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AR, R MEEM NSRRI R . X @I SRR, Y N SRR 5
KB A, WA RN SRS B R KR EER . BET, S
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#ifi%/N RNAs (noncoding small RNA, sRNA) J&—FK N 40~500 MZHEE, s
Ja K a2 R i 2Rk R % e . RS BT K I STne3020 4 S. typhimurium 78 1E
SRNA, RT-qPCR il & I AF kG 5 W40 B i =y 300, (H AR 2R 5 Dy e S A% AL
WG . WA A E B R R
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Abstract

Salmonella typhimurium, (S. typhimurium) is a Gram-negative, facultative intracellular
parasite and a significant zoonotic pathogen. It is primarily transmitted via the fecal-oral route,
causing gastroenteritis and septicemia in humans, and acute gastroenteritis and abortion in
pregnant animals. Currently, contamination of food by S. typhimurium is increasingly severe,
making it a major causative agent of foodborne infections and a serious threat to public health.
S. typhimurium can survive and proliferate in diverse host environments and readily forms
biofilm. These capabilities enable it to cause a spectrum of diseases, ranging from
self-limiting gastroenteritis to systemic infections, resulting in high morbidity and mortality.
Noncoding small RNAs (sRNAs), ranging from 40 to 500 nucleotides in length, are
post-transcriptional regulatory elements that control gene expression. Bioinformatics analysis
identified S7nc3020 as a potential SRNA in S. typhimurium. RT-qPCR analysis revealed its
high expression during macrophage infection; however, its specific biological functions and
regulatory mechanisms remain unclear. The research methods and key findings are described
below:

1. Screening, identification, genomic localization, and molecular characterization of
sRNA highly expressed in macrophages infected by S. typhimurium

Using online software, potential SRNA within the S. typhimurium genome were predicted,
followed by analyses of their genomic localization, length distribution, secondary structures,
and target genes. Total RNA was extracted from RAW264.7 macrophages infected with S.
typhimurium, and the expression of selected SRNA both inside and outside the macrophages
was analyzed using RT-qPCR. The prediction results indicated that there are a total of 280
potential SRNA in S. typhimurium, among which sRNA STnc3020, STnc1410, STnc4240, and
InvR are located within Salmonella pathogenicity island 1 (SPI-1), IsrC, STnc3420, and
STnc520 are found in SPI-11, STncl220 is in SPI-2, AmgR is located in SPI-3, and Isr4 is
situated in SPI-6. Molecular characterization analysis revealed that the lengths of the 280
sRNA range from 40-500 nucleotides. Secondary structure predictions were performed for
SRNA STnc3020, STnc270, STncl410, STnc520, GevB, STncl220, STnc3090, and STnc3080,
showing that these eight SRNA possess typical stem-loop structures, which play crucial roles
in the stability, target binding, and functional regulation of SRNA.

RT-gPCR results demonstrated that the expression levels of SRNA STnc3020, STnc3080,

and STnc3090 were upregulated following infection of macrophages, suggesting that these
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sRNA may have regulatory roles during S. typhimurium infection of host cells. Based on these
findings, we selected the SRNA STnc3020, located in the SPI-1 region and highly expressed
during macrophage infection, as the focus of further investigation to explore its specific
functions and regulatory mechanisms in the process of S. typhimurium infection.

2. Construction of S7nc3020 deletion strains, complementary strains, and tracer
strains, and pathogenicity analysis

Using S. typhimurium SL1344 as the research subject, we employed A-red homologous
recombination technology to construct S7nc3020 deletion strains (A4S8Tnc3020) and
complementary strains (CA4STnc3020). Subsequently, a plasmid containing a red fluorescent
protein (pFcCGi) was electroporated into SL1344, ASTnc3020, and CASTnc3020 strains to
obtain tracer strains. The growth capacity and surface morphology of these strains were
analyzed. Next, we utilized a BALB/c mouse infection model to evaluate the pathogenicity of
the constructed strains, determining the median lethal dose (LDso) for each strain, as well as
the bacterial load in the liver, spleen, and cecum, the levels of inflammatory factors in the
cecum, and conducting histopathological analyses of the organs. PCR and sequencing
validation confirmed the successful construction of the ASTnc3020 and CASTnc3020 strains,
while fluorescence microscopy confirmed the successful construction of the tracer strains.
Growth characteristic analysis demonstrated that the deletion of S7nc3020 and the expression
of the fluorescent protein did not affect the growth of the strains. Gram staining and
transmission electron microscopy revealed no significant differences in the surface
morphology of 45Tnc3020 and CASTnc3020 compared to SL1344.

Results from the mouse infection model indicated that the LDso of ASTnc3020-infected
mice increased, along with a reduced colonization in the liver and cecum, and decreased
levels of inflammatory factors IL-6 and IFN-y. Immunofluorescence detection further
confirmed a reduced distribution of the ASTnc3020 strain within the organs. These findings
suggest that STnc3020 influences the virulence of S. typhimurium during mouse infection,
indicating its regulatory role in bacterial pathogenicity. This discovery provides an important
theoretical basis for further understanding the role of S7nc3020 in pathogen survival and
host-pathogen interactions.

3. The effect of SRNA S7Tnc3020 deletion on the Infection of host cells by S.
typhimurium

To investigate the impact of STnc3020 on the infection of host cells by S. typhimurium,
this study utilized SL1344, ASTnc3020, and CASTnc3020 strains to infect mouse intestinal
epithelial cells (MODE-K). The adhesion and invasion capabilities, intestinal permeability in
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mice, expression of intestinal epithelial cell membrane ruffles, and tight junction proteins
were assessed. Additionally, RAW264.7 mouse macrophages were infected to evaluate the
proliferation of each strain within macrophages, their effect on inducing macrophage
apoptosis, and phagocytic capacity. The results demonstrated that, compared to SL1344 and
CAS8Tnc3020 strains, the 4STnc3020 strain showed significantly reduced adhesion to mouse
intestinal epithelial cells and decreased permeability in the mouse intestine (P<0.07). While
invasion ability was also reduced, the difference was not statistically significant. Following
infection of mouse intestinal epithelial cells, all three strains induced membrane ruffling and
cytoskeletal alterations, accompanied by a decrease in the expression of tight junction
proteins.

In macrophage infection assays, the proliferation rate of the ASTnc3020 strain was
significantly lower than that of SL1344 and CA4STnc3020 strains (P<0.01). Furthermore, the
number of apoptotic cells induced by SL.1344 and CASTnc3020 strains was significantly
higher than that of the ASTnc3020 strain (P<0.01). Western blot analysis revealed that the
pro-apoptotic protein Bax was significantly upregulated in the SL1344 and CASTnc3020
strains, while the anti-apoptotic protein Bcl-2 was significantly elevated in the ASTnc3020
strain. These results indicate that STnc3020 plays a crucial regulatory role in the processes of
S. typhimurium infection of host intestinal epithelial cells, as well as in the proliferation and
apoptosis induction in macrophages. This further elucidates the functional role of STnc3020 in
the interactions between pathogens and host cells.

4. Transcriptomic analysis of S. typhimurium SL1344 wild-type and S7Tnc3020
deletion strains and screening of differentially expressed genes

This study conducted transcriptome sequencing (RNA-Seq) to analyze the differences
between the wild-type S. typhimurium SL1344 strain and the STnc3020 deletion strain. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were
performed to investigate the biological processes and signaling pathways associated with the
differentially expressed genes. Additionally, quantitative reverse transcription PCR (RT-qPCR)
was employed to validate a subset of differentially expressed genes, ensuring the reliability
and accuracy of the results. The sequencing results revealed a total of 2,572 differentially
expressed genes between the SL1344 wild-type and S7nc3020 deletion strains, of which
2,571 genes were downregulated and 1 gene was upregulated. The downregulated genes
included T3SS-related genes such as prgJ, invG, and invl, virulence factors like srfA4, sifd, and
sipA, as well as flagellar genes flg4 and flgB, and SPI-6-related genes scid, sciB, sciC, sciD,
sciE, and sciG. The upregulated gene was fimZ.
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GO functional annotation indicated that the downregulated genes following the deletion
of the STnc3020 gene were mainly enriched in biological processes and molecular functions.
KEGG pathway analysis highlighted that the downregulated genes significantly enriched in
metabolic pathways included microbial metabolism in diverse environments, ABC
transporters, two-component systems, and pyruvate metabolism. To validate the reliability of
the transcriptomic data, selected differentially expressed genes were subjected to RT-qPCR,
and the results were consistent with the transcriptomic analysis, providing a solid foundation
for subsequent research.

5. Screening and verification of potential target genes regulated by SRNA STnc3020
and analysis of Its regulatory mechanism on key proteins of the T3SS apparatus

Through bioinformatics analysis combined with RNA sequencing (RNA-Seq), potential
target genes regulated by STnc3020 were identified. A bacterial dual-plasmid reporter system
was employed to validate the direct interaction between S7nc3020 and the mRNA of the
target gene, with further confirmation achieved through binding site mutations. The impact of
STnc3020 on the protein expression of target genes was analyzed using Western blotting.
Additionally, the expression levels of T3SS effector proteins SopE, SipC, and SopD were
assessed by Western blot, while the T3SS molecular apparatus was extracted and purified for
structural observation using transmission electron microscopy.

Prediction results indicated that the bases 3-23 of STnc3020 could complementarily pair
with the bases -58 to -78 of the 5'-UTR of the T3SS inner rod protein prgJ mRNA. The
validation using the dual-plasmid reporter system confirmed the direct binding of STnc3020
to the prgJ mRNA 5’-UTR, and this finding was corroborated by binding site mutations.
Western blot results demonstrated that the expression level of the target protein prgl in the
A8Tnc3020 strain was significantly lower than that in the SL1344 and CASTnc3020 strains
(P<0.01). SDS-PAGE analysis of secreted proteins revealed that the overall level of secreted
proteins in the 4STnc3020 strain was lower than that in the wild-type SL1344 strain. Western
blot results further indicated that the expression levels of SopE and SipC proteins were
downregulated in the ASTnc3020 strain, while there was no significant change in the
expression level of SopD. Transmission electron microscopy observations showed that the
T3SS molecular apparatus in the 4S7Tnc3020 strain was structurally incomplete, with only
needle-like structures observed, while the T3SS apparatus in the SL1344 strain appeared
intact. These results suggest that STnc3020 regulates the expression of prgJ, thereby affecting
the levels of T3SS effector proteins and, consequently, the integrity and functionality of the
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T3SS. This underscores the important regulatory role of S7nc3020 in the pathogenic
mechanism of S. typhimurium.

In summary, this study conducted a bioinformatics analysis combined with RT-qPCR
techniques to identify the highly expressed sSRNA S7nc3020 in SPI-1 and within mouse
macrophages. Using A-red homologous recombination technology, we constructed STnc3020
deletion strains, complementary strains, and strains labeled with red fluorescent protein. We
systematically analyzed the impact of S7nc3020 deletion on the adhesion and invasion
capabilities of S. typhimurium in epithelial cells, as well as its proliferation and ability to
induce apoptosis in macrophages. Additionally, this study assessed the effect of STnc3020
deletion on the virulence of S. #phimurium. Through various methods, including
transcriptome sequencing, bacterial dual plasmid reporter systems, qRT-PCR, and Western
blot, we successfully identified the target genes regulated by S7nc3020. The findings revealed
that S7Tnc3020 regulates the expression of the T3SS inner rod protein prgl at the
post-transcriptional level, affecting the expression levels of structural proteins and effector
proteins within the T3SS secretion system, thereby maintaining the integrity and functionality
of the T3SS molecular apparatus. These discoveries provide important clues and theoretical
foundations for further elucidating the virulence regulation mechanisms mediated by sSRNA.

Key words: S. typhimurium; sRNA STnc3020; virulence; T3SS molecular apparatus;

regulatory mechanism
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