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Objective: To investigate the clinical and molecular characteristics of Salmonella spp. causing bloodstream infections (BSIs) in our
hospital.

Methods: We studied 22 clinical Salmonella isolates from BSIs and 16 from non-BSIs, performing antimicrobial susceptibility testing
(AST) and whole genome sequencing (WGS). The analysis included serovars, antibiotic resistance genes (ARGs), virulence factors
(VFs), sequence types (STs), plasmid replicons, and genetic relationships. We also assessed pathogenicity of the isolates causing BSIs
through growth, biofilm formation, and anti-serum killing assays.

Results: WGS analysis identified 13 Salmonella serovars, with four responsible for BSIs. S. Enteritidis was the most prevalent
serovar, involved in 19 (50.0%) cases. BSIs were caused by 17S. Enteritidis, two S. Typhimurium, two S. Munster and one S. Diguel.
Of the 38 isolates, 27 (71.1%) exhibited high resistance to ampicillin, and 24 (63.2%) to ampicillin/sulbactam. Thirty-six types of
ARGs were identified, with b6/laTEM-1B (n = 25, 65.8%) being the most frequent. Ten plasmid replicons were found; the combination
of IncFIB(S)-IncFII(S)-IncX1 was the most common in S. Enteritidis (94.7%). Fifteen STs were identified, among which ST11 was the
most prevalent and clonally disseminated, primarily responsible for BSIs. A total of 333 different VFs were detected, 177 of which
were common across all strains. No significant differences were observed between the BSI and non-BSI isolates in terms of resistance
rates, ARGs, plasmid replicons, and VFs, except for seven VFs. No strong pathogenicity was observed in the BSI-causing isolates.
Conclusion: BSIs were predominantly caused by clonally disseminated S. Enteritidis ST11, the majority of which carried multiple
ARGs, VFs and plasmid replicons. This study provides the first data on clonally disseminated S. Enteritidis ST11 causing BSIs,
highlighting the urgent need for enhanced infection control measures.
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Introduction
Salmonella spp. are significant etiological agent of food-borne diseases and gastroenteritis in both humans and animals.'
The genus Salmonella is divided into Salmonella enterica and Salmonella bongori,> with S. enterica further subdivided
into typhoidal and non-typhoidal S. enterica (NTS). Currently, over two thousand NTS serovars have been identified,
each with distinct host specificities.” Gastroenteritis is the primary clinical manifestation in healthy individuals, while
bacteremia, which primarily affects the vulnerable or elderly,” is comparatively rare. The World Health Organization
reports that foodborne pathogens are responsible for 94 million cases of gastroenteritis annually, leading to significant
global health burdens,® with NTS being particularly impactful.

The increasing rates of antimicrobial resistance in Sa/monella, together with the frequent emergence of multi-drug resistant
(MDR) strains, are a matter of global concern.* In particular, the increasing resistance of Salmonella spp. to clinically
important antimicrobial agents, such as fluoroquinolones and third-generation cephalosporins, has become a global concern,’

Infection and Drug Resistance 2024:17 2363-2377 2363
Received: 23 February 2024 © 2024 Hua et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at httpx /Iwww.dovepress.com/terms.php
A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati li nc/3.0/). By accessing the work

Accepted: 20 May 2024
Published: 12 June 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, pmwded the wnrk is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Hua et al Dove

leading to clinical management difficulties and an increase in morbidity and mortality,* due to the lack of clinical efficacy of
first- and second-generation cephalosporins and aminoglycosides.

Salmonella pathogenicity is closely linked to numerous virulence factors (VFs) that facilitate adhesion, invasion,
intracellular survival, fimbrial expression, systemic infection, toxin production, Mg>* production, and iron uptake.®
Notably, Salmonella pathogenicity islands (SPIs) represent some of the most critical VFs.” SPI-1 and SPI-2 play pivotal
role in systemic infections. They encode type III secretion systems (T3SS) that form a channel in the host cell membrane,
facilitating the internalization of bacterial effector proteins.® Furthermore, SPI-2 is essential for bacterial survival within
macrophages and for causing lethal bacteremia in mice.’

Furthermore, the formation of biofilm is an important VF that contributes to the ability to cause acute, latent, or
chronic disease. The exact outcome of an infection is determined by the growth state of Salmonella, the immune status of
infected host and the immune response elicited.'® In addition to biofilm formation, the MDR in Salmonella significantly
enhances the survival ability of pathogens in the human intestinal tract under the selective pressure of antibiotic use,'’
which provides favorable conditions for the dissemination of such strains in healthcare centers.

Prior to 2019, Salmonella spp. was rarely detected in the clinical laboratories of our hospital. However, Salmonella
spp- have been increasingly implicated in a variety of infections, with BSIs being the most common. S. Enteritidis was
the predominant serovar, accompanied by some rare serovars according to the slide agglutination test. We were curious
about the characterization of these strains and whether there was a clonal spread of S. Enteritidis, as well as the
pathogenicity of the S. Enteritidis associated with BSIs.

In this study, we aimed to characterize Salmonella spp. causing BSIs in our hospital, including the distribution of
VFs, antibiotic resistance genes (ARGs), mutations in target genes, plasmid replicons and genetic relationship, with the
Salmonella spp. causing non-BSIs as a control group. Additionally, bacterial growth, biofilm formation, and anti-serum
killing experiments were performed to evaluate the pathogenic ability of the strains causing BSIs.

Materials and Methods

Bacterial Isolates

In total, 22 consecutive and non-replicate Salmonella isolates that caused BSIs were collected from patients at our hospital
between January 2019 and December 2021. Meanwhile, 16 Salmonella isolates that did not cause BSIs during the same period
were used as a control group. These 16 Salmonella isolates were collected from stool (n = 11), urine (n = 3), secretions (n = 1),
and abdominal fluid (n = 1). All strains were initially identified using a Vitek 2.0 matched GN panel (BioMerieux, France) and
matrix-associated laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) (BioMerieux).

Clinical Data Collection

The clinical information of the 38 patients was collected from electronic medical records, including general information
(agender, age, department, and length of hospitalization), specimen information (source and collection date), infection
indicators (White blood cell count and percentage, C-reactive protein, procalcitonin, interleukin-6), underlying diseases,
invasive procedures, and immune diseases. This study was conducted according to the tenets of the Declaration of
Helsinki and approved by the Ethics Committee of Nanjing Drum Tower Hospital (2023-390). A BSI was defined when
a patient presented with systemic signs of infection and positive blood cultures accompanied by abnormal infection
indicators.'?

Antimicrobial Susceptibility Testing (AST)

The antimicrobial susceptibility of the 38 clinical Salmonella isolates was evaluated for 13 antimicrobial agents, namely
ampicillin (AMP), ampicillin/sulbactam (SAM), ceftriaxone (CRO), ceftazidime (CAZ), cefepime (FEP), imipenem
(IPM), ertapenem (ETP), aztreonam (ATM), levofloxacin (LEV), piperacillin/tazobactam (TZP), sulfamethoxazole/
trimethoprim (SXT), cefoperazone/sulbactam (SCF), and ciprofloxacin (CIP) by microbroth dilution testing.
Escherichia coli ATCC 25922 was used for quality control. Results were interpreted according to the Clinical
Laboratory Standard Institute guidelines 2023."3
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DNA Extraction and Whole-Genome Sequencing (WGS)

Fresh colonies were collected for genomic DNA analysis using a bacterial DNA extraction kit (Tiangen Biochemical
Technology Co., Ltd., China) following the manufacturer’s protocol. The extracted DNA was sent to Tiangen
Biochemical Technology Co., Ltd. for purity check and WGS.

Genomic Analysis

The sequencing data was trimmed and assembled using CLC Workbench version 21.0.4 for genome submission to
GenBank and further analysis. The distribution of ARGs and mutations in the target genes was further investigated using
the same software. PlasmidFinder 2.1 (https://cge.food.dtu.dk/services/PlasmidFinder/) was used to analyze the presence

of plasmid replicons, and SeqSero 1.2 (https://cge.food.dtu.dk/services/SeqSero/) was used for sequence type (ST) and

serovar prediction.

Investigation of the Distribution of Virulence Factors
The 38 genomes were annotated by Prokka (Prokaryotic Genome Rapid annotation software) to obtain annotated GenBank
files.'"* VFDB database (http://www.mgc.ac.cn/VFs/download.htm) was used to compare with the nucleotide coding

sequence files of all VFs extracted in batches from 38 genomes using BLASTN software to obtain the detailed distribution
of VFs in all genomes.'® The thresholds “E-value = le-5, identity > 70, coverage > 90%, and match length > 30” were
strictly set to minimize false positive results.

Construction of a Phylogenetic Tree

The phylogenetic tree was constructed as follows: First, the genomic DNA was annotated using Prokka,'* and the single
nucleotide polymorphism (SNP) alignment sequences of 3505 core genes were obtained using Scoary software.'®
A nucleotide substitution model was constructed using Jmodeltest.'® Then, a maximum likelihood phylogenetic tree
was constructed using RaxML and 1000 bootstrap samples.'” Finally, the phylogenetic tree was imported into Itol
software, branches with bootstrap values less than 50 were removed, and the final phylogenetic tree was obtained. Based
on the phylogenetic tree, a heat map was constructed by combining serotypes, STs, ARGs and VFs to show the
characteristics of the 38 isolates.

Growth and Biofilm Formation Assays

The ability of the 22 Salmonella isolates causing BSIs to grow and form biofilms was evaluated using the following
Methods: a single bacterial colony was inoculated into 5 mL of LB liquid medium and subjected to shaking cultivation at
150 rpm at 35°C.

Overnight. The culture was then diluted 1/100 with saline and transferred to two 96-well plates (100 uL/well). Saline
was used as a blank control. For growth ability, OD620 values were measured at 1-hour intervals using a microplate
reader (SpectraMax MS5) over a period of 7 hours. For the biofilm formation assay, after the 1:100 diluted culture was
statically cultured at 37°C for 48 hours, the biofilm was stained with 0.1% crystal violet, then 30% glacial acetic acid was
used to dissolve the crystals, and the optical density at 550 nm was measured on a microplate reader (SpectraMax MS5).
The results were analyzed using GraphPad Prism 9.5.0 software (San Diego, California, USA). Each experiment was
repeated three times.

Anti-Serum Killing Assay

Briefly, single colonies were suspended in 3mL of saline and adjusted to 0.5 McFarland standard, which was further
diluted to 10° CFU/mL. Serum was mixed with the 10® CFU/mL dilution in a ratio of 1:3 (125ul: 375ul) and incubated in
a constant temperature incubator at 37 °C for 3 hours. Colonies on the agar plates were counted at t =0, 1, 2 and 3 hours.
The survival rates of bacteria at different time points were calculated to evaluate the anti-serum ability. The results were
analyzed using GraphPad Prism 9.5.0 software (San Diego, California, USA).
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Results

Clinical Characterization

Out of the 38 patients, 17 were male and 21 were female, resulting in a male-to-female ratio of 1:1.24. The period with the
highest incidence of Salmonella infection was from July to November (n = 33, 86.8%). Patients with BSIs had a significantly
longer hospitalization period compared to those without BSI (P < 0.05). There were no significant differences in risk factors
between patients with Salmonella BSIs and those without, except for the length of hospitalization.

Antimicrobial Resistance Phenotypes
High resistance to ampicillin (n = 27, 71.1%) and ampicillin/sulbactam (n = 24, 63.2%) were found, along with low-level
resistance to ceftazidime (n = 3, 7.9%), ceftriaxone (n = 2, 5.3%), and cefepime (n = 1, 2.6%). No resistance to
imipenem, ertapenem, cefoperazone/sulbactam, and piperacillin/tazobactam was observed (Figure 1A).

Out of the 38 isolates, 28 (73.7%) were resistant to at least two antimicrobials, and seven (18.4%) were MDR, defined as
resistant to three or more antimicrobials, contributing to five distinct MDR profiles (Figure 1B). The most frequent MDR
profiles observed were AMP-SAM-SXT and AMP-CAZ-ATM-SXT-CIP-LEV. Additionally, one isolate was resistant to
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Figure | Phenotypic resistance profile of the Salmonella isolates. (A) The percentages of antibiotic resistance of the 38 Salmonella isolates. (B) The antibiotic resistance
profiles of the 38 Salmonella isolates.

Abbreviations: AMP, ampicillin; SAM, ampicillin/sulbactam; SXT, sulfamethoxazole/trimethoprim; ATM, aztreonam; CIP, ciprofloxacin; LEV, levofloxacin; CAZ, ceftazidime;
CRO, ceftriaxone; FEP, cefepime; SCF, cefoperazone/sulbactam; ETP, ertapenem; TZP, piperacillin/tazobactam; IPM, imipenem.

2366 e Infection and Drug Resistance 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Hua et al

seven antimicrobial agents (AMP-CRO-CAZ-FEP-ATM-SAM-SXT), while only two isolates were pan-susceptible. There
were no statistically significant differences in resistance rates between BSI-causing and non-BSI-causing groups.

Serovars
Totally, 13 Salmonella Serovars were identified, with Enteritidis (n = 19, 50.0%) being the most common. The
distribution of the remaining ones were shown in Figure 2A. Four serovars were responsible for BSIs, including 17S.
Enteritidis, 2S. Typhimurium, 2S. Munster and 1S. Diguel (Figure 2B). In addition, 11 serovars caused non-BSIs
(Figure 2C).

Antibiotic Resistance Genes

In total, 36 types of ARG were identified (Figure 3A). Among them, blaTEM-1B (n = 25, 65.8%), aph(6)-1d (n = 19,
50.0%), and sul2 (n = 19, 50.0%) were the most prevalent. Notably, b/laTEM-1B was detected in all 19S. Enteritidis
isolates. Additional S-lactam resistance genes were also detected (Figure 3B). Multiple resistance genes to aminoglyco-
sides, which are not clinically effective, were also detected (Figure 3C). Importantly, 17 of the 19S. Enteritidis strains
contained aph(6)-1d, aph(3”)-Ib, and sul2 (Table 1). Furthermore, multiple ARGs were found in three S. Kentucky, two
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Figure 2 Serovar distribution of the Salmonella isolates. (A) Distribution of serovars causing Salmonella infections in our hospital. (B) Serovar distribution of 22 Salmonella
isolates causing bloodstream infections. (C) Serovar distribution of 16 Salmonella isolates causing non-bloodstream infections.
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Figure 3 Antimicrobial resistance genes identified in the 38 Salmonella isolates. (A) Distribution of the 36 antimicrobial resistance genes identified among the 38 Salmonella
isolates. (B) f-lactam resistance genes identified in the 38 Salmonella isolates. (C) Aminoglycoside resistance genes identified in the 38 Salmonella isolates.

S. Typhimurium, one S. Muenster, and one S. Thompson isolates, resulting in MDR phenotypes (Table 1). We also found
that 89.5% (n = 34) of Salmonella isolates had mutations in gyr4 and/or parC, including D87Y (n = 19), D87N (n = 4),
and S83F (n =4) in gyr4, and T57S (n = 15), S80I (n = 3), and S80R (n = 1) in parC. Four isolates had double mutations
in both gyr4 (D87N and S83F) and parC (T57S and S80I/S80R), while the remaining strains had a single mutation in
either gyr4 (D87Y) or parC (T57S). No mutations were detected in gyrB or parkE.

Sequence types

Fifteen Salmonella enterica STs were identified, with ST11 (n = 19, 50.0%) being the most common (Figure 4). The
phylogenetic tree constructed from the 38 Salmonella isolates demonstrated specific genetic relationships among the
same serovars (Figure 4). Nineteen isolates of S. Enteritidis ST11 shared a strong genetic relationship, indicating clonal
dissemination and the potential for outbreaks of this particular clone within a hospital setting (Figure 4).

Plasmid Replicons

Twenty-six out of 38 isolates contained ten different plasmid replicons. The most prevalent plasmid replicons were
IncFIB(S), IncFII(S), and IncX1, each found in 52.6% (n = 20) of cases (Table 1). Eight distinct replicon combinations
were identified, with the most frequent plasmid profile being IncFIB(S)-IncFII(S)-IncX1 (n = 17, 44.7%), all of which
were located in a single contig and were exclusive to S. Enteritidis.
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Table | Serovar, Resistance Profile, Resistance Gene, and Plasmid Replicon(s) of the 38 Salmonella Isolates

Strain Serovars® Resistance Resistance Gene Plasmid Replicon(s)
Profile®
SE*02 Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2 IncFIB(S)-IncFII(S)- IncX|
SE04 Enteritidis AMP-SAM blaTEM-1B IncFIB(S)-IncFII(S)-IncX1-ColpVC
SE09 Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2 IneX1
SEI2 Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2, tet(A) IncFIB(S)-IncFII(S)-IncX |
SEI3 Enteritidis AMP-SAM blaTEM-1B, aph(é)-Id, aph(3”)-Ib, sul2 IncFIB(S)-IncFII(S)-IncX |1
SEl4 Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2, tet(A) IncFIB(S)-IncFlI(S)-IncX1
SEI5 Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2, tet(A) IncFIB(S)-IncFlI(S)-IncX1
SEl6 Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2 IncFIB(S)-IncFII(S)-IncX 1
SEI7 Enteritidis AMP-SAM blaTEM-1B IncFIB(S)-IncFII(S)-IncX 1
SEI8 Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2 IncFIB(S)-IncFII(S)-IncX 1
SEI9 Enteritidis AMP-SAM blaTEM-1B, aph(é)-Id, aph(3”)-Ib, sul2, tet(A) IncFIB(S)-IncFII(S)-IncX |
SE20 Enteritidis AMP-SAM blaTEM-1B, aph(é)-Id, aph(3”)-Ib, sul2, tet(A) IncFIB(S)-IncFII(S)-IncX |
SE23 Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2 IncFIB(S)-IncFlI(S)-IncX1
SE25 Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2, tet(A) IncFIB(S)-IncFlI(S)-IncX1
SE27 Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2, tet(A) IncFIB(S)-IncFII(S)-IncX 1
SE29 Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2 IncFIB(S)-IncFII(S)-IncX1
SE3I Enteritidis AMP-SAM blaTEM-1B, aph(6)-Id, aph(3”)-Ib, sul2 IncFIB(S)-IncFII(S)-IncX |1
SE37 Enteritidis AMP-SAM blaTEM-1B, aph(é)-Id, aph(3”)-Ib, sul2 IncFIB(S)-IncFII(S)-IncX |
SE36 Enteritidis AMP-SAM blaTEM-1B, aph(é)-Id, aph(3”)-Ib, sul2 IncFIB(S)-IncFII(S)-IncX |
SE26 Rissen AMP-SXT blaTEM-1B, aadA2, ant(3”)-la, qacE, dfrAl2, sull, sul3, cmlAl, tet(A) -
SEIl Typhimurium | -9 aac(6’)-laa IncFIB(S)-IncFlI(S)
SE28 Typhimurium | AMP-SAM-SXT blaTEM-1B, aadA2, ant(3”)-la, aac(6’)-laa, dfrAl2, sul2, sul3, cmlAl, floR Col(BS512)-Incl2(Delta)
SE30 Typhimurium | - aac(6’)-laa IncFIB(S)- IncFII(S)
SE35 Typhimurium | AMP-SAM-SXT blaOXA-10, ant(3”)-la, aph(6)-Id, aac(6’)-laa, aph(3”)-Ib, dfrAl4, sul2, cmlAl, | IncHI2-IncHI2A- IncQl
floR, ARR-3, tet(A), tet(B), qnrS|
SE24 Kentucky AMP-SAM-CIP-LEV blaTEM-1B, aadA7, aadAl7, aph(3’)-la, aac(3)-1d, aac(3)-ld, aac(6’)-laa, -
rmtB, qacE, mph(A), dfrAl14, sull, Inu(F), ARR-3, tet(A)

SE32 Kentucky AMP-CAZ-ATM- blaTEM-1B, blaCTX-M-55, aadA7, aadAl7, aph(3’)-la, aac(3)-Id, aac(3)-Ild, -

SXT-CIP-LEV aac(6’)-laa, qacE, mph(A), floR, Inu)-F), ARR-3, tet(A), fosA3
SE33 Kentucky AMP-CAZ-ATM- blaTEM-1B, blaCTX-M-55, aadA7, aadAl7, aph(3’)-la, aac(3)-Id, aac(3)-Ild, -

SXT-CIP-LEV aac(6’)-laa, qack, mph(A), dfrAl4, sull, floR, Inu(F), ARR-3, tet(A), fosA3
SEOI Muenster AMP-CRO-CAZ- blaTEM-1B, blaCTX-M-55, blaLAP-2, aadA22, aac(3)-lld, aph(6)-Id, dftAl4, | -

FEP-ATM-SAM-SXT | sul3, floR, Inu(F), ARR-3, tet(A), qnrS|
SE03 Muenster - - -
SE34 Anatum - aac(6’)-laa -
SEQ7 London - aac(6’)-laa -
SE22 London - aac(6’)-laa -
SEO5 Give - - -
SE21I Senftenberg - - Col(pHAD?28)
SE08 Cannstatt - aac(é’)-laa -
SE38 Indiana CIP-LEV aph(3’)-lla, aac(6’)-laa, mph(A) IncX|
SE06 Thompson AMP-CRO-ATM- blaCTX-M-65, blaOXA-10, aadAl, aadA2, aadA22, ant(3”)-la, aac(3)-IVa, IncHI2-IncHI2A

SAM aph(4)-la, dfrA14, cmlAl, floR-Inu(F), ARR-3, tet(A), gnrS|
SEI0 Diguel - aac(é’)-laa -

Notes: *SE: Salmonella Enterica. ®Serovars confirmed by the SeqSero 1.2 based on WGS. ®-: none.
Abbreviations: “AMP, ampicillin; SAM, ampicillin/sulbactam; SXT, sulfamethoxazole/trimethoprim; ATM, aztreonam; CIP, ciprofloxacin; LEV, levofloxacin; CAZ, ceftazidime;
CRO, ceftriaxone; FEP, cefepime; SCF, cefoperazone/sulbactam; ETP, ertapenem; TZP, piperacillin/tazobactam; IPM, imipenem.

Virulence Factors
Of the 38 Salmonella isolates, a total of 333 different VFs were identified across 10 categories (Supplementary Table 1).

VFs related to adhesion, effector delivery systems, and motility accounted for 86.8% of the total. Each strain carried
approximately 250-282 VFs, with 177 VFs present in all isolated Sa/monella strains (Table 2). The remaining 156 VFs
were present only in some isolates, with varying detection rates.
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Table 2 The Functional Category of 333 Virulent Factors in the 38 Salmonella Isolates

Functional Category and
Number of Genes

Virulent Factor Shared by all the 38 Isolates
(n=177)

The Other VFs Non-Shared (n = 156)

Adherence (n = 120)

Effector delivery system (n = 116)

STM2689%, csgA, csgB, csgC, csgD, csgE, csgF, csgG,
fimA, fimC, fimD, fimF, fimH, fiml, fimW, fimY, fimZ,
hepA, misL, ratB, stbA, stbB, stbC, stbD, steC, sthA,
sthB, sthC, sthD, sthE

STMO0266, apeE, clpV, hilA, hilC, hilD, iacP, iagB, invA,
invB, invC/sctN, invE, invG, invH, invl, inv], orgA/sctK,
orgB/SctL, orgC, pipB, prgH, prgl, prgl, prgK, sicA, sicP,
sifA, sipAlsspA, sipB/sspB, sipClsspC, sipD, sopA, sopB/
sigD, sopD, sopD2, sopE2, spaOlsctQ, spaP, spaQ,
spaR, spaS, spiClssaB, sprB, sptP, ssaC, ssaD, ssaG,
ssaH, ssal, ssaj, ssaK, ssal, ssaM, ssaN, ssaP, ssaQ,
ssaR, ssas$, ssaT, ssaU, ssaV, sscA, sscB, sseA, sseB,

SEAG_RS23305, SEAG_RS23320, SEAG_RS23325,
SNSL254_RS24270, SNSL254_RS24285,
SNSL254_RS24290, STM3026, STM4261, STM4571,
STM4574, STM4575, befA, befB, befC, befD, bfE,
bcfF, befG, befH, clpE, ehaB, faeD, htpB, IpfA, IpfB, IpfC,
IpfD, IpfE, nmpC, pefA, pefB, pefC, pefD, peg, pegB,
pegC, pegD, safA, safB, safC, safD, sefA, sefB, sefC,
sefD, shdA, sinH, staA, staB, staC, staD, staE, staF,
staG, stbE, stcA, stcB, stcC, stcD, stdA, stdB, stdC, steA,
steB, steD, steE, steF, stfA, stfC, stfD, stfE, stfF, stfG,
stiA, stiB, stiC, stiH, stjB, stjC, stkA, stkB, stkC, stkD,
stkE, stkF, stkG, tcfA, tcfB, tcfC, tcfD

SG_RS05215, SG_RS05220, STM0267, STM0268,
STM0269, STM0270, STM0271, STM0272,
STM0273, STM0274, STM0276, STM0278,
STMO0279, STM0280, STM0281, STM0282,
STM0283, STM0284, STM0285, STM0286,
STM0287, STM0289, STM0290, avrA, gogB, pipB2,
sifB, slrP, sopE, spvC, spvD, ssaE, ssa0, ssaX, sseC, ssef,
ssel/srfH, sseK|, sseK2, ssel, sspH2, steA, tae4, tidel

sseD, sseE, sseG, sse, ssrA, ssrB, steC

cheA, cheB, cheM, cheR, cheW, cheY, cheZ, figA, figB,
flgC., flgD, flgE. figF; flgG. flgH. flgl, fig flgk, flgL, flg,
flgN, flhA, flnB, flnC, flhD, flhE, fliA, fliB, fliD, fliE, flif,

fliG, fliH, fil, i, fliK, fiL, fliM, fiiN, fio, fiip, fiiQ, fiR,

flis, fiiT, fliY, fliZ, flk, motA, motB

entE, entF, fepA, fepD, fes, iroB, iroC, iroD, iroE, iroN,

mgtC

gndA, IpxC, ugd galF, gtrA, gtrB, rck, rfbH, rfbKl, tcpC
fur, phoP, phoQ, rcsB, rpoS -2
cdtB, hlyE, pltA, pltB, spvB

Motility (n = 53) fic, fliA, fiiB

Nutritional/Metabolic factor (n = 16) entA, entB, entS, fepG, mgtB
Immune modulation (n = 10)
Regulation (n = 5)

Exotoxin (n = 5)

Antimicrobial activity/ Competitive acrA, acrB, mig-14 mig-5
advantage (n = 4)

Invasion (n = 3) STMO0306, ibeC, ompA

Invasion Stress survival (n = ) sodCl

Notes: *-: none. STM2689*: a pseudogene.

Notably, we identified a significant number of T3SS-related VFs, including the prg, hil, org, inv, and spa operons
encoded by SPI-1 and the ssa, ssr, ssc, and sse operons encoded by SPI-2. These T3SS-associated VFs showed extremely
high prevalence rates, with sseC, sseF, ssel/srfH, sseK1, sseK2, sseL, and sspH2 occurring at rates ranging from 63.2% to
97.4%. Additionally, the remaining VFs of SPI-1 and SPI-2, with the exception of ssaX, were prevalent in all 38 isolates.

Furthermore, we found that the same Salmonella serovars shared identical or similar VF profiles (Figure 4), and some
VFs were present only in specific serovars. The comparison of VFs between BSI-causing and non-BSI-causing strains
showed that the distribution of 7 VFs was significantly higher among the BSI-causing strains (P<0.01), These included
effector delivery system genes (ssaO and ssel/srfH), immune modulation genes (rck and rfI), exotoxin (spvB), anti-
microbial activity/competitive advantage (mig-5), and stress survival (sodCI).

Infection and Drug Resistance 2024:17 https:

2371

Dove:


https://www.dovepress.com
https://www.dovepress.com

Hua et al Dove

1.0
Control

SEO01 == SE17
SE02 SE18
SE03 SE20
SE04 -8 SE23

=]
b SE09 -®- SE25
a
° SE10 4 SE27
SE11 SE29
SE12 -4- SE31
SE13 8- SE35
SE14 == SE36
0.0-1 T T T T T T 1 —~— SE15 —— SE37
0 1 2 3 4 5 6
Time (hours)
Figure 5 Growth curves of 22 Salmonella isolates causing BSls.
10041 SEO1
-~ SE02
E - SEO03
— SE04
S
E -8 SE09
2 50
s -¥ SE10
3
7] 3 SE31
] H\- -~ SE35
b— o -~ SE36
L e
0 E! -5~ SE37
T R R
0 1 2 3

Time (hours)

Figure 6 Anti-serum killing ability of randomly selected Salmonella isolates from that causing BSI.

Pathogenic Ability

The growth curve showed that the 22 Salmonella strains causing BSIs had comparable growth abilities, except for two
strains that exhibited rapid growth ability (Figure 5). However, they did not show strong resistance to anti-serum
killing (Figure 6). Additionally, 16 (72.7%) isolates were found to be weak biofilm producers, and the other 6 isolates
were non-biofilm producers (Figure 7A). Of note, significant differences in biofilm formation were observed between
ST11 and non-ST11 Salmonella isolates (Figure 7B). The biofilm formation of S. Enteritidis was significantly higher
than that of S. Typhimurium and S. Muenster (Figure 7C).

Discussion
Salmonella infections are a global public health problem due to the pathogen’s high pathogenicity. BSIs caused by this
pathogen occur mainly in children in low-income countries, such as those in Africa, often resulting in prolonged
hospitalization and high mortality. Therefore, data on the epidemiology of BSIs caused by Salmonella at the regional
level or in resource-limited settings are crucial. In this study, we provided data on the molecular and clinical
characteristics of Salmonella isolates causing BSIs to better design new prevention methods and to identify the need
for optimized therapeutic strategies.

We found that S. Enteritidis was the most common serovar, followed by S. Typhimurium, which is in line with
previous research,'® indicating that S. Enteritidis and S. Typhimurium are the primary pathogens responsible for
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Salmonella infections in humans. Notably, this is the first time that S. Diguel has been implicated in human infections.
Salmonella infections were found to occur predominantly in elderly patients with severe disease during autumn, which is
consistent with previous studies.'” ' Additionally, in our hospital, the Salmonella isolates causing BSIs were mainly
found in patients with multiple underlying diseases, likely related to impaired immunity. Host factors that increase
susceptibility to invasive non-typhoidal Sa/monella infections include immunosuppression, corticosteroids, hematologi-
cal malignancies, bone marrow and solid organ transplantation.>?

Further, the high frequency of resistance to ampicillin and ampicillin/sulbactam is similar to previous studies.>* Thus,
these antibiotics should be cautiously prescribed for the clinical treatment of infections caused by these strains.
Fortunately, the observed frequencies of resistance towards aztreonam, third- and fourth-generation cephalosporins
were lower than those previously reported.’®?> Additionally, the distribution of MDR strains observed in this study
was lower than that reported in Argentina,”* the USA,?® and China.?® This suggests that the third- and fourth-generation
cephalosporins may still be effective for the clinical treatment of Salmonella infections in our hospital. The high
prevalence of hlaTEM-1B in our study is in line with previous studies.”” Such widespread distribution of hlaTEM-1B
should be monitored, as the extensive 1S26-associated gene amplification of blaTEM-1 mediates resistance to piper-
acillin/tazobactam, cefoperazone/sulbactam, and ampicillin/sulbactam.”® Furthermore, only three gnrSI genes were
identified in this study, confirming that mutations in the quinolone resistance-determining regions of gyr4 and parC
were the primary mechanisms responsible for fluoroquinolone resistance. It is worth noting that the identification of
multiple ARGs alerts us the potential public health issue posed by MDR Salmonella spp. due to their rapid spread among
humans and within animal production chains.'' Therefore, the urgent need to enhance surveillance of such strain in both
of human medicine and veterinary practice is highlighted.
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Moreover, multiple plasmid replicons identified in our study may be associated with the spread of VFs and/or ARGs. It is
important to note that IncFIB(S) and IncFII(S) replicons were exclusively detected in S. Enteritidis and S. Typhimurium,
which is in accordance with previous research.”’’ These plasmid replicons are associated with ARGs, cytotoxins, and
adhesion factors, which confer hypervirulent bacterial fitness.° The plasmid profile IncFIB(S)-IncFII(S)-IncX1, which was
present in most of the 19S. Enteritidis isolates, was similar to the profile found in human and chicken isolates in Singapore.*'
Given that all IncFIB(S)-IncFII(S)-IncX1 sequences were located in a single contig, it is possible that this is a compatible
plasmid that contributes to bacterial diversification and adaptation through horizontal gene transfer.>?

More importantly, 16 out of the 22 BSIs cases in our study were caused by S. Enteritidis ST11, which exhibited clonal

dissemination. As we know, S. Enteritidis ST11 is the most common clone*-**

and the primary cause of bacteremia in
children and adults in Africa.>>3¢ However, Salmonella-related BSIs are rare in China. To the best of our knowledge, this
is the first report of clonally disseminated S. Enteritidis ST11 causing BSIs. Unfortunately, epidemiological contact
surveys were not implemented in a timely manner when patient clinical information was available. Therefore, it is
unclear whether these patients were infected by the consumption of contaminated food or by another route. Furthermore,
we found that the same STs exhibited significant genetic similarity, highlighting the need to strengthen infection control
measures to prevent outbreaks. In addition, we report for the first time that S. Diguel and S. Muenster cause human BSIs.
Moreover, in contrast to a previous study that demonstrated a direct correlation between serovars and STs,*” the
Typhimurium serovar in this study had various STs, suggesting the rapid evolution of Typhimurium. To the best of
our knowledge, this is the first time that S. Senftenberg ST2390 and S. Diguel ST5494 were identified.

The pathogenicity of Salmonella spp, closely related to the expression of VFs, significantly affects the severity of
human infections caused by this pathogen.*® Our study detected a large number of VFs in all Salmonella strains,
indicating the potential pathogenicity of these strains in our hospital. Additionally, a considerable portion of adhesion-
related genes contributed to biofilm formation, enhanced bacterial adhesion and colonization abilities, which are crucial
for bacterial pathogenicity. However, strong biofilm formation ability was not observed in these BSI-causing isolates.
Although all isolates harbored typical VFs from SPI-1 and SPI-2, which are involved in host cell invasion, host cell
apoptosis inhibition, intracellular survival, and replication promotion,®® the growth and anti-serum killing ability
evaluated in our study did not appear to be strong regarding the VFs present in the strains. These differences may be
due to variations in the expression of VFs. Moreover, all S. Enteritidis isolates carried the invA, hild, sipA, sipC, sefA,

sopB, ssrd, sopE, and sopE2 genes, which is consistent with previous research,®*°

indicating that these VFs may form
the basis for the basic pathogenic ability in S. Enteritidis. It is important to note that strains causing BSIs have a higher
prevalence of seven VFs. Among them, ssel may attenuate the host’s ability to clear bacteria by obstructing the migration
of host immune cells;*' Rck, as an outer membrane protein, mimics natural host cell ligands and triggers engulfment of
the bacterium by interacting with the epidermal growth factor receptor;** SpvB is a pLST-encoded cytotoxic protein
associated with enhanced Salmonella survival and intracellular replication.”> Whereas the functions of the remaining 4
VFs remain unknown. Taking all factors into account, as most of the patients with BSIs in our study were of advanced
age and had multiple underlying diseases, combined with the pathogenicity of the bacteria, we speculate that the
occurrence of BSIs is mainly due to the weakened immune systems of the patients.

Our study has limitations. Firstly, the sample size was small, with less than 40 cases, making it difficult to draw
accurate and reliable statistical Conclusions. Secondly, it was a single-centre study, which limits the generalisability of
our Results.

Conclusions

The BSIs were mainly caused by S. Enteritidis ST11, which not only carried multiple ARGs, VFs and plasmid replicons,
but also showed clonal spread. However, these isolates did not exhibit strong abilities in growth, biofilm formation or
anti-serum killing. This is the first time we have provided data on clonally disseminated S. Enteritidis ST11 causing BSIs,
highlighting the urgency of implementing infection control measures.
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Nucleotide Sequence GenBank BioProject Numbers
All the sequences were deposited into the NCBI Sequence Read Archive (SRA). The Whole Genome Shotgun BioProject
for these isolates has been deposited at GenBank, the BioProject number was PRINA882512.
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