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Salmonella Typhimurium is a common pathogen infecting the gastrointestinal tract of
humans and animals, causing host gastroenteritis and typhoid fever. Heat shock protein
(HtpG) as a molecular chaperone is involved in the various cellular processes of bacteria,
especially under environmental stress. However, the potential association of HtpG with S.
Typhimurium infection remains unknown. In this study, we clarified that HtpG could also
play a role as an effector in S. Typhimurium infection. RNA-seq indicated that the flagellar
assembly pathway, infection pathway, and chemotaxis pathway genes of S. Typhimurium
were downregulated after the mutation of HtpG, which resulted in compromises of S.
Typhimurium moatility, biofilm formation, adhesion, invasion, and inflamsmation-inducing
ability. In addition, HtpG recombinant protein was capable of promoting the proliferation
of S. Typhimurium in host cells and the resultant inflammation. Collectively, our results
illustrated an important role of HtpG in S. Typhimurium infection.

Keywords: Salmonella Typhimurium, HtpG, RNA-seq, infection, immunity

INTRODUCTION

S. Typhimurium is a Gram-negative bacterium from Enterobacteriaceae, which can colonize the
intestine of humans and a variety of animals (e.g., pigs, chickens, and cattle), causing gastroenteritis
(Majowicz et al,, 2010). Salmonella enters the digestive tract through mouth, invades into the
epithelial cells of mucosal layer of the small intestine and Peyer’s Patches (PP), or enters the
intestinal epithelial cells through the absorption of small intestinal villi epithelial cells (Monack
etal.,, 2000). Salmonella can also be directly swallowed by dendritic cells (DCs) in the lamina propria
(LP) of the small intestine epithelium (Tam et al., 2008). After invading host cells, Salmonella can
survive in DCs or macrophages in PP or LP, and then rapidly spread through the reticuloendothelial
cell system and colonize the liver and spleen (Haraga et al., 2008), followed by spread throughout
the body through the blood, causing various symptoms such as diarrhea, vomiting, fever, and
abdominal pain (LaRock et al., 2015).

Heat shock protein 90 (HSP90/HtpG), a genetically conserved member of the heat shock protein
family found in eukaryotes and prokaryotes, is involved in a variety of cellular processes including
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protein folding, repair, and signal transduction (Grudniak et al.,
2018). HtpG belonging to the HSP90 family of bacteria has been
shown to be essential for maintaining the E. coli CRISPR/Cas3
System (Yosef et al., 2011), which is an important defense
mechanism for prokaryotes against viruses and horizontal
transfer of DNA and RNA (Barrangou et al., 2007; Marraffini
and Sontheimer, 2008). Because HtpG has ATPase activity (Jin
et al,, 2017), the HtpG mutation influences many physiological
processes of Pseudomonas aeruginosa, including activity
of LasA protease, biofilm formation, motility, and amount
of rhamnolipid and pyoverdine/pyrubinin (Grudniak et al.,
2018). Furthermore, recent studies indicated that HtpG is
also implicated in the process of bacteria-induced pro-
inflammatory responses (Huang et al, 2019). Silencing the
HtpG gene of Pseudomonas sinensis could delay the onset time
of epinephelus coioides, and reduce mortality and infection
symptoms of host (Huang et al., 2019). HtpG also participates
in the secretion of colibactin in E. coli (Garcie et al., 2016).
Although HtpG was reported to be associated with Salmonella
invasion and survival in porcine enterocytes and macrophages
(Verbrugghe et al., 2015), few studies have reported the role of
HtpG of S. Typhimurium in stimulating host immune response.
In view of the harm of S. Typhimurium to humans and animals
coupled with the role of HtpG in regulating Salmonella virulence,
this study constructed strains of HtpG mutant S. Typhimurium
to infect cells and mice, revealing the roles of the HtpG in the
physiology of S. Typhimurium and its infection of host.

MATERIALS AND METHODS

S. Typhimurium Strains and Their

Growth Condition

S. Typhimurium strains (ATCC14028) purchased from the
Guangdong Engineering and Technology Research and
Development Center of Microbial Food Safety (Guangzhou,
China) was used as a wild type (WT). HtpG mutant strains
(AhtpG) were in-frame deletion mutant strains constructed
using the A-RED homologous recombination method
(Datsenko and Wanner, 2000). The complement strains
denoted as CAhtpG were constructed by amplifying the HtpG
gene fragment followed by connected to pBR-322 plasmid and
electrotransformed into the AhtpG strains. All the strains, WT,
AhtpG, and CAhtpG were cultured in lysogeny broth (LB,
Huankai, China) at 37°C, 200 r/min on a shaker.

RNA-Seq and Analyses

The single colonies of the WT strains (n = 4) and AhtpG strains
(n = 4) were respectively incubated in fresh LB medium at 37°C,
180 r/min in an air shaker overnight. The next day, the bacterial
suspension was added to the fresh LB at a ratio of 1:100 and
cultured on an air shaker until OD600 = 1. The supernatant was
discarded by centrifugation, and the bacteria were washed twice
with sterile PBS, followed by storage of the bacterial pellet at —80°C.
The samples were sent to Novogene Bioinformatics Technology
Co., Ltd (Beijing, China) to perform RNA sequencing and analysis.

The Agilent 2100 bioanalyzer was utilized to detect the total
amount and integrity of RNA. The mRNA is randomly
interrupted in the Fragmentation buffer, fragmented mRNA as
a template, used random primers to synthesize the first strand of
c¢DNA in M-MuLV reverse transcriptase, and synthesized the
second strand under the action of DNA polymerase I. AMPure
XP beads were applied to screen cDNA of about 70-420 bp, and
PCR amplification was performed. AMPure XP beads were used
again to purify the PCR products to obtain the library. After the
library passed the quality inspection, Illumina sequencing was
performed. The image data of the sequenced fragments measured
by the high-throughput sequencer were converted into sequence
data (reads) by CASAV A base recognition. Filter the original data
to obtain clean data, including removing reads with adapters,
removing reads with unidentifiable base information, and
removing low-quality reads. The reference genome and
annotation file were obtained in NCBI. Bowtie2 software was
used to locate and analyze clean data. Gene expression analysis
used HTSeq v0.6.1 to calculate the reading of each gene, calculate
the FPKM of each gene based on the gene length, and map it to
the reading of the gene by technology. DESeq2 R package (1.20.0)
was used for differential expression analysis. The method of
Benjamini and Hochberg was used to adjust the p-value to
control the false discovery rate. Genes with adjusted p-values
less than 0.05 found by DESeq2 were designated as expression
differences. The GO enrichment analysis of differentially
expressed genes was realized by GOseq R package software, and
the KOBAS software analyzed the statistical enrichment of
differentially expressed genes in the KEGG pathway.

Motility Assays

The swimming motility of S. Typhimurium WT or AhtpG strains
was determined on plates of LB medium solidified with Agar
(Huankai, China) at a concentration of 0.5%. One microliter of
fresh bacterial suspension was pipetted with OD600 = 1 into a
plate, followed by incubation for 12 h at 37°C to record the
diameter of growth circle.

Quantitative Biofilm Formation Assay

Biofilm formation by S. Typhimurium WT or AhtpG strains in
the wells of microtiter plates after 24 h of incubation was
evaluated by crystal violet staining. Cultures were grown
overnight at 37°C with shaking and then diluted 1:100 in fresh
LB medium. Aliquots of 200 ul of these cultures were dispensed
into the wells of 96-well microtiter plates and cultured at 30°C
for 24 h. After discarding the medium, the adhering bacteria
were washed three times with sterile PBS and stained with 0.5%
crystal violet solution for 30 min, followed by washing with
sterile PBS and drying. Thereafter, the stained biofilm was
dissolved with glacial acetic acid and the absorbance was
measured at OD570.

Cell Lines

IPEC-J2 and RAW 264.7 cell lines were cultured in Dulbecco’s
Modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, USA)
supplemented with 4 mM L-glutamine, 1 mM sodium pyruvate,
and 10% fetal bovine serum (FBS, Gibco, USA) at 37°C 5% CO..
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Adhesion, Invasion, Intracellular
Proliferation Assay, and Cell Infection
IPEC-J2 was used for adhesion and invasion assay; IPEC-J2 and
RAW 264.7 were used for intracellular proliferation assay. The
cells were colonized with an equal number of the indicated WT,
AhtpG, and CAhtpG strains for 1 h (multiplicity of infection,
MOI = 100). For adhesion assay, the cells were washed three
times with sterile PBS and then incubated for 10 min with PBS
containing 0.5% Triton X-100 (v/v). For invasion assay, the cells
were incubated for another 30 min in DMEM with gentamicin
(100 ug/ml), washed, and incubated with PBS containing 0.5%
Triton X-100 for 10 min; for intracellular proliferation and cell
infection assay, the cells were incubated for an additional 30 min
in DMEM with gentamicin (100 pg/ml), washed and cultured in
DMEM containing 50 pg/ml gentamicin, followed by collection
of cell lysates at 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h. Serial 10-fold
dilutions of cell lysates were plated on LB agar and incubated for
16 h to count the UFC of bacteria.

Experimental Animals

Eighteen 6-week-old male BALB/c mice with similar body weight
were randomly divided into three groups and used for the
S. Typhimurium challenge test. The mice were fasted for 12 h
before the challenge, and mice were subsequently gavaged with
100 pl of PBS containing 1x10® CFU S. Typhimurium WT strains
or AhtpG strains (treatment group) or the same amount of PBS
(NC group), re-feeding after half an hour of gavage. Four days
after infection with S. Typhimurium, the mice were sacrificed by
cervical dislocation, and the serum was collected. Liver, spleen,
and thymus were completely stripped and weighed. Mouse liver,
spleen, and ileum tissues were collected and stored at —80°C
for subsequent experiments. The animal study was reviewed
and approved by the Animal Care and Use Committee of the
South China Agricultural University (SCAU2019B142).

RNA Preparation and gRT-PCR

Total RNA was extracted from S. Typhimurium, mice, and cells
with Eastep Super RNA extraction kit (Promega, Shanghai,
China). Approximately 2 pg of total RNA was reverse-
transcribed using a M-MLV reverse transcriptase kit (Promega,
Shanghai, China). The primers were synthesized by Tsingke
(Guangzhou, China). Quantitative PCR was performed in 20uL
reaction system with specific primers and AceQ qPCR SYBR
Green Master Mix (Vazyme, Nanjing, China). The amplification
was operated on the CFX96 Touch Real-Time PCR Detection
System (Bio-Rad, California, USA). The relative expression of pig
and mouse mRNA was normalized to GAPDH, and the mRNA of
S. Typhimurium was normalized to gyrA. The expression of genes
was analyzed by the method of 2**“", The sequence information
of all the primers involved in this study is shown in Table 1.

Quantification of Cytokines

The cell culture medium was collected after the strains infected the
cells for 12 h. The ileal and spleen tissues were homogenized with
PBS, the supernatant was then collected after centrifugation at 4000
r/min for 5 min. Cytokines were quantified with Enzyme-Linked
Immunosorbent (ELISA) kits (Neobioscience, Shenzhen, China)

according to the respective instructions. Briefly, the samples were
added to the test well and incubated at 37°C for 90 min to bind the
antibody. Then, the biotinylated antibody and avidin HRP were
sequentially added to the test wells. Tetramethylbenzidine substrate
solution is used for color development and stop solution to stop
color development. Read the value at 450 nm with a microplate
reader (Bio-Rad, California, USA).

Recombinant Protein Purification

HtpG recombinant proteins containing endogenous His, S, and
Trx tags derived from the pET-32a cloning vector (Novagen,
Germany) were purified using a Ni-affinity column (Sangon,
China). Briefly, double digestion of pET-32a with restriction
enzymes Ncol and Xhol amplified the HtpG gene that repeats 20
nt with the restriction site of the vector; Trelief " S0Soo Cloning
Kit (Tsingke, Beijing) was applied to ligate the linearized plasmid
with the amplified fragment. Then, the constructed plasmid was
transformed into E. coli BL21 strain (Tsingke, Beijing). BL21
strain was grown in 1 L of LB broth within ampicillin (50 mg/ml)
at 37°C for 3 h, and IPTG (1 mM) was used to induce at 20°C
for 16 h. After enzymatic digestion consisting of 0.2 mg/ml
lysozyme, 20 ug/ml DNase, 1 mM MgCl,, and 1 mM
phenylmethylsulfonyl fluoride (PMSE), the supernatants were
purified by Ni-column. The Toxin-Eraser Endotoxin Removal
Kit (Genscript, USA) was used to remove lipopolysaccharide
(LPS), and the Toxin-Sensor Chromogenic LAL Endotoxin
Assay Kit (Genscript, USA) was used to detect the residual
LPS. Ultrafiltration tube (Millipore, USA) was used for
concentration and desalting. The protein concentrations were
measured by Bradford assay (Thermo Fisher, USA). The purity
was tested by SDS-PAGE (10%, acrylamide).

Cell Proliferation and Toxicity Assay

Cell proliferation was determined using Cell Counting kit-8
(CCK-8, Dojindo, Japan). Add 100 pl of suspension containing
about 1x10* IPEC-J2 cells to a 96-well cell plate and culture it for
6 h. Then, add different concentrations of HtpG recombinant
protein and culture it for 24 h. Add 10 pl of CCK-8, incubate for
1 h, and measure the absorbance at 450 nm. The LDH-assay kit
(Nanjingjiancheng, China) was used to assess the cell toxicity.

Statistical Analyses

All data are expressed as the means + standard error (SE). Data
analysis was performed using the SPSS 25.0 software (IBM), and
one-way analysis of variance with Dunnett’s test was used. p <
0.05 was considered statistically significant. Comparison between
the two sets of data was used with independent sample ¢-test, and
differences were considered significant when *p < 0.05 and **p <
0.01 were obtained.

RESULTS

Construction of HtpG Deletion and
Complemented Strains of S. Typhimurium
To study the regulation of HtpG gene in S. Typhimurium, HtpG
mutant strains (AhtpG) were constructed by RED homologous
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TABLE 1 | Primer sequences.

Species Genes

Mouse GAPDH

IL-18
IFN-y
IL-1B
TNFo
Pig IL-1B

TNFo

GAPDH
S. Typhimurium HtpG
PrgJ
FliC
SipB
SopB
SipA

GyrA

recombination system. Based on the mutant strains, the pBR-322
plasmid was used to construct complement strains (CAhtpG). The
results of QPCR showed that the relative expression of HtpG
mRNA in mutant strains was significantly reduced (p < 0.01),
while that of supplemented strains was significantly increased (p <
0.01) (Figure 1).

RNA-Seq and Analysis of S. Typhimurium
After HtpG Mutation

To reveal the regulatory mechanism of HtpG, transcriptome
sequencing and analysis of S. Typhimurium wild strains and
HtpG-mutant strains were conducted. Overall, 6.45-8.18 million
pieces of clean data and 1.0-1.2 Gb of RNA-seq data in wild-type
strains and HtpG-mutant strains were obtained (Table S1). The
data were submitted to the NCBI Sequence Reads Archive
database (PRJNA746115). The reads obtained by sequencing
were mapped to the S. Typhimurium genome (NC_003197.2) in
the NCBI database. The results are shown in Table S2, the total
mapped comparison rate of each sample is above 99%, and the
multiple mapped comparison rate is above 95%. The analysis of
gene expression differences was performed using DESeq2
software, and the screening criteria were p < 0.05. Compared
with the WT strains, the AhtpG strains had a total of 383

Primer sequences (5’ —3’) Tm (°C)
F: AGGTCGGTGTGAACGGATTTG 58
R: TGTAGACCATGTAGTTGAGGTCA
F: GACTCTTGCGTCAACTTCAAGG 58
R: CAGGCTGTCTTTTGTCAACGA
F: TGCTGATGGCCTGATTGTCTT 60
R: ACAGCAAGGCGAAAAAGGATG
F: GAAATGCCACCTTTTGACAGTG 62
R: TGGATGCTCTCATCAGGACAG
F: CAGGCGGTGCCTATGTCTC 62
R: CGATCACCCCGAAGTTCAGTAG
F: GAGCTGAAGGCTCTCCACCTC 60
R: ATCGCTGTCATCTCCTTGCAC
F: TTCCAGCTGGCCCCTTGAGC 62
R: GAGGGCATTGGCATACCCAC
F: AGGACCAGAGCCAGGAAGA 58
R: AGCAGGAAAACTGCCAAGAA
F: TATGCCTGATTCTGACTGTT 58
R: ATGAAGACTCAAACTGTATCT
R: GCAGCAGCCATGTACTCT
F: CAAGGCTGTGGGCAAGGTCATC 60
R: TTCTCCAGGCGGCAGGTCAG
F: CTGGGAGAAAATCAACAAGGC 58
R: GGAAGAGTCGGTATGGGTGG
F: GGCAGGCGGTCAATATCAGGTC 60
R: CCGTGGCAATCGCCGAACC
F: CTTGCTGGCGGTGCGACTTC 60
R: ACACCTGCTGCTGTCAATGCG
F: GTATGGCAGGCGATGATTGA 58
R: ATAAACACTCTTGGCGGTATCC
F: AGCGGGCGAGGCGGTAAG 58
R: CCGGCTGGGTCAACGATTGC
F: GGCGTAACCAGCAAGAGCATTA 60
R: ACCGTCGTGTCTGATTGTAAGG
F: CGGGATACAGTAGAGGGATAGC 62
R: TCACCAACGACACGGGCAGA

differentially expressed genes, including 182 upregulated genes
and 201 downregulated genes. (Figures 2A, B). According to
KEGG pathway analysis in Figure 2C, the upregulated genes
were mainly enriched in the ribosomal pathway, while the
downregulated genes were mainly enriched in the Salmonella
infection, flagellar assembly, bacterial chemotaxis, and
other pathways.

Five differential genes enriched in Salmonella infection pathway
were randomly selected for verification of the transcriptome result.
Compared with the WT strains, the relative expression of PrgJ, SipB,
SopB, FliC, and SipA mRNA of the AhtpG strains was significantly
downregulated (p < 0.05), which was consistent with the results of
transcriptomics (Figure 2D).

Biological Characteristics of HtpG-Mutant
Strains of S. Typhimurium

RNA-seq results showed that flagellar assembly-related genes of
S. Typhimurium were downregulated after HtpG mutation,
which was then validated by determining the mobility of
Salmonella, as represented by the size of the bacterial
swimming circle. The results showed that the diameter of the
swimming circle of AhtpG strains was significantly smaller than
that of WT strains and CAhtpG strains (p < 0.05) (Figure 3A).
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FIGURE 1 | Relative expression level of HtpG mRNA of wild-type strains WT,
mutant strains AhtpG, and complemented strains CAhtpG; the result is
shown as the mean + standard error, ** means p < 0.01, n = 6.

The effect of HtpG mutation of S. Typhimurium on its biofilm
formation ability was tested (Figure 3B). The results showed that
the amount of biofilm formed by the AhtpG strains was
significantly lower than that of the WT strains and CAhtpG
strains (p < 0.05).

Adhesion to intestinal epithelial cells is a key step of S.
Typhimurium infecting the host (Wagner and Hensel, 2011).
Thereby, IPEC-J2 cells were used as the object to detect the
difference in adhesion ability of WT strains, AhtpG strains, and
CAhtpG strains. After 1 h of incubation, the number of adhering
and invading S. Typhimurium was counted. The results showed
that the adhesion and invasion ability of the AhtpG strains were
both significantly lower than that of the WT strains and CAhtpG
strains (p < 0.05) (Figures 3C, D).

S. Typhimurium with MOI = 100 was added to IPEC-]2 cells,
followed by detection of the number of S. Typhimurium within
the cells at 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h of infection.
Compared with the WT strains and the CAhtpG strains, the
number of S. Typhimurium in the cells of the AhtpG strains at
1h,2h,4h,8h, 12 h, and 24 h of incubation was extremely
significantly reduced (p < 0.01) (Figure 3E), which suggested
that the deletion of HtpG can reduce the intracellular
proliferation ability of S. Typhimurium.

Similar results were found in the RAW264.7 cell experiment.
Two hours after infection, the number of S. Typhimurium in
RAW264.7 cells in the AhtpG infection group was significantly
lower than that in the WT infection group and the CAhtpG
infection group (p < 0.05). After 6 h, compared with the WT and
CAhtpG infection groups, the number of bacteria in the cells of

the AhtpG infection group was significantly reduced (p < 0.01),
while the number of bacteria in the CAhtpG infection group was
significantly higher than that in the WT infection group (p <
0.05) (Figure 3F), indicating that mutating the HtpG gene of S.
Typhimurium can reduce its ability to proliferate in intestinal
epithelial cells and macrophages.

Mutant of HtpG Gene Reduced the
Pro-Inflammatory Effects of

S. Typhimurium In Vitro

Transcriptomics revealed that HtpG mutation led to
downregulation of Salmonella infection pathway gene
expression; we thus analyzed the host inflammatory response
induced by HtpG mutant strains during the infection process
through an in vitro infection model.

Pro-Inflammatory Responses of IPEC-J2 Cells
As shown in Figure 4A, 2 h after infection with S. Typhimurium,
the relative expression of TNFa and IL-18 in the cells infected
with the AhtpG strains was significantly reduced compared with
WT strain and CAhtpG strain infection groups (p < 0.01). The
relative expression of IL-8 in the AhtpG infection group and the
CAhtpG infection group was significantly lower than that in the
WT infection group (p < 0.05). After 4 h of infection, there was
no significant difference in the relative expression of TNFo
between each group (p > 0.05). The relative expression of IL-18
and IL-8 mRNA in the AhtpG infection group was significantly
lower than that in the WT infection and CAhtpG infection
groups (p < 0.01), and the relative expression of IL-8 in the
CAhtpG infection group was significantly lower than that in the
WT infection group (p < 0.05). After 8 h of infection, the relative
expression of TNFain the CAhtpG infection group was
significantly higher than that of the other two groups (p <
0.05), while no significant difference was noted between the
WT infection and AhtpG infection groups (p > 0.05).
Compared with the WT infection group, the relative expression
of IL-8 in the AhtpG infection group was significantly lower than
that in the WT infection group (p < 0.01) and significantly lower
than that in the CAhtpG infection group (p < 0.05). After 24 h of
infection, the relative expressions of TNFq, IL-8, and IL-18
mRNA in the AhtpG infection group were significantly lower
than those in the WT infection and CAhtpG infection groups
(p < 0.05). The relative expression of IL-8 and IL-8 was
significantly lower than that of the WT infection group (p < 0.05).
Besides the mRNA expression of inflammatory cytokines, the
contents of inflammatory cytokines in the cell culture medium
after 6 h of infection by S. Typhimurium in IPEC-]2 cells were
determined. As shown in Figure 4B, the TNFa content of the
AhtpG infection group was significantly lower than that of the
WT infection and CAhtpG infection groups (p < 0.01). The IL-8
content in the medium of the AhtpG infection group was
significantly lower than that of the WT infection group (p <
0.01) and tended to reduce (p = 0.09) when compared with the
CAhtpG infection group, while the CAhtpG infection group
displayed a reduction (p < 0.05) in IL-8 content relative to the
WT infection group (p < 0.05).
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FIGURE 2 | (A) Difference analysis volcano map. UP (red): upregulation of differential genes, DOWN (green): downregulation of differential genes, NO (blue): total number
of genes detected. (B) Cluster Heat Map of Differential Genes. (C) KEGG enrichment analysis scatter plot. Gene ratio: the ratio of the number of differential genes
annotated to the KEGG pathway to the total number of differential genes. (D) Transcriptomics verification by gRT-PCR, * means p < 0.05, ** means p < 0.01, n = 6.

Pro-Inflammatory Responses of RAW264.7 Cells

Macrophages can actively swallow Salmonella that needs to
survive and multiply in macrophages after breaking through the
intestinal barrier to expand its infection of host. As shown in
Figure 4C, after 2 h of incubation, the relative expression levels of
TNFo, iNOS, IL-1B, and IL-18 in RAW264.7 macrophages
infected with the AhtpG strains were significantly lower than
those in the WT strains group (p < 0.01). Compared with the

CAhtpG group, the relative expression of TNFao,, IL-1f, and IL-18
was significantly reduced (p < 0.05), the relative expression of
iNOS was significantly reduced (p < 0.01), and the relative
expression levels of TNFa, IL-1B, and IL-18 in the AhtpG group
were significantly lower than those in the WT infection group (p <
0.05). After 12 h, the relative expression of TNFo, iNOS, IL-1f,
and IL-18 in the AhtpG infection group was significantly lower
than that in the WT infection group (p < 0.01), and the relative
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FIGURE 3 | (A) Diameter of swimming circle of S. Typhimurium in semi-solid agar medium (left) and the representative graph (right), n = 4. (B) S. Typhimurium
biofilm formation ability (left) and the representative graph: crystal violet stained the biofilm produced by S. Typhimurium in a glass tube (right), n = 6. (C) The number
of S. Typhimurium attached to IPEC-J2 cells, n = 4. (D) The number of S. Typhimurium invading IPEC-J2 cells, n = 4. (E) The number of S. Typhimurium proliferating
of WT strains, AhtpG strains, and CAhtpG strains in IPEC-J2 cells, n = 4. (F) The number of S. Typhimurium proliferating in RAW264.7 cells, n = 4. The result is
shown as the mean + standard error, * means p < 0.05, ** means p < 0.01. WT means S. Typhimurium wild-type strains; AhtpG means S. Typhimurium HtpG
mutant strains; CAhtpG means S. Typhimurium HtpG complement strains.

expression of IL-1f3 and IL-18 was extremely lower than that in the
CAhtpG infection group (p < 0.01). The relative expression of
TNFa and iNOS in the CAhtpG infection group was significantly
lower than that in the WT infection group (p < 0.05).

With regard to cytokine contents in the cell culture medium
(Figure 4D), the TNFo content of the AhtpG infection group
was significantly lower than that of the WT and CAhtpG

infection groups (p < 0.01 and p < 0.05, respectively). The
content of TNFa was significantly lower than that of the WT
infection group (p < 0.05). The IFNY content of the AhtpG
infection group was significantly lower than that of the WT and
CAhtpG infection group (p < 0.01 and p < 0.05, respectively). No
significant difference was observed between the CAhtpG
infection and WT infection groups (p > 0.05).
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FIGURE 4 | Pro-inflammatory responses of host cells induced by S. Typhimurium. (A) Relative mRNA expression of inflammatory cytokines in IPEC-J2 cells at
different infection times of S. Typhimurium. (B) The contents of inflammatory cytokines in the cell culture medium of IPEC-J2 cells after 12 h of S. Typhimurium
infection. (C) Relative mRNA expression of inflammatory cytokines in RAW264.7 cells at different infection times of S. Typhimurium. (D) The content of inflammatory
cytokines in RAW264.7 cell culture medium after S. Typhimurium infection. These results are shown as the mean + standard error, * means p < 0.05, ** means p <

0.01,n=6.
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Mutant of HtpG Gene Reduced the
Pro-Inflammatory Effects of

S. Typhimurium In Vivo

The final body weight of mice challenged with WT and AhtpG
strains was both significantly lower than the mice in the NC group
(p < 0.01); however, the final body weight of mice in the AhtpG
strain group was significantly higher than the mice in the NC
group (p < 0.05) (Table 2). This indicated that mutant of the HtpG
gene can alleviate the weight loss of mice caused by S.
Typhimurium. Compared with the NC group, the spleen and
liver weights of the AhtpG group and the WT group were
significantly increased (p < 0.05), and the weight of the thymus
was significantly decreased (p < 0.05), indicating that the oral
administration of S. Typhimurium caused huge damage to the
mouse immune system. However, the AhtpG group exhibited a
reduction (p < 0.05) of spleen weight along with an increase (p <
0.05) in final body weight relative to of the WT group (Table 2),
which suggested that mutant of HtpG may reduce the toxicity of S.
Typhimurium, probably attenuating host acute inflammation
caused by its infection. To confirm this speculation, we then
quantified inflammatory cytokines in mice after infection.

As shown in Figure 5A, compared with the gavage with WT
strains, the gavage with AhtpG strains decreased the relative
expression of spleen IL-1f3, IL-18, TNFa, and IFNY of mice (p <
0.05). The relative expression of ileal IL-1f (p < 0.01) and IL-18
(p < 0.01) as well as IFNY (p < 0.05) of mice gavaged with AhtpG
strains was significantly lower than that gavaged with WT strains
(Figure 5B). Regarding the inflammatory cytokine contents in
mice after infection, the contents of TNFq, IFNY, IL-1[3, and IL-
18 in serum, spleen, and ileum (Figures 5C-E) of mice
challenged with AhtpG strains were significantly decreased
(p < 0.05) as compared with mice challenged with WT strains.
Overall, the mutation of HtpG gene could alleviate acute
inflammatory injury in mice infected by S. Typhimurium.

HtpG Protein Promotes

S. Typhimurium Infection

To further validate the role of HtpG in S. Typhimurium
infection, a recombinant HtpG protein (rHtpG) derived from
S. Typhimurium was constructed. It could be seen from
Figure 6A that the addition of rHtpG had no significant effect
on the proliferation of S. Typhimurium in IPEC-J2 cells at 1 h
and 2 h of infection (p > 0.05). At 8 h, 12 h, and 24 h, the number
of S. Typhimurium in the cells added with rHtpG was
significantly higher than that in the control group (p <
0.05) (Figure 6A).

The number of S. Typhimurium in RAW 264.7 cells was
detected 6 h after infection (Figure 6B). Compared with the
control group, the number of S. Typhimurium in the rHtpG
treatment group was significantly increased (p < 0.05).

The LDH content in the IPEC-]J2 cell culture medium after
adding rHtpG for 12 h was detected (Figure 6C). Compared with
the control group, the LDH content in the rHtpG group did not
increase significantly (p > 0.05), suggesting that the rHtpG would
not cause cell damage. CCK-8 was used to detect cell
proliferation for 12 h. As shown in Figure 6D, the absorbance
of IPEC-]J2 cells treated with different concentrations of rHtpG
(1, 10, 100, 500, and 1000 pg/ml) did not change significantly
compared with the control group, which revealed that rHtpG did
not affect cell proliferation.

After incubating cells with S. Typhimurium and rHtpG for 12
h, we detected the relative mRNA expression and secretion level
of inflammatory cytokines. As shown in Figure 6E, rHtpG
significantly increased the relative expression of IL-8 and
TNFa in IPEC-J2 cells (p < 0.05) but had no significant effect
on IL-18 (p > 0.05) expression. In the case of S. Typhimurium
infection, the addition of rHtpG could significantly increase the
relative expression of TNFa, IL-8, and IL-18 (p < 0.05).
Meanwhile, rHtpG significantly increased the secretion of IL-8
within cells (p < 0.05) (Figure 6F).

DISCUSSION

S. Typhimurium is a Gram-negative bacterium with a motility
that can cause intestinal diseases in humans and manifold
animals, including pigs, chickens, and cattle. In severe cases, it
can cause sepsis and systemic infections (Desin et al., 2013). At
present, the role of various effect factors of S. Typhimurium in
the infected host has been fully explained (LaRock et al., 2015;
Azimi et al., 2020; dos Santos et al., 2020); however, the role of
chaperone proteins is frequently ignored. Heat shock protein 90
(HSP90/HtpG) belongs to the family of heat shock proteins,
which is highly conserved genetically and widely found in
eukaryotes and prokaryotes (Picard, 2002). It participates in a
variety of cellular processes, including protein folding and repair
and signal transduction, especially under external environmental
stimuli such as heat stress (Dunner and Mason, 1999; Motojima-
Miyazaki et al., 2010). It is generally believed that the lack of
HtpG does not affect the growth of bacteria under conventional
culture conditions (Thomas and Baneyx, 1998). However, under
heat stress conditions, HtpG may have a wide range of regulatory

TABLE 2 | The organ weight and body weight of the mice challenged with S. Typhimurium.

Groups Thymus (g) Liver (g)

NC 0.053 + 0.005" 1.067 + 0.013*
WT 0.015 + 0.002° 1,707 + 0.010°
AhtpG 0.018 + 0.002° 1.688 + 0.024°

Spleen (g) Final body weight (g)

0.08 + 0.006" 241 +0.24"
0.288 + 0.004° 20.90 + 0.26°
0.260 + 0.006° 22.18 + 0.09°

NC, negative control group, mice gavaged with PBS; WT, mice gavaged with WT strains; AhtpG, mice gavaged with AhtpG strains. Different letters in the same column indlicate that the
difference has reached a significant level of 0.05, and capital letters indicate that the difference has reached 0.01.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

November 2021 | Volume 11 | Article 758898


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Dong et al.

HtpG Contributes to Salmonella Infection

IL-1
A P
20 — 25
—
15 A0
o [}
g 2 15
5 10 S
] Z 10
o i
0 [}
NC WT AhtpG
1L
B B
20 % kk
e
o 1 [
o o
[ c
© ©
S 10 S
3 z
[} [}
w ('S
[
NC WT AhtpG
C 150
E *
2 ! !
Q * *
7] ~—
100
B
E
o
£ 50-
-]
'S
-4
=4
0_
NC WT AhtpG
P w0y
5 —
o
Q
]
£ 400
°
E
o
£ 200
o
w
4
=
0_
NC WT AhtpG
E *
40004 ——
E ok *
=1 r
= 3000
£
B
E 2000
o
2
2 1000+
4
=
0_
NC WT AhtpG
0.01,n=6.

L18 TNFa IFNy
L 4 — 15 ——
3
[} (]
2 210
3 £
S 2 G
3 k)
2 e s
0 0
NC WT AhtpG NC WT AhtpG NC WT AhtpG
IL-18 IFNy
15 . 40 e
o 30
10 o
©
5 20
k-]
5 S
L 10
0 o
NC WT AhtpG NC WT AhtpG
= ns hd
60 — 3004
— g —_ 1
§ 40 £ 200-
£ B
3
E 204 2 1004
5 £ 100
>
2 z
® o
-
= 0- 0-
NC WT AhtpG NC WT AhtpG
2000 15009  ——
c *k *
g c —
o ]
] -
£ 21000~
5 £
E B
=
e %, 500
> =
g ©
2 o
NC WT AhtpG NC WT AhtpG
8009 ——— 5000 ——
—_r £ R
E 600 g 4001
H £
= = 300
£ 400 g
g 2 200
g K-
2 200- >
s g 1001
~
= 0- 0-
NC WT AhtpG NC WT AhtpG

FIGURE 5 | Pro-inflammatory responses of mice induced by S. Typhimurium. Relative mRNA expression in spleen (A) and ileum (B) after infection for 4 days with S.
Typhimurium. The content of inflammatory cytokines in the serum (C), spleen (D), and ileum (E) of mice infected by S. Typhimurium. * means p < 0.05, ** means p <

effects on different prokaryotes (Schulz et al., 1997; Tanaka and

Nakamoto, 1999; Hossain and Nakamoto, 2003).

In recent years, many studies have focused on the important

role of HtpG in the process of bacterial infectio

n. HtpG as a

pathogenic factor contributes to the persistent infection of
Salmonella in pigs (Verbrugghe et al, 2015). Pseudomonas
plecoglossicida is a temperature-dependent pathogen, which is
related to many diseases of fish. The HtpG mRNA was found to
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be significantly upregulated in a highly pathogenic status at 18°C.
Besides, HtpG-RNAI strains exhibited lower toxicity (Huang
et al., 2019), while there is currently no research to clarify how
HtpG exerts its function in the process of S. Typhimurium
infection. In this study, we constructed HtpG mutant strains
and used RNA-seq to reveal the regulation of HtpG on .
Typhimurium effector factors, followed by exploration of the
roles of HtpG in the S. Typhimurium infection of host through in
vivo and in vitro infection models, thereby providing new ideas
and theoretical basis for the prevention and treatment of
S. Typhimurium.

Using A-RED homologous recombination technology, we
successfully constructed HtpG deletion strains. RNA-seq found
that the downregulated genes of HtpG mutant strains were
mainly implicated in the Salmonella infection pathway, flagella
assembly pathway, and bacterial chemotaxis. A total of 14
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FIGURE 6 | Influence of HtpG protein on S. Typhimurium infection. (A) Proliferation of S. Typhimurium in IPEC-J2 cells after rHtpG treatment, n = 4. (B) Number of
S. Typhimurium infecting RAW 264.7 cells after rHtpG treatment for 6 h, n = 4. (C) The content of LDH in the cell culture medium after rHtpG treatment for 12 h, n = 6.
(D) IPEC-J2 cell proliferation after rHtpG treatment, n = 6. (E) The relative mRNA expression of IPEC-J2 inflammatory cytokines, n = 6. (F) The content of IL-8 in IPEC-J2
cells medium after rHtpG treatment for 12 h, n = 6. rHtpG means HtpG Recombinant protein, Sty means S. Typhimurium, * means p < 0.05.

downregulated genes, namely, FliC, FIgM, FliK, MotA, FIgN,
FliD, FliA, FliN, FlgK, MotB, FliL, FigH, FliJ, and FliY, were
enriched in the flagella assembly pathway. As the only movement
structure of flagella mediates the tropism of Salmonella (Barbosa
et al., 2017), flagella also has antigenic properties triggering the
host’s inflammatory response (Simon and Samuel, 2007).
Thereby, the abnormal assembly of flagella induced by
mutation of HtpG was deduced to lead to changes in biological
characteristics related to the pathogenicity of S. Typhimurium.
In support of this view, we found that the diameter of the
swimming circle of the HtpG mutant strains was significantly
lower than that of the WT strains.

Biofilm is an extracellular polymer formed by bacterial action
on the surface of certain substances, including cellulose, bacterial
protein components (fimbriae and flagella), lipids, and
extracellular DNA (Merino et al., 2017), which is one of the
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reasons for the continuous infection of Salmonella (Desai et al.,
2019). The great increases in the resistance of bacteria due to
formation of biofilm is a crucial reason for the continuous
contamination of Salmonella on biological products such as
meat, eggs, and milk (Flemming and Wingender, 2010; Wang
et al., 2020). We examined the biofilm formation of
S. Typhimurium on cell culture plates made of polystyrene,
which revealed that the biofilm formation ability of
S. Typhimurium was significantly reduced by nearly 30% after
the deletion of HtpG, indicating that HtpG is involved in the
formation of S. Typhimurium biofilm. Grudniak et al. found
similar results to us, for the HtpG mutant strain of P.
plecoglossicida, and the migrating ability and biofilm formation
ability were significantly downregulated (Grudniak et al., 2018).

We speculate that the reason for this phenomenon may be
related to the downregulation of gene expression in the flagellar
assembly pathway. Bacterial structures such as flagella and
fimbriae play an important role in the process of approaching
and adhering to the surface of the object, that is, the initial stage of
biofilm formation (Milanov et al., 2017; Muhammad et al., 2020).
Flagella-mediated movement and chemotaxis play a key role in
the formation and maturation of S. Typhimurium biofilm
(Steenackers et al., 2012). Pratt and Kolter (2010) proposed that
in E. coli, flagella-mediated chemotaxis enables single cell to
migrate to the surface of the attachment with sufficient
nutrients; the motility mediated by flagella enables bacteria to
reach the attachment surface at the beginning, overcome the
electrostatic repulsion between the cells and the surface and
attach to it; during the growth phase of the membrane, the
movement ability helps the bacteria to spread along the surface,
as well as promote the growth and extension of the membrane
that continue to thicken (Pratt and Kolter, 2010). Flagella mutants
(FIgE and FliC) of S. Typhimurium generate fewer biofilms in the
early stage (Milanov et al., 2017). Huang et al. (2019) using RNA-
seq revealed that the expression of FlgD and RplF virulence
factors was downregulated, which was related to the reduction
of biofilm yield, motility, and virulence of HtpG-RNAI strains
(Huang et al,, 2019).

We verified the pathogenic function of S. Typhimurium
related to flagella adhesion and invasion of host cells. The
number of HtpG-mutant strains that adhere to and invade into
intestinal epithelial cells was significantly lower than that of wild
strains, highlighting that HtpG could participate in the
pathogenic function of S. Typhimurium in the adhesion and
invasion of the host.

Verbrugghe et al. (2015) showed that 21 days post inoculation,
S. Typhimurium (112910a phage type 120/ad, isolated from a pig
stool sample) AhtpG strain was attenuated in ileocecal lymph
nodes and cecal contents of pig in vivo (Verbrugghe et al., 2015).
In IPEC-J2 cell invasion and intracellular proliferation
experiments, they detected that the AhtpG strain has a
decreasing trend, while we detected a significant decrease. The
differences may be caused by different subspecies.

The downregulated genes enriched in the Salmonella infection
pathway are FliC, SipB, SipC, SipA, SopB, Prgl, Prg], SpvC, and
others. Among them, FliC is recognized as a pathogenic factor of
Salmonella due to its role as a protein subunit of flagellar filaments.

SipB, SipC, SipA, SopB, Prgl, Prg], and SpvC all belong to the
SPI-1 virulence island coded and secreted effector proteins,
depending on which Salmonella can effectively invade host cells;
this explains why the HtpG mutant strains had reduced invasion
and decreased intracellular proliferation.

In this study, the relative expression levels of inflammatory
cytokines TNFa, IL-8, IL-18, and IL-1f in IPEC-]J2 cells along
with the secretion of TNFo. and IL-8 in the cell supernatant were
significantly lower in the AhtpG infection group than those in the
WT infection group. A similar phenomenon was found for
RAW264.7 macrophages responding to the mutation of HtpG.
Furthermore, an in vivo experiment showed that the mRNA
levels of inflammatory cytokines (e.g., IFNY, IL-18, and IL-1f) in
the ileum and spleen together with the levels of certain
inflammatory cytokines (e.g., IFNYy, IL-18, and TNFa) in
plasma, ileum, and spleen of AhtpG strain-challenged mice
were significantly lower than those of WT strain-challenged
mice, The similarity between the in vitro and in vivo results
emphasized the compromised ability of S. Typhimurium
following mutation of HtpG to induce host inflammation. The
reason for this result may be related to the downregulation of the
expression of related genes in the S. Typhimurium infection
pathway after the HtpG mutation. Studies have shown that FliC
(Ogushi et al,, 2001; Franchi et al., 2006; Simon and Samuel,
2007), SipB (Hersh et al., 1999), SipC (Myeni and Zhou, 2010),
SipA (Boyle et al., 2010), SopBv (Hu et al., 2017), PrgJ (Sukhan
et al,, 2003), and SpvC (Haneda et al., 2012) can induce host
inflammation during S. Typhimurium infection. The stimulation
of innate immune response by flagellin is critical to intestinal
inflammation. Salmonella flagellin stimulates toll-like receptor
(TLR)-5 of intestinal epithelial cells to induce IL-8 secretion
through calcium-dependent NF-xB activation (Simon and
Samuel, 2007). In macrophages, FliC and the rod-shaped
protein Prg] of the SPI-1 T3SS device activate caspase-1
(Sukhan et al., 2003). With the activation of caspase-1, the cells
release pro-inflammatory cytokines IL-18 and IL-1f3 (Miao et al.,
2010), subsequently promoting the release of IL-17 and IL-22 by
T cells and expanding the inflammatory injury in the intestinal
mucosa (Cho et al., 2012). SPI-1 effectors (including SopB, SopE,
SopE2, SipA, SipC, and SopA) induce the production of pro-
inflammatory cytokine IL-8 through MAPK and NF-xB
pathways, triggering intestinal inflammation (Lou et al., 2019).
Interestingly, SipB can directly activate caspase-1, mediating the
activation of IL-18 and ILI-B of macrophages and inducing
pyrolysis (Hersh et al., 1999).

To explore whether HtpG protein itself can be used as an
effect factor to play a role in S. Typhimurium infection, we
induced the expression of rHtpG by constructing a prokaryotic
expression vector of HtpG. The purified rHtpG was then used to
detect the role of HtpG in the infection of host by S.
Typhimurium. As expected, rHtpG treatment of IPEC-J2 cells
for 12 h could significantly increase the number of S.
Typhimurium invading into cells and help S. Typhimurium
proliferate within the cells. Besides, rHtpG treatment
aggravated the inflammation of IPEC-]2 cells, as manifested by
the increased expression and secretion of inflammatory
cytokines. Shelburne et al. (2007) found that the rHtpG of
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Porphyromonas gingivalis can significantly upregulate the
transcription and protein levels of CXCL8 (Shelburne et al.,
2007). MKl et al. indicated the rHtpG of P. aeruginosa can
activate the NF-xB, CYLD, and MAPK pathways in a TLR4-
and CD91-dependent manner, thereby stimulating the
production of IL-8 in macrophages (MKkl et al., 2007). These
studies show that the HtpG of a variety of bacteria can stimulate
the secretion of IL-8 in the host, and we will continue to study
the mechanism by which the htpG protein of S. Typhimurium
induces host inflammation.

CONCLUSION

Mutation of HtpG downregulates the expression of genes related
to flagella assembly and infection of S. Typhimurium, leading to
declines of its abilities of motility, biofilm formation, adhesion,
and invasion, thus causing a decrease in host inflammatory
response. The presence of HtpG protein can stimulate the
inflammation of host intestinal epithelial cells and increase the
infection effect of S. Typhimurium.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/, PRINA746115.

REFERENCES

Azimi, T., Zamirnasta, M., Sani, M. A., Dallal, M., and Nasser, A. (2020).
Molecular Mechanisms of Salmonella Effector Proteins: A Comprehensive
Review. Infect. Drug Resist. 13, 11-26. doi: 10.2147/IDR.S230604

Barbosa, F., Neto, O. F., Batista, D., Almeida, A., Rubio, M., Alves, L., et al. (2017).
Contribution of Flagella and Motility to Gut Colonisation and Pathogenicity of
Salmonella Enteritidis in the Chicken. Braz. J. Microbiol. 48, 754-759.
doi: 10.1016/j.bjm.2017.01.012

Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S.,
et al. (2007). CRISPR Provides Acquired Resistance Against Viruses in
Prokaryotes. Science 315, 1709-1712. doi: 10.1126/science.1138140

Boyle, E., Brown, N., and Finlay, B. (2010). Salmonella Enterica Serovar
Typhimurium Effectors SopB, SopE, SopE2 and SipA Disrupt Tight Junction
Structure and Function. Cell Microbiol. 8, 1946-1957. doi: 10.1111/j.1462-
5822.2006.00762.x

Cho, K.-A,, Suh, J. W, Lee, K. H., Kang, J. L., and Woo, S.-Y. (2012). IL-17 and IL-
22 Enhance Skin Inflammation by Stimulating the Secretion of IL-1B by
Keratinocytes Via the ROS-NLRP3-Caspase-1 Pathway. Int. Immunol. 24,
147-158. doi: 10.1093/intimm/dxr110

Datsenko, K. A., and Wanner, B. L. (2000). One-Step Inactivation of
Chromosomal Genes in Escherichia Coli K-12 Using PCR Products. PNAS
97, 6640-6645. doi: 10.1073/pnas.120163297

Desai, S. K., Padmanabhan, A., Harshe, S., Zaidel-Bar, R., and Kenney, L. J. (2019).
Salmonella Biofilms Program Innate Immunity for Persistence in
Caenorhabditis Elegans. PNAS 116, 201822018. doi: 10.1073/pnas.1822018116

Desin, T. S., Koster, W., and Potter, A. A. (2013). Salmonella Vaccines in Poultry:
Past, Present and Future. Expert Rev. Vaccines 12, 87-96. doi: 10.1586/
erv.12.138

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Care and Use Committee of South China Agricultural
University (SCAU2019B142).

AUTHOR CONTRIBUTIONS

JZ and DF designed and supervised the research work and
guided the experiments. TD, WW, MX, SL, and GH conducted
the animal and laboratory experiments and acquired the data.
TD, HY, QC, CZ, and ZD analyzed the data and interpreted the
results. TD and WW drafted the manuscript. JZ and DF revised
the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This research is supported by the National Natural Science
Foundation of China (4300-B18138).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcimb.2021.758898/
full#supplementary-material

dos Santos, A. M. P., Ferrari, R. G., and Conte-Junior, C. A. (2020). Type Three
Secretion System in Salmonella Typhimurium: The Key to Infection. Genes
Genom. 42, 495-506. doi: 10.1007/s13258-020-00918-8

Dunner, J., and Mason, C. A. (1999). Heat-Induced Expression and Chemically
Induced Expression of the Escherichia Coli Stress Protein HtpG Are Affected by
the Growth Environment. Appl. Environ. Microb. 65, 3433. doi: 10.1128/
AEM.65.8.3433-3440.1999

Flemming, H.-C., and Wingender, J. (2010). The Biofilm Matrix. Nat. Rev.
Microbiol. 8, 623. doi: 10.1038/nrmicro2415

Franchi, L., Amer, A., Body-Malapel, M., Kanneganti, T.-D., Ozoren, N, Jagirdar,
R, et al. (2006). Cytosolic Flagellin Requires Ipaf for Activation of Caspase-1
and Interleukin 1B in Salmonella-Infected Macrophages. Nat. Immunol. 7,
576-582. doi: 10.1038/ni1346

Garcie, C., Tronnet, S., Garénaux, A., McCarthy, A. J., Brachmann, A. O., Pénary,
M., et al. (2016). The Bacterial Stress-Responsive Hsp90 Chaperone (HtpG) Is
Required for the Production of the Genotoxin Colibactin and the Siderophore
Yersiniabactin in Escherichia Coli. ]. Infect. Dis. 214, 916-924. doi: 10.1093/
infdis/jiw294

Grudniak, A. M., Klecha, B., and Wolska, K. I. (2018). Effects of Null Mutation of
the Heat-Shock Gene HtpG on the Production of Virulence Factors by
Pseudomonas Aeruginosa. Future Microbiol. 13, 69-80. doi: 10.2217/fmb-
2017-0111

Haneda, T., Ishii, Y., Shimizu, H., Ohshima, K., lida, N., Danbara, H., et al.
(2012). Salmonella Type III Effector SpvC, A Phosphothreonine Lyase,
Contributes to Reduction in Inflammatory Response During Intestinal Phase
of Infection. Cell Microbiol. 14, 485-499. doi: 10.1111/j.1462-5822.2011.
01733.x

Haraga, A., Ohlson, M. B., and Miller, S. I. (2008). Salmonellae Interplay With
Host Cells. Nat. Rev. Microbiol. 6, 53-66. doi: 10.1038/nrmicro1788

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

November 2021 | Volume 11 | Article 758898


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fcimb.2021.758898/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2021.758898/full#supplementary-material
https://doi.org/10.2147/IDR.S230604
https://doi.org/10.1016/j.bjm.2017.01.012
https://doi.org/10.1126/science.1138140
https://doi.org/10.1111/j.1462-5822.2006.00762.x
https://doi.org/10.1111/j.1462-5822.2006.00762.x
https://doi.org/10.1093/intimm/dxr110
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1073/pnas.1822018116
https://doi.org/10.1586/erv.12.138
https://doi.org/10.1586/erv.12.138
https://doi.org/10.1007/s13258-020-00918-8
https://doi.org/10.1128/AEM.65.8.3433-3440.1999
https://doi.org/10.1128/AEM.65.8.3433-3440.1999
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1038/ni1346
https://doi.org/10.1093/infdis/jiw294
https://doi.org/10.1093/infdis/jiw294
https://doi.org/10.2217/fmb-2017-0111
https://doi.org/10.2217/fmb-2017-0111
https://doi.org/10.1111/j.1462-5822.2011.01733.x
https://doi.org/10.1111/j.1462-5822.2011.01733.x
https://doi.org/10.1038/nrmicro1788
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Dong et al.

HtpG Contributes to Salmonella Infection

Hersh, D., Monack, D. M., Smith, M. R., Ghori, F. S., and Zychlinsky, A. (1999).
The Salmonella Invasin SipB Induces Macrophage Apoptosis by Binding to
Caspase-1. Proc. Natl. Acad. Sci. U. S. A. 96, 2396-2401. doi: 10.1073/
Ppnas.96.5.2396

Hossain, M. M., and Nakamoto, H. (2003). Role for the Cyanobacterial HtpG in
Protection From Oxidative Stress. Curr. Microbiol. 46, 70. doi: 10.1007/s00284-
002-3831-5

Huang, L., Zhao, L., Liu, W, Xu, X, Qin, Y., Su, Y., et al. (2019). Dual RNA-Seq
Unveils Pseudomonas Plecoglossicida HtpG Gene Functions During Host-
Pathogen Interactions With Epinephelus Coioides. Front. Immunol. 10, 984.
doi: 10.3389/fimmu.2019.00984

Hu, G. Q, Song, P. X,, Chen, W., Qi, S., Yu, S. X,, Du, C. T, et al. (2017). Cirtical
Role for Salmonella Effector SopB in Regulating Inflammasome Activation.
Mol. Immunol. 90, 280-286. doi: 10.1016/j.molimm.2017.07.011

Jin, Y., Hoxie, R. S., and Street, T. O. (2017). Molecular Mechanism of Bacterial
Hsp90 Ph-Dependent Atpase Activity. Protein Sci. 26, 1206-1213.
doi: 10.1002/pro.3174

LaRock, D. L., Chaudhary, A., and Miller, S. I. (2015). Salmonellae Interactions
With Host Processes. Nat. Rev. Microbiol. 13, 191-205. doi: 10.1038/
nrmicro3420

Lou, L., Zhang, P., Piao, R,, and Wang, Y. (2019). Salmonella Pathogenicity Island
1 (SPI-1) and Its Complex Regulatory Network. Front. Cell Infect. Microbiol. 9,
270. doi: 10.3389/fcimb.2019.00270

Majowicz, S. E., Musto, ., Scallan, E., Angulo, F. J., Kirk, M., O’'Brien, S. J., et al.
(2010). The Global Burden of Nontyphoidal Salmonella Gastroenteritis. Clin.
Infect. Dis. 50, 882-889. doi: 10.1086/650733

Marraffini, L. A., and Sontheimer, E. J. (2008). CRISPR Interference Limits
Horizontal Gene Transfer in Staphylococci by Targeting DNA. Science 322,
1843-1845. doi: 10.1126/science.1165771

Merino, L., Procura, F., Trejo, F. M., Bueno, D. J., and Golowczyc, M. A. (2017).
Biofilm Formation by Salmonella Sp. In the Poultry Industry: Detection,
Control and Eradication Strategies. Food Res. Int. 119, 530-540.
doi: 10.1016/j.foodres.2017.11.024

Miao, E. A., Mao, D. P,, Yudkovsky, N., Bonneau, R,, Lorang, C. G., Warren, S. E.,
et al. (2010). Innate Immune Detection of the Type III Secretion Apparatus
Through the NLRC4 Inflammasome. PNAS 107, 3076-3080. doi: 10.1073/
pnas.0913087107

Milanov, D., Ljubojevic, D., éabarkapa, L, Karabasil, N., and Velhner, M. (2017).
Biofilm as Risk Factor for Salmonella Contamination in Various Stages of
Poultry Production. Poult. Sci. 81. doi: 10.1399/eps.2017.190

MKl A, Y1, A, Jwh, A., Hao, C. B., Ww, B., and Uhh, A. (2007). The Pseudomonas
Aeruginosa HSP90-Like Protein HtpG Regulates IL-8 Expression Through NF-
kB/P38 MAPK and CYLD Signaling Triggered by TLR4 and CD91. Microbes
Infect. 22 (10), 558-566. doi: 10.1016/j.micinf.2020.08.005

Monack, D. M., Hersh, D., Ghori, N., Bouley, D., Zychlinsky, A., and Falkow, S.
(2000). Salmonella Exploits Caspase-1 to Colonize Peyer’s Patches in a Murine
Typhoid Model. J. Exp. Med. 192, 249-258. doi: 10.1084/jem.192.2.249

Motojima-Miyazaki, Y., Yoshida, M., and Motojima, F. (2010). Ribosomal Protein
L2 Associates With E. Coli HtpG and Activates Its Atpase Activity. Biochem.
Biophys Res. Commun. 400, 241-245. doi: 10.1016/j.bbrc.2010.08.047

Muhammad, M. H., Idris, A. L., Fan, X., Guo, Y., Yu, Y., Jin, X,, et al. (2020).
Beyond Risk: Bacterial Biofilms and Their Regulating Approaches. Front.
Microbiol. 11, 928. doi: 10.3389/fmicb.2020.00928

Myeni, S. K., and Zhou, D. (2010). The C Terminus of SipC Binds and Bundles F-
Actin to Promote Salmonella Invasion. J. Bio Chem. 285, 13357-13363.
doi: 10.1074/jbc.M109.094045

Ogushi, K.-I, Wada, A., Niidome, T., Mori, N., Oishi, K., Nagatake, T., et al.
(2001). Salmonella Enteritidis FliC (Flagella Filament Protein) Induces Human
B-Defensin-2 mRNA Production by Caco-2 Cells. J. Bio Chem. 276, 30521~
30526. doi: 10.1074/jbc.M011618200

Picard, D. (2002). Heat-Shock Protein 90, a Chaperone for Folding and
Regulation. Cell. Mol. Life Sci. 59, 1640-1648. doi: 10.1007/PL0001249

Pratt, L. A., and Kolter, R. (2010). Genetic Analysis of Escherichia Coli Biofilm
Formation: Roles of Flagella, Motility, Chemotaxis and Type I Pili. Mol.
Microbiol. 30, 285-293. doi: 10.1046/j.1365-2958.1998.01061.x

Schulz, A., Schwab, S., Homuth, G., Versteeg, S., and Schumann, W. (1997). The
HtpG Gene of Bacillus Subtilis Belongs to Class III Heat Shock Genes and Is
Under Negative Control. J. Bacteriol. 179, 3103-3109. doi: 10.1128/jb.179.
10.3103-3109.1997

Shelburne, C. E., Coopamah, M. D., Sweier, D. G., An, F. Y.-P., and Lopatin, D. E.
(2007). HtpG, the Porphyromonas Gingivalis HSP-90 Homologue, Induces
the Chemokine CXCL8 in Human Monocytic and Microvascular Vein
Endothelial Cells. Cell. Microbiol. 9, 1611-1619. doi: 10.1111/j.1462-5822.
2007.00897.x

Simon, R., and Samuel, C. E. (2007). Activation of NF-kB-Dependent Gene
Expression by Salmonella Flagellins FliC and FljB. Biochem. Biophys Res.
Commun. 355, 280-285. doi: 10.1016/j.bbrc.2007.01.148

Steenackers, H., Hermans, K., Vanderleyden, J., and De Keersmaecker, S. C.
(2012). Salmonella Biofilms: An Overview on Occurrence, Structure,
Regulation and Eradication. Food Res. Int. 45, 502-531. doi: 10.1016/
jfoodres.2011.01.038

Sukhan, A., Kubori, T., and Galan, J. E. (2003). Synthesis and Localization of the
Salmonella SPI-1 Type III Secretion Needle Complex Proteins Prgl and PrgJ.
J. Bacteriol. 185, 3480-3483. doi: 10.1128/JB.185.11.3480-3483.2003

Tam, M. A,, Rydstrm, A., Sundquist, M., and Wick, M. J. (2008). Early Cellular
Responses to Salmonella Infection: Dendritic Cells, Monocytes, and More.
Immunol. Rev. 225, 140-162. doi: 10.1111/j.1600-065X.2008.00679.x

Tanaka, N., and Nakamoto, H. (1999). HtpG Is Essential for The Thermal Stress
Management in Cyanobacteria. FEBS Lett. 458, 117-123. doi: 10.1016/S0014-
5793(99)01134-5

Thomas, J. G., and Baneyx, F. (1998). Roles of the Escherichia Coli Small Heat
Shock Proteins IbpA and IbpB in Thermal Stress Management: Comparison
With ClpA, ClpB, and HtpG In Vivo. J. Bacteriol. 180, 5165-5172. doi: 10.1128/
JB.180.19.5165-5172.1998

Verbrugghe, E., Van Parys, A., Leyman, B., Boyen, F., Haesebrouck, F., and
Pasmans, F. (2015). HtpG Contributes to Salmonella Typhimurium Intestinal
Persistence in Pigs. Vet. Res. 46, 118. doi: 10.1186/s13567-015-0261-5

Wagner, C., and Hensel, M. (2011). Adhesive Mechanisms of Salmonella enterica.
Adv. Exp. Med. Biol.. 715, 17-34. doi: 10.1007/978-94-007-0940-9_2

Wang, F., Deng, L., Huang, F., Wang, Z., and Xu, C. (2020). Flagellar Motility Is
Critical for Salmonella Enterica Serovar Typhimurium Biofilm Development.
Front. Microbiol. 11, 1695. doi: 10.3389/fmicb.2020.01695

Yosef, I, Goren, M. G., Kiro, R, Edgar, R., and Qimron, U. (2011). High-
Temperature Protein G Is Essential for Activity of The Escherichia Coli
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas
System. PNAS 108, 20136-20141. doi: 10.1073/pnas.1113519108

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Dong, Wang, Xia, Liang, Hu, Ye, Cao, Dong, Zhang, Feng and Zuo.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

November 2021 | Volume 11 | Article 758898


https://doi.org/10.1073/pnas.96.5.2396
https://doi.org/10.1073/pnas.96.5.2396
https://doi.org/10.1007/s00284-002-3831-5
https://doi.org/10.1007/s00284-002-3831-5
https://doi.org/10.3389/fimmu.2019.00984
https://doi.org/10.1016/j.molimm.2017.07.011
https://doi.org/10.1002/pro.3174
https://doi.org/10.1038/nrmicro3420
https://doi.org/10.1038/nrmicro3420
https://doi.org/10.3389/fcimb.2019.00270
https://doi.org/10.1086/650733
https://doi.org/10.1126/science.1165771
https://doi.org/10.1016/j.foodres.2017.11.024
https://doi.org/10.1073/pnas.0913087107
https://doi.org/10.1073/pnas.0913087107
https://doi.org/10.1399/eps.2017.190
https://doi.org/10.1016/j.micinf.2020.08.005
https://doi.org/10.1084/jem.192.2.249
https://doi.org/10.1016/j.bbrc.2010.08.047
https://doi.org/10.3389/fmicb.2020.00928
https://doi.org/10.1074/jbc.M109.094045
https://doi.org/10.1074/jbc.M011618200
https://doi.org/10.1007/PL0001249
https://doi.org/10.1046/j.1365-2958.1998.01061.x
https://doi.org/10.1128/jb.179.10.3103-3109.1997
https://doi.org/10.1128/jb.179.10.3103-3109.1997
https://doi.org/10.1111/j.1462-5822.2007.00897.x
https://doi.org/10.1111/j.1462-5822.2007.00897.x
https://doi.org/10.1016/j.bbrc.2007.01.148
https://doi.org/10.1016/j.foodres.2011.01.038
https://doi.org/10.1016/j.foodres.2011.01.038
https://doi.org/10.1128/JB.185.11.3480-3483.2003
https://doi.org/10.1111/j.1600-065X.2008.00679.x
https://doi.org/10.1016/S0014-5793(99)01134-5
https://doi.org/10.1016/S0014-5793(99)01134-5
https://doi.org/10.1128/JB.180.19.5165-5172.1998
https://doi.org/10.1128/JB.180.19.5165-5172.1998
https://doi.org/10.1186/s13567-015-0261-5
https://doi.org/10.1007/978-94-007-0940-9_2
https://doi.org/10.3389/fmicb.2020.01695
https://doi.org/10.1073/pnas.1113519108
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Involvement of the Heat Shock Protein HtpG of Salmonella Typhimurium in Infection and Proliferation in Hosts
	Introduction
	Materials and Methods
	S. Typhimurium Strains and Their Growth Condition
	RNA-Seq and Analyses
	Motility Assays
	Quantitative Biofilm Formation Assay
	Cell Lines
	Adhesion, Invasion, Intracellular Proliferation Assay, and Cell Infection
	Experimental Animals
	RNA Preparation and qRT-PCR
	Quantification of Cytokines
	Recombinant Protein Purification
	Cell Proliferation and Toxicity Assay
	Statistical Analyses

	Results
	Construction of HtpG Deletion and Complemented Strains of S. Typhimurium
	RNA-Seq and Analysis of S. Typhimurium After HtpG Mutation
	Biological Characteristics of HtpG-Mutant Strains of S. Typhimurium
	Mutant of HtpG Gene Reduced the Pro-Inflammatory Effects of S. Typhimurium In Vitro
	Pro-Inflammatory Responses of IPEC-J2 Cells
	Pro-Inflammatory Responses of RAW264.7 Cells

	Mutant of HtpG Gene Reduced the Pro-Inflammatory Effects of S. Typhimurium In Vivo
	HtpG Protein Promotes S. Typhimurium Infection

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


