. freundii [122] and in
Nile tilapia infected with A. hydrophila [102].

Despite signs of partial recovery in some hematological and biochemical parameters,
the activity of aminotransferase enzymes (AST and ALT), as well as creatinine and glu-
cose concentrations, remained significantly elevated in infected individuals compared to
controls. These results are consistent with histological findings, which revealed extensive
foci of hepatocyte necrosis and the presence of pyknotic apoptotic bodies in the spleen,
along with marked organ hyperemia. This demonstrates that while the host was beginning
to control the infection, the resolution of severe organ damage was far from complete by
6 DPI. Previous studies have shown that liver dysfunction in infectious diseases persists
the longest [101,143]. This is likely due to the key role these organs play in detoxifying
the body and maintaining the immune response; consequently, damage resolution occurs
much more slowly due to pronounced functional and structural stress.

By 6 DPI, regression of the severity and spread of pathological changes was evident in
muscle tissue, along with signs of restoration of tissue structural integrity, characterized by
the growth of connective tissue accompanied by leukocyte infiltration. These data confirm
the pathogen’s localization and are consistent with the results of Sharifpour et al. [45],
who showed the development of fibrosis in the muscle tissue of the carp 4–6 days after
intramuscular infection with A. hydrophila, and with those of Roy et al. [144], who recorded
the onset of wound healing in Nile tilapia 6–8 days after infection with A. caviae. This
pathogen localization and the initiation of healing processes at the studied dose of strain
SL0n confirm its moderate virulence.

Partial regression of pathological changes was also noted in the renal parenchymal
tissue, particularly a reduction in the severity of edema and a decrease in the size of the
glomeruli and Bowman’s space. Simultaneously, a statistically significant decrease in
the height of the proximal tubule epithelium was observed, along with signs of hyaline
degeneration. Hyaline degeneration of the proximal renal tubules is a characteristic sign of
increased proteinuria, where intracellular accumulation of proteinaceous material occurs
in the epithelium [145]. Similar disorders have previously been described in bacterial
infections in channel catfish [113] and rainbow trout [133]. The main cause of this pathology
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is damage to Bowman’s capsule, evident in the organ from 2 to 6 DPI, which can lead to the
penetration of plasma proteins (albumin and globulins) into the primary filtrate and their
subsequent increased reabsorption in the proximal tubules [42]. Notably, only a statistically
significant decrease in globulin levels was detected in the blood of infected fish, while the
concentration of total protein and albumin remained at control levels. This may explain
why the development of hyaline degeneration was recorded only at 6 DPI.

The condition of the posterior intestine at 6 DPI reflected the completion of the active
phase of bacterial invasion. Despite the presence of areas of desquamation and epithelial
necrosis, signs of acute inflammation, previously observed at 4 DPI, were no longer evident.
Simultaneously, the preserved areas of the mucous membrane exhibited fewer goblet cells
and intraepithelial leukocytes, along with signs of mucosal edema likely stemming from
an acute inflammatory reaction affecting all intestinal tissues. During the development
of the immune response, inflammatory mediators led to an increase in the permeability
of the capillaries of the submucosa and muscularis, causing interstitial edema [146]. This
edema persisted until 6 DPI, as the restoration of vascular permeability and normalization
of plasma drainage are more protracted processes. Structural disruption and edema of
the muscle layer during infection with pathogenic bacteria were previously noted by
Liu et al. [122] and Abdelhamed et al. [113]. These results indicate that despite clinical
improvement in intestinal tissues, complete morphofunctional restoration of the intestinal
barrier requires significantly more time.

A decrease in the overall prevalence of hemodynamic disorders and a reduction in the
hypotrophy of reticular endothelial cells, coupled with the appearance of connective tissue
nodules in the spleen, indicates a degree of organ recovery. The presence of numerous
apoptotic cells may also indicate the infection resolution stage, in which programmed cell
death within the spleen affects both pathogen-damaged cells and immune cells involved
in the response or undergoing normal turnover after activation [147]. This cellular debris
is cleared by phagocytic cells of the spleen [148]. Coupled with a reduction in other
pathological changes, this suggests a restoration of the infected fish’s clearance system
function by 6 DPI.

4.6. Dynamics of Physiological and Pathological Disorders Induced by A. salmonicida SL0n

Analysis of the pathological dynamics in rainbow trout infected with a sublethal dose
of the moderately virulent A. salmonicida strain SL0n revealed an atypical clinical picture
compared to that of acute, high-dose experiments or the previously described chronic form
of the disease, yet it was still consistent with systemic infection. Nevertheless, the results
indicate the development of a systemic septic process in the fish. Thus, despite the absence
of typical clinical signs, the observed pathogenesis shares characteristics with the acute
form of furunculosis.

A comprehensive analysis of the data reveals three consecutive stages in the pathogen-
esis of the disease induced by the studied A. salmonicida SL0n: (i) an early stage (1–2 DPI),
or stress response, representing the body’s initial reaction to infection via the activation
of adaptive defense mechanisms, evidenced by changes in hematological parameters and
blood biochemistry; (ii) an acute stage (3–4 DPI), or acute bacteremia, characterized by the
most severe pathomorphological damage and organ dysfunction; and (iii) a recovery stage
(from 6 DPI onwards), during which pathological changes subside and regenerative pro-
cesses commence. Notably, the described stages of infection development are not universal
but represent a conceptual framework for interpreting the data from this specific study;
their duration and the severity of pathological abnormalities may vary depending on the
microorganism’s strain, as well as the host organism’s species and physiological state.
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The early stage of the disease is characterized by the spread of bacteria in the fish’s
body, as they overcome the host’s barriers due to the presence of specific virulence factors.
In particular, adhesion systems play a key role in this process. The presence of polar flagella,
type IV pili (Flp and Tap), mannose-sensitive hemagglutinins (Msh), and type I fimbriae
in the SL0n strain ensures effective attachment of bacteria to muscle cells and vascular
endothelium, contributing to their further spread [149]. The significant spread of bacteria
in the fish’s body (peak at 2 DPI) was associated with both the development of an immune
response (mobilization of phagocytic elements of the blood) and primary organ damage
(myocyte degradation, edema, dilatation of sinusoidal capillaries in the liver, and splenic
hyperemia This may be due to T2SS, the main export mechanism for exotoxins in the
studied strain [93].

In the acute stage of infection, despite a decrease in the bacterial load, accumulated
toxins reach critical concentrations that lead to the most severe pathological changes in
organs. In particular, RTX toxins and aerolysin cause extensive necrosis and apoptosis in
target organs [150], while hemolysins (ahh1, hlyA, hly-III, TH) lead to massive destruction
of red blood cells [84]. Acute enteritis is probably caused by the secretion of enterotoxin
(Act) by the strain, which, in combination with other toxins, causes severe toxemia [151].
An important feature is the absence of T3SS in this strain; consequently, toxins are secreted
in large quantities into the environment (via T2SS) rather than injected into individual cells.
This likely explains the development of extensive, diffuse necrotic changes in the liver,
often without pronounced leukocyte infiltration, which may indicate a cytotoxic rather
than inflammatory mechanism of cell death [127].

The recovery stage is characterized by the immune system regaining control over the
infection, evidenced by a significantly reduced bacterial load and high levels of segmented
neutrophils that clear the remaining bacteria and their decay products. It is likely that
the presence of a capsule similar to Acinetobacter (fdtA–fdtC, rmlA) in the strain allows
the pathogen to effectively evade the host’s immune system only at the initial stage of
infection [151]. The absence in SL0n of a complete wecA–G operon encoding the common
antigen of enterobacteria [152], as well as other genes involved in immune evasion (A-
layer, serine protease, lipopolysaccharides, T3SS), characteristic of highly virulent strains
of A. salmonicida [25], allows the organism to partially halt the spread of infection and
initiate regenerative processes (increase in the number of immature erythrocytes, fibrosis of
muscle tissue, reduction in intestinal inflammation). At the same time, the wide range of
toxins produced by the strain and released via T2SS resulted in significant organ and tissue
damage (liver necrosis, glomerular hypercellularity and hyaline degeneration), from which
recovery may be prolonged. The recovery phase after infection—namely, the repair and
restoration of internal organ functions in fish—is the least characterized in the literature.

Thus, the molecular basis for the observed pathogenesis can be directly linked to
the genomic profile of strain SL0n. The profound anemia and hemolysis are explained
by a genomic arsenal encoding multiple hemolysins (ahh1, hlyA, hly-III, TH). The severe
cytotoxic damage, observed as diffuse necrosis in the liver and acute enteritis in the gut,
is consistent with the action of potent toxins like aerolysin (aerA) and enterotoxin (Act),
which are secreted into the extracellular space by the strain’s T2SS. The extensive pathogen
distribution in the organism, observed by the increase in bacterial load at 2 and 4 DPI, is
associated with the presence of adhesion systems (type IV pili, fimbriae).

Despite the significant amount of material studied, this research has several limitations.
The study of the pathogenesis of infectious diseases in fish and other aquatic organisms is
associated with numerous methodological difficulties that prevent a complete characteri-
zation of the disease stages. The key problem lies in the significant individual variability
of the response to infection in aquatic organisms, which precludes random sampling of
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individuals for analysis. In this study, we used targeted selection of individuals with
the most pronounced clinical signs, which intentionally introduced a selection bias to
characterize the full extent of pathogenesis but limits the generalizability of the observed
severity to the entire infected population. An alternative approach involves analyzing all
individuals regardless of clinical signs, followed by determining the disease stage based on
histological and physiological data. For example, this approach was used in a study by Dils
et al. [153] on the dynamics of histopathological changes in Chinook salmon (Oncorhynchus
tschawytscha) infected with Renibacterium salmoninarum. Targeted selection of muscle tissue,
liver, posterior intestine, kidneys, and spleen for in-depth study allowed for a detailed
characterization of the key damage mechanisms in these organs caused by A. salmonicida
SL0n. Subsequent studies will focus on expanding the list of organs examined to verify the
systemic nature of the identified disorders.

In addition, the morphophysiological features of disease pathogenesis described in
this study serve as an essential basis for further in-depth research focused on assessing
the complex molecular biological changes induced by A. salmonicida. A thorough assess-
ment of the disease’s phenotypic manifestations, combined with an analysis of cellular,
molecular, and genetic changes, contributes to a more comprehensive understanding of the
mechanisms of disease development, as demonstrated in several studies [23,61].

5. Conclusions
This study comprehensively characterized the pathogenesis of acute infection in

rainbow trout caused by a moderately virulent strain of Aeromonas salmonicida SL0n
(LD50 = 1.63 × 106 CFU/individual). The results allowed us to identify three consecu-
tive stages of the disease:

• Early stage (1–2 DPI): Systemic spread of bacteria in the fish’s body and activation of a
nonspecific immune response (leukocytosis, neutrophilia).

• Acute stage (4 DPI): Peak septicemia accompanied by severe clinical signs, anemia,
and maximum organ damage (indicated by peak AST, ALT, and creatinine levels).

• Recovery stage (6 DPI): Partial regression of pathological changes and activation of
regenerative processes, while maintaining pronounced organ dysfunction.

Whole-genome analysis of the SL0n strain confirmed its identity as A. salmonicida
and revealed the presence of various virulence factors, including adhesion genes, toxins,
and the type II secretion system (T2SS). Notably, the absence of plasmids and the type III
secretion system (T3SS) likely determines the specificity of its pathogenesis, potentially
warranting its classification as a distinct subspecies. This genomic profile correlates with
the observed pathological picture, explaining the development of systemic infection and
the nature of tissue damage resulting from exotoxin action.
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a group across different time points and between the control (CTR) and experimental (AS) groups
at a given time point.; Table S8: Serum biochemical parameters of rainbow trout in control and
infected group at different time points; Figure S5: Histologic sections of dorsal musculature of control
rainbow trout individuals at 1 (a) and 4 DPI (b). Abbreviations: MS—myosepta, MD—myomer
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