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INTRODUCTION

ABSTRACT

Non-typhoidal Salmonella enterica continues to be a significant pathogen of global
relevance. However, there is limited available comparative experimental data on the
virulence of S. enterica strains that are isolated from poultry and circulating in Central Asia.
This study aimed to investigate the virulence of four poultry-derived S. enterica isolates
recovered in Kazakhstan using a standardized murine model of systemic infection. Outbred
mice were inoculated intraperitoneally with graded bacterial doses ranging from 103 to 106
CFU and the pathogenicity was assessed by determining the median infectious dose (IDso)
and median lethal dose (LDso) according to the Reed-Muench method. Systemic infection
was confirmed by bacteriological re-isolation and real-time PCR. Mortality occurred
primarily within 18-72 h post-inoculation and followed a clear dose-dependent pattern.
Two S. enterica serovar Infantis strains showed relatively low LDso (3.16 x 105 CFU)
compared to the other isolates (1.78 x 106 CFU). This indicates relatively high virulence
potential of the two S. Infantis strains compared to the others. Similar results were seen in
the case of the IDso, where the same strains showed relatively high infectivity potential
compared to the others. It is noteworthy that the systemic infection was seen with doses
that were not lethal to the host, indicating some dissociation between virulence and
infectivity potential.

Keywords: Salmonella enterica, virulence assessment, mouse infection model, poultry-
associated isolates

serve as routes of transmission to humans (1,2). In poultry
flocks, infection is often subclinical, which allows infected

on-typhoidal Salmonella enterica remains a major  birds to shed the bacterium for extended periods without
bacterial cause of foodborne illness worldwide and ~ obvious signs of disease. This hidden persistence promotes
continues to pose serious risks to both human and animal environmental contamination and makes farm-level
health (1). Poultry production is a key part of epidemiology, surveillance and control more difficult (3).
as contaminated meat, eggs, and farm environments can all
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The pathogenic potential of S. enterica varies
considerably among serovars and individual strains and is
influenced by host susceptibility and infectious dose (4,5).
Poultry-associated serovars such as  Salmonella
Typhimurium, Salmonella Enteritidis, and Salmonella
Infantis are especially important because they are linked to
systemic infection, persistence in host tissues, and
antimicrobial resistance (3-5). Experimental work has
shown that Salmonella can survive and multiply inside
macrophages, this supports systemic spread and prolonged
carriage (6). At the same time, phenotypic traits and
antimicrobial resistance patterns do not consistently reflect
the actual in vivo pathogenicity of field isolates (3,4,7).

In Kazakhstan, surveillance studies have reported the
circulation of multidrug-resistant poultry-associated S.
enterica strains, including isolates resistant to quinolones,
tetracyclines and -lactams (7,8). Whole-genome analyses
have also shown substantial genetic diversity among
circulating isolates that were linked to Eurasian lineages
(9). In addition, environmental monitoring of industrial
poultry enterprises has further indicated persistent
contamination and biosecurity gaps that may facilitate
long-term bacterial circulation within production systems
(10). Despite these findings, comparative experimental
data describing the in vivo virulence of poultry-derived
isolates circulating in the region remain limited.

Experimental infection models provide a reproducible
approach for assessing bacterial virulence under controlled
conditions. Murine systemic infection models enable
standardized evaluation of dose-response relationships,
systemic dissemination and host mortality (11).
Determination of median infectious dose (IDso) and median
lethal dose (LDso), commonly estimated using the Reed-
Muench method, remains a widely accepted approach for
quantifying pathogenic potential in experimental
bacteriology (12).

Therefore, the objective of the present study was to
comparatively evaluate the in vivo virulence of poultry-
derived S. enterica isolates circulating in Kazakhstan by
determining their IDso and LDso values using a standardized
murine infection model supported by bacteriological re-
isolation and molecular confirmation of the systemic
infection.

MATERIALS AND METHODS

Bacterial Isolates

Four S. enterica isolates (Kaz_6/2025, Kaz_7/2025,
Kaz_8/2025 and Kaz_9/2025) were included in the study.
Two isolates (Kaz_6/2025, Kaz_7/2025) were identified as
serovar Infantis. These isolates were recovered in 2025
from poultry farms and associated environments in the
Almaty and Zhetysu regions of Kazakhstan during routine
epizootic surveillance. Standard bacteriological methods
were followed for primary isolation and identification of
the isolates. The phenotypic and genomic characteristics of
these isolates were previously reported and are currently
available in publicly accessible databases (9).
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Preparation of Bacterial Inoculum

Each isolate was cultured on glucose fish-meat agar
(FBRISRCAMB, Obolensk, Russia) at 37°C for 24 h. Bacterial
growth was harvested and suspended in sterile
physiological saline. The turbidity of each suspension was
adjusted to a 0.5 McFarland standard corresponding to
approximately 1.5 x108 CFU/mL. Tenfold serial dilutions
were prepared to obtain final inoculum concentrations of
103 to 106 CFU/mL (13). Bacterial cell concentrations were
verified using a QUANTOM Tx Microbial Cell Counter
(Logos Biosystems, Anyang, Republic of Korea) according
to the manufacturer’s instructions. For enumeration,
bacterial suspensions were stained using the QUANTOM
Total Cell Staining Kit (Logos Biosystems, Korea). The kit
included a membrane-permeable nucleic acid-binding
fluorescent dye, after which the stained suspension was
loaded onto QUANTOM M50 Cell Counting Slides and
subjected to automated image-based analysis.

Experimental Animals and Ethical Approval

A total of 80 outbred white female laboratory mice (Mus
musculus, CD-1, Swiss), aged 5-6 weeks, weighing 17-22 g
were used in the experiment. Animals were maintained
under standard conditions in the animal facility at 20-22°C
and 40%- 50% relative humidity under a 14 h light/10
hours dark cycle, with free access to water and a standard
pelleted diet ad libitum. All experimental procedures were
approved by the Local Bioethics Committee of the Research
Institute for Biological Safety Problems (Protocol No. 4, 15
November 2023) and were conducted in accordance with
national regulations and internationally accepted
guidelines for the care and use of laboratory animals.

Bacteriological Re-isolation and Molecular

Confirmation

Samples of liver, spleen and kidneys were aseptically
collected from all experimental animals, including animals
that died during the observation period and surviving
animals euthanized on day 14. Homogenates made from
these samples were plated onto Salmonella-Shigella agar
(Condalab, Madrid, Spain) and bismuth sulfite agar
(Condalab, Madrid, Spain) for bacteriological re-isolation.
Presumptive colonies were confirmed by real-time PCR
using Applied Biosystems (USA) and VetMAX S. enterica
spp. Kit (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. The assay
based on duplex TagMan chemistry, enabling simultaneous
detection of S. enterica DNA and an internal positive control
within a single reaction well. The proprietary target gene
and primer/probe sequences were not disclosed by the
manufacturer.

Each reaction was performed in a total volume of 25 L,
consisting of 20 pL of reaction mixture and 5 pL of the
extracted DNA template. Amplification was carried out
under the following conditions: 50 °C for 2 min (UNG
activation), 95 °C for 10 min (initial denaturation), followed
by 45 cycles of 95 °C for 15 s (denaturation) and 60 °C for 1
min (combined annealing/extension and fluorescence
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acquisition). Fluorescence was measured at 60 °C.
According to the manufacturer’s interpretation criteria,
samples with a Ct value < 45 in the Salmonella-specific
channel were considered positive, whereas samples with Ct
> 45 were considered negative.

Determination of IDso and LDsg

The median infectious dose (IDso) and median lethal
dose (LDso) were estimated using the Reed-Muench method
(12). ID5o was calculated from the proportion of infected
animals in each dose group (103-10¢ CFU), with infection
defined by re-isolation of Salmonella from internal organs
followed by PCR confirmation. LDso was determined from
cumulative mortality recorded in each group during the 14-
day observation period.

Statistical Analysis

Kaplan-Meier survival curves were constructed based
on time-to-death data obtained at the highest challenge
dose (106 CFU). Differences between survival curves were
evaluated using the log-rank test. Differences in infection
rates between isolates at each dose level were assessed
using Fisher’s exact test. Statistical significance was defined
as a p-value < 0.05. All statistical analyses were conducted
using R software, version 4.3.2 (R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS

Characterization of Bacterial Inocula

Bacterial suspensions prepared from all four S. enterica
isolates were analyzed successfully. The mean diameter of
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the detected cells was 2.1 um. No substantial differences in
cell distribution or concentration were observed among the
isolates. Representative images generated by the
QUANTOM Tx system are shown in Figure 1.

Figure 1. Representative QUANTOM Tx images and size distribution
of detected bacterial cells from the four S. enterica isolates: (1)
Kaz_6/2025, (2) Kaz_7/2025, (3) Kaz_8/2025 and (4) Kaz_9/2025

Table 1. Mortality of mice over a 14-day period after intraperitoneal infection with S. enterica isolates

Isolate Dose (CFU) No.ofmice Dead (n) Survived (n) Mortality (%)
Kaz_6/2025 (serovar Infantis) 1x103 5 0 5 0
1x10* 5 0 5 0
1x10° 5 1 4 20
1x10° 5 3 2 60
Kaz_7/2025 (serovar Infantis) 1x103 5 0 5 0
1x10* 5 0 5 0
1x10° 5 1 4 20
1x10° 5 4 1 80
Kaz_8/2025 1x 103 5 0 5 0
1x10* 5 0 5 0
1x10° 5 1 4 20
1x10° 5 3 2 60
Kaz_9/2025 1x 103 5 0 5 0
1x10* 5 0 5 0
1x10° 5 1 4 20
1x10° 5 3 2 60

Clinical Observations and Mortality

Following intraperitoneal challenge, the animals were
monitored for 14 days. Mortality was dose-dependent and
differed among the isolates (Table 1). Most deaths
occurred within 18-72 h post-inoculation. Animals that
succumbed to infection exhibited lethargy, ruffled fur,
reduced mobility, and anorexia. No mortality or bacterial
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detection was observed in control animals throughout the
14-day observation period.

At the highest challenge dose (106 CFU), the isolates
Kaz_6/2025 and Kaz_7/2025 caused the highest mortality
(60% and 80%, respectively), whereas Kaz_8/2025 and
Kaz_9/2025 caused 60% mortality. At 105> CFU, one death
(20%) was recorded for each isolate, while no mortality
was observed at 103 or 104 CFU for any strain. Mortality
patterns are illustrated in Figure 2.
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Figure 2. Dose-dependent mortality of mice following intraperitoneal challenge

with S, enterica isolates

Table 2. Median lethal dose (LDs,) of S. enterica isolates in mice

Isolate

Kaz_6/2025 (serovar Infantis)
Kaz_7/2025 (serovar Infantis)
Kaz_8/2025
Kaz_9/2025

LDso (CFU)  Logio (LDso)
3.16 x 105 5.50
3.16 x 105 5.50
1.78 x 10° 6.25
1.78 x 10° 6.25

Determination of LDs¢ Values

The LDso for each isolate is shown in Table 2. Isolates
Kaz_6/2025 and Kaz_7/2025 exhibited the lowest LDso
values, indicating a higher lethality than the other isolates.
In contrast, Kaz_8/2025 and Kaz_9/2025 showed the
highest LDs, values, indicating the lowest lethality. No
formal statistical comparison of LDso estimates was
performed, as these values were derived using Reed-
Muench interpolation from group- level mortality data and
were presented descriptively.

Infection Rates and Determination of IDs,

PCR analysis of organ samples demonstrated a clear
dose-dependent increase in infection rates (Table 3). At
doses of 10° and 10° CFU, all mice were PCR positive for all
isolates. A total of 80 samples were analyzed;
Representative real-time PCR amplification profiles are
shown in Figure 3. At lower doses, infection rates varied
among the isolates. However, differences in infection rates
between the isolates at each dose level were not statistically
significant (Fisher’s exact test, P > 0.05). These trends are
illustrated in Figure 4.

Table 3. Detection rates of Salmonella enterica in mice based on PCR analysis of organ samples

Isolate Dose (CFU) No.ofmice PCR positive (n) PCR negative (n) Infection rate (%)
Kaz_6/2025 (serovar Infantis)
1x103 5 3 2 60
1x 104 5 4 1 80
1x105 5 5 0 100
1x10° 5 5 0 100
Kaz_7/2025 (serovar Infantis)
1x103 5 3 2 60
1x10* 5 4 1 80
1x 105 5 5 0 100
1x10° 5 5 0 100
Kaz_8/2025
1x103 5 3 2 60
1x10* 5 2 3 40
1x105 5 5 0 100
1x10° 5 5 0 100
Kaz 9/2025
1x103 5 2 3 40
1x10* 5 3 2 60
1x 105 5 5 0 100

TOLEUKHAN ET AL
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Figure 3. Representative multicomponent plots of the real-time PCR assay used for confirmation of S. enterica in organ samples. (A-C) Representative
positive samples demonstrating characteristic amplification curves in the FAM channel. The ROX signal remained stable throughout the reaction,
indicating proper assay performance. Samples with Ct values < 45 were considered positive according to the manufacturer’s criteria
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Figure 4. Dose-dependent infection rates of mice following intraperitoneal challenge with

Salmonella enterica isolates

The lowest IDso values were observed for Kaz_6/2025
and Kaz_7/, whereas the highest IDso values were recorded
for Kaz_8/and Kaz_9/2025 (Table 4).

Table 4. Median infectious dose (IDso) of Salmonella enterica isolates

Isolate IDso (CFU) Logio (IDso)
Kaz_6/2025 (serovar Infantis) 1.78 x 103 3.25
Kaz_7/2025 (serovar Infantis) 1.78 x 103 3.25
Kaz_8/2025 1.47 x 10* 4.17
Kaz_9/2025 6.81 x 103 3.83

Re-isolation from Internal Organs

Salmonella enterica was successfully re-isolated from
the liver, spleen and kidneys of the infected mice,
confirming systemic dissemination of the pathogen. No
Salmonella was detected in organs from the control
animals.

DISCUSSION

The present study provides a comparative in vivo
assessment of the pathogenic potential of poultry-derived

TOLEUKHAN ET AL

S. enterica isolates circulating in Kazakhstan using a
standardized murine systemic infection model. The
findings revealed clear strain-dependent differences in
both infectivity and lethality, as demonstrated by variations
in IDso and LDso values among the examined isolates.
Notably, the S. Infantis isolates (Kaz_6/2025 and
Kaz_7/2025) showed higher virulence than the other tested
strains under identical experimental conditions.

The results of the present study indicated that the
virulence of the tested S. enterica isolates was not strictly
associated with serovar classification under the conditions
of this experiment. Differences in pathogenicity were
observed among the isolates, as reflected by variations in
IDso and LDso values. These findings suggest phenotypic
heterogeneity among the tested bacteria. Although the
isolates were previously characterized in terms of
antimicrobial resistance (9), the present study did not
investigate specific virulence determinants, and therefore
no direct conclusions regarding the molecular basis of
virulence can be drawn. Nevertheless, previous studies
have shown that Salmonella virulence may be influenced by
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host adaptation, intracellular survival in macrophages, and
type III secretion system effectors encoded by Salmonella
pathogenicity islands (14-17). Importantly, the results of
this study are consistent with our previously published
genomic characterization of the same isolates (9), where
genetic diversity among poultry-derived S. enterica strains
circulating in Kazakhstan was revealed. Importantly, the
results of this study are consistent with our previously
published genomic characterization of the same isolates
(9), where genetic diversity among poultry-derived S.
enterica strains circulating in Kazakhstan were revealed.
The data obtained for the virulence of the tested isolates of
S. Infantis are consistent with the global significance of this
serovar in poultry production systems. Indeed, previous
studies have shown that contemporary strains of S. Infantis
may carry large conjugative megaplasmids that are
involved in antimicrobial resistance and colonization
capacity (18-20). Although the present study did not
investigate specific molecular determinants of virulence,
the observed differences in IDso and LDso reflect phenotypic
variability among the tested isolates.

An interesting observation was also made, where
systemic infection was noted at bacterial doses that did not
cause mortality. This indicates a certain level of dissociation
between infectivity and lethality, suggesting that bacterial
dissemination is possible even in the absence of lethal
disease. Similar trends have also been noted in murine
salmonellosis, where immune responses of the infected
host may act to prevent disease progression, even when
systemic colonization has occurred (21,22). This also
emphasizes the importance of evaluating IDso with LDso for
a more comprehensive assessment of pathogenic potential,
particularly in the context of subclinical infection and
epidemiological risk. The intraperitoneal infection route
employed in the present study is an example of the systemic
phase of the infectious process, bypassing the intestinal
colonization phenomenon. This is not an accurate reflection
of the natural process, where the infectious route is
typically oral; however, it is an effective means of
comparing the intrinsic systemic virulence potential of the
field isolates (23,24).

The results of the current study indicate variability in
systemic virulence among poultry-derived S. enterica
isolates circulating in Kazakhstan, with the S. Infantis
isolates showing comparatively higher virulence under the
conditions of this study. The integration of genomic data, as
generated in earlier studies, with experimental in vivo data
provides a more complete understanding of biological and
epidemiological properties of S. Infantis.

This research has demonstrated the existence of strain-
dependent variability in the virulence of circulating
poultry-derived S. enterica strains in Kazakhstan. The
results have shown that S. Infantis strains are more
infective and lethal compared to other tested strains. This
points towards a stronger systemic pathogenic potential of
these strains compared to the other tested strains. The
difference in infectivity and lethality is a strong indicator of
the importance of IDso and LDso testing.
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