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Klebsiella oxytoca is a resident of the human gut. However, certain K. oxytoca toxigenic
strains exist that secrete the nonribosomal peptide tilivalline (TV) cytotoxin. TV is a
pyrrolobenzodiazepine that causes antibiotic-associated hemorrhagic colitis (AAHC). The
biosynthesis of TV is driven by enzymes encoded by the aroX and NRPS operons. In this
study, we determined the effect of environmental signals such as carbon sources,
osmolarity, and divalent cations on the transcription of both TV biosynthetic operons.
Gene expression was enhanced when bacteria were cultivated in tryptone lactose broth.
Glucose, high osmolarity, and depletion of calcium and magnesium diminished gene
expression, whereas glycerol increased transcription of both TV biosynthetic operons.
The cAMP receptor protein (CRP) is a major transcriptional regulator in bacteria that plays
a key role in metabolic regulation. To investigate the role of CRP on the cytotoxicity of
K. oxytoca, we compared levels of expression of TV biosynthetic operons and synthesis
of TV in wild-type strain MIT 09-7231 and a Acrp isogenic mutant. In summary, we found
that CRP directly activates the transcription of the aroX and NRPS operons and that the
absence of CRP reduced cytotoxicity of K. oxytoca on Hel.a cells, due to a significant
reduction in TV production. This study highlights the importance of the CRP protein in
the regulation of virulence genes in enteric bacteria and broadens our knowledge on the
regulatory mechanisms of the TV cytotoxin.

Keywords: CRP, tilivalline cytotoxin, aroX, npsA, Klebsiella oxytoca
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CRP Activates Tilivalline Cytotoxin Biosynthesis

INTRODUCTION

The human gut microbiota is a complex community of microbial
species that plays a fundamental role in the health and functioning
of the human digestive tract. The homeostasis of this community
provides protection against pathogens (Belkaid and Harrison,
2017; Lin et al., 2021). However, the use of antibiotics can
break up this ecosystem and cause dysbiosis. Intestinal dysbiosis
is defined as a cutback of beneficial commensal bacteria and
development of damaging commensal bacteria termed
opportunistic pathogens or pathobionts (Nagao-Kitamoto and
Kamada, 2017; Kitamoto et al., 2020; Wei et al., 2021). The
dysbiotic gut microbiota can trigger the initiation of
gastrointestinal diseases including the antibiotic-associated
hemorrhagic colitis (AAHC). Hospitalized patients who receive
treatment with antibiotics may develop AAHC due to the
pathobiont Klebsiella oxytoca, a Gram-negative bacterium that
resides in the human gut. Toxigenic K. oxytoca strains carry
a gene cluster that codes for proteins that synthesize a cytotoxin
known as tilivalline (TV), which is largely responsible for this
disease (Dornisch et al., 2017). Unlike other toxins, TV is not
a protein, but a pentacyclic pyrrolobenzodiazepine metabolite.
The cytotoxin biosynthetic gene cluster is a part of a pathogenicity
island (PAI) and is organized in two operons termed aroX
and NRPS. The aroX operon is a 6.1-kbp region encoding
five genes: aroX, dhbX, icmX, adsX, and hmoX. The NRPS
operon is a 6.2-kbp region encoding three genes: npsA, thdA,
and npsB (Schneditz et al,, 2014; Dornisch et al, 2017; Tse
et al, 2017). TV disrupts cell cycle progression due to the
enhancement of nucleation and elongation of tubulin
polymerization (Unterhauser et al, 2019). Furthermore, TV
induces epithelial apoptosis and changes the expression and
localization of the tight junction protein claudin-1. Consequently,
the intestinal barrier function is impaired (Schneditz et al,
2014; Hering et al., 2019).

The regulation of the expression of the aroX and NRPS
operons has not been studied. Pathogenic bacteria possess a
myriad of transcription factors that control their virulence
(Crofts et al.,, 2018; Huang et al., 2019; King et al., 2020; Lee
et al., 2020; Ramamurthy et al, 2020; Wojcicki et al., 2021).
The cAMP receptor protein (CRP) is one of the most important
global regulators controlling the expression of many genes in
bacteria. It has been associated with the regulation of virulence
factors, pathogenicity islands, and enzymes involved in the
metabolism of various enterobacterial species such as Klebsiella
pneumoniae, enterotoxigenic Escherichia coli, Salmonella enterica
serovar Typhimurium, and Pseudomonas aeruginosa (De la
Cruz et al, 2016, 2017; Xue et al., 2016; Berry et al., 2018;
El Mouali et al., 2018; Ares et al, 2019). CRP consists of a
homodimer, and its function depends on its binding to cAMP.
When such interaction occurs, the conformation of CRP changes
and this allows it to bind to the promoters on DNA in order
to regulate transcriptional expression (Lindemose et al.,, 2014;
Gunasekara et al., 2015; Xu et al., 2021). There are no studies
on the role of the global regulator CRP in K. oxytoca. Nevertheless,
in its close relative K. pneumoniae, CRP is a negative regulator
of the capsular polysaccharide and a positive regulator of type 3

fimbriae (Ou et al, 2017; Panjaitan et al, 2019). In E. colj,
CRP has more than 260 binding sites (Salgado, 2004) and
controls the transcription of genes that code for proteins involved
in a wide range of cellular processes, including its well-known
role in the regulation of the lac operon, biofilm formation,
iron uptake, antibiotic multidrug resistance, quorum sensing,
shikimate pathway, and oxidative stress resistance (Jiang and
Zhang, 2016; Uppal and Jawali, 2016; Ritzert et al.,, 2019; Liu
et al., 2020b; Kumar et al., 2021). Additionally, CRP is involved
in catabolite repression and metabolism of carbon sources.
For example, in the absence of some rapidly metabolizable
carbon sources such as glucose, CRP activates adenylate cyclase,
which leads to an increase in enzyme production involved in
the use of alternative carbon sources, such as lactose (Salgado,
2004; Geng and Jiang, 2015; Liu et al., 2020a). Indeed, it was
previously reported that culturing a cytotoxin-producing
K. oxytoca strain in a lactose-containing medium increases
the production of TV and consequently the cytopathic effect
on epithelial cells (Tse et al., 2017).

In this study, we sought to investigate the role of CRP in
the transcriptional control of the enzymes encoded by the
aroX and NRPS operons in the cytotoxin-producing K. oxytoca
strain MIT 09-7231 (Darby et al,, 2014). In addition, we evaluated
the expression of aroX and NRPS operons in different
environmental growth conditions including utilization of various
carbon sources. Furthermore, we investigated the role of CRP
protein in the transcriptional regulation of aroX and NRPS
operons. The regulatory effect of CRP in production of TV
cytotoxin was also analyzed by cytotoxicity assays on HelLa
cells. To the best of our knowledge, this is the first study
addressing the transcriptional regulation of the TV biosynthetic
gene cluster, in which CRP acts as an activator.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

Klebsiella oxytoca strains and bacterial constructs used in
this study are listed in Table 1. K. oxytoca MIT 09-7231
was used as the prototypic toxigenic strain and for construction
of the isogenic Acrp mutant (Darby et al., 2014). To determine
gene expression of aroX and NRPS operons, different liquid
bacteriological media were used: lysogeny broth (LB), tryptone
soy broth (TSB), tryptone lactose broth (TLB), and Dulbecco’s
modified Eagle’s medium (DMEM) with high glucose (4.5 g/1).
The transcription of aroX and npsA genes was analyzed
under different environmental conditions in TLB medium
at 37°C with shaking, and samples were harvested when
an ODgynm Of 1.6 was reached for RNA extraction. TLB
medium was prepared as previously described [17 g/1 tryptone,
10g/1 lactose, and 2.5g/l dipotassium hydrogen phosphate
(Tse et al, 2017)]. TLB medium was supplemented with
0.2% glucose, 0.2% glycerol, 0.3M NaCl, 1.0mM EDTA,
5.0mM CaCl,, or 5.0mM MgCl,. In order to examine the
effect of lactose on the transcription of aroX and npsA
genes, tryptone broth (TB) was used and gene expression
results were compared with those obtained from cultures

Frontiers in Microbiology | www.frontiersin.org

September 2021 | Volume 12 | Article 743594


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Rodriguez-Valverde et al.

CRP Activates Tilivalline Cytotoxin Biosynthesis

TABLE 1 | Bacterial strains and plasmids used in this study.

Strain or plasmid  Description References
Strains
K. oxytoca WT Darby et al., 2014

Wild-type K. oxytoca strain
MIT 09-7231

K. oxytoca Acrp K. oxytoca Acrp::FRT This study
K. oxytoca AnpsA K. oxytoca AnpsA::FRT This study
E. coli BL21(DE3) F-ompT hsdSg (5™, ms™) gal Invitrogen
dcm (DES)
Plasmids
pTrc99ACrp crp expression plasmid; Ap™ Kurabayashi et al., 2017
pTrc99K-CRP crp expression plasmid; Km? This study
pQE8Ocrp N-terminal Hisg-Crp Kurabayashi et al., 2017
overexpression plasmid; Ap"
pKD119 pINT-ts derivative containing Datsenko and Wanner,
the A Red recombinase system 2000
under an arabinose-inducible
promoter, Tc"
pKD4 PANTsy derivative template Datsenko and Wanner,
plasmid containing the 2000
kanamycin cassette for A Red
recombination, Ap"
pCP20 Plasmid that shows Datsenko and Wanner,

temperature-sensitive 2000
replication and thermal
induction of FLP synthesis,

Ap", Cmf

in TLB medium. Antibiotics [200 pg/ml (ampicillin), 50 pg/
ml (kanamycin), or 10 pg/ml (tetracycline)] were added to
culture media when necessary.

Construction of Isogenic Mutants

K. oxytoca MIT 09-7231 was targeted for mutagenesis of crp
and npsA genes by using the lambda-Red recombinase system
(Datsenko and Wanner, 2000). Briefly, PCR fragments containing
crp or npsA sequences flanking a kanamycin resistance gene
were obtained by using gene-specific primer pairs (Table 2).
Each purified PCR product was electroporated independently
into competent K. oxyfoca carrying the lambda-Red recombinase
helper plasmid pKD119, whose expression was induced by the
addition of L-(+)-arabinose (Sigma) at a final concentration of
1%. The mutations were confirmed by PCR and sequencing.
Subsequently, the FRT-flanked kanamycin cassettes were excised
from both Acrp and AnpsA mutant strains after transformation
with pCP20 plasmid, as previously described (Datsenko and
Wanner, 2000).

Construction of ACRP-Box Mutant Probe
by Site-Directed Mutagenesis

A fragment with targeted mutations in the putative CRP-Box
of intergenic regulatory region of the divergent aroX and npsA
genes was generated using overlapping PCR (Ho et al., 1989)
with specific primers (Table 2). Two fragments were generated
separately in a first round of PCR: one with the 5" half and
other with the 3" half of the intergenic regulatory region of
aroX and npsA genes including the overlapping mutated region.

Subsequently, the two fragments were mixed and amplified in
a second round of PCR. DNA sequencing was carried out to
verify the introduction of the point mutations.

Construction of pTrc99K-CRP Plasmid

The pTrc99K-CRP plasmid was constructed for complementation
experiments by subcloning the crp gene from the pTrc99Acrp
plasmid (Kurabayashi et al., 2017). The pTrc99Acrp vector was
digested with Ncol and BamHI, and the fragment corresponding
to the crp gene was then purified and ligated into pTrc99K
previously digested with the same restriction enzymes. The
identity of the insert was confirmed by DNA sequencing.

RNA Extraction and Quantitative RT-PCR

Total RNA was extracted from bacteria grown under different
culture conditions using the hot phenol method (Jahn et al,
2008; Ares, 2012), with some modifications. Briefly, after the
lysate was obtained, an equal volume of phenol-saturated water
was added, mixed, and incubated at 65°C for 5min. The samples
were chilled on ice and centrifuged at 19,000 x g for 10min
at 4°C. The aqueous layer was transferred to a microtube,
RNA was precipitated with cold ethanol, and it was incubated
at —70°C overnight.

The RNA was pelleted by centrifugation at 19,000 x g for
10min at 4°C. Pellets were washed with cold 70% ethanol and
centrifuged at 19,000 x g for 5min at 4°C. After careful removal
of the ethanol, the pellets were air-dried for 15min in a
Centrifugal Vacuum Concentrator 5,301 (Eppendorf). The pellets
were resuspended in DEPC-treated water. Purification of RNA
was performed using the TURBO DNA-free kit (Ambion, Inc.).
Quality of RNA was assessed using the NanoDrop ONE (Thermo
Scientific) and with a bleach denaturing 1.5% agarose gel, as
previously described (Aranda et al., 2012). cDNA was synthesized
using 1 pg of RNA, 5pmol/pl of random hexamer primers,
and 200U/pl of RevertAid M-MulV-RT (Reverse transcriptase
of Moloney Murine Leukemia Virus; Thermo Scientific).

Quantitative real-time PCR was performed in a LightCycler
480 instrument (Roche) to quantify the gene expression levels.
Specific primers (Table 2) were designed using the Primer3Plus
software' (Untergasser et al., 2007). For LightCycler reactions,
a master mix of the following components was prepared: 2.0 pl
of PCR-grade water, 0.5 pl (10 pM) of forward primer, 0.5 pl
(10 pM) of reverse primer, 5 pl of 2x Master Mix, and 2.5 pl
of cDNA (~50ng). A multiwell plate containing all samples
was loaded into the LightCycler 480 instrument. Amplification
was performed in triplicate wells for each sample analyzed
from three independent experiments. In each set of reactions,
16S rRNA (rrsH) was used as a reference gene for normalization
of the cDNA amount. Real-time PCR analysis was performed
using the following optimized assay conditions: (1) denaturation
program (95°C for 10min); amplification and quantification
programs were repeated for 45 cycles (95°C for 10s, 59°C for
10s, 72°C for 10s with a single fluorescence measurement),
(2) melting curve program (95°C for 10s, 65°C for 1 min with

'http://primer3plus.com/cgi-bin/dev/primer3plus.cgi
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TABLE 2 | Primers used in this study.

Primer Sequence (5'- 3')

Target gene

For Gene Deletion

orp-H1P1 TATAACAGAGGATAACCGCGCATGGTGCTTGGCAAACCGCAAACATGTAGGCTGGAGCTGCTTCG P
crp-H2P2 GCAATACGCCG ACCGACTTAACGGGTACCGTAGACGACGATCATATGAATATCCTCCTTAG

npsA-H1P1 CTAATTCTCCAGGAGAGAGTGATGACGCATTCAGCATATGTCTATIGTAGGCTGGAGCTGCTTCG npsA
npsA-H2P2 GTTGCTCAACGTTGTCCATATTTACACCTGCTCCAGTAAAGAATTCATATGAATATCCTCCTTAG

For Site-Directed Mutagenesis

aroX-npsA-CRPBox-F TGCCGCCAGCTTACCACAGGATGCCCTCGGGCAAACACCGCAAAA aroX-npsA
aroX-npsA-CRPBox-R GCGGTGTTTGCCCGAGGGCATCCTGTGGTAAGCTGGCGGCA

For Mutant Characterization

crp-MC-F CGGCACCCGGAGATAGCTTA crp
crp-MC-R AGGGGAAAACAAAAACGGCG

npsA-MC-F TTTGCGGTG CTTAGAAGCA npsA
npsA-MC-R CGGGTTAATCGCCTCTGAATG

FOR gPCR

aroX-F TGTTGCCTGCAAGATTGACG aroX
aroX-R ATGTGTGAACGGCCAAAACG

dhbX-F ATGCGGCCAATCTGATGATG ahbX
dhbX-R AGCCCCAGAGCATAGGTAAATG

icmx-F TGATTGTCTGCGGCGTTTAC icmX
icmX-R GCTAGACGATGC CTTCGG

adsX-F TGCACATTGAACGGCAAGAC adsX
adsX-R ATCGAAGTGCAGGTTTCGTG

hmoX-F TCGCATGCCAAAGATTTCGC hmoX
hmoX-R ATGAGCTTGACGCGTTCAAC

npsA-F AAATACGTGGCTTCCGCATC npsA
npsA-R TCCTGCGTGACATAACAAGC

thdA-F TGGACAACGTTGAGCAACAG thdA
thdA-R TGCTTACCATTGACGCCAAC

npsB-F TGAGCATTTGCAGCTGGTTC npsB
npsB-R ATGCGTGGCAACTTTGTGTG

crp-F TGCTGAACCTGGCAAAACAG crp
crp-R A CAGGATGCGGCCAAC

rrsH-F CAGGGGTTTGGTCAGACACA rrsH
rrsH-R GTTAGCCGGTGCTTCTTCTG

For EMSA

aroX-npsA-F TCTCTCACTCGAAATTTAACAGGT aroX-npsA
aroX-npsA-R TCTCTCCTGGAGAATTAGGAACG

estA2-F CCAGAGGCGGTCGAACTC estA2
estA2-R ATTACCTCCGAAACACGTCGT

eltA-F CCAGCGATAAAGTCTGTAAATACGG eltA
eltA-R TATCATACAAGAAGACAATCCGGA

The sequence corresponding to the template plasmid pKD4 is underlined.

continuous fluorescence measurement at 97°C), and (3) a
cooling step at 40°C for 10s. The absence of contaminating
DNA was tested by the lack of amplification products after
45 gPCR cycles using RNA as template. Control reactions
with no RNA template and with no reverse transcriptase enzyme
were run in all experiments. The relative gene expression was
calculated using the 244“ method (Livak and Schmittgen, 2001;
Schmittgen and Livak, 2008). To ensure that 16S rRNA (rrsH)
was an optimal reference gene for normalization of qPCR,
absolute quantification was performed by obtaining a standard
curve according to 10-fold dilutions of K. oxytoca 09-7231
chromosomal DNA (10% 10% 10% 10°% and 107 theoretical
copies). Ct values were interpolated to standard curve to obtain

gene expression (gene copies per pg RNA). Expression of 16S
rRNA (rrsH) gene remained unaffected in all conditions tested
(Supplementary Figure S1).

Protein Purification

The Hise-CRP expression plasmid pQE80crp (Kurabayashi
et al., 2017) was electroporated into competent E. coli BL21
(DE3). Bacteria containing recombinant plasmid were grown
at 37°C to an ODggpnm of 0.5 in LB; 1.0mM IPTG was then
added and cultured for 3h. Cells were then pelleted by
centrifugation and resuspended in urea buffer (8 M urea,
100 mM Na,HPO,, and 10mM Tris-HCI, pH 8.0) and lysed
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by sonication. The lysate was centrifuged, and the supernatant
was filtered through Ni-NTA agarose column (Qiagen)
pre-equilibrated with urea buffer. After washing with buffer
containing 50 mM imidazole (200 ml), the protein was eluted
with 500mM imidazole (10 ml). Fractions were analyzed by
SDS-PAGE and Coomassie blue staining. Protein concentration
was determined by the Bradford procedure. Aliquots of the
purified protein were stored at —70°C.

Electrophoretic Mobility Shift Assays

To evaluate CRP binding to the promotor sequence, a 448-bp
DNA probe containing the intergenic regulatory region of
the divergent aroX and npsA genes was used. In addition,
the probe ACRP-Box containing the mutation in the putative
CRP-binding site on the intergenic regulatory region of the
divergent aroX and npsA genes was employed. DNA probes
from the regulatory region of the enterotoxigenic E. coli estA2
and eltA genes were used as positive and negative controls
(Haycocks et al., 2015). The binding reaction was performed
with 100ng of DNA probes and increasing concentrations
of purified His,-CRP with or without 200 pM cAMP (Hirakawa
et al., 2020) in a 20l reaction mixture containing H/S 10X
gel-shift binding buffer (400mM HEPES, 80mM MgCl,,
500mM KCI, 10mM DTT, 0.5% NP40, and 1 mg/ml BSA,
De la Cruz et al., 2007). Samples were incubated for 20 min
at room temperature and then separated by electrophoresis
in 6% non-denaturing polyacrylamide gels using 0.5X Tris-
borate-EDTA buffer at 4°C. The DNA bands were stained
with ethidium bromide and visualized under UV light.

Cytotoxicity Assays
HeLa cell line (ATCC CCL-2) was used to determine cytotoxic
activity as previously described (Darby et al, 2014).
Approximately 1x10° cells were suspended in 900 ul of DMEM
high glucose (4.5g/l; Invitrogen) with 10% FBS (Gibco) and
seeded into 24-well cell culture plates (Costar). To investigate
cytotoxin production in the K. oxytoca strains (wild type, Acrp,
Acrp pTrc99K-CRP, and AnpsA), 100 pl of bacterial supernatants
was filtered through a PVDF 0.22-um sterile Millex-GV filter
(Merck Millipore) and added to the wells containing HeLa
cells. After 48h of incubation at 37°C under a 5% CO,
atmosphere, the cells were visualized using a Nikon TE300
inverted microscope at 10X magnification. Cytotoxin production
was defined as >50% cell rounding and detachment and <50%
confluency, as compared to the negative control samples [(TLB
medium only or supernatant of the non-toxigenic K. oxytoca
AnpsA strain (Schneditz et al., 2014; Dornisch et al, 2017;
Tse et al., 2017)]. Negative control samples had a monolayer
with minimal cell rounding or detachment and >80% confluency.
The LDH Cytotoxicity Assay Kit (Invitrogen) was used
according to the manufacturer’s instructions to measure lactate
dehydrogenase (LDH) released from HeLa cells after damage
of plasma membrane integrity. 1 x 10* HeLa cells were cultivated
in 100pl DMEM high glucose (4.5g/l; Invitrogen) with 10%
FBS (Gibco), seeded into 96-well flat-bottom culture plates
(Costar), and incubated at 37°C under a 5% CO, atmosphere

for 48h. Subsequently, the medium was removed, and the cells
washed with PBS. Then, 10 pl of negative control (PBS), culture
medium control (TLB), positive control (lysis buffer), and
filtered bacterial supernatants (wild type, Acrp, Acrp
pTrc99K-CRP, and AnpsA) as described before was added to
DMEM medium without FBS for 48h. After treatment, an
aliquot of 50l each sample medium was transferred to a new
96-well plate, and kit solutions were added into each well.
The absorbance was measured at 490nm and 680nm with a
spectrophotometer (Multiskan Ascent, Thermo Scientific). All
samples were tested in triplicate on three independent biological
replicates, and the mean results were expressed as LDH
cytotoxicity by subtracting the 680 nm absorbance background
value from the 490nm absorbance value.

Statistical Analysis

Statistical analysis was performed using Prism 7.0 (GraphPad
Software, Inc., San Diego, CA, United States). Data represent
the mean + standard deviation (SD). The mean differences were
determined using one-way ANOVA followed by Tukey’s
comparison test. Values of p<0.05 were considered
statistically significant.

RESULTS

Expression of aroX and NRPS Operons Is
Enhanced by Growth in TLB Medium

To determine the optimal conditions of expression of the aroX
and NRPS operons of K. oxytoca MIT 09-7231, the bacteria
were cultivated in different culture media, such as LB, TSB,
TLB, and DMEM transcription analyzed by RT-qPCR. The
conventional LB medium was used as a reference to determine
the basic levels of expression of genes encoded by the aroX
and NRPS operons. The lowest levels of transcription of the
aroX and NRPS operons occurred when the bacteria were
cultivated in DMEM; this was rather surprising since expression
of most virulence factors of pathogenic E. coli strains occurs
upon growth in DMEM (Leverton and Kaper, 2005; Platenkamp
and Mellies, 2018). In comparison with the growth of MIT
09-7231 in LB, the expression of aroX and NRPS operons of
MIT 09-7231 cultivated in TSB and TLB media enhanced ~5-
and ~ 150-fold, respectively (Figure 1A). Unlike TSB medium,
TLB contains lactose instead of soy. The expression levels of
TV genes were very similar in the different culture media,
supporting the notion that they are genetically organized in
operons. Since aroX and npsA are the first genes of the aroX
and NRPS operons, respectively, only the expression of these
two genes was evaluated throughout the study. When K. oxytoca
MIT 09-7231 was grown in TLB at 37°C for 12h, the highest
levels of expression of aroX and npsA genes occurred at 9h
and were maintained for 12h, which corresponds to stationary
growth phase (Figure 1B). Our data indicate that growth in
TLB medium, which contains lactose, favors the expression
of K. oxytoca aroX and NRPS operons during stationary
growth phase.
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FIGURE 1 | Effect of environmental cues on aroX and NRPS operons expression. (A) Fold change expression detected by RT-qPCR of aroX and NRPS operons of
K. oxytoca compared to LB. Bacterial cultures were grown at 37°C for 9h in different culture media: lysogenic broth (LB), tryptone soy broth (TSB), tryptone lactose
broth (TLB), and Dulbecco’s modified Eagle’s medium (DMEM) with high glucose (4.5g/l). (B) Transcription of aroX and npsA genes during growth phases.
(C) Transcription of aroX and npsA genes at stationary phase (ODgyonm=1.6) at 37°C under different environmental conditions determined by RT-qgPCR. (D) Growth
curves of wild-type K. oxytoca in TLB medium at 37°C for 12h supplemented with glucose (GLU, 0.2%), glycerol (GLY, 0.2%), sodium chloride (NaCl, 0.3 M), and
ethylenediaminetetraacetic acid (EDTA, 1.0mM, supplemented or not supplemented with 5.0mM CaCl,/MgCl,). 16S rRNA was used as a reference gene for
normalization of expression. These graphs represent the mean of three independent experiments performed in triplicate with standard deviations. Statistically
significant with respect to bacteria grown in LB medium (A) or with respect to bacteria grown after 1h post-inoculation in TLB medium (B) or with respect to bacteria
grown in non-supplemented TLB medium (C): **p<0.001. All values of p were calculated using one-way ANOVA and Tukey’s comparison test.

Expression of aroX and npsA Genes Is
Differentially Regulated by Nutritional and
Environmental Factors

The influence of nutritional factors in the expression of
genes involved in TV biosynthesis was quantified by RT-qPCR
when K. oxytoca was grown in TLB supplemented with
0.2% glucose, 0.2% glycerol, 0.3M sodium chloride, and
1.0mM EDTA. The expression of aroX and npsA genes was
repressed (~4-fold) and activated (~3-fold) by glucose and
glycerol, respectively (Figure 1C). In high osmolarity (0.3 M
NaCl), the transcription of aroX and npsA decreased ~8-fold
(Figure 1C). Transcription of these genes required divalent
cations because the addition of EDTA dramatically diminished
their expression (~50-fold), and this effect was partially

and fully reverted by the addition of CaCl, and MgCl,
respectively (Figure 1C). Of note, depletion of divalent
cations by the addition of EDTA to the culture medium
affected negatively bacterial growth (Figure 1D). This effect
was reversed by the addition of CaCl, and MgCl, to TLB
containing EDTA (Figure 1D). The data indicate that glucose,
high osmolarity, and depletion of divalent cations from the
growth medium repress aroX and npsA genes.

CRP Activates the Expression of aroX and
npsA Genes

As described above, carbon sources such as lactose, glucose,
and glycerol affect the transcription of aroX and npsA genes.
CRP is a global regulator that senses the fluctuations of
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carbon sources and controls the transcription of some enzymes
involved in metabolite biosynthesis (Bai et al., 2011; Gao
et al., 2012; Soberén-Chavez et al., 2017; Jeong et al., 2021).
Hence, we sought to investigate the role of CRP in the
regulation of aroX and npsA genes. Growth rates and
expression of these genes in the wild type and its derivative
Acrp isogenic mutant were compared after growth in TLB
at stationary phase (ODggoum = 1.6) by RT-qPCR. In the absence
of CRP, growth was significantly attenuated and expression
levels of both aroX and npsA genes were diminished ~10-fold.
Both, growth rate and expression were reversed by the
complementation of this mutant with the pTrc99K-CRP
plasmid (Figures 2A,B). These results indicate that CRP
positively regulates expression of aroX and npsA genes.

Effect of Lactose on CRP-Mediated aroX
and npsA Expression

We wanted to know whether the regulation exerted by lactose
on TV genes implicated CRP. Thus, we quantified the transcription
of aroX and npsA genes in the wild-type and Acrp mutant
strains growing in TLB (medium with lactose) and TB (tryptone
broth), which is TLB without lactose. Growth of the wild-type
strain in the absence of the lactose decreased TV gene
transcription by ~5-fold (Figure 2C). This effect was
CRP-dependent because transcription of aroX and npsA was
not altered in the Acrp mutant strain (Figure 2C). As an
expression control of a lactose-regulated gene, we quantified
the transcription of crp in the wild-type growing in the presence
of lactose and found ~2-fold increase in expression.
We hypothesized that lactose is involved in the CRP-dependent
aroX and npsA transcription; thus, we analyzed TV-mediated
cytotoxicity on HeLa epithelial cells using the supernatants of
the wild-type and Acrp mutant cultures grown in the presence
and absence of lactose (Figure 2D). The supernatant recovered
of the wild-type strain grown in TLB (with lactose) presented
a higher cytotoxic effect on HeLa cells than the supernatant
obtained from the wild-type strain grown in TB (without
lactose). The supernatants from the Acrp mutant grown with/
without lactose caused a slight cytotoxic effect on HelLa cells
(Figure 2D). These data support our hypothesis that lactose
induces CRP-mediated aroX and npsA genes transcription and
consequently triggers TV-mediated cytotoxicity on HelLa
epithelial cells.

CRP Binds to the Intergenic Region of
aroX and npsA Genes

Sequence analysis of the intergenic region of aroX and npsA
genes identified a putative CRP-binding site (Figure 3A).
This sequence (CGTGA-N¢-TCTAA) shared 7 of 10bp with
the E. coli consensus sequence (TGTGA-Ng-TCACA;
Figure 3B). Electrophoretic mobility shift assays (EMSA)
were performed using a recombinant His,-CRP protein and
DNA probes. Indeed, CRP bound to the aroX-npsA intergenic
region since CRP-DNA complexes were observed using
100nM of His,-CRP and this DNA-binding activity was
dependent of the presence of cAMP (200 pM; Figure 3C).

To demonstrate whether the putative CRP-box was required
for CRP binding to the aroX-npsA intergenic region, site-
directed mutagenesis of the CRP-box was performed
(Figure 3B). CRP did not bind to the aroX-npsA intergenic
region containing the mutation of CRP-Box (Figure 3D).
As positive and negative controls, estA2 and eltA regulatory
regions were used (Figures 3E,F; Haycocks et al., 2015).
These results clearly show that CRP binds directly to the
aroX-npsA intergenic region through recognition of a specific
binding site.

CRP Induces TV-Mediated Cytotoxicity on
Epithelial Cells

To corroborate the role of CRP on the aroX and npsA genes
transcription, we determined the TV-mediated cytotoxicity on
epithelial cells using the supernatants from K. oxytoca wild
type, Acrp mutant, and complemented Acrp mutant. Cytotoxicity
was severely affected in the Acrp mutant as compared to the
wild type and the complemented mutant. As expected, the
supernatant of the non-toxigenic AnpsA strain did not cause
any cytotoxic effect on HeLa cells (Figure 4A). Further, the
LDH release activity assay showed that wild-type strain
supernatant induced death of HeLa cells (~14-fold) as compared
to the PBS control. In contrast, the Acrp mutant supernatant
significantly reduced the death of HeLa cells by ~6-fold as
compared to the wild-type strain supernatant. Levels of released
LDH by HeLa cells treated with the supernatant of the
complemented Acrp mutant were similar to that of wild-type
strain supernatant. Neither the TLB medium nor the
non-toxigenic AnpsA supernatant induced death of HeLa cells
(Figure 4B). These phenotypic data support the role of CRP
global regulator as a transcriptional activator of genes involved
in the K. oxytoca TV biosynthesis.

DISCUSSION

K. oxytoca is a pathobiont of the intestinal microbiota that
can produce TV cytotoxin (Beaugerie et al., 2003; Hogenauer
et al., 2006; Zollner-Schwetz et al., 2015; Glabonjat et al,
2021). After penicillin treatment, alteration of the enteric
microbiota occurs, and overgrowth of K. oxytoca is originated
in the colon causing a severe dysbiosis (Schneditz et al.,
2014; Hajishengallis and Lamont, 2016; Dornisch et al., 2017;
von Tesmar et al., 2018; Alexander et al., 2020). The imbalance
in the gut microbiota and the production of TV cytotoxin
result in AAHC (Hogenauer et al., 2006; Unterhauser et al.,
2019). The aroX and NRPS operons encode the proteins
involved in the biosynthesis of TV and are clustered in a
PAI that is only present in the K. oxytoca toxigenic strains
(Schneditz et al.,, 2014; Dornisch et al, 2017). In this
study, we analyzed the expression of aroX and NRPS operons
in strains growing in various culture media since previous
work has determined that nutritional components are
environmental stimuli that trigger a differential expression
of genes related to bacterial virulence (Blair et al., 2013;
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FIGURE 2 | Regulatory activity of CRP in expression of aroX and npsA genes. (A) Determination of transcriptional expression by RT-gPCR of aroX and npsA genes
of wild-type K. oxytoca, Acrp, and Acrp pTrc99K-CRP in TLB medium at stationary phase (ODggonm=1.6) at 37°C. (B) Growth curves of wild-type K. oxytoca, Acrp,
and Acrp pTrc99K-CRP, in TLB medium at 37°C. Bacterial cultures were grown for 12h. (C) Transcription of aroX, npsA, and crp genes at stationary phase
(ODgoonm=1.6) at 37°C determined by RT-gPCR in TLB (medium with lactose), and TB (medium without lactose) at 37°C for 12h. These graphs represent the mean
of three independent experiments performed in triplicate with standard deviations. (D) Hela cell culture inoculated with supernatants recovered from wild-type and
Acrp strains grown in TLB (medium with lactose) and TB (medium without lactose). Results represent the mean of three independent experiments performed in
triplicate with standard deviations. Statistically significant with respect to wild-type strain (A) or with respect to bacteria grown in TLB medium (B): **p<0.01;
*#kp <0.001. All Values of p were calculated using one-way ANOVA and Tukey’s comparison test.

De la Cruz et al,, 2017; Han et al,, 2017; Ares et al., 2019;
Soria-Bustos et al., 2020; Jiang et al., 2021). Our results
showed that TLB culture medium significantly enhanced
the expression of the aroX and NRPS operons, in agreement
with a previous report in which the production of TV
significantly increased in the toxigenic strain K. oxytoca
MH43-1 when the bacterium was grown in TLB as compared
with TSB and LB (Tse et al., 2017). A previous report showed

that TV production reaches maximum levels at late exponential
and stationary growth phases (Joainig et al, 2010).
We determined the expression of aroX and npsA genes
during 12h of growth in TLB medium and, as expected,
transcription attained maximum levels at 9h and remained
as such until 12h of growth, which corresponds to stationary
growth phase. In addition to the effect of nutritional
components from different culture media being analyzed,
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NRPS operons and putative CRP-binding sites located in the intergenic regulatory region. The putative CRP-binding site is indicated with bold and boxed letters. (B) The
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pTrc99K-CRP, and (E) AnpsA K. oxytoca supernatants. (F) Hela cells were treated with TLB medium, and K. oxytoca supernatants (wild-type, Acrp, Acrp pTrc99K-
CRP, and AnpsA) for 48 h. Following treatment, aliquots were obtained for measurement of extracellular LDH. Minimal and maximal measurable LDH release was
determined by incubating cells with PBS (control), and lysis buffer, respectively. Statistically significant: *p <0.05; **p<0.001; ns: not significant. All values of p were

calculated using one-way ANOVA and Tukey’s comparison test.

cAMP production, which is necessary for the regulatory
activity of the CRP protein (Soberon-Chavez et al., 2017).
While glucose inhibits, glycerol induces cAMP synthesis
(Deutscher et al., 2006; Fic et al., 2009; Pannuri et al., 2016).
Glucose concentration is higher in the small intestine, while
glycerol is produced abundantly by enteric microorganisms

we evaluated the influence of other environmental stimuli
such as glucose, glycerol, osmolarity, and divalent cations.
Regarding the role of carbon source in transcription, glucose
and glycerol repressed and activated the aroX and npsA
gene expression, respectively. It was reported that glucose
and glycerol have antagonistic activities in the control of
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residing in the colon (Yuasa et al, 2003; Fujimoto et al.,
2006; Ohta et al., 2006; De Weirdt et al., 2010). Our results
suggest that the genes involved in TV biosynthesis could
be expressed in the glycerol-rich colon environment under
regulation of CRP. We found here that sodium chloride
repressed aroX and npsA gene expression. Previously, it was
reported that when Listeria monocytogenes grows in the
presence of high concentrations of sodium chloride, some
genes that code for metabolic enzymes and virulence factors
are repressed (Bae et al., 2012). In enterotoxigenic E. coli,
the addition of sodium chloride to culture medium also
repressed transcription of the coli surface antigen CS3 (Ares
et al., 2019). In contrast, high osmolarity increases the gene
expression of the enterotoxigenic E. coli Longus pilus (De
la Cruz et al, 2017). The ubiquitous divalent cations
magnesium and calcium are important nutrients required
by bacteria for growth and cell maintenance. The effects
of calcium and magnesium can be highlighted in physio-
chemical interactions, gene regulation, and
bio-macromolecular structural modification (Groisman et al.,
2013; Wang et al., 2019). Moreover, it has been reported
that divalent cations are involved in transcriptional regulation
of virulence factors in pathogenic E. coli, Aeromonas
hydrophila, P. aeruginosa, Vibrio cholerae, and Yersinia
enterocolitica (Filker et al., 2006; Bilecen and Yildiz, 2009;
Vilches et al., 2009; Anderson et al, 2010; De la Cruz
et al.,, 2017; Ares et al., 2019; Liu et al.,, 2020c). In our
study, the presence of calcium and magnesium divalent
cations was required for aroX and npsA gene expression.
This work underlines for the first time, the regulatory
activity of CRP in the transcription of genes involved in
TV biosynthesis. The K. oxytoca CRP protein is homologous
to other CRP proteins from several enteropathogens such
as K. pneumoniae, E. coli, and S. enterica. The absence of
CRP exhibited a growth defect in both exponential and
stationary phases, as observed in Vibrio vulnificus (Kim
et al, 2013), E. coli (Basak et al., 2014), K. pneumoniae
(Ou et al., 2017; Lin et al., 2018), and Haemophilus parasuis
(Jiang et al.,, 2020). These observations are in accordance
with previous reports that explain how growth fitness is
affected by the crp deletion, which produces fluctuations
of metabolic gene expression and alterations of carbon
metabolites, a-ketoacids, cAMP, and amino acids that promote
proper coordination of protein biosynthesis machinery during
metabolism (Klumpp et al., 2009; Berthoumieux et al., 2013;
You et al., 2013; Pal et al., 2020). CRP is a central regulator
of carbon metabolism and has been implicated as an important
facilitator of host colonization and virulence in many bacterial
pathogens, including K. pneumoniae (Xue et al., 2016; Lin
et al., 2018; Panjaitan et al, 2019). In this study,
we demonstrated that CRP positively regulates the expression
of the aroX and NRPS operons and plays a regulatory role
in response to lactose as was previously demonstrated in
E. coli and K. pneumoniae, where lactose acts as glycerol
inducing the augmentation of cAMP (Deutscher et al., 2006;
Panjaitan et al,, 2019). We also showed that CRP directly
activates the expression of aroX and npsA genes by binding

to their intergenic regulatory region and that cAMP is
indispensable for this DNA-binding activity.

Cytotoxic effects of toxigenic K. oxytoca strains have been
previously reported (Minami et al., 1989, 1994; Higaki et al.,
1990; Beaugerie et al., 2003; Darby et al, 2014; Schneditz
et al, 2014; Tse et al., 2017; Paveglio et al., 2020). We found
that the Acrp mutant strain was remarkably less cytotoxic than
the wild-type strain. This was due to downregulation of the
TV biosynthetic aroX and NRPS operons and reduced TV
production in the absence of CRP.

CONCLUSION

This study underscores the role of the CRP-cAMP signaling
pathway in the activation of genes involved in TV biosynthesis
of toxigenic K. oxytoca and provides clues about the intestinal
signals that trigger CRP-mediated TV production.
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island-2 (SPI-2) genes. This decreased SPI-2 expression caused by the outer membrane
perturbation was abolished in the absence of rpoS. Interestingly, regardless of the defects
in the outer membrane integrity, RpoS overproduction decreased transcription from the
common promoter of ssrA and ssrB, which encode a two-component regulatory system
for SPI-2. RpoS was found to compete with RpoD for binding to the Pg4 region, and its
binding activity with RNA polymerase (RNAP) to form Ecs® holoenzyme was stimulated by
the small regulatory protein Crl. This study demonstrates that Salmonella undergoing
RpoS-associated stress responses due to impaired envelope integrity may reciprocally
downregulate the expression of SPI-2 genes to reduce its virulence.

Keywords: Salmonella Typhimurium, RpoS (c%), ssrA, Salmonella pathogenicity island-2, virulence

INTRODUCTION

The bacterial RNA polymerase (RNAP) holoenzyme is a provisional complex between a multi-
subunit RNAP core enzyme (E, o,ff'w) and an o factor. The ¢ factor forming the Ec complex
directs promoter-specific transcription initiation and then dissociates from the core enzyme E
after transcription initiation. In many proteobacteria, 6 (67°), encoded by rpoD, functions as
a major ¢ subunit responsible for the transcription of constitutive promoters. Under unfavorable
conditions, bacteria exploit alternative ¢ factors to redistribute RNAP core enzyme specificity
toward discrete subsets of genes whose products help survive and adapt to environmental
stressors (Bang et al., 2005). Salmonella enterica serovar Typhimurium possesses five alternative
o factors, including extra-cytoplasmic stress-specific 6* (6**, RpoE), flagella-chemotaxis-specific
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o' (0%, FliA), heat-shock response-specific 6" (6*?, RpoH),
stationary-phase nutrient-starvation-specific 6° (6%, RpoS), and
nitrogen-starvation-specific 6~ (6>, RpoN). The abundance of
alternative o factors available for Ec complex formation is
regulated not only by environmental signals (Shimada et al.,
2017) but also by the interaction with two types of inhibitory
proteins, anti-c factors, and adaptor proteins (Trevino-Quintanilla
et al, 2013). Different o factors operate discrete regulatory
circuits containing cognate genes and operons in response to
specific environmental cues, but some transcriptional regulons
are coordinated by multiple ¢ factors that function in a regulatory
cascade or by competitive interactions. In response to the
diverse stimuli encountered by bacterial pathogens upon host
infection, multiple alternative ¢ factors interact with each other
to promote bacterial adaptation in hostile conditions. 6* can
activate one of the rpoH promoters (Hiratsu et al, 1995;
Vanaporn et al., 2008) and 6%, in turn, stimulates the transcription
of Hfq (Muffler et al., 1996), which is required for efficient
translation of rpoS mRNA (Bang et al, 2005), indicating
sequential activation of multiple regulons by a regulatory cascade
of o*, o, and ¢° under certain circumstances. Besides, there
is a trade-off between self-preservation and nutritional
competence and genes required for membrane integrity
maintenance and genes associated with metabolism are
reciprocally controlled by competitive action between ¢ factors
(Ferenci, 2005; Levi-Meyrueis et al, 2015). In the context of
competitive action between o factors, ¢’° and ¢° recognize
almost identical —35 and —10 promoter elements, especially
the —10 region (Hengge-Aronis, 2002b). Therefore, competitive
binding of Ec® to the overlapping promoter regions may occlude
transcription initiation by Ec”, inducing the transcription of
a repertoire of genes by o° under stressful environments
(Levi-Meyrueis et al., 2015).

Many genes whose promoters bind to both ¢”° and ¢° show
stronger transcription activities with ¢’ binding than with ¢°
binding, implying a negative role of ¢° in gene expression (Levi-
Meyrueis et al, 2015; Grove et al, 2017; Yin et al, 2018).
Interestingly, nullifying the negative effects of ¢° is beneficial to
bacterial growth in the absence of environmental stressors
(Zambrano et al., 1993; Notley-McRobb et al., 2002). The attenuated
expression associated with Ec® may confer fitness advantages to
bacteria during unfavorable conditions. ¢° is induced under
nutrient-depleted stationary phase or in response to various
stressors, and its activity in Salmonella is known to alter
transcription or protein production of more than 20% of its
genome (Levi-Meyrueis et al., 2014; Lago et al., 2017). 6° upregulates
or downregulates the expression of a myriad of genes involved
in carbohydrate and amino acid metabolism, stress resistance,
and membrane integrity directly or indirectly. In contrast to the
essential roles of 6° in bacterial stress resistance, the requirement
of o° for bacterial virulence varies between bacterial species
(Dong and Schellhorn, 2010). Salmonella Typhimurium lacking
rpoS gene showed reduced virulence, and ¢° factor was found
to activate the transcription of spvR and spvABCD virulence
plasmid genes (Fang et al, 1992; Kowarz et al., 1994).

In this study, we induced outer membrane perturbation on
S. Typhimurium by deleting ycfR to stimulate o°-mediated

adaptation responses. YcfR is a putative outer membrane protein
that is expressed under stressful conditions in enteric pathogens
and is known as a multiple stress resistance protein (Zhang
etal,, 2007; Salazar et al., 2013). Our previous study demonstrated
that the deletion of ycfR caused structural alterations in
lipopolysaccharide and destabilized Salmonella envelope integrity
(Kim and Yoon, 2019). Salmonella devoid of YcfR tremendously
increased rpoS transcription and showed an increase in curli
fibers, cellulose, and c-di-GMP production and a decrease in
motility, implicating comprehensive transcriptional alterations
by ¢° in response to stress on the cellular envelope (Kim and
Yoon, 2019). Besides the known repertoires of ¢° regulatory
circuits, such as biofilm formation, this study revealed that
virulence genes of Salmonella pathogenicity island-2 (SPI-2)
were downregulated by o°. SPI-2 is a locus responsible for
the type III secretion system (T3SS) injectisome-mediated
delivery of virulence factors from Salmonella to host cells and
is critical for bacterial survival and replication inside host cells
(Jennings et al., 2017). The negative role of ¢° in SPI-2 regulation
was influenced by a small regulatory protein Crl. Crl is known
to be required for o°-dependent transcriptional initiation at
the promoters of adrA and csgD genes, whose products activate
curli and cellulose production (Robbe-Saule et al., 2006). The
role of ¢ in Salmonella virulence regulation was elucidated
by examining the interaction between ¢° and the ssrAB promoter,
which encodes the two-component regulatory system SsrAB
for SPI-2.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth
Conditions
Salmonella enterica serovar Typhimurium ATCC 14028 was
used as the parent strain. Salmonella mutants of AycfR and
ArpoS were constructed using the phage lambda (A) Red
recombination system as described in previous studies (Yoon
et al,, 2009; Kim and Yoon, 2019) and a mutant lacking both
ycfR and rpoS was constructed using P22 HT105/1 int-201-
mediated transduction (Kwoh and Kemper, 1978). The phage
A Red recombination system was also used for the construction
of Salmonella strains producing HA-tagged SPI-2 proteins (SseC
and SsaN) as described in the previous study (Kim et al,
2018). In brief, the kanamycin resistance (kan) cassette of
pKD13-2HA was amplified by PCR using primers designed
to provide 40-nucleotide sequences homologous to target genes
at both termini of the resultant PCR products. The PCR products
were introduced into Salmonella cells harboring pKD46 to
insert the HA-coding sequences with a kan cassette prior to
the stop codon sequences. The kan marker was subsequently
removed using pCP20 providing a flip recombinase. Primers
used for the construction of HA-tagged SPI-2 genes are listed
in Supplementary Table 1. Escherichia coli DH5u strain was
used for plasmid cloning and protein purification.

To express rpoS in trans, the rpoS gene was cloned into
pACYC184 (Chang and Cohen, 1978) and pBbA2sk-RFP vectors
(Lee et al, 2011). For the construction of pRpoS, the rpoS
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CDS and its promoter region were amplified by PCR using
primers pRpoS-CF and pRpoS-CR and inserted into pACYC184
through BamHI and Sall restriction enzyme sites. In cloning
pRpoS2, the rpoS gene was amplified using PCR with pRpoS-
CF2 and pRpoS-CR2 primers, digested with EcoRI and BgllI,
and ligated with EcoRI/BglII digested pBbA2sk-RFP plasmid.
Primer sequences are listed in Supplementary Table 1.

To construct transcriptional lacZ fusion to the P, and
P, regions, the promoter regions of ssrA (from —253 to +209)
and ssrB (from —90 to +303) were amplified by PCR using
primers (Supplementary Table 1) of pssrA-lacZ-CF and pssrA-
lacZ-CR for ssrA and primers (Supplementary Table 1) pssrB-
lacZ-CF and pssrB-lacZ-CR for ssrB, as described by Feng
et al. (2003). The amplified promoter regions were cloned into
the pRS415 plasmid (Simons et al,, 1987) using EcoRI and
Sall restriction enzyme sites.

RpoS, RpoD, and Crl proteins were tagged with Hiss at
their N-termini by cloning three genes into the pUHE21-lacl?
plasmid (Soncini et al, 1995) via EcoRI and HindIIl and
inducing their expression using IPTG. The primers used for
the construction of His, tagged proteins are listed in
Supplementary Table 1. All restriction enzymes and ligases
were purchased from Takara Bio, Inc. (CA, United States).

Salmonella cells were cultivated in Luria-Bertani (LB) medium
broth or acidic minimal medium (AMM) broth at 220rpm at
37°C, as described in previous studies (Yoon et al., 2009, 2011).
For AMM cultivation, bacterial cells at the stationary growth
phase in LB medium broth were washed twice with PBS, diluted
in pH 7.0 minimal medium broth at a 1:100 ratio, and cultivated
overnight. Pre-cultured Salmonella cells in minimal medium broth
(pH 7.0) were diluted in minimal medium broth (pH 5.0) at a
1:20 ratio and cultivated for 3h to mimic intracellular conditions
(Yoon et al, 2009). Antibiotics were purchased from Sigma-
Aldrich (MO, United States) and used when required: ampicillin
(Amp, 50pg/ml), chloramphenicol (Cm, 35pg/ml), kanamycin
(Kan, 50pg/ml), and anhydrotetracycline (aTc, 0.2 or 0.5ng/ml).

Mammalian Cell Infection
To assess bacterial invasiveness, HeLa human epithelial cell
line (ATCC CCL-2) was infected as described in the previous
study (Kim et al., 2018). HeLa cells were seeded in 24-well
plate at 2x 10° cells/well and incubated in Dulbecco’s modified
Eagle’s medium (DMEM; Corning cellgro, Thermo Scientific
Inc., IL, United States) supplemented with 4.5g/L glucose
(Thermo Scientific Inc.) and 10% fetal bovine serum (FBS;
Gibco, Thermo Scientific Inc.) at 37°C with 5% CO,. After
overnight incubation, HeLa cells were treated with Salmonella
cells grown for 2.5h in LB medium broth at a multiplicity of
infection (MOI) of 100 and centrifuged at 500xg for 5min.
At 30min post-infection, the infected cells were washed twice
with PBS and replenished with fresh DMEM containing 100 pg/ml
gentamicin for 1.5h to remove extracellular Salmonella cells.
The infected HeLa cells were washed three times with PBS
and lysed with 1% Triton X-100. The cell lysates were diluted
and plated on LB agar to count intracellular Salmonella cells.
Salmonella survival inside macrophages was examined as
described elsewhere (Yoon et al., 2009; Kim and Yoon, 2019).

Murine macrophage RAW264.7 (ATCC TIB-71) cells were
seeded in 24-well plate at 5x10° cells/well and incubated in
DMEM containing 4.5g/L glucose and 10% FBS at 37°C with
5% CO, overnight. Monolayered-macrophage cells were infected
with Salmonella cells grown overnight in LB medium broth
at MOI 100, as described for HeLa cell infection. After 30 min
of infection, the extracellular bacteria were removed by replacing
the medium with DMEM containing 100 pg/ml gentamicin for
1.5h. The infected macrophages were washed with PBS three
times and incubated in fresh DMEM containing 20 pug/ml
gentamicin for additional 8 h. To enumerate intracellular bacteria,
RAW264.7 cells were lysed, and the lysates were spread on
LB agar as described above.

qRT-PCR Analysis

Bacterial total RNA was isolated from Salmonella cultivated in
LB medium and AMM broth or RAW264.7 cells infected with
Salmonella. Bacterial cells cultivated in vitro were treated with
RNAprotect Bacteria Reagent (Qiagen, Hilden, Germany) and
subjected to total RNA extraction using RNeasy mini kit (Qiagen).
For RNA extraction from intracellular bacteria, infected macrophage
cells were treated with RNAlater™ Stabilization Solution
(Invitrogen, Thermo Scientific Inc.) and processed with RNeasy
mini kit according to the manufacturer’s recommendations. Isolated
total RNA was treated with RNase-free DNase (Ambion, TX,
United States) at 37°C for 30min and used to synthesize cDNA
using RNA to cDNA EcoDryTM Premix (Takara Bio United States,
Inc.). cDNA corresponding to 10ng of input RNA was used as
a template in each qRT-PCR, and the primer sequences are
listed in Supplementary Table 2. QqRT-PCR was conducted using
the StepOnePlus Real-time PCR system (Applied Biosystems,
MA, United States) with Power SYBR Green PCR Master Mix
(Applied Biosystems), and the levels of amplified PCR products
were normalized to those of gyrB (Yoon et al., 2009).

p-Galactosidase Assay

The p-galactosidase assay was conducted using the Miller
method (Smale, 2010). Bacterial cells were cultivated in LB
medium broth, and p-galactosidase activity normalized to the
number of input bacteria was represented by Miller units.
Miller  units were computed as follows: Miller
unit= {1,000 X (OD4-1.75X% OD3ss,)]/(t x VX ODgy), where t is
time (min) and V is volume (ml).

Immunoblot Assay

Bacterial cells were pelleted and resuspended in 1x Laemmli
sample buffer (Bio-Rad Laboratories, Inc., CA, United States).
The aliquots were loaded on 10% SDS-PAGE gels, and the
separated proteins were transferred to PVDF membranes
(Bio-Rad Laboratories, Inc.). The membrane was blocked with
5% skim milk solution and treated with anti-RpoS antibody
(anti-E. coli RNA Sigma S antibody, BioLegend, CA,
United States) at a 1:2,000 dilution ratio or anti-DnaK antibody
(Enzo Life Science, NY, United States) at a 1:10,000 dilution
ratio in combination with horseradish peroxidase (HRP)-
conjugated secondary antibody (Bio-Rad Laboratories, Inc.) at
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a 1:3,000 dilution ratio. SPI-2 proteins tagged with HA were
identified using anti-HA antibody (1:10,000 dilution; Sigma,
United States) as a primary antibody. Immunoblotting was
conducted using ECL™ Western Blotting Detection Reagents
kit (GE Healthcare, Thermo Scientific Inc.), and the blot images
were visualized using the ChemiDoc™ MP System (Bio-Rad
Laboratories, Inc.). The intensity of the blot images was analyzed
using Image] software.!

Chromatin Immunoprecipitation Assay

The Chromatin immunoprecipitation (ChIP) assay was performed
as previously described (Gu et al, 2016; Yin et al,, 2018) with
minor modifications. Briefly, Salmonella cells cultivated in the
stationary growth phase in LB medium broth were fixed with
1% formaldehyde solution for 10min and subsequently treated
with 100mM glycine for 5min. Cells were washed with cold
PBS and resuspended in SDS lysis buffer (50mM Tris-HCI,
10mM EDTA, 1% SDS, and pH 8.0) containing 1x protease
inhibitor. After 10 min of incubation, the cell extract was sonicated
to fragment genomic DNA into 200bp to 1kb and centrifuged
at 12,000xg for 10min. The supernatant solution was used as
input DNA, and the aliquots were further processed for pre-clearing
and immunoprecipitation (IP) samples. The lysate solution
containing DNA-protein complexes was pre-incubated with Protein
A/G Plus-Agarose (Santa Cruz Biotechnology, Inc. TX,
United States) at 4°C for 2h to remove DNA or proteins
non-specifically bound to Protein A/G Plus-Agarose and
centrifuged at 800xg for 3min. The resultant pellet fraction
was used as a pre-clearing sample, and the supernatant solution
was further incubated with the anti-RpoS antibody at 4°C
overnight, followed by Protein A/G Plus-Agarose at 4°C for
2h, and centrifuged at 800xg for 3min to immunoprecipitate
DNA-RpoS complexes bound to the agarose. The pellet fraction
was used as an IP sample. The pre-clearing and IP samples
were washed with LiCl wash buffer (100mM Tris-HCI, pH 8.0,
2% Triton X-100, and 250 mM LiCl), twice with high-salt buffer
(100mM Tris-HCI, pH 8.0, 600 mM NaCl, and 2% Triton X-100),
twice with low-salt buffer (100mM Tris-HCI, pH 8.0, 300 mM
NaCl, and 2% Triton X-100), and with TE wash buffer (10mM
Tris—-HCI, pH 8.0, and 1 mM EDTA). The precipitated DNA-protein
complexes were eluted with ChIP elution buffer (50mM Tris—
HCI, pH 8.0, 10mM EDTA, and 1% SDS) and incubated with
0.2M NaCl at 65°C overnight to resolve DNA-protein cross-
links. All samples were treated with RNase A (10mg/ml) at
37°C for 30min and further incubated with a protease solution
(IM Tris-HCI, pH 8.0, 500mM EDTA, proteinase K, and 5M
NaCl) at 65°C for 4h. DNA from pre-clearing and IP samples
was extracted using phenol: chloroform: isoamyl alcohol (25:
24: 1) solution, precipitated with EtOH and NaOAc (pH 5.2),
and resuspended in distilled water.

ChIP-Quantitative PCR Assay

DNA cross-linked to RpoS was analyzed using quantitative
PCR (qPCR), as previously described (Hermans et al., 2016).

'https://imagej.nih.gov/ij/

Relative enrichment (RE) of the promoter of interest was
computed using differences in Ct values (ACt) with gyrB
gene as an endogenous control as follows: RE=27(A¢,~Ac
pre-clearing> Where ACtrp 15 Clyromoter tet —Clgyrs for the IP samples
and  ACtpre.dearing 15 Clpromoter et —Ctgys for the pre-clearing
samples. Aliquots of DNA purified from IP and pre-clearing
samples and serial dilutions of input DNA were used as
templates in qPCR, and the qPCR primers are listed in
Supplementary Table 3. Amplified PCR products were analyzed
using the StepOnePlus Real-time PCR system with Power
SYBR Green reagent.

Purification of Hisg-Tagged Protein

Escherichia coli strains producing His,-tagged RpoS, RpoD,
and Crl proteins were cultivated in LB medium broth, and
the proteins were induced by adding 0.05mM (RpoS and
RpoD) or 1mM (Crl) isopropyl p-D-1-thiogalactopyranoside
for 7 or 3h at 30°C. Bacterial cells were centrifuged at
10,000 x g for 10min and resuspended in lysis buffer (50 mM
NaH,PO,, 300mM NaCl, 20mM imidazole, and pH 8.0)
containing 1 mg/ml lysozyme. After 30 min incubation on ice,
the cells were sonicated and centrifuged at 10,000xg and
4°C for 20min. The resultant soluble lysate fraction was
treated with Ni**-nitrilotriacetic acid (Ni**-NTA) agarose beads
(Qiagen) at 4°C for 1h with rotation and loaded onto a
Ni**-NTA agarose affinity column (Qiagen). The column was
washed with washing buffer (50 mM NaH,PO,, 300 mM NaCl,
40mM imidazole, and pH 8.0) three times, and the proteins
were eluted with elution buffer (50mM NaH,PO,, 300 mM
NaCl, 300mM imidazole, and pH 8.0). The eluted protein
fraction was packed into SnakeSkin™ Dialysis tubing with
10K MWCO (Thermo Scientific Inc.) and subjected to dialysis
at 4°C in dialysis buffer (20mM Tris-HCI, pH 8.0, 150 mM
NaCl, 0.1 mM EDTA, 5mM DTT, and 20% glycerol). Purified
proteins were quantified using Bradford assay.

Electrophoretic Mobility Shift Assay

The binding between o factors and the P, region was
investigated using Hiss-RpoS or Hiss-RpoD in combination
with Hiss-Crl. The P, region was PCR-amplified using
primers ssrA-electrophoretic mobility shift assay (EMSA)-F
and ssrA-EMSA-R. The csgBA promoter region amplified
using primers cgsBA-EMSA-F and cgsBA-EMSA-R was
employed as a positive control, whereas the STM14_1978
(putative ABC transporter permease component) CDS region
amplified using primers STM14_1978 EMSA-F and
STM14_1978 EMSA-R was used as a negative control. The
primer sequences used in the EMSA are listed in
Supplementary Table 3. EMSA was performed as described
previously (Bougdour et al., 2004; Storvik and Foster, 2010)
with the following modifications. To reconstitute the RNAP
holoenzyme, 20nM RNAP core enzyme (E. coli RNAP Core
Enzyme; NEB, MA, United States) was incubated with 300 nM
Hiss-RpoS or Hise-RpoD in a binding buffer (200 mM Tris-
HCI, pH 8.0, 30mM KCl, 10 mM MgCl,, 50 mM NaCl, 1 mM
DTT, 1mM EDTA, and BSA 20pg/ml) at 30°C for 45min.
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DNA of 20ng was incubated with the reconstituted RNAP
holoenzyme in a binding buffer (50 mM Tris-HCI, pH 8.0,
200mM KCI, 3mM MgCl,, I mM DTT, 0.1 mM EDTA, BSA
pg/ml, and Poly (di-dc) 12ng/pl) at 25°C for 30 min. The
reactant was analyzed by electrophoresis using 5% native
polyacrylamide gel, and DNA fragments were stained with
EtBr solution and detected using the ChemiDoc MP System.

In the competitive binding assay between Hiss,-RpoS and
Hiss-RpoD, one ¢ factor was used at a constant concentration
of 75nM and the other competitor ¢ factor was used at
incremental concentrations from 12.5 to 150nM. After RNAP
holoenzyme reconstitution with different concentrations of o
factors, DNA corresponding to the P, region was added to
the binding reaction and analyzed as described above. To
localize Hise-RpoS  after electrophoresis on a native
polyacrylamide gel, proteins on the gel were transferred to a
PVDF membrane and processed as described in the immunoblot
assay above. Anti-E. coli RNA sigma S antibody was used as
a primary antibody at a 1:2,000 dilution ratio, and
HRP-conjugated goat anti-mouse IgG was used as a secondary
antibody at a 1:3,000 dilution ratio.

In the competition assay using Hiss,-RpoS in combination
with His,-Crl, His¢-RpoS (25, 50, and 280 nM) was pre-incubated
with 280nM Hise-Crl at 25°C for 15min and then used to
compete with 50nM Hise-RpoD in the RNAP holoenzyme
reconstitution reaction. After the addition of P, region, the
locations of P, DNA and Hisc-RpoS were identified using
EtBr staining and immunoblotting methods, respectively, as
described above.

Statistical Analysis

All assays were repeated at least three times, and the average
values were presented with their SDs. To determine the significant
differences, Student’s t-test was applied, and the value of p
was calculated.

RESULTS

Outer Membrane Perturbation in AycfR
Decreased SPI-2 Expression

YcfR, which is expressed in response to multiple stress conditions,
is a putative outer membrane protein important for stress
resistance in enteric pathogens such as Salmonella spp. and
E. coli (Zhang et al., 2007; Salazar et al, 2013). In this study,
we observed that Salmonella lacking YcfR was significantly
attenuated in virulence during host cell infection. The lack of
YcfR did not influence bacterial growth in vitro, but significantly
reduced the ability of bacteria to invade host epithelial cells
and survive inside phagocytic cells (Figure 1). The transcription
of SPI-1 genes, which produce a distinct T3SS (T3SS1) and
promote Salmonella invasion into host cells (Raffatellu et al.,
2005), decreased remarkably in the AycfR strain (Figure 2A).
Besides the attenuated SPI-1 expression, the physiological changes
caused by the lack of YcfR, including cellular aggregation and
reduced motility (Kim and Yoon, 2019), might impair bacterial
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FIGURE 1 | Invasion and survival of a AycfR mutant in the host cell.

(A) Invasive ability of wild-type and AycfR mutant strains was assessed by
infecting HelLa cells and counting intracellular bacteria 2 h post-infection. The
bar indicates relative invasion ability compared to wild-type Salmonella.

(B) Survival inside RAW264.7 macrophages was compared between wild-
type and AycfR mutant strains 10h post-infection. The numbers
phagocytosed by macrophages were found comparable between two strains
(data not shown) and relative survival ratios are depicted. A significant
difference (value of p<0.05) is denoted with an asterisk.

invasion ability. Interestingly, the lack of YcfR also decreased
the transcription of SPI-2 genes not only inside macrophage
cells (Supplementary Figure 1A) but also in LB and AMM
cells in vitro (Figure 2B; Supplementary Figure 1B, respectively),
which partially reproduce the intestinal lumen and intracellular
milieux, respectively (Beuzon et al, 1999; Yoon et al, 2011).

Downregulation of SPI-2 in AycfR Was
Attributable to RpoS

In order to figure out a transcriptional regulator that coordinates
bacterial virulence in response to outer membrane perturbation,
we assessed the expression of 21 regulators associated with
SPI-1 or SPI-2 regulation in the AycfR strain
(Supplementary Figure 2) and found that rpoS showed a
dramatic increase in its transcription. The levels of RpoS were
compared between wild-type and AycfR strains in LB and
AMM conditions. RpoS increased in the AycfR strain grown
in both media (1.5-fold in LB; 2.7-fold in AMM; Figure 3).
To examine whether an increase in RpoS could downregulate
virulence genes associated with SPI-2 T3SS (T3SS2), the
transcription of ssrAB encoding the two-component regulatory
system for T3SS2 and its cognate effectors was compared.
Salmonella deprived of RpoS slightly increased the expression
of ssrAB, but the introduction of pRpoS expressing rpoS under
its own promoter significantly decreased the transcription of
sstAB, implicating overall downregulation of their cognate
T3SS2-associated genes by RpoS (Figure 4A). In addition, the
decreased transcription of ssrAB in the absence of YcfR was
nullified by the additional rpoS deletion, suggesting the possibility
of o*-mediated SPI-2 downregulation in the AycfR strain
(Figure 4A). The ssrA and ssrB genes, located adjacent to each
other, encode a sensor kinase and its response regulator,
respectively, and are regarded to be transcribed in a polycistronic
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FIGURE 2 | Expression of SPI-1 and Salmonella pathogenicity island-2 (SPI-2) genes in AycfR mutant. (A) Transcription levels of SPI-1 genes were examined using
RNA isolated from Salmonella strains grown in LB medium broth for 2h. The Ct values of gRT-PCR were normalized using those of gyrB and the fold-change
between wild-type and AycfR mutant strains was plotted. (B) To analyze the expression of SPI-2 genes, Salmonella strains were cultivated in LB medium broth for
10h and subjected to RNA extraction. Ct values of each gene were subtracted from those of gyrB for normalization, and the fold-change (AycfR/wild-type) was

calculated. An asterisk indicates a difference of a value of p<0.05.
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FIGURE 3 | Expression of RpoS in AycfR mutant. Saimonella wild-type and
AycfR mutant strains were cultivated in LB medium broth for 10h or acidic
minimal medium (AMM) broth for 3h, and the expression of RpoS was
compared using immunoblot assay with anti-RpoS antibody. The cytosolic
protein DnaK was used as a control to standardize the protein amounts
between the lanes. The abundance of RpoS was normalized to that of DnakK
using Imaged, and the ratios from three independent assays are depicted
below the representative blot images.

mRNA under the same promoter (Bustamante et al, 2008;
Fass and Groisman, 2009). However, the identification of a
distinct promoter upstream of ssrB revealed the possibility that
the expression of ssrA and ssrB could be uncoupled depending
on the growth conditions (Feng et al., 2003, 2004). Therefore,
the negative role of RpoS was reexamined using lacZ
transcriptional fusion constructs, where the promoters of ssrA
and ssrB were separately analyzed (Figure 4B). The promoter

strength of ssrA was much stronger than that of ssrB in wild-
type Salmonella harboring intact rpoS and ycfR genes, and
deletion of rpoS alone did not alter ssrA or ssrB transcription.
However, ycfR deletion, which led to an increase in RpoS,
abolished ssrA transcription but not ssrB, and the additional
rpoS deletion in AycfR mutant derepressed ssrA only, indicating
differential regulation of ssrA and ssrB by o° (Figure 4B).
Again, overexpression of RpoS by the introduction of pRpoS2
decreased P,,:lacZ expression in proportion to aTc
concentration. These results suggest that ¢° at high concentrations
dampen transcription activity at the promoter region upstream
of ssrAB.

¢° Binds Directly to the ssrA Promoter
Region

To examine whether ¢° directly controls the transcription of
ssrA, a ChIP assay was performed on Salmonella cells in the
stationary growth phase using ¢® as a bait. DNA fragments
bound to ¢° were co-precipitated using anti-RpoS antibody
and used as templates in PCR using primers targeting the
promoter regions of ssrA and ssrB (Figure 5A;
Supplementary Figure 2). DNA fragments containing the P,
region were bound to ¢° and amplified by PCR, but the P
region did not co-precipitate with ¢° (Figure 5B). When five
different primer sets from RI1-F/R to R5-F/R were used to
dissect the ssrA promoter region, only two primer sets, R3-F/R
and R4-F/R, resulted in significant PCR amplification
(Figure 5C), inferring that ¢° binds to DNA sequences covering
—61 to +136bp at least from the transcription start site of
sstA (Feng et al., 2003). It is believed that the ssrA promoter
requires RNAP holoenzyme harnessing ¢”, and the consensus
—10 and —35 regions for ¢”° binding were also predicted
(Ramachandran et al., 2012; Banda et al, 2019). Our results
raised the possibility that the ssrA promoter could recruit ¢°
as well as ¢7°. The possibility of ¢* binding to the P, region
was also proposed in silico in a previous study (Ramachandran
et al, 2012). We further investigated transcription initiation
at Pg,, which is controlled by mechanical interaction with
o factors.
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FIGURE 4 | Negative regulation of ssrA by RpoS. (A) Transcription levels of rpoS, ssrA, and ssrB were measured using gRT-PCR. Salmonella strains, including
wild-type, ArpoS, and ArpoSAycfR strains, were transformed with pRpoS or pACYC184 and cultivated to the stationary growth phase in LB medium broth. Ct
values of rpoS, ssrA, and ssrB were normalized using those of gyrB gene. Expression levels of rpoS, ssrA, and ssrB from each strain were compared with those
from wild-type strain harboring pACYC184 and the fold-change (mutant/wild-type) was plotted. Value of p with p<0.05 is denoted with an asterisk. (B) Transcription
from Psya and Pgg,s Was measured using /acZ transcriptional fusions. Plasmids pSsrA::lacZ (left) and pSsrB::lacZ (right) were introduced into wild-type, ArpoS, AycfR,
and ArpoSAyciR strains. To overexpress RpoS, pRpoS2 and its empty plasmid pBbA2sk-RFP were introduced into wild-type and mutant strains, and aTc of 0.2 or
0.5ng/ml was added in the LB medium broth cultures. p-galactosidase assay was conducted with bacterial cells at the stationary growth phase. An asterisk

indicates a value of p<0.05.

¢° Competes With ¢7° for Binding to the
ssrA Promoter Region

The promoter recognition sequences for ¢° and ¢’ are nearly
identical, and a strong functional similarity between ¢° and
6 has been suggested. Many o°-regulated genes, such as the
csgBA operon, can be transcribed by either ¢° or 6™ in vitro
(Arnqvist et al.,, 1994; Typas et al.,, 2007b). The possibility of
biphasic ssrA transcription initiation by ¢* and 67 was examined
in vitro. A DNA fragment of 172bp encompassing the P,
region targeted by ssrA regulators was incubated with each o
factor (Hiss-RpoS or Hiss-RpoD) in the presence or absence
of RNAP core enzyme E. The P, region recognized by either
o° or 6 was used as a positive control, while a DNA fragment

of the STM14_1978 gene devoid of the canonical sequences
recognized by ¢° and ¢”° was used as a negative control. The
core enzyme alone could form a complex with DNA fragments
of the Py, or P.g regions in a non-specific manner, as
predicted elsewhere, and the addition of either o factor (c°
or ¢”°) retarded the mobility of the DNA-protein complex.
This indicated that o factor was engaged in the complex
formation between RNAP holoenzyme (Ec; o,fp’'cw) and the
DNA fragments (Figure 6). Interestingly, the addition of o°
produced two bands, presumably a lower one between the
core enzyme E and the Py, and an upper one between the
Eo® and the P, whereas ¢”° incorporation produced a single
shifted band, representing robust complex formation between
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FIGURE 5 | Binding of ¢° to the ssrA promoter. (A) Scheme for Chromatin immunoprecipitation (ChIP)-PCR and ChiP-quantitative PCR (QPCR). The +1 site of ssrA
transcription is indicated with a broken arrow and its start codon is in bold. The region amplified by ChIP-PCR is underlined with a black dashed line and that amplified
and used in electrophoretic mobility shift assay (EMSA) is boxed. Five regions amplified in ChIP-gPCR are underlined in different colors: R1 in red by primers R1-F and
R1-R, R2 in blue by primers R2-F and R2-R, R3 in green by primers R3-F and R3-R, R4 in purple by primers R4-F and R4-R, and R5 in brown by primers R5-F and R5-
R. (B) DNA-protein cross-links were fixed in Salmonella wild-type and ArpoS mutant strains using formaldehyde. DNA fragments bound to ¢° were immunoprecipitated
using anti-RpoS antibody and subjected to PCR using primers specific to the Psg4 (PssrA-ChIP-F/R) and Pss (PssrB-ChIP-F/R) regions. Input total DNA and pre-clearing
(DNA non-specifically bound to Protein A/G agarose) were analyzed in parallel. The ChIP-PCR products were separated by 1% agarose gel electrophoresis. (C) DNA
fragments precipitated in IP and pre-clearing were used as templates in ChIP-qPCR using five different primer sets (R1-F/R, R2-F/R, R3-F/R, R4-F/R, and R5-F/R).
Enrichment of the Py region with ¢ was relatively computed using the following formula: relative enrichment (RE) =272 o jeaing, Where ACtp is Ctpgga —Ct g5 for the
IP samples and ACtere-gearing IS Clpssa —Ctgyis for the pre-clearing samples. gyrB was used as an endogenous control.

A B
PssrA PcsggA STM14_1978 Pssra Pcsgga STM14_1978
Hise- RpoD - + + - + - -+ - + Hisg- RpoS - + + - + - - + - F
RNAP core - - - + + - + + - + RNAP core - - - + + - + + - +
DNA + - + + + + + + + 4+ DNA + - + + + + o+ o+ o+ o+
1 2 3 4 5 6 7 8 9 10 1 2 4 5 7 8
o -l e T8 o - —a Hh‘

FIGURE 6 | Interaction of P, with either 6° or 6™ in vitro. Binding of Hiss-RpoD (A) and Hiss-RpoS (B) to the ssrA promoter region was tested in vitro using
EMSA. DNA fragments of the Ps,4 region (178bp), P.ses region (158 bp; a positive control), and STM14_1978 CDS region (148bp; a negative control) were
incubated with RNA polymerase (RNAP) core enzyme in combination with Hise-RpoD or Hise-RpoS. The DNA-protein complexes were loaded onto a 5% native
polyacrylamide gel and stained with EtBr. An arrow indicates a shifted band comprising Pss4 O Peggsa DNA cross-linked with the RNAP holoenzyme.

Ec” and P, (compare Figure 6A, lane 5 and Figure 6B, The P, DNA fragment was incubated with the core enzyme
lane 5). These results stimulated us to compare the binding E and different concentrations of o factors (Hiss-RpoS and
affinities between Ec® and Ec™ at the P, region. Hiss-RpoD), and the levels of Ec® associated with the P,
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region were determined using an anti-RpoS antibody. When
Hise-RpoS was used at a constant concentration of 75nM, but
Hiss-RpoD was increased from 0 to 50 nM, the band representing
the complex between Ec® and P, gradually diminished and
disappeared at 50nM Hiss-RpoD (Figure 7A). On the other
hand, when Hiss-RpoD was maintained at 75nM but Hise-
RpoS was increased from 0 to 150nM, Ec® failed to bind to
the Py, region even at a 2-fold higher concentration of His,-
RpoS than His-RpoD (Figure 7B). This result suggests that
the P, region preferentially recruits E6’® when Ec® and Ec”
are present at equivalent concentrations in vitro.

Crl Promotes ¢° Competitiveness for

Binding to the ssrA Promoter Region

For investigating the possibility that ¢° replaces 67 and lowers
the ssrA transcription, we searched for a co-regulator that could
promote ¢° activity under stressful conditions and Crl was
chosen as a candidate co-regulator of o°-mediated ssrA
transcriptional regulation. Crl is a small protein known to
interact directly with ¢* in vitro (Bougdour et al., 2004). The
P, fragment was incubated with Hiss-tagged o factors (c°
and ¢”°) and Crl individually or in combination, and the ¢°
bound to P, was localized using an anti-RpoS antibody. In
the absence of competition with ¢’°, Crl addition enabled ©*
(50nM) to form a complex between Ec® and the P, region,
whereas ¢° alone at 50nM were insufficient to form the Ec®-
P4 complex (Figure 8: compare lanes 4 and 5). In the absence
of Crl, Hise-RpoS even at 280 nM was defeated in the competition
with 50nM Hise-RpoD and failed to form the protein-DNA
complex (Figure 8, lane 8). However, pre-incubation of Hiss-
RpoS with Crl rendered Hiss-RpoS competitive in forming the

complex between Ec and P4, showing a shifted band (Figure 8,
lane 10). Crl binding to ¢® might facilitate the formation of
the RNAP holoenzyme incorporating ¢° instead of 6", as
suggested previously (Gaal et al., 2006; Typas et al, 2007a).

¢° Abundance Led to a Comprehensive
Transcriptional Alteration of SPI-2 in Host
Cells

Our results comparing the ability of ¢° and ¢ to form the
Ec-P,,4 complex in vitro demonstrated that Ec” bound to the
P, region preferentially than Eo®. Given the limited cellular
resources of the RNAP core enzyme E, ssrA transcription may
be dampened when o° stimulated by drastic stressors diverts
the RNAP core enzyme E to its cognate regulatory circuit,
which is critical for surviving the challenging stressors. SPI-2
genes controlled by SsrAB regulators are known to be activated
under hostile conditions such as a nutrition-deprived environment
and intracellular milieu (Beuzon et al., 1999; Deiwick et al.,
1999), which are prone to stimulate o°-mediated adaptation
responses. We investigated the transcriptional response of SPI-2
genes when o° levels surged in response to stress and Eo®-
mediated  transcriptional initiation = overwhelmed the
transcriptional activity of other Ec complexes. Salmonella wild-
type and ArpoS strains were added to macrophage cells, and
the transcription levels of rpoS, rpoD, and SPI-2 genes were
compared at 2, 4, and 10h after phagocytosis. 6° was overexpressed
by introducing pRpoS into the ArpoS mutant. The absence of
rpoS increased rpoD transcriptional levels at 4h post-infection
(Figure 9). Comparing mRNA levels of SPI-2 genes between
wild-type and ArpoS strains showed that most SPI-2 genes
increased their transcription in the absence of ¢° and addition

A
a-RpoS
Hise-RpoD - - b —
Hisg- RpoS - - - + + + +
RNAP core - + + + + + +
DNA + + + + +

+ +

= )a)

not associated with DNA is indicated with an asterisk.

™.

FIGURE 7 | Competitive binding to the P, region between ¢° and ™ in vitro. (A) Competitive EMSA was conducted with Hise-RpoS at a constant concentration
of 75nM and with increasing concentrations (0, 12.5, 25, and 50nM) of Hiss-RpoD as a competitor. RNAP core enzyme was pre-incubated with different
combinations of two ¢ factors and incubated with DNA containing the P4 region. DNA bands were stained using EtBr and shown in Supplementary Figure 3A.
Hisg-RpoS was localized using subsequent immunoblotting with an anti-RpoS antibody. Hise-RpoS comprising Ec® cross-linked with the Pgg4 region is indicated with
an arrow and free Hisg-RpoS is localized with an asterisk. (B) Competition EMSA was applied using Hise-RpoD at a constant concentration of 75nM and with
increasing concentrations (0, 25, 50, 100, and 150nM) of Hise-RpoS as a competitor. After reconstitution of RNAP holoenzyme with different concentrations of ¢
factors, the interaction between RNAP holoenzyme and Pg, region was analyzed using native gel electrophoresis followed by DNA staining (Supplementary
Figure 3B) and immunoblotting with an anti-RpoS antibody. The location of Hisg-RpoS comprising Ec®-Pg,,, complex is indicated with an arrow and free Hiss-RpoS

a-RpoS
Hisg- RpoS - o r—
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FIGURE 8 | Effect of Crl on the binding affinity of 6° to the Py region sseB | an| * *
in vitro. Competitive binding between Hiss-RpoS and Hiss-RpoD to the P, 10n|
region was re-examined in the presence of Hiss-Crl. In the absence of Hiss- 2| .
RpoD (lanes 1-5), the RNAP core enzyme was incubated with 50NnM Hisg- sSCA | 4n| * . *
RpoS, which was pre-incubated with 280nM Hiss-Crl. In the competition 10h| *
between Hiss-RpoS and Hisg-RpoD (lanes 6-10), Hisg-RpoD was maintained 2n| .
at 50nM, while Hisg-RpoS was used at 25 and 280nM in combination with sseC | an| * .
280nM Hiss-Crl. RNAP holoenzyme was reconstituted using different 10h| *
combinations of Hise-Crl, Hisg-RpoS, and Hiss-RpoD and incubated with Pgga
region DNA. After gel electrophoresis, DNA was analyzed by EtBr staining o 2h| *"*
(Supplementary Figure 4), and Hiss-RpoS was localized using sse 1;:}
immunoblotting with an anti-RpoS antibody. Hiss-RpoS comprising Ec® cross-
linked with the P4 region is indicated with an arrow, and free Hisg-RpoS is 2h| *
indicated by an asterisk. sscB 1;:} . *
2| . *
of pRpoS nullified these alterations (Figure 9), indicating a ssef | an| *
. . . . . 10h *
negative role of ¢* in SPI-2 transcription. In accordance with | :
the transcriptional regulation by 6%, the levels of T3SS2-associated 2h| . *
. . G | an *
proteins were decreased by the overexpression of o° R h} ) .
(Supplementary Figure 6). However, the transcriptional response
. 2h *
to ¢° abundance was different among the SPI-2 genes. Many ssaG “'} .
genes, including sscB, sseFG, ssaG, sseJ, and sspH2, showed 10h] *
negative transcriptional regulation by ¢° abundance throughout 2n) .
the assay, whereas sseCD genes encoding the translocon ssed | an| . .
.« . 10h *
components of T3SS2 (Chakravortty et al., 2005) showed minimal | *
transcriptional alteration by ¢* abundance (Figure 9). Differential 2n| *
requirements among T3SS effectors depending on time and ssel 1;:} . .
site during infection have been proposed in previous studies B |pACYC184/ArpoS
(Brawn et al, 2007; Nunez-Hernandez et al, 2014). The sspH2 f:} . |pRpoS/ArpoS
differential influence of o¢* between T3SS2-associated genes 10n| _—

suggests that SsrA-mediated regulation is not the only mechanism
by which o° participates in controlling SPI-2 T3SS-
associated genes.

DISCUSSION

During host infection, Salmonella undergoes various stress
conditions, such as gastric acidity, bile salts, oxidative stress,
and nutrient starvation. Alternative ¢ factors are prominent

FIGURE 9 | Transcriptional regulation of SPI-2 genes by ¢°. Salmonella
wild-type and ArpoS mutant strains containing pRpoS or pACYC184 were
added to RAW264.7, and total RNA was isolated at 2, 4, and 10h
post-infection and used to measure the transcription levels of genes,
including rpoD, rpoS, and SPI-2 T3SS-associated genes. The Ct values for

each gene were normalized to those of gyrB. Expression levels of each gene
from ArpoS mutant strains containing pRpoS or pACYC184 were compared
with those from wild-type strain containing pACYC184 and the fold-change
(mutant/wild-type) was plotted. An asterisk indicates a value of p<0.05 in
comparison with wild-type strain harboring pACYC184.
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regulatory proteins that enable bacteria to cope with diverse
stresses by redirecting RNAP core enzymes to the transcription
of genes required for survival and adaptation in these conditions.
RpoS or 6% a o factor comprising the RNAP holoenzyme, is
known to activate the transcription of genes associated with
general stress resistance (Hengge-Aronis, 2002a). However, the
regulatory roles of ¢° are not only restricted to stress-resistance
genes. In Salmonella, o° was found to directly or indirectly
control the expression of genes that make up more than 20%
of the genome (Levi-Meyrueis et al., 2014; Lago et al., 2017),
implying its multifaceted roles ranging from physiological
remodeling against cellular damage to metabolic regulation of
sugars, amino acids, and fatty acids (Ibanez-Ruiz et al., 2000;
Lago et al, 2017). In addition, ¢* is involved in Salmonella
virulence regulation. Rice et al. (2015) observed genes comprising
SPI-1 and SPI-2, which are essential for Salmonella invasion
into host cells and intracellular survival, were upregulated in
the absence of % indicating a negative role of ¢° in SPI-1
and SPI-2 expression. We found that ¢® could bind to the
P, region directly (Figure 5), and a surplus of ¢° repressed
its transcription. This led to an overall downregulation of SPI-2
T3SS-associated genes (Figure 9). Direct negative regulation
by ¢ was recently reported in the transcription of esrB in
Edwardsiella piscicida (Yin et al., 2018). Edwardsiella piscicida,
which is phylogenetically close to Salmonella enterica, exploits
T3SS and T6SS to translocate virulence factors into host cells,
and the expression of these virulence machineries is activated
by the two-component regulatory system EsrAB, homologs for
SsrAB in S. enterica (Wang et al., 2009; Yin et al, 2018).
Edwardsiella piscicida ¢ was proposed to mediate a trade-off
between stress adaptation and virulence by inhibiting esrB
expression through a direct interaction between ¢° and the
P region (Yin et al, 2018). Binding of the Ec complex to
gene promoter regions is typically presumed to activate
transcription initiation. Therefore, the negative regulation by
6° may be attributed to the competition between ¢ factors for
binding to the RNAP core enzyme (Farewell et al., 1998; Hsu,
2002). A surge in o° caused by bacterial adaptation to general
stresses can exclusively occupy the pool of core enzyme E
and impede transcriptional events mediated by other ¢ factors.
However, alternatively to this passive regulation via competitive
binding between ¢ factors, adhesion of the Ec® complex to
promoter regions may sterically hinder binding of the Ec”
complex and directly attenuate transcription, as demonstrated
in E. piscicida esrB gene (Yin et al, 2018) and S. enterica
serovar Typhimurium sdh gene (Levi-Meyrueis et al., 2015).
The promoter region of ssrA is occupied by multiple regulators,
including HilD, SlyA, OmpR, and H-NS, and its transcription
is controlled by the competitive binding of these regulators to
the overlapping DNA (Banda et al., 2019). The consensus promoter
sequences recognized by ¢’ are also accessible to H-NS, whose
binding blocks the access of Ec” and transcriptional activators
such as OmpR. Anti-repressors such as HilD and SlyA relieve
H-NS-mediated silencing by competitive binding to the P,
region (Banda et al., 2019). Considering the similar recognition
motifs at —10 and —35 elements between ¢° and ¢’ and the
functional inter-compatibility between two o factors in some

genes, the downregulation of ssrAB by binding of ¢° to the
P, region can be achievable through several mechanisms. Firstly,
binding of Ec® to the P, region may not exert transcriptional
initiation, but instead sterically hinder Ec”’-mediated transcription
as demonstrated in the E. piscicida esrB gene (Yin et al., 2018).
A o factor associated with RNAP core enzyme directs transcription
initiation at a specific promoter region but is assumed to dissociate
upon transition from transcription initiation to transcription
elongation because of a steric clash between the growing RNA
product and the o factor (Hsu, 2002). ¢° that is not released
on time may impede promoter escape of the core enzyme E
and hinder transcription elongation. Alternatively, the binding
of Ec® to Py, region may produce incorrect transcripts, as shown
in the transcriptional regulation of crl gene (Zafar et al., 2014).
The crl gene with overlapping promoters sensed by two different
o factors of 6° and 6™ may shut down its expression by association
with Ec™. o™ increases in response to nitrogen limitation, forming
a DNA-Ec™ complex at the crl promoter region, but its binding
results in a long noncoding RNA transcript lacking a ribosome
binding site, thereby preventing Ec” from binding to the
overlapped promoter and producing translatable crl mRNA (Zafar
et al., 2014). We observed that DNA fragments bound to Ec®
in vivo covered a long region from the known +1 site of ssrA
transcript to the start codon for SsrA (Figure 5). To differentiate
between these two possibilities, it is important to examine whether
Ec® bound to the P, region can lead to ssrA transcription
and whether the resultant transcript can successfully be translated.
Another possibility is the competitive Ec® binding among promoters
with different binding affinities due to recognition motif preference
and topological characteristics. Considering that the cellular ¢°
concentration is low even in the stationary phase of growth
(Jishage et al, 1996) and its affinity for RNAP core enzyme is
the lowest among ¢ factors in vitro (Maeda et al, 2000), the
P4 region occluded by multiple regulators may be less competent
in recruiting Eo® and other promoter sites, which are preferentially
responsive to ¢°, may outcompete the ssrA promoter.

In order to cope with limited resources, bacteria allocate
cellular resources between reproduction and maintenance in
response to environmental cues. In the absence of nutrient
depletion and hostile stressors, bacteria proliferate and deploy
resources for reproduction. Under these favorable conditions,
6" is exclusively used for the transcription initiation of
housekeeping genes. On the other hand, bacteria challenged
by stressful stimuli divert cellular resources to maintenance
and resistance, replacing ¢”° with alternative ¢ factors for
comprehensive transcription alteration. o° orchestrates the
expression of a large number of genes under conditions of
starvation and general stress caused by pH, temperature, and
osmolarity. SPI-2 T3SS and its cognate effectors critical for
Salmonella intracellular survival and replication are thought
to be induced by unfavorable stimuli encountered inside host
cells (Lober et al, 2006; Fass and Groisman, 2009), which
would also likely promote 6°-mediated stress adaptation processes.
However, we observed that excessive ¢° production rather
decreased the transcription of SPI-2 and its associated genes.
Virulence effectors translocated via SPI-2 T3SS help intracellular
Salmonella to compromise the host defense systems and facilitate
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intracellular proliferation and cell-to-cell spread (Grant et al.,
2012; Jennings et al., 2017). However, overgrowth of Salmonella,
which is less competent to manage hostile stresses, poses a
disadvantage to long-term persistence inside hosts because the
intense immune responses provoked by the proliferation may
eliminate defective bacteria rapidly after all (Nunez-Hernandez
et al., 2014). Salmonella executing ¢°-mediated stress adaptation
may attenuate aggressive virulence ascribed to SPI-2 to achieve
a trade-off between stress adaptation and virulence. Notably,
the growth rates of intracellular Salmonella vary depending
on the infected cell types; Salmonella proliferated exclusively
in CD18-expressing phagocytes in vivo (Richter-Dahlfors et al.,
1997), while restraining its growth in non-professional phagocytes
such as subepithelial fibroblasts (Cano et al., 2001). Therefore,
the importance of SPI-2 T3SS for Salmonella survival varies
depending on infection foci or cell types. For example, SifA,
an effector translocated via SPI-2 T3SS, is essential for bacterial
growth inside macrophages but is dispensable for survival inside
fibroblast cells (Nunez-Hernandez et al., 2014). Interestingly,
Grant et al. showed that Salmonella lacking SPI-2 T3SS remained
inside phagocytes at a high replication rate but failed to leave
the infected cells, suggesting a new role for SPI-2 T3SS in
bacterial dissemination to other sites (Grant et al, 2012).
Premature escape from infected host cells may impose
unaffordable expenses on Salmonella to resist severe host defense
systems and constrain its successful host colonization. In this
context, it is an energy-effective strategy for Salmonella to
employ ¢° as a dual-purpose regulator that aids in adaptation
and resistance against unfavorable conditions and lowers
unnecessary virulence attributable to SPI-2 at the same time.
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The ppk1 gene encodes polyphosphate kinase (PPK1), which is the major catalytic
enzyme that Escherichia coli utilizes to synthesize inorganic polyphosphate (polyP).
The aim of this study was to explore the role of PPK1 in the pathogenesis of
Enterohemorrhagic E. coli O157:H7 (EHEC O157:H7). An isogenic in-frame ppk1
deletion mutant (Appk1) and ppk1 complemented mutant (Cppk1) were constructed
and characterized in comparison to wild-type (WT) EHEC O157:H7 strain EDL933w
by microscope observation and growth curve analysis. Survival rates under heat stress
and acid tolerance, both of which the bacteria would face during pathogenesis, were
compared among the three strains. LoVo cells and a murine model of intestinal colitis
were used as the in vitro and in vivo models, respectively, to evaluate the effect of
PPK1 on adhesion and invasion during the process of pathogenesis. Real-time reverse-
transcription PCR of regulatory gene rpoS, adhesion gene eae, and toxin genes stx7 and
Stx2 was carried out to corroborate the results from the in vitro and in vivo models. The
ppk1 deletion mutant exhibited disrupted polyP levels, but not morphology and growth
characteristics. The survival rate of the Appk7 strain under stringent environmental
conditions was lower as compared with WT and Cppk1. The in vitro assays showed that
deletion of the ppk7 gene reduced the adhesion, formation of attaching and effacing
(A/E) lesions, and invasive ability of EHEC O157:H7. Moreover, the virulence of the
Appk1 in BALB/c mice was weaker as compared with the other two strains. Additionally,
MRNA expression of rpoS, eae, stx1 and stx2 were consistent with the in vitro and
in vivo results. In conclusion: EHEC O157:H7 requires PPK1 for both survival under
harsh environmental conditions and virulence in vivo.

Keywords: polyphosphate kinase 1 (PPK1), polyphosphate (polyP), enterohemorrhagic Escherichia coli 0157:H7,
pathogenesis, RpoS

INTRODUCTION

Enterohemorrhagic Escherichia coli O157:H7 (EHEC O157:H7) is a gram-negative bacterium that
was identified as a human pathogen in 1982 and has continued to be a worldwide threat to public
health. EHEC O157:H7 is known to cause hemorrhagic colitis (HC), thrombotic thrombocytopenic
purpura (TTP), and hemolytic uremic syndrome (HUS), which results in high mortality
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(Riley et al., 1983; Perna et al., 2001; Zhao et al., 2013). The
main pathogenic mechanisms of EHEC O157:H7 include the
production of Shiga toxin (Stx), which is primarily responsible
for the renal complications and neurological sequelae of EHEC
infections, as well as a type III secretion system (TTSS) that
enables tight adherence of bacteria to host epithelial cells by
inducing characteristic actin cytoskeletal rearrangements and loss
of microvillus structure (A/E lesions) (Nguyen and Sperandio,
2012; Davis et al., 2014; Melton-Celsa, 2014; Stevens and Frankel,
2014; Pacheco et al., 2018; Menge, 2020). In recent years, progress
has been made in understanding the function and mechanism
of TTSS effector proteins (Wang et al., 2017; Hua et al., 2020),
and factors that have overlapping effects on TTSS and Stx, such
as sSRNA Esr055, which is involved in the regulation of the
preferential colonization in the large intestine and inhibition of
the stx2 (Han et al., 2017) as well as targeted loci associated with
sphingolipid biosynthesis (Pacheco et al., 2018).

Shiga toxin, including Stx1 and Stx2 produced by bacteria
including Shigella dysenteriae serotype 1 and EHEC O157:H7
strain 933 (Lee et al., 2016), act as primary virulence factors.
Each ribosome-inactivating holotoxin possess an AB5 molecular
configuration consisting of a large monomeric A subunit and
small homo-pentameric B subunits (Rangel et al., 2005). Once
colonized in intestinal epithelial cells, EHEC induces the delivery
of Stx and the production of cytokines and chemokines. Toxins
pass through the intestinal mucosa, enter the bloodstream and
travel to target organs such as the kidneys and Central Nervous
System (CNS). After membrane invasion-mediated endocytosis
through the toxin receptor Gb3 on the cell surface, Stxs migrate
to the Golgi and endoplasmic reticulum (ER). Stx acts as a
multifunctional bacterial protein, promoting ER stress, ribotoxic
stress, pro-inflammatory responses, apoptosis, and autophagy in
host cells (Lee et al., 2021). In addition to cell death by Stxs,
various cells such as neutrophils, induce inflammation in the
intestine, which leads to damage.

Adhesion and effacing lesions (A/E lesions) are characterized
by intimate bacterial attachment to the surface of intestinal
epithelial cells, cytoskeletal rearrangements beneath adherent
bacteria, formation of characteristic actin-rich “pedestals” and
destruction of proximal microvilli (Stevens and Frankel, 2014).

The EHEC TTSS injects a plethora of effector proteins into
host cells that induce alteration or disruption of numerous host
cell processes (Pacheco et al., 2018). Tir is the first translocated
effector protein inserted into the host cell membrane as a receptor
of adhesion intimin. Intimin-Tir interactions are required to
cluster Tir, which initiates the process of activating actin assembly
and recruiting cytoskeletal proteins, such as clathrin (Hua et al,,
2018), at the site of bacterial adherence (Campellone et al., 2004a;
Stevens and Frankel, 2014). The main pathway causing actin
rearrangement resulting in the formation of actin-rich pedestals
eventually in EHEC is the Tir: IRTKS/IRSp53:TccP/EspFu
pathway, which triggers Arp2/3-mediated actin polymerization
independently of N-WASP (Vingadassalom et al., 2010).

Inorganic polyphosphate (polyP) is abundant in all cells,
including bacteria, fungi, parasites, plants, and animals, and
plays critical roles (Rao et al, 2009). Polyphosphate kinase 1
(PPK1) reversibly catalases the polymerization of the terminal

phosphate of ATP into a polyP chain and is the major catalytic
enzyme in E. coli that synthesizes polyP. PPK1, encoded by the
ppkl gene, has been related to stationary phase (SP) survival
and pathogenesis in many bacteria species, such as E. coli,
Vibrio cholera, Shigella and Salmonella spp., via polyP inducing
the expression of DNA repair enzymes (Varas et al., 2017) or
inducing the expression of rpoS, which is the selective ¢° or 038
factor of the RNA polymerase and regulates the expression of
survival and other virulence genes in bacteria, such as E. coli
(Shiba et al., 1997). However, RpoS proteins are not the only
regulators of survival and virulence genes during the SP in E. coli.
A previous study identified a new regulatory gene, ibeR, that
mediated stress resistance and pathogenesis SP gene expression
in E. coli K1 RS218, which has a loss-of-function mutation in
the rpoS gene (Chi et al,, 2009). Additionally, Varas et al. (2017)
found that the metabolic balance of polyP was necessary for the
synthesis of the second messenger (p) ppGpp, which regulated
other important cellular and regulatory processes such as the
recycling of sigma factors/anti-sigma factors that allowed the
bacteria to adapt to a wide range of environmental conditions,
including nutritional or stressful conditions (Magnusson et al.,
2005; Dalebroux and Swanson, 2012). To investigate the role
of PPK1 in the pathogenesis of EHEC O157:H7, an isogenic
in-frame ppkl deletion mutant of EHEC O157:H7 EDL933w
and a ppkI-complemented strain, where the ppkl open reading
frame in the plasmid pBAD33 was transferred into the ppkl
deletion mutant, were constructed and characterized. The polyP
levels in the ppkl deletion mutant (AppkI) indicated that the
Appkl was deficient in polyP synthesis as compared to the wild-
type (WT) and ppkl-complemented (CppklI) strains. Moreover,
the deletion of ppkI influenced the survival of EHEC O157:H7
under harsh environmental conditions of 55°C and pH 2.0.
PPK1 contributed to the adhesion, formation of A/E lesions, and
invasion of LoVo cells in vitro. Additionally, deletion of the ppkI
gene reduced the virulence in BALB/c mice. Moreover, deletion
of ppkl resulted in decreased expression of rpoS, as well as the
adhesion gene eae and virulence genes stxI and stx2. Our findings
suggest that PPK1 is a determinant in the pathogenesis of EHEC
O157:H7.

MATERIALS AND METHODS

Bacterial Strains, Cells, Plasmids and

Culture Conditions

Enterohemorrhagic Escherichia coli O157:H7 strain EDL933w
was obtained from the Chinese Center for Disease Control
and Prevention (CDC) (Beijing, China). The nalidixic acid
resistant mutant of EHEC O157:H7 strain EDL933w named
EHEC 0157:H7 EDL933w (Nal®) was selected as described by
published paper by Zhao et al. from our lab (Zhao et al., 2013).
Plasmids, pKD46 [containing recombinant enzymes including
Gam, Bet, and Exo (Exo is an exonuclease that binds to the
ends of double-stranded DNA, degrades the DNA from the 5
end to the 3’ end, and produces 3’ overhangs. Beta binds to the
single-stranded DNA and mediates the complementary single-
stranded DNA annealing. Gam protein binds with the RecBCD
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enzyme to inhibit its activity of degrading foreign DNA Jeong
et al, 2013)] and pKD4 plasmid (containing the kanamycin
resistance gene) were obtained from the Institute of Microbiology
and Epidemiology (Beijing, China). LoVo colonic carcinoma
cells and DH5a cells with the plasmid pBAD33 (ATCC, 87402)
were purchased from ATCC. T4 DNA ligase and restriction
endonucleases were purchased from TaKaRa Biotechnology
Co., Ltd. (Dalian, China). Standard laboratory reagents and
chemicals, such as DAPI, were purchased from Sigma-Aldrich
(St. Louis, MO, United States) unless otherwise mentioned.
Primers used in this study were synthesized by Sangon Biotech
Co., Ltd. (Shanghai, China). DNA sequencing was performed by
Guangzhou IGE Biotechnology, Ltd. (Guangzhou, China).

All bacterial strains in this study were grown in Luria broth
(LB) media (10 g SELECT Peptone 140 (Oxiod, England), 5 g
SELECT Yeast Extract (Oxiod, England), and 10 g sodium
chloride (Beijing, China) dissolving completely in double-
distilled water (ddH,0O) with 5mol/L NaOH for pH = 7.0 and a
total volume of 1 L by ddH,O, autoclave sterilization by 121°C
for 20 min) at 37°C at 200 rpm in a constant-temperature,
oscillating shaker with nalidixic acid (50 jng/mL) and appropriate
antibiotics (WT: no antibiotics; Appkl: 100 pg/mL kanamycin;
Cppk1:100 pg/mL kanamycin and 10 pg/mL chloramphenicol) if
necessary. LoVo cells were cultured in DMEM (Gibco, Waltham,
MA, United States) with 10% fetal bovine serum (FBS, Gibco,
Waltham, MA, United States) and 1% penicillin/streptomycin
(Gibco, Waltham, MA, United States) in 5% CO, for routine
passage prior to infection.

Female BALB/c (4-5 weeks of age) mice were obtained
from the Lab Animal Center of Southern Medical University
(Guangzhou, China; Certificate: SCXK (Guangdong Province)
2016-0041, No. 44002100010995]. All mice were housed
under specific pathogen-free (SPF) conditions according to
the regulations of the animal care committee. This study
was conducted in accordance with the recommendations of
the Southern Medical University Experimental Animal Ethics
Committee (Guangzhou, China).

Construction of an Isogenic In-Frame
Deletion Mutant of ppk1 and
ppk1-Complemented Strains

A pKD46-mediated . red homologous recombination system
was used to construct EHEC O157:H7 Appkl. According to the
ppkl1 gene sequence in GenBank (Accession no. NC_002655) and
its upstream and downstream DNA sequences, three pairs of
primers were designed and synthesized (Table 1). H1-K1 and H2-
K2 primers contained homologous arms, of which the 5" end was
homologous with the ppkl gene and the 3’ end was homologous
with the kanamycin resistant gene. PPK-P1, PPK-P2, N1-F, and
N2-R were cross-identifying primers specific for the ppkI gene in
EHEC O157:H7. Kana-F and Kana-R were internal-identifying
primers for the kanamycin resistance gene within the pKD4
plasmid. The kanamycin resistance gene was amplified using
primers H1-K1 and H2-K2 with the pKD4 plasmid as a template
by using overlap extension PCR. The PCR conditions were as
follows: 94°C for 3 min, followed by 35 cycles of 94°C for 30 s,

TABLE 1 | Primer sequences used in the construction of the isogenic in-frame
deletion mutant of ppk7 and ppk1-complemented strains.

Primers Sequences (5'-3')

H1-K1 5'-GCCATAATATCCAGGCAGTGTC
CCGTGAATAAAACGGAGTAAAAGT
GGTAGTGTAGGCTGGAGCTGCTTC-3'

H2-K2 5'-CCGCAGCAAACTCCTGCGGACGAGGGGATTTATCG
TGTATTGGCATAGGGCATATGAATATCCTCCTTAG-3'

PPK-P1 5'-CGAAGAACAAGGCTCCAAC-3

PPK-P2 5-AAGGCAGTAACGCAGAATG-3

Kana-F 5-CGGTGCCCTGAATGAACTGC-3

Kana-R 5-CGGCCACAGTCGATGAATCC-3

N1-F 5'-TTTGCCGATGGTCGTCTGA-3

N2-R 5'-TCCAGCCCTGAATACGAAA-3’

PPK1-F 5'-GATTCTAGAAGGAGGAAGT
GGTAATGGGTCAGGAAAAGCTATACA-3

PPK1-R 5-GACAAGCTTTTATTCAGGTTGTTCGAGTGATT-3'

5'-ATGCCATAGCA ATCC-3
5'-GATTTAATCTGTATCAGG-3'

pBAD-F pBAD-R

PK1-F 5'-AATGCGCTGGTTGAAGTGTT-3
PK1-R 5'-CAGCACATGCTCAAAGGTGT-3
16S rRNA-F 5-AAGCTGGAATCGCTAGTAATC-3
16s rRNA-R 5-TGTGTACAAGGCTCGATGAC-3'

The primer of PPK1-F: TCTAGA is the restriction site of Xba |. AGGAGG is the
Shine-Dalgarno sequence (SD), the synthetic ribosomal binding site. The primer of
PPK1-R: AAGCTT is the restriction site of Hind lll.

56°C for 30 s, and 72°C for 90 s, and a final extension of 72°C
for 10 min. Subsequently, plasmid pKD46 was transformed into
EHEC 0157:H7 EDL933w and cultured to an ODggg = 0.2-0.3. L-
arabinose was then added to a final concentration of 10 mmol/L
for 40-60 min to induce the full expression of recombinant
enzymes Exo, Bet, and Gam of pKD46. Finally, 10 pL of the
targeting fragments (34.67 ng/nL) isolated from the gels and
the prepared 100 nL EHEC O157:H7 EDL933w competent cells
were mixed in a gene pulser cuvette (Bio-Rad Laboratories,
Inc., Hercules, CA, United States) and subjected to an electric
shock for 10-20 s (25 wE 200 Q, 3 KV). Positive strains were
screened using LB plates containing 50 pg/mL kanamycin. The
recombinant strain was confirmed by PCR and DNA sequencing.

The complemented strain, Cppkl, was constructed using
the prokaryotic expression plasmid pBAD33. A DNA fragment
carrying the complete ppkl open reading frame was amplified
using the PPK1-F and PPKI-R primers (Table 1) with the
EDL933w genome as the DNA template. After double-enzyme
digestion with HindIII and Xbal, the DNA fragment and vector
PpBAD33 were ligated together with T4 DNA Ligase, and the
products were transformed into strain EHEC O157:H7 Appkl.
Positive strains were screened using LB medium containing
100 pg/mL kanamycin and 10 g /mL chloramphenicol. PCR
and DNA sequencing analyses were conducted to identify the
complemented strains. Finally, quantitative real-time PCR using
Applied Biosystems (ABI) 7500 FAST Real-Time PCR system
(Thermo Fisher, Waltham, MA United States) was performed
to verify the transcription of ppkl in the complemented strain.
Briefly, the WT, Appkl and Cppkl strains were cultured in
liquid LB medium overnight. Total RNA extracted with TRIzol®
(Invitrogen, Carlsbad, CA, United States) was reverse transcribed
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using the ExScript RT reagent kit (Takara, Japan) according to
the manufacturer’s instructions. The real-time PCR conditions
were: 95°C for 2 min, followed by 40 cycles of 95°C for 15 s
and 60°C for 32 s. A 16S rRNA gene fragment (68 bp) was
used as an internal control, and the amplification of ppkI
(255 bp) in the WT strain was used as a reference. Gene
expression levels were calculated using the 2724CT method
(Livak and Schmittgen, 2001).

Gram Staining and Growth Curves

Gram staining was performed with the classical steps (Coico,
2005), and reagents needed for this assay were from Nanjing
Jiancheng Technology Co., Ltd., China. The growth curves were
determined by measuring the optical density at 600 nm (ODggo)
of the cultures at different times in LB media at 37°C at 200 rpm
in a constant-temperature, oscillating shaker. Antibiotics were
added if the strain required them as described above.

Measurement of polyP Levels

Quantification of polyP by DAPI was performed in different
fields of view as previously published (Aschar-Sobbi et al., 2008;
Diaz and Ingall, 2010; Kulakova et al, 2011; Gomes et al,
2013). Based on these researches, we optimized the procedure
in E. coli. Briefly, the WT, Appkl and Cppkl strains were
grown in LB media for 12-14 h at 37°C with the appropriate
antibiotics. The cells were then diluted to an ODggp = 1.0, which
equaled approximately 1 x 108 CFU/mL, and centrifuged at
10,000 x g for 15 min at 4°C. After washing with 20 mM
HEPES buffer (pH 7.5) twice, the pellets were resuspended in
1 mL of 20 mM HEPES buffer (pH 7.5). In order to release
intracellular polyP from bound state for direct quantification
without prior extraction, cells were lysed by a freeze-thaw cycle
at — 80°C followed by thawing at 24-26°C. Then, 300 pL of
the lysed cells were added to new sterilized microcentrifuge
tubes containing 600 wL of 20 mM HEPES buffer (pH 7.5).
Next, 100 L of 100 uM DAPI reagent was added, resulting
in a final DAPI concentration of 10 wM. The reaction was
allowed to incubate in the dark for 15 min to ensure steady
fluorescence. Then 200 L of each reaction was added to a
96-well plate in triplicate. A polyP standard calibration curve
using sodium phosphate glass type 45 (short for polyP45) was
constructed on the same 96-well plate. PolyP45 dilutions were
prepared in 20 mM HEPES buffer (pH 7.5) for a polyP relative
unit (ru) of 0-1 ru, and the concentration of polyP ranged
from 0-3 uM Pi. The polyP45 dilutions were mixed with
100 pM DAPI by vortexing for 7.5 min, incubated for 15 min
at 24-26°C in the dark, vortexed again, and then 200 pnL of
each mixture was added to the 96-well plate in triplicate. The
fluorescence module of a microplate reader (Infinite M200 Pro,
Tecan, Switzerland) was used to measure the fluorescence value
in the dark. The excitation wavelength was 415 nm, and the
emission wavelength was 550 nm. The polyP quantity of the three
strains was extrapolated from the standard curve. For bacteria
cultured in vitro, we used the polyP concentration in uM Pi/mL,
which translates to the amount of polyP in 1 mL of bacteria at an
OD600 = 1.0.

Survival Rates Under Different Stringent

Environmental Conditions

The WT, Appkl and Cppkl strains bacteria were grown in LB
medium for 12-14 h at 37°C. The bacterial culture was diluted
in LB medium without antibiotics until the ODggg was 1.0
(approximately 1 x 103 CFU/mL). For heat stress, the three
strains (prepared as stated above) were incubated at 55°C for
0, 1, 2, 3, 4, 5, 8 10, and 15 min. Samples collected at these
points were serially diluted in LB liquid medium until 1076
and then plated on LB agar plates and cultured for at least
for 12 h. The survival rate after heat stress for each culture
was calculated by dividing the number of colonies counted
after exposure to heat stress by the viable cell number before
exposure to stress colonies. For acid tolerance test, the samples
(prepared as stated above) were collected by centrifugation. Then
they were resuspended in acidified LB (pH 2.0) and incubated
at 37°C. Samples were collected at 0, 5, 10, 20, 30, 60, and
120 min. Samples collected at these points were serially diluted
in LB liquid medium until 107° and then plated on LB agar
plates and cultured for at least for 12 h. The survival rate
after acid tolerance for each culture was calculated by dividing
the number of colonies counted after exposure to heat stress
by the viable cell number before exposure to stress colonies
(Peng et al.,, 2012).

Preparation of Bacterial Solution for

in vitro Adhesion and Invasion Assays

The WT, Appkl and Cppkl strains were grown overnight in
LB medium at 37°C. Then the bacteria solution was diluted
with LB medium with no antibiotics until the ODgyy was 1.0
(approximately 1 x 108 CFU /mL). The bacteria were collected
by centrifugation and resuspended in cell culture medium
without antibiotics.

Adherence Quantitation Assay

The adherence assay was carried out according to previous
methods (Elsinghorst and Kopecko, 1992; Peng et al,
2012). Briefly, LoVo confluent monolayers in 12-well plates
(approximately 1 x 10° cells/well) were incubated with the WTT,
Appkl and Cppkl strains of EHEC O157:H7 (1 x 10% CFU/well)
for 2 h in an incubator with 5% CO;, 95% air [including
78% nitrogen, 21% oxygen, 0.934% rare gases (helium, neon,
argon, krypton, xenon, and radon)], 37°C. After incubation,
the monolayers were washed at least five times with phosphate
buffered saline (PBS). Then the cells were lysed with 0.5% Triton
X-100 for 10 min, which had no lethal effect on the bacteria.
The lysate was then serially diluted at 1:1000 in PBS, plated
on LB plates, and incubated for 12 h. The number of colonies
was counted, and the adhesion rate was calculated as follows:
%o = (number of colonies x 10%)/1 x 10%. Each sample was
assayed in triplicate.

Adherence Assay by Scanning Electron

Microscopy
Nine sterile cell slides for 24-well plates were placed in 9 wells
of a 24-well plate. Then 200 pl of LoVo cells (approximately
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5 x 10°/mL) were added into the 9 wells for cultivation
in a 5% CO; incubator at 37°C until the cells formed
confluent monolayers (approximately 1.0 x 10° cells/well).
The WT, Appkl and Cppkl strains of EHEC O157:H7 with
ODgo = 1.0 (approximately 1 x 108 CFU/mL of bacteria)
were inoculated to those wells at a 1:100 cell:bacteria ratio.
The 24-well plate was placed in a 5% CO, incubator at
37°C. After washing with PBS five times, the nine wells
were placed into wide caliber EP tubers and fixed with 2.5%
glutaraldehyde for SEM.

Invasion Assay

LoVo confluent monolayers in 12-well plates (approximately
1 x 10° cells/well) were incubated with bacteria
(1 x 10® CFU/well) for 2 h. The monolayers were washed
with PBS and incubated with the mixed medium [DMEM with
10% heat-inactivated FBS and gentamicin (100 pg/mL)] for
another 2 h at 37°C in order to kill the extracellular bacteria.
The monolayers were then washed with PBS and lysed with 0.5%
Triton X-100. The released intracellular bacteria were collected,
serially diluted, plated on LB plates and cultured for 12 h.
The number of bacteria was counted, and the invasion rate is
expressed as follows: %o = (number of bacteria x 1000)/number
of total added bacteria. The assay was performed in triplicate
for each strain.

Invasion Assay via Transmission Electron

Microscopy

All the procedures were the same as described above (i.e.,
“Invasion assay” section). After treatment with gentamicin for
2 h at 37°C, the monolayers were washed with warm cell
culture medium. The cells were then scraped off the plates
and fixed with 2.5% glutaraldehyde for transmission electron
microscopy (TEM) imaging.

Intracellular F-Actin Observation in LoVo
Cells Infected by Enterohemorrhagic
Escherichia coli 0157:H7 via Confocal
Microscopy

LoVo cells were passaged in confocal culture dishes (35 mm in
diameter) and cultured into monolayers. The bacterial culture
and invasion processes are described above (i.e., “Invasion assay”
section). The culture media was removed, and the cells were
gently washed once with phosphate buffered saline (PBS) at 37°C.
Then cells were fixed in 4% paraformaldehyde for 10 min at 24-
26°C, washed with PBS for 30 s, and then permeabilized with
0.15% Triton X-100 for 5 min. The cells were blocked with 1%
bovine serum albumin after washing with PBS at 24-26°C for
5 min, and then 100 nM rhodamine phalloidin was added and
incubated with the cells for 30 min in the dark at 37°C. After
washing three times in PBS, the DNA was counterstained with
100 nM DAPI in PBS for 30 s. The samples were rinsed with
PBS, and then confocal images (LSM710, ZEISS, Germany) of
intracellular actin were obtained.

Murine Model of Infectious
Enterohemorrhagic Escherichia coli
0157:H7 Colitis

The animal experiments were performed strictly according to
the guidelines for animal care at Southern Medical University
(Guangzhou, China). The murine model of E. coli-induced colitis
was performed as described previously (Zhao et al., 2013). In
brief, twenty BALB/c mice (4-5 weeks old) were randomly
divided into four groups: (1) EHEC WT, (2) Appkl, (3) Cppkl,
and (4) control (uninfected). The mice were provided water
containing nalidixic acid (50 pg/mL) for 12 h prior to infection.
Mice were then infected twice at an interval of 12 h. Mice were
simultaneously administered 300 L of the bacterial suspension
(2 x 10! CFU/mL total) orally and then intraperitoneally
injected with mitomycin C (MMC, 2.5 mg/kg) to improve their
infection susceptibility. Mice in the control group were treated
with MMC and inoculated equivalently with LB broth under the
same conditions. The mice were sacrificed at day 7 post-infection.
The distal 5 cm of the colon was harvested. Typical features of
the colon, such as the appearance of the colons and solidified
feces, were compared among the groups. After cleaning with
PBS buffer, the colons were embedded in paraffin and stained
with hematoxylin and eosin (H&E) to observe the pathological
changes among the groups. Histologic damage scores were
performed using previously described methods (Ledwaba et al.,
2020) by a pathologist who had no knowledge of this study.

Real-Time Reverse-Transcription PCR

The mRNA expression levels of rpoS (encodes RpoS), eae
(encodes intimin), stx1A, stxIB (both encode Stx1), stx2A and
stx2B (both encode Stx2) in WT, Appkl, and CppklI strains were
determined by quantitative real-time PCR. Primers (Table 2)
were synthesized and used for cONA amplification of 16S rRNA
(68 bp), rpoS (225 bp), eae (220 bp), stxIA (240 bp), stxIB
(112 bp), stx2A (129 bp), and stx2B (111 bp). A 16S rRNA
gene was used as an internal control. All gene expression was
normalized against WT of EHEC O157:H7 using the 27 AACT
method (Livak and Schmittgen, 2001).

Statistical Analysis

Experimental values are expressed as the mean =+ standard
deviation. A Student’s t-test was used to analyze values between
two groups, while a one-way ANOVA was used to analyze values
between three groups. Multiple comparisons were completed by
using the Student-Newman-Keuls (S-N-K) and Bonferroni tests.
Differences with p < 0.05 were regarded as statistically significant.

RESULTS

Construction of Enterohemorrhagic
Escherichia coli 0157:H7 Appk1 and
Cppk1 Strains

The ppkl isogenic in-frame deletion mutant strain of EHEC
0157:H7 EDL933w was successfully constructed. As shown in
Figure 1A, ppkl was replaced by a kanamycin resistance cassette,
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TABLE 2 | Primers used in gPCR.

Primers Sequences (5'-3')

poS-F 5-CAGCTTATGGGACAACTCAC-3
rpoS-R 5-GCGTTGCTGGACCTTATC-3'
eae-F 5-GCATTAAGTGCTGAAGTCAT-3
eae-R 5'-ACGCCGATACCATTACTTAT-3'
Stx1A-F 5-GCAGGACACTACTCAACCTT-3'
Stx1A-R 5-ATCGCCATTCGTTGACTACT-3
stx1B-F 5-AAGCTTCAGCTGTCACAGTA-3
stx1B-R 5-CGCCATTCGTTGACTACTTC-3
Stx2A-F 5 -TCTGGCGTTAATGGAGTTCA-3
Stx2A-R 5-AGTGCCTGACGAAATTCTCT-3
stx2B-F 5-TGACGGGAAAGAATACTGGA-3'
stx2B-R 5-GAGCCTGATTCACAGGTACT-3
16S rRNA-F 5 -AAGCTGGAATCGCTAGTAATC-3
16S rRNA-R 5-TGTGTACAAGGCTCGATGAC-3'

both of which contained the same homologous arm H1 and H2.
Deletion of the ppkl gene was initially confirmed by colony PCR
(Figure 1B). All three pairs of primers verified the successful
deletion of ppkl from the Appkl strain, and DNA sequencing
further confirmed this deletion.

Similarly, the Cppkl strain was constructed based on the
Appkl and verified by colony PCR (Figure 1C) and DNA
sequencing. The results of real-time reverse-transcription PCR
displayed that the ppkl gene in the Appkl was minimally
expressed as compared with WT (¢ = 18.227, P < 0.001), which
indicated that the ppkl gene was successfully knocked out in
Appkl. The ppkI gene was increased 58-fold in the Cppkl strain
as compared to WT (t = —16.869, P < 0.001), demonstrating that
0.2% L-arabinose could induce a high expression of recombinant
plasmid in the Cppk1 strain.

The Influence of the ppk1 Deletion
Mutant in polyP Levels, Morphology and

Growth Characteristics

The growth curve of the EHEC O157:H7 strain AppkI displayed
an identical trend of growth as that of the WT and CppkI
strains in LB medium (Figure 2A). All three strains entered the
exponential phase at 3 h post-inoculation and stationary phase
at 12 h post-inoculation. In addition, there were no significant
differences in the morphology of the bacteria as revealed by
optical microscopy and scanning electron microscopy (data not
shown). Yet, based on the results Appkl was defective in polyP
synthesis. DAPI staining was used to quantify the polyP levels
of the three strains. The results demonstrated that polyP levels
were significantly different (F = 38.90, P < 0.001) among the
strains. The fluorescence of the Appkl strain [304.19 relative
fluorescence units (rfu)] was significantly lower than that in the
WT (835.38 rfu) and Cppk1 (899.36 rfu) strains (Figure 2B), with
no significant differences between WT and Cppk1. This indicated
that complementation of the Appkl with the ppkl gene enabled
the CppkI strain to produce polyP. All factors above indicated
that the deletion of ppkI did not change the morphology and

growth rate of the Appk! in nutritive medium but significantly
reduced the polyP level.

Deletion of the ppk1 Gene Affected the
Ability of Enterohemorrhagic Escherichia
coli O157:H7 to Survive Under Stringent

Environmental Conditions

When the Appkl strain was incubated at 55°C (EHEC O157:H7
can withstand this temperature) for 3 min, the survival rate was
only 6.31% as compared with 58.39% for the WT strain. Cppk]
(86.96%) was more tolerant to heat than that of WT and Appkl
strains (Figure 2C). When the bacterial strains were suspended
and cultured in liquid LB at pH 2 (close to the acidic environment
of the human stomach) for 60 min, similar results to the heat
shock experiment were obtained. The survival rate of the Appkl
was only 9.97% as compared with 40.84% of the WT and 43.27%
of Cppkl (Figure 2D). Both the heat shock and strong acid
resistance results suggested that ppkl played an important role
in the stringent response in EHEC O157:H7.

Deletion of the ppk1 Gene Changed the
Adhesion Capacity to Cells, F-Actin
Rearrangement in Cells and Adhesion
and Effacing Lesion Formation of
Enterohemorrhagic Escherichia coli
0157:H7

Scanning electron microscopy (SEM) results of the adhesion
assay demonstrated that the three bacterial strains adhered to
LoVo cells, but Appkl accumulated on and adhered to LoVo cells
at a lower amount as compared to the WT and CppkI strains
(Figure 3A) under each magnification. These results were verified
through an adhesion quantitative assay (F = 24.680, P < 0.001).
The adhesion rate of the Appkl was only 4.09%¢ as compared
with WT (26.02%0) and Cppkl (33.88%o) strains (Figure 3B).

F-actin was stained with rhodamine phalloidin and observed
by confocal microscopy. Results showed that the actin filaments
of LoVo cells in the control group were typically present,
distributed evenly, and arranged neatly in the cells (Figure 3C),
whereas the F-actin in the WT and Cppkl groups were
significantly reduced and rearranged with significant aggregating
at the two ends of cells. When the ppkl gene was knocked out,
the ability to induce actin rearrangement was significantly weaker
than that of WT and Cppkl strains. These results demonstrated
that PPK1 plays an important role in EHEC O157:H7 in the
development of A/E lesions.

Deletion of the ppk1 Gene Affected the
Invasive Ability of Enterohemorrhagic
Escherichia coli 0157:H7

Transmission electron microscopy results demonstrated that the
three strains all invaded LoVo cells and were wrapped in vacuoles
(Figure 3D). However, the AppkI was less invasive as compared
to the WT and Cppkl strains. We thus performed gentamicin
protection experiments to quantify the invasion rates. The WT
reached an invasion rate of 0.56%o, which was not significantly
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different than the Cppk! strain (0.62%0). However, the invasion
rate of the Appkl was 0.39%o, which confirmed that the ppkl
gene was also required for bacteria invasion (F = 5.224, P = 0.014;
Figure 3E).

The Appk1 Strain Was Less Pathogenic
in BALB/c Mice

Twenty BALB/c mice were divided into four groups and infected
with EHEC O157:H7 WT, Appkl, Cppkl, or LB (control). Mice
infected with the WT strain for 2 days showed some symptoms
of illness, such as listlessness, anorexia, slow movements, and
diarrhea. These symptoms, including a disheveled coat, became
more severe the days following the infection until euthanasia
on day 7 post-infection. The symptoms of mice in the Cppkl
group were similar to the WT group, with one mouse dying
5 days post-infection and others exhibiting bloody diarrhea.
Mice infected with the Appkl, however, exhibited listlessness,
rage, and slow movements without obvious diarrhea 3 days
post-infection. All mice began to recover gradually in the
following days. The uninfected control group treated only with
LB were healthy.

After 7 days of infection, the distal 5-cm of the colon
was collected, and the pathological features were compared
among the groups (Figure 4A). The colon of the control

group was normal with solidified stool (Figure 4A), while
the WT group displayed edematous and congested intestinal
colitis with very minimal solidified stool (Figure 4A). The colon
of the mice infected with the Cppkl strain exhibited typical
intestinal colitis with severe edema and congestion, without any
solidified feces (Figure 4A). However, the colon of the mice
infected with the Appkl group appeared healthier with a small
amount of solid stool, although some portions appeared slightly
swollen (Figure 4A).

Colon paraffin sections were created and stained with H&E to
observe the architecture of the intestinal epithelium (Figure 4B).
In the control group, the colonic epithelium was complete and
continuous, with regular, clear, and structural glands without
inflammatory cell infiltration. Infection with WT of EHEC
resulted in mucosal reactionary hyperplasia, disordered cell
arrangement, decreased goblet cells, and inflammatory cell
infiltration. The Cppkl strain caused mucosal necrosis, and
the muscle layer was involved and destructed. The colonic
mucosa in mice infected with the Appkl strain appeared to
have reactive hyperplasia, but the glands were regular with a
clear structure. The histopathological scores were consistent
with the morphological results observed by H&E staining
(Figure 4C). The above results demonstrated that the Appkl
was less pathogenic and induced milder A/E lesions than the
WT and Cppkl strains. The mild microvilli effacement in the
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Appkl indicated an important role of PPKI in colonization of
the intestinal epithelium.

ppk1 Was Required in Modulating the

Expression of rpoS, eae, stx1, and stx2

To determine whether ppkl regulated the expression of
regulatory gene rpoS, adhesion gene eae, and virulence genes stx1
and stx2, real-time PCR was conducted. A 16S rRNA gene was
used as the internal reference, and WT EHEC was used as the
control. The relative level of mRNA in the Appkl and Cppkl
strains was also calculated (Figure 5). The relative copies of rpoS
in the Appkl (0.36 & 0.03) were less than that in the WT strain
(1.00 +£ 0.13), while there were no differences between Cppkl
(1.14 £ 0.05) and WT. These results were consistent with the
amount of polyP among the three strains. Moreover, the ppkl
deletion significantly reduced the relative copy numbers of eae
(0.32 £ 0.02), stxIA (0.60 £ 0.02), stxIB (0.46 £ 0.06), stx2A
(0.42 % 0.02), and stx2B (0.86 = 0.01) as compared to that of

WT (1.00 £+ 0.02, 1.00 £+ 0.08, 1.00 £ 0.04, 1.00 £ 0.06 and
1.00 & 0.01, respectively). Similarly, these relative expression
levels increased to 1.06 = 0.03, 1.87 & 0.04, 1.69 £ 0.09,
1.53 £ 0.01, and 1.36 % 0.03, respectively, in the Cppkl strain
as compared with WT. These results indicated that ppkl plays
an important role in regulating the expression of rpoS, eae, stx1,
and stx2.

DISCUSSION

Polyphosphate is available in living cells and plays an important
role in the survival, stress response, and pathogenicity of
prokaryotic cells (Rao et al., 2009), which is regulated mainly
through the regulation of rpoS, a key transcriptional factor. PPK1,
encoded by the ppkl gene, catalyzes the synthesis of polyP in
E. coli. At present, the role of PPK1 in the pathogenesis of EHEC
0157:H7 has not yet been reported. To determine the role of
PPK1 in the pathogenesis of EHEC O157:H7, we successfully
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constructed a Appkl (Figure 1B) and a complemented strain
CppklI (Figure 1C) to test the biological functions of PPK1 via
in vitro and in vivo models.

Evaluation of the growth curve is an important but indirect
method to compare the genomic expression of each strain,
as the expression of many genes are affected by growth rate
(Dong and Schellhorn, 2009). Our results showed that deletion of

ppkI had little effect on the growth rate or morphology of EHEC
in nutritive medium (LB) (Figure 2A). The Appkl entered the
exponential phase and stationary phase (SP) at the same time as
the WT and Cppkl strains. However, the ppkl deletion mutant
had reduced polyP levels as compared to the WT and Cppkl
strains (Figure 2B). These results confirmed that at the genetic
and protein level, we successfully constructed the Appkl and
CppklI strains.

According to previous studies, SP is a critical period for
bacteria to resist external stress and invade the host during
which the function of the bacteria change significantly (Siegele
and Kolter, 1992). For E. coli, SP is an important stage for
the expression of pathogenic invasion-associated virulence genes
(Wang and Kim, 2000; Peng et al., 2012). We next verified
the role of PPKI1 in the survival and pathogenesis of EHEC
0157:H7 during SP. EHEC O157:H7 is a fecal-mouth transmitted
intestinal pathogen that enters the human stomach from the
external environment, passes through the intestine, and finally
colonizes the colon to cause diarrhea and hemorrhagic colitis
(HC), even hemolytic uremic syndrome (HUS). The premise
that bacteria, such as EHEC O157:H7, causes disease was based
on the thought that they survive all types of environmental
stress, such as high environmental temperatures and low pH
values found in the human stomach (Rao and Kornberg, 1996;
Ault-Riche et al, 1998; Rao et al., 1998; Kim et al., 2002).
The ability to quickly adapt to changing environments is
critical for bacteria to successfully transmit and infect hosts
(Dong and Schellhorn, 2009). Studies have shown that polyP is
involved in the regulation of many microbial stress responses
(Magnusson et al., 2005; Rao et al, 2009; Dalebroux and
Swanson, 2012; Varas et al.,, 2017). To determine the effect
of ppkl deletion on the bacterial stress response of EHEC
0157:H7, WT, Appkl, and Cppkl strains were exposed to 55°C
and pH 2.0 during SP. The survival rates were compared at
corresponding time points. Our results showed that the survival
rates of the Appkl strain were significantly lower than that
of WT and Cppkl (Figures 2C,D), which indicated that PPK1
played a key role in stress response during the infection process
of EHEC O157:H7.

In certain external environmental stresses, some genes of
E. coli are induced during SP (Lange and Hengge-Aronis,
1991; Siegele and Kolter, 1992; Hengge-Aronis, 1993), such
as adAXW, gadB, and yhbO, but are not induced during the
exponential growth phase. A previous study reported that polyP
was associated with the expression of RpoS, which plays a
central role in SP adaptations (Abramov et al, 2007; Hoac
et al., 2013). RpoS is a conserved stress regulator of virulence
and pressure adaptation during SP of E. coli, Salmonella
typhimurium, Shigella, Yersinia colitis, Vibrio cholerae, and
Borrelia burgdorferi (Tzeng and Kornberg, 1998; Hengge-Aronis,
2002; Dong and Schellhorn, 2009). Our results show that loss
of ppkl decreased the ability of E. coli to endure the stress
conditions. Furthermore, real-time PCR showed decreased levels
of rpoS in the Appkl as compared to the WT and Cppkl
strains (Figure 5A). This suggested that RpoS might be the
stress regulator of EHEC O157:H7 and its expression was
induced by polyP.
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When E. coli is under environmental stress, RpoS initiates
a complex regulatory network, inducing and regulating the
expression of nearly 600 genes (Dong and Schellhorn, 2009).

The expression of RpoS-regulated genes was shown to differ
according to the environment. For example, the genes gadAXW,
gadB, and gadE were found important for acid resistance
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(Ma et al, 2003), and yhbO for heat and UV resistance
(Weber et al., 2005; Abdallah et al., 2007). The mechanism
underlying the influence of polyP on RpoS in EHEC O157:H7
is a current focus of our research. The (p) ppGpp pathway
is known to regulate other important cellular and regulatory
processes that allow bacteria to adapt to a wide range of
environmental conditions, including nutritional or stressful
conditions (Magnusson et al., 2005; Dalebroux and Swanson,
2012). Proteomic studies conducted with E. coli K12 strains
have identified 151 significantly differentially expressed proteins,
among which RelA, SpoT, and ArcA protein levels, which
influence the metabolic pathways of (p)ppGpp, were significantly
decreased in the Appkl (Varas et al., 2017). Therefore,
the relationships among PPK1/polyP, RpoS and (p)ppGpp
are our interest.

PPK1 was shown to be essential not only for the synthesis of
polyP and metabolism of ATP, but also for adhesion/invasion
and virulence factor expression in bacterial pathogens, such
as E. coli K1 (RS218) (Peng et al., 2012), Campylobacter
jejuni (Candon et al, 2007), Burkholderia pseudomallei
(Srisanga et al., 2019), and Mpycobacterium tuberculosis
(Tiwari et al, 2019). The pathogenesis of EHEC O157:H7
is mainly reflected in the adhesion and effacing lesions (A/E
lesions) as well as the secretion of Shiga-like toxin (Stx)
(Nguyen and Sperandio, 2012).

Adhesion and effacing lesions were characterized by EHEC
0157:H7 adhesion to host epithelium and then induction
of extensive F-actin cytoskeletal rearrangements within cells,
formation of pedestal-like structures underneath the bacteria
and loss of microvillus structure (Caprioli et al, 2005).
Successful adhesion and colonization of EHEC O157:H7
in the large intestine is dependent upon the type TTSS
(Pacheco et al, 2018; Liu et al, 2020) by which Tir was
the first translocated effector protein to the epithelial cells.
Tir is inserted into the membrane of cells, where it then
binds to the bacterial adhesion receptor intimin (encoded
by eae) to mediate the adhesion between bacteria and host
cells (Yi et al, 2010). Interactions between intimin and Tir
were also required for recruitment and rearrangement of
actin and other cytoskeletal proteins underneath adherent
bacteria, which results in characteristic actin-rich “pedestals”
through triggering host signal events (Ritchie et al., 2003;
Golan et al., 2011).

To gain insight into the effect of ppkl deficiency in EHEC
0157:H7 on the interaction with host cells, we elucidated whether
the Appkl mutant possessed a defect in adhesion and A/E
lesion formation into host cells. Our results showed that the
deletion of the ppkl gene reduced the adhesion as compared
with WT (4.09%0 vs. 26.02%0, respectively) (Figures 3A,B).
Moreover, the F-actin filaments of cells infected with the WT
or Cppkl strains were significantly reduced and aggregated to
the edge, showing a typical rearrangement phenomenon, whereas
the Appkl strain was weaker in actin filament rearrangement
(Figure 3C). Accordingly, real-time PCR was carried out to
test expression levels of the intimin gene eae in the three
strains. The ppkl deletion significantly reduced the relative
copy number of eae (0.32), as compared with WT (1.00)

and Cppkl (1.06) (Figure 5), which was consistent with these
results at the cellular level. In animal models, deletions of
eae (the intimin locus) and mutations that render the TTSS
inactive markedly reduced the pathogen’s capacity to colonize
the intestine (Ritchie et al., 2003), which was similar to our
results above.

When colonizing the human intestine, EHEC O157:H7
forms A/E lesions on the colonic epithelial cells. The genes
required for A/E lesions were encoded within the chromosomal
pathogenicity island known as the locus for enterocyte effacement
(LEE) (Elliott et al, 1998; Muller et al., 2009; Nguyen and
Sperandio, 2012). The secreted effector proteins by the type III
secretion system within LEE were directly injected into the cells
through a "molecular injector”. One of the important secreted
proteins injected into the host was the translocated intimin
receptor (Tir) (Nguyen and Sperandio, 2012). Once released
into the host cytoplasm, Tir localizes to the host cytoplasmic
membrane and binds to the LEE-encoded surface protein intimin
(encoded by eae) to intimately attach the bacteria to the cell
(Kenny et al., 1997; Deibel et al., 1998; Nguyen and Sperandio,
2012). Together, with other effector proteins secreted into the
cell, F-actin was aggregated, leading to rearrangement of the
cytoskeleton of the colonic epithelial cell (Campellone et al.,
2004b; Weiss et al., 2009). Actin rearrangement was followed
by the appearance of characteristic pathological manifestation
of A/E lesions, including intestinal epithelial cytoskeletal (F-
actin) rearrangement, destruction of tight junctions, intestinal
microvilli actin dimerization, microvilli loss (Rao and Kornberg,
1996), and a pedestal-like structure formation, which cup the
individual bacteria (Nataro and Kaper, 1998; Nguyen and
Sperandio, 2012). Our results indicated that ppk1 deletion mutant
downregulated the eae gene and then reduced the expression
of intimin. As a result, Tir could not bind to sufficient intimin,
leading to the decrease in adhesion of Appkl to LoVo cells.
Adhesion is an important step of A/E lesions, which directly
affects the rearrangement of F-actin and formation of the
pedestal. Therefore, the rearrangement of F-actin in Appkl was
not obvious, resulting in weak A/E lesions. Thus, PPK1 played
an important role in the adhesion and formation of A/E lesions
which was verified in other bacteria (Candon et al., 2007; Peng
et al., 2012; Tiwari et al., 2019).

Aside from A/E lesions, another main pathogenic factor of
EHEC O157:H7 causing severe diarrhea and HUS is the secretion
of Shiga-like toxins (Stxl and Stx2) (Leotta et al., 2008). The
Stx molecule consists of one A subunit and five B subunits
through covalent bonding via an AB5 structure, and its toxic
effect on host cells has already been widely recognized (Laing
etal., 2012; Page and Liles, 2013; Perera et al., 2015). Briefly, after
adhesion and colonization in the colon, STEC, such as EHEC
0157:H7, induced the delivery of Stx, which passes through
the intestinal mucosa. Then toxins entered the bloodstream and
traveled to target organs such as kidneys with toxin receptor
Gb3 on the cell surface. Once bounded to Gb3, Stxs were
internalized and delivered from early endosome to the trans-
Golgi network, through the Golgi apparatus, to the endoplasmic
reticulum (ER), leading to inhibition of protein synthesis,
ER stress, ribotoxic stress, pro-inflammatory responses, and
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autophagy in host cells (Leyva-Illades et al, 2012; Lee et al,
2016, 2021). Therefore, Stx causes severe inflammation and
extensive histological damage, resulting in bloody dysentery or
bloody diarrhea and acute renal failure. In addition, Stx also
causes programmed cell death or apoptosis (Jones et al., 2000;
Suzuki et al., 2000).

Moreover, Stx maybe a virulence factor to affect intestinal
tissue damage alone (Lee et al., 2021). Gigliucci et al. (2018)
detected stx2a (encoding Stx2a) and eae (encoding intimin) in
the feces of STEC-infected patients, which suggested that Stx not
only works by migrating to the lamina propria but can also act
in the intestinal lumen. Robinson et al. (2006) found that Stx2
was involved in increasing the colonization capacity of EHEC
by increasing the expression of nucleolin in HEp-2 cells, which
implied that Stxs affected the EHEC colonization of the intestine
(Lee et al., 2021).

To determine the influence of the deletion of the ppkI
gene on the Stx virulence of EHEC O157:H7, real-time
reverse-transcription PCR was performed. Our results showed
that the ppkl deletion significantly reduced the relative copy
number of stxIA, stxIB, stx2A, and stx2B as compared to
the WT and Cppkl strains (Figure 5). This suggested that
ppkl affected the virulence of EHEC O157:H7 at a molecular
level. Moreover, to identify the effect of ppkl deletion on the
bacterial invasion of cells, an invasion assay was performed
via TEM and gentamicin protection experiments. Our results
demonstrated that the invasion rate of Appkl was reduced to
0.39%0 as compared with WT (0.56%0) and CppkI (0.62%0)
(Figures 3B,D).

Enterohemorrhagic Escherichia coli invasions is sometimes
associated with recurrent infection and persistent diarrhea. It
attained some degree of coexistence with the infected cell and
survived in the intracellular milieu for a long time. That strategy
seemed appropriate to assure the persistence of the micro-
organism in the animal reservoir, as well as to sustain its
continuous shedding to the environment (Cordeiro et al., 2013).
On the other hand, host cell cytoskeletal rearrangement and
phosphorylation-mediated signal transduction are also involved
in cell invasion by pathogens, which leads to the intestinal
injury (Cossart and Sansonetti, 2004). Based on the adhesion,
A/E lesions and invasion results, we concluded that the AppkI
was less adherent and invasive in LoVo cells. We further
confirmed the effect of ppk1 deletion on intestinal injury through
animal experiments.

Three commonly used species (pigs, rabbits, and mice) as
animal models have been developed to facilitate study of EHEC
pathogenesis in vivo. The piglet intestine is permissive for EHEC
replication and shows typical signs of central nervous system
(CNS) as human beings (Ritchie, 2014). But their breeding
and maintenance require considerable veterinary skill, space,
and financial support (Mohawk and O’Brien, 2011). Rabbits
have been used both to study the toxic effects of Stx and the
intestinal biology of the organism. Despite being sensitive to the
intestinal manifestations of EHEC infection, suckling rabbits do
not develop HUS or any other evidence of renal failure. Mouse
is another small animal model systems are preferable for general
use. Mice are naturally resistant to colonization by EHEC and

fail to develop signs of intestinal disease following oral infection.
Thus, we tried to use mitomycin C (MMC) (an alkylating agent
regarded as an important chemotherapeutic drug and is widely
used in the treatment of several malignant human tumors) as
an agent to induce toxin expression and form animal model of
EHEC O157:H7 infection (Fujii et al., 1994; Shimizu et al., 2003).

Our experimental results showed that the diarrhea
symptoms of WT and Cppkl mice were obvious, but the
diarrhea symptoms of Appkl were not, which could be
seen on fecal formation (Figure 4A). Moreover, colonic
HE staining and histologic damage scores showed that
Appkl was less destructive to the colon, which was also
an evidence of mild symptoms of enteritis, as shown in
Figure 4B.

All these results indicated that PPK1 was a key factor
in the pathogenesis of EHEC O157:H7. The ppkl-deficient
strain exhibited defects in adhesion and invasion in human
colonic epithelial cells, which was consistent with the results
of others (Dong and Schellhorn, 2009; Peng et al, 2012;
Srisanga et al., 2019).

In summary, we demonstrated that ppkl was involved in
the pathogenesis of EHEC O157:H7. PPK1 improved the stress
response by regulating the expression of the stable phase
regulatory gene rpoS, promoted A/E lesions, and increased the
expression of virulence genes stxl and stx2, which enhanced
the pathogenicity of the bacteria. However, further research
regarding the mechanism of PPKIl-mediated regulation will
improve our understanding of the pathogenesis and aid in the
prevention of EHEC O157:H7 infection. PPK1 is not present
in humans, and as such, the unique ATP-binding pocket in
its structure is an important target for the development of
PPK1 inhibitors, especially for new antibiotics. This study
identified PPKI1 as a potential target for the development of novel
treatments for EHEC O157:H7 infection.
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Polymyxin is the “last resort” of antibiotics. The self-induced resistance to polymyxin in
Gram-negative bacteria could be mediated by lipopolysaccharide (LPS) maodification,
which is regulated by the two-component system, PhoP/PhoQ. Yersinia enterocolitica is
a common foodborne pathogen. However, PhoP/PhoQ has not been thoroughly studied
in Y. enterocolitica. In this study, the functions of PhoP/PhoQ in Y. enterocolitica intrinsic
resistance were investigated. The resistance of Y. enterocolitica was found to decrease
with the deletion of PhoP/PhoQ. Further, PhoP/PhoQ was found to play an important role
in maintaining membrane permeability, intercellular metabolism, and reducing membrane
depolarization. Based on subsequent studies, the binding ability of polymyxin to
Y. enterocolitica was decreased by the modification of LPS with structures, such as
L-Ara4N and palmitate. Analysis of the gene transcription levels revealed that the LPS
modification genes, pagP and arn operon, were downregulated with the deletion of PhoP/
PhoQ in Y. enterocolitica during exposure to polymyxin. In addition, pmrA, pmrB, and
eptA were downregulated in the mutants compared with the wild-type strain. Such findings
demonstrate that PhoP/PhoQ contributes to the intrinsic resistance of Y. enterocolitica
toward polymyxins. LPS modification with L-Ara4N or palmitate is mainly responsible for
the resistance of Y. enterocolitica to polymyxins. The transcription of genes related to LPS
modification and PmrA/PmrB can be both affected by PhoP/PhoQ in Y. enterocolitica.
This study adds to current knowledge regarding the role of PhoP/PhoQ in intrinsic
resistance of Y. enterocolitica to polymyxin.

Keywords: Yersinia enterocolitica, PhoP/PhoQ, LPS modification, polymyxin, intrinsic resistance

INTRODUCTION

Yersinia enterocolitica is a common foodborne pathogen that causes a broad range of gastrointestinal
syndromes in humans (yersiniosis; Shoaib et al., 2019). Yersinia enterocolitica is widely distributed
in various environments and food production (Shoaib et al, 2019). To infect humans,
Y. enterocolitica must survive in the host environment by escaping cationic antibiotic peptides
(AMPs), which mediate parts of the innate immune system against infections (Rahnamaeian, 2011).
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In bacteria, two-component systems (TCSs) are employed to
sense and respond to various environmental stresses (West
and Stock, 2001). Typical TCSs consist of a membrane-embedded
sensor kinase and a cytosolic response regulator. These systems
can sense extracellular signals and perform cascade
phosphorylation in response. The activated response regulator
then regulates the expression of specific genes directly or
indirectly, thereby initiating cellular responses to environmental
changes (Hoch, 2000; West and Stock, 2001).

PhoP/PhoQ is a prototypical TCS present in many bacteria.
PhoQ, the dimeric sensor kinase of this system, contains
cytoplasmic, transmembrane, and periplasmic domains (Véscovi
et al,, 1997; Bader et al., 2005; Prost et al,, 2007). The patch
of acidic residues close to the membrane surface in the
periplasmic sensing domain of PhoQ is crucial for sensing
cationic AMPs (Bader et al., 2005). Divalent cation concentrations,
low pH conditions, and high osmolarity have been reported
to activate PhoQ (Véscovi et al., 1997; Bader et al., 2005;
Prost et al., 2007). And PhoP is a phosphorylated response
regulator which is controlled by activated PhoQ (Simpson and
Trent, 2019). PhoP directly regulates a set of genes that vary
among different bacteria (Winfield et al., 2005; Hong et al,
2018; Chen et al., 2021). However, some Gram-negative bacteria
have conserved ancestral genes, such as mgtA in Escherichia
coli acting as magnesium transporter and mgrB as the direct
negative regulator of PhoP/PhoQ (Minagawa et al., 2003; Zwir
et al., 2012). The protein, PmrD, which is also directly regulated
by PhoP, could combine PhoP/PhoQ and PmrA/PmrB. Thus,
PhoP/PhoQ is indirectly involved in PmrA/PmrB regulation
of genes (Figures 1A,B; Rubin et al., 2015; Hong et al., 2018).

Polymyxins are AMPs that target Gram-negative outer
membranes (Mitchell and Silhavy, 2019). Lipid A of Gram-
negative bacterial outer membrane is the target binding site for
AMPs, which mediates the interaction with negatively charged
LPS. A hydrophobic domain is known to insert itself into
membranes, forming pores, which results in cell lysis and death
(Brogden, 2005). The resistance of Gram-negative bacteria to
polymyxins primarily relies on chemical modifications of the
lipopolysaccharide (LPS) structure and leads to major changes
in the physicochemical properties of the outer membrane (Trimble
et al., 2016). In most resistant strains, LPS modified with 4-amino-
4-deoxy-L-arabinose (L-Ara4N), phosphoethanolamine (pEtN),
as well as other modification substituents, showed polymyxin
resistance (Santos et al., 2017). Expression of most of the genes
in the LPS modification pathway is controlled by several TCSs,
including PhoP/PhoQ and PmrA/PmrB (Rubin et al, 2015;
Trimble et al., 2016; Duperthuy, 2020).

Although PhoP/PhoQ has been best studied in Salmonella
typhimurium, it has not been thoroughly studied in
Y. enterocolitica. Further, some proteins such as PmrD in PhoP/
PhoQ regulatory pathway in Salmonella have not been found
in Y. enterocolitica. Therefore, whether the resistance of
Y. enterocolitica to polymyxins could be affected by the deletion
of PhoP/PhoQ needs to be determined. Further, the role of
PhoP/PhoQ in the intrinsic resistance mechanism
of Y. enterocolitica to AMP is unclear. In this study, the role
of PhoP/PhoQ in the polymyxin resistance of Y. enterocolitica

as well as the growth, membrane damage, and intracellular
metabolism of Y. enterocolitica was identified. The difference
in the ability of polymyxins to bind to resistant or sensitive
membranes regulated by PhoP/PhoQ was assessed. In addition,
Y. enterocolitica lipid A modifications implicated in polymyxin
resistance were characterized. By analyzing gene expression,
PhoP/PhoQ was found to affect polymyxin resistance by
regulating various genes related to LPS modification. These
findings reveal some of the roles of PhoP/PhoQ in Y. enterocolitica
polymyxin resistance.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Culture
Conditions

The bacterial strains and plasmids used in this study are listed
in Table 1. Escherichia coli S17-Apir was used as the host
bacteria in plasmid construction and was cultured at 37°C in
lysogeny broth (LB) containing 5g/L yeast extract, 10g/L
tryptone, and 5g/L NaCl. Yersinia enterocolitica ATCC23715
(biotype 1 B and serotype O:8) was used as the parent strain
for the construction of Y. enterocolitica mutants, which were
cultured at 26°C in LB broth and LBNS (LB without salts).
Ampicillin (100 pg/ml), chloramphenicol (16 pg/ml), cefsulodin
(15pg/ml), irgasan (4 pg/ml), and novobiocin (2.5pg/ml) were
added as required.

Construction of Plasmids and Strains

To construct pDS132-AphoP, fragments upstream and
downstream of the phoP gene were amplified from the
Y. enterocolitica genome using the primers, phoP-up-F/phoP-
up-R and phoP-down-F/phoP-down-R. The upstream and
downstream fragments were fused and amplified by fusion
PCR with primers phoP-up-F/phoP-down-R. The resultant long
fragment was then digested with Sacl and Sall and ligated
into pDS132 digested with the same enzymes to yield pDS132-
AphoP. The same approach was used to construct pDS132-
AphoQ with the corresponding primers. To construct the phoP
knockout strain, the suicide plasmid, pDS132-AphoP, was
introduced into E. coli S17-1 Apir by electroporation and then
mobilized into Y. enterocolitica by conjugation. The strategy
used for gene deletion in the Y. enterocolitica chromosome
was based on the two-step homologous recombination with
plasmid pDS132 containing the sacB counter-selectable marker
and a chloramphenicol resistant marker, as described previously
(Schifer et al.,, 1994). Similarly, the plasmid pDS132-AphoQ
was used to construct the AphoQ mutants.

To construct pBAD24-phoP, the phoP fragment was amplified
from the Y. enterocolitica genome using primers p-phoP-F/p-
phoP-R, digested with Xball and HindlIll, and inserted into
pBAD24 digested with the same enzymes. The resultant pBAD24-
phoP plasmid contained the phoP gene, which was controlled
by the araBAD promoter (PBADphoP). The plasmid, pBAD24-
phoP, was used to transform the AphoP mutant by electroporation
to construct the AphoP-phoP complemented strain. The same
method was also used to construct AphoQ-phoQ complemented
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FIGURE 1 | Schematic of PhoP/PhoQ and PmrA/PmrB regulation network in different genera of Enterobacteriaceae (Winfield et al., 2005; Rubin et al., 2015; Hong
et al., 2018; Chen et al., 2021). PmrD functions as a connector between PhoP/PhoQ and PmrA/PmrB in Saimonella enterica (A). The connector function of PmrD is
activated under low Mg?* in Escherichia coli (B). PhoP can regulate arn operon directly and indirectly in Klebsiella pneumoniae (C). PhoP/PhoQ and PmrA/PmrB
perform a cross-regulation of arn operon under different environments in Yersinia pestis (D).
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TABLE 1 | Strains and plasmids used in this study.

Strains and plasmids  Relevant characteristics Sources
Yersinia enterocolitica
ATCC23715 WT, serotype O:8, Biotype 1B, pYV- Lab stock
AphoP AphoP This study
AphoP-phoP AphoP, PgapphoP; Amp” This study
AphoQ AphoQ This study
AphoQ-phoQ AphoQ, PsapphoQ; Amp' This study
Escherichia coli
S17-1 Apir recA1, thi, pro, hsdR-M*, RP4:2- Lab stock
Tc:MuKan:Tn7, Apir
Plasmids
pDS132 Conditional replication vector; R6K origin, Lab stock
mobRK4 transfer origin, sucrose-
inducible-sacB; Cm’
pDS132-AphoP Upstream and downstream phoP This study
fragments were cloned into pDS132; Cm'
pDS132-AphoQ Upstream and downstream phoQ This study
fragments were cloned into pDS132; Cm'
pBAD24 AraC, promoter Pgap; Amp' Lab stock
pBAD24-phoP AraC, PgapphoP; Amp' This study
pBAD24-phoQ AraC, PgapphoQ; Amp” This study

Amp’, ampicillin resistance and Cn', chloramphenicol resistance.

strains. All primers used in this study are listed in
Supplementary Table 1. Ampicillin (100 pg/ml) and L-arabinose
(0.6g/L) were added to maintain plasmid and induce the
expression of phoP or phoQ, respectively.

Growth Curves Measurement

Growth curves of the strains were determined by measuring
the ODg at 60 min intervals over a period of 24 h. Overnight
cultures of bacterial strains were inoculated into LB medium
supplemented 0.5pg/ml PMB or PME (at 1:50 dilution)
and incubated at 26°C with shaking at 180rpm. Growth
curves under no PMB or PME were also measured for the
control group. L-arabinose (0.6g/L) was added to induce
the expression of phoP or phoQ of complemented strains.
The experiments were performed with three biological
replicates.

Minimal Inhibitory Concentration and
Minimal Bactericidal Concentration

The minimal inhibitory concentration (MIC) of PMB and
PME were assessed according to the CLSI guidelines with
some modifications (CLSI, 2017). Briefly, overnight cultures
of WT, phoP, and phoQ mutants were diluted in cation-
adjusted Mueller-Hinton broth (CaMHB) with
approximately10® colony forming units (CFU)/ml in tubes.
Then, the suspended bacteria were exposed to PMB or PME
at 0.5, 1.0, 2.0, 4.0, 8.0, and 16.0pg/ml. All tubes were
incubated for 18-24h at 26°C with shaking. The MIC was
determined as the minimal concentration at which turbidity
was not visible in comparison with the blank and minimal
bactericidal concentration (MBC) was the minimal
concentration which had no growth. And it was performed
with three biological replicates.
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Laser Scanning Confocal Microscope

The overnight cultures were inoculated to LBNS broth and grown
at 26°C and 180rpm to mid-log phase. The bacterial cells were
collected and washed with PBS buffer for three times and then
resuspended at a final optical density of ODgy=1.0. The equal
volume of bacterial suspension was mixed with PMB or PME
solution (10pg/ml) and incubated at 26°C for 2h. Then, the
solutions were centrifuged at 5,000 x g for 5min and resuspended
at the same volume with PBS. And cell viability after PMB or
PME treatment was assessed using fluorescently labeled propidium
iodide (PI) and 4’,6-diamidino-2-phenylindole (DAPI) and
analyzed with a laser scanning confocal microscope (LSCM).
DAPI is a blue, fluorescent stain that labels both live and dead
cells while PI is a red fluorescent nucleic acid stain that only
penetrates cells with damaged cell membranes (dead cells). All
images were captured by LSCM (Leica TCS SP8, Mannheim,
Germany) and quantified using Image].

Cell Membrane Permeabilization and
Potential

N-phenyl-1-naphthylamine (NPN) uptake assays were
performed to evaluate the outer membrane permeability of
Y. enterocolitica strains, as previously described (Lee and Je,
2013). Briefly, cells were harvested in the log phase of growth
and centrifuged at 5,000rpm for 10min at 4°C. Thereafter,
the cells were washed three times with PBS and resuspended
to an ODgy, of 0.5. An aliquot of bacterial suspension and
polymyxin solutions were fully mixed with NPN at a final
concentration of 10pM. The fluorescence value was then
measured immediately using a spectrofluorometer FS5
(Edinburgh Instruments, United Kingdom). Excitation and
emission wavelengths for NPN were set at 350 and 420 nm,
respectively, with a slit width of 0.5nm. The inner membrane
permeability was tested with O-nitrophenyl-g-D-galactoside
(ONPG) according to the method previously mentioned (Lee
and Je, 2013). Logarithmic-phase bacteria were washed with
PBS and resuspended to ODg at 0.5. Then, 100 pl of bacterial
suspension was added to 100pl polymyxin solutions and
10pl ONPG (30mM) in each well. And the absorbance at
410nm was used to evaluate o-nitrophenol over time using
a spectrophotometer.

Overnight cultures were inoculated to LBNS and grown at
180rpm, 26°C to mid-log phase. And bacteria were washed
with 20mM HEPES buffer for three times at 4°C and adjust
to ODgy=0.5. Then, bacteria were exposed under 0.5pg/ml
PMB or PME for 2h at 26°C. Changes in membrane polarity
were detected using the bis-oxonol dye, DiBAC,(3) (AAT
Bioquest, Inc., CA, United States). The assay was performed
according to a previously described method with some
modifications (Clementi et al., 2014).

Measurement of Intracellular Adenosine
Triphosphate Concentration

Overnight cultures were inoculated to LBNS and grown at
180rpm, 26°C to mid-log phase. Then, bacteria were washed

with 20mM HEPES buffer for three times at 4°C and adjust
to ODgy=0.5. Then, equal volume of bacteria suspension and
1pg/ml PMB or PME solutions were incubate for 2h at 26°C.
The adenosine triphosphate (ATP) concentration of
Y. enterocolitica after PMB or PME treatment was assayed using
an ATP assay kit (Beyotime Biotechnology, Jiangsu, China).
ATP remain rate was used which was calculated by dividing
the ATP content of Y. enterocolitica treated with PMB or PME
by the corresponding ATP content without PMB or PME treated.

Dansyl-Polymyxin Binding Experiments
Dansyl-PMB and dansyl-PME were prepared according to the
modified method of Schindler and Teuber (Schindler and
Teuber, 1975). The synthesized Dansyl-PMB and Dansyl-PME
were dissolved in 3ml of 1x PBS buffer (pH 7.0), purified
using a Sephadex G-25 column, and quantitated using the
dinitrophenylation assay (Bader and Teuber, 1973). The
concentrations of dansyl-PMB and dansyl-PME were 0.519 and
0.409 mg/ml, respectively, relative to a triplicate standard curve
derived from a 1mg/ml stock solution of PMB and PME.
The fluorescence of dansyl-polymyxin bound to bacteria
was measured using a spectrofluorometer FS5 (Edinburgh
Instruments, United Kingdom), set at an excitation wavelength
of 330nm and an emission wavelength of 565nm. To quantify
Dansyl-PMB and Dansyl-PME binding, previous methods were
used as reference, with some modifications (Cullen et al., 2011;
Alkhoundsadegh et al., 2019). All strains were grown to an
ODgy of 0.8 to 1.0, and the cells were washed three times
with PBS. Thereafter, the same volume of Dansyl-PMB or
Dansyl-PME was applied to washed cells and incubated for
2min. Following incubation, the cells were washed with PBS
and resuspended in PBS. The fluorescence was determined by
spectrofluorometer FS5 and A4, was determined using a
microplate reader (Thermo Scientific, Waltham, MA, United
States). Each experiment was repeated in triplicate, and data
are reported as the ratio of fluorescence intensity to Agg.

Lipid A Extraction and Analysis by
MALDI-TOF

Yersinia enterocolitica cultures (200ml) were grown to an Agy
of 0.5 and then exposed to 1.0pg/ml PMB or PME for 3h.
The cells were then harvested by centrifugation. Lipid A was
purified from bacteria as described previously (Hankins et al.,
2013; Henderson et al., 2013) and stored frozen at —20°C.
The lipid A species were analyzed using a Bruker Atuoflex
III MALDI-TOF mass spectrometer (Bruker Daltonics, Germany)
according to a previous method (Hankins et al., 2013; Henderson
et al., 2013; Han et al., 2018b).

RNA Extraction and Real-Time
Quantitative PCR

Overnight cultures were inoculated to LBNS and grown at
180rpm, 26°C for 3h, and then exposed to 1.0pg/ml PMB
or PME for 3h until OD4, was approximately at 0.5. Total
RNA was extracted from Y. enterocolitica strains using the
TransZol Up Plus RNA Kit (TransGen, Beijing, China). The
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extracted RNA was then tested for concentration and quality
using a Nanodrop 2000c (Thermo Scientific, Waltham,
United States). Real-time quantitative PCR (RT-qPCR) was
conducted wusing SYBR Green and specific primers
(Supplementary Table 2) in a Light Cycler 480 II (Roche,
Basel, Switzerland). Reactions were performed in triplicate.
Relative transcription of the target genes was analyzed by the
2744¢ method described previously, and the 16S rRNA gene
was used as a reference for normalization (Meng et al., 2020).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8
(GraphPad Software, San Diego, CA, United States). One-way
ANOVA analysis was performed, and the levels of significance
are indicated in the figure legends.

RESULTS

Deletion of PhoP/PhoQ Decreases the
Resistance of Yersinia enterocolitica to
Polymyxins

Studies have shown that the PhoP/PhoQ system can respond
to the presence of antimicrobial peptides and increase
resistance (Shprung et al., 2012; Lin et al., 2018). To explore
the role of the PhoP/PhoQ system in Y. enterocolitica exposed
to polymyxins, MIC and MBC of wild-type and mutants
were evaluated (Table 2). MIC to PMB and PME of wild
type were both 2pg/ml, while phoP or phoQ mutants was
1 pug/ml. And MBC were also decreased when PhoP/PhoQ
was deleted in Y. enterocolitica. Then, the growth curves
of wild-type, mutants, and complemented strains were also
measured. The growth of Y. enterocolitica was not affected
by the deletion of PhoP/PhoQ (Supplementary Figure 1).
However, the lag phase of the growth curves was prolonged
in phoP and phoQ mutants compared to the wild-type and
complemented strains under 0.5pg/ml PMB or PME
(Figure 2). Both wild-type and mutant strains were stained
with PI and DAPI after treatment with 5pg/ml of PMB or
PME and observed using LCSM (Supplementary Figure 2).
The live-to-dead bacterial ratio was quantitatively analyzed,
and the ratios of the mutants were lower than those of
the wild type. Combined with the above evidence, the
deletion of the PhoP/PhoQ system was found to decrease
the resistance of Y. enterocolitica to PMB and PME and

TABLE 2 | Minimal inhibitory concentration (MIC) and minimal bactericidal
concentration (MBC) of wild type, phoP and phoQ mutants to PMB and PME.

MIC (ng/ml) MBC (pg/ml)
PMB PME PMB PME
WT 2 2 16 16
AphoP 1 1 8 8
AphoQ 1 1 4 8

affected the growth of Y. enterocolitica under PMB or PME
at sub-inhibitory concentration.

Deletion of PhoP/PhoQ Increases
Membrane Sensitivity and Decreases
Intracellular Metabolism When Exposed to
Polymyxin
According to several reports, polymyxin can cause membrane
damage, thereby interfering with the normal physiological
functions of bacteria (Santos et al., 2017). Therefore, the changes
in cell membrane potential and cell membrane permeability
of the wild-type and mutant strains under sub-inhibitory
concentrations of PMB or PME were explored. When PME
and PMB were stimulated with 0.5pg/ml, the permeability of
the outer membrane and the changes in the membrane potential
were measured, the results of which are displayed in
Figures 3A,B. The NPN uptake method was used to evaluate
the permeability of the outer membrane. NPN is a hydrophobic
fluorescent probe that can be embedded in the cell membrane
(Lee and Je, 2013). As its fluorescence intensity increases in
a hydrophobic environment, it is often used to reflect the
permeability of the cell membrane (Lee and Je, 2013;
Akhoundsadegh et al., 2019). The fluorescence of the phoP
and phoQ mutants was significantly higher than that of the
wild type. In addition, the absorbance at 410nm of the mutants
was higher than that of the wild type under PMB or PME
(Supplementary Figure 3). Thus, PMB or PME can be concluded
to cause severe damage to the membrane permeability of
mutants compared to the wild type. The membrane potential
dye, DiBAC,(3), was used to measure the cellular membrane
potential of Y. enterocolitica. At 0.5pg/ml of PMB or PME,
the membrane depolarization of the mutants was significantly
enhanced compared with that of the wild type (Figures 3C,D).
Treatment with AMP can reduce cytoplasmic ATP concentration
and inhibit respiration (Brogden, 2005). Bacterial resistance to
PMB has also been reported to be strongly related to energy
metabolism (Yu et al, 2019). To further explore whether the
PhoP/PhoQ system influences the intracellular metabolism of
Y. enterocolitica under stimulation with the same sub-inhibitory
concentration, the intracellular ATP contents of mutants and
wild type were determined at 0.5ug/ml PMB or PME, and the
results are shown in Figures 3E,F. The intracellular ATP content
of wild type and mutants were reduced after PMB or PME
treatment, but the mutants showed a significantly higher degree
of reduction when compared with the wild type. Therefore, the
resistance of Y. enterocolitica to PMB or PME after the deletion
of the PhoP/PhoQ system was observed, which was demonstrated
by more severe changes in cell membrane permeability, membrane
depolarization, and intracellular metabolism.

PhoP/PhoQ Is Responsible for the
Increased Resistance of Cell Membrane to
Polymyxin Binding

Polymyxin binding to membrane promote cation displacement
and structural changes in membrane curvature. And this binding
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FIGURE 3 | PhoP/PhoQ is essential for Y. enterocolitica to maintain membrane stability and intercellular metabolism when treated with 0.5 ug/ml PMB or PME.
Outer membrane permeability evaluated by the N-phenyl-1-naphthylamine (NPN) uptake of wild type, mutants and complemented strains treated with 0.5 ug/ml
PMB (A) and PME (B). Membrane depolarization of wild type, mutants and complemented strains treated with 0.5 pg/ml PMB (C) and PME (D) and measured
using DIBAC,(3). The ordinate is the fluorescence ratio between the treatment group and the blank (untreated with PMB or PME). The intercellular ATP remain rate
following treatment with 0.5 pg/ml PMB (E) and PME (F). Asterisks indicate a significant difference. ***, p <0.0001; ***, p<0.001; and **, p<0.01.

is selectively which determines the sensitivity or resistance of
bacteria to AMPs (Santos et al., 2017). The interactions between
polymyxins and the Gram-negative outer membrane play an
important role in polymyxin resistance (Brogden, 2005). Thus,
the following hypothesis was proposed: the existence of the
PhoP/PhoQ system can increase the resistance to polymyxins
by reducing the binding and/or entry ability of polymyxin to
Y. enterocolitica. To prove this hypothesis, PMB or PME binding
assays were performed using the fluorescently labeled polymyxin
compounds, Dansyl-PMB and Dansyl-PME. The quantification
results of the binding or entry ability of Dansyl-PMB and
Dansyl-PME with Y. enterocolitica are presented in Figure 4.

First, the fluorescence intensity increased with increasing
concentrations of Dansyl-PMB or Dansyl-PME, indicating
increased surface-bound or entry of Dansyl-PMB or Dansyl-PME.
No significant difference in fluorescence was found between
the wild type and mutants when dansyl-PMB and dansyl-PME
concentrations of 5 and 4pg/ml were, respectively, employed.
However, phoP and phoQ mutants showed significantly increased
fluorescence compared to the wild type when the concentrations
of dansyl-PMB and dansyl-PME were 50, 500, 40, and 400 pg/
ml, respectively, confirming the protective effect of PhoP/PhoQ
against polymyxin attack on the bacterial surface of
Y. enterocolitica. Therefore, these results proved our hypothesis
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that the existence of PhoP/PhoQ provides more resistance to
polymyxin binding in the cell membrane of Y. enterocolitica.

LPS Structure, Which Is Associated With
AMP Resistance, Depends on the
Regulation of PhoP/PhoQ

The interaction of AMPs with the anionic bacterial surface is
necessary for the exertion of their microbicidal action (Brogden,
2005). LPS modifications that reduce the negative charge or
alter the acyl chains of lipid A provide resistance against AMP
binding through charge repulsion or decrease the fluidity of
the outer membrane (Simpson and Trent, 2019). To further
explore the relationship between the binding ability of AMPs
to the outer membrane of Y. enterocolitica and LPS modification,
MALDI-TOF mass spectrometry was used to characterize the
lipid A structure. Figure 5Aa shows that lipid A from
Y. enterocolitica exposed to PMB contained a predominant peak
at m/z 1,224. And three peaks were also found at m/z 1,864,
mlz 1,708, and m/z 1,724 which contained two glucosamines,
one or two phosphates, 2-OH-C12, and aminoarabinose
(Figure 5B; Reinés et al, 2012a,b; Han et al, 2018a). The
wild type grown under the PME showed a predominant peak
at m/z 1,823 for a lipid A species that predominantly contained
hexa-acylated species that correspond to two glucosamines,
two phosphates, four 3-OH-C14, one CI12, and one Cl6:1
(Figure 5B; Reinés et al., 2012b). The presence of polymyxins
caused Y. enterocolitica to induce palmitate and aminoarabinose
lipid A modification, which increased the resistance to
polymyxins. Lipid A from wild type and mutants also did not
undergo pEtN modification under PMB and PME stimulation,
which may be related to the absence of PmrD in Y. enterocolitica
(Reinés et al, 2012b). In the presence of PMB or PME,
modifications to lipid A by aminoarabinose or palmitate could
be detected in Y. enterocolitica under the regulation of PhoP/

PhoQ, which led to resistance in polymyxin binding to the
membrane and higher resistance. It was showed that lipid A
from phoP and phoQ mutants under PME lacked multiple
modifications, which could explain the higher fluorescence of
the polymyxin binding mutants. Similarly, the phoQ mutants
treated with PMB also lacked multiple modifications. However,
for phoP mutants under PMB, result was also shown that
peak at m/z 1,686 which was closely to m/z 1,684 has also
been detected. This reveals that other pathways may involve
in the regulation of lipid A modifications. Although PmrD is
absent in Y. enterocolitica, but whether the cross-regulation
between PhoP/PhoQ and PmrA/PmrB is existence has not
been proved, so the quantification of the transcription level
of PmrA/PmrB was performed which may give some explanation.

Activated PhoP/PhoQ Upregulates Genes
Related to LPS Modification in Yersinia
enterocolitica

The above data confirmed that the presence of the PhoP/PhoQ
system can increase the viability of Y. enterocolitica when exposed
to PMB or PME. The increased resistance was achieved by
reducing the binding ability of PMB or PME to Y. enterocolitica.
The chemical characteristics of lipid A were characterized by
MALDI-TOE, which revealed that wild-type Y. enterocolitica
had a variety of structures related to AMP resistance compared
to the mutants. Studies have shown that PhoP/PhoQ regulates
pagP directly to maintain the asymmetry of the outer membrane
(Simpson and Trent, 2019). Moreover, arnBCADTEF is required
for the synthesis and addition of aminoarabinose to lipid A
(Reinés et al., 2012a). Salmonella enterica subspp. and E. coli
encode the protein, PmrD, which mediates coupling between
PhoP/PhoQ and PmrA/PmrB (Rubin et al., 2015; Hong et al.,
2018). Although PmrD was not found in Y. enterocolitica (Reinés
et al., 2012b), the connections between PhoP/PhoQ and PmrA/
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PmrB can also be revealed using small RNAs, which remain
unclear in Y. enterocolitica. In this study, the transcription levels
of lipid A modification genes were analyzed to determine the
regulatory effects of PhoP/PhoQ on lipid A modification
(Figure 6). When exposed to PMB or PME at the MIC, the
transcription levels of the genes, pagP and arnC, in the mutant
strains were both reduced compared to those in the wild type.
When exposed to PMB, pagP was downregulated by an average
of 71 and 83% in the phoP and phoQ mutants, respectively,
whereas arnC was downregulated by an average of 67 and
78%, respectively. The transcription levels of these genes in the
AphoP-phoP and AphoQ-phoQ strains were restored. Exposed
to PME, arnC was downregulated by an average of 32.4 and
30.8% in the phoP and phoQ mutants, respectively. And pagP
was downregulated by an average of 42.5 and 36%, respectively,
in phoP and phoQ mutants. There are differences of genes
transcription between PMB and PME treatment. It may be caused
by the differences of these two AMPs, as LPS modifications
formed by Y. enterocolitica were also various under PMB and PME.

Since the absent of PmrD, we speculated that PmrA/PmrB
and PhoP/PhoQ independently regulated LPS modification
pathways and without interaction. But the transcription levels
of pmrA, pmrB, and eptA in the mutants were reduced to
varying degrees compared with the wild type, indicating that
the deletion of PhoP/PhoQ in Y. enterocolitica can also affect
the transcription of the PmrA/PmrB system.

DISCUSSION

Polymyxins have been employed as “last resort” antimicrobials
(Han et al., 2018a). Gaining a better understanding of the
mechanism of resistance to polymyxin is of critical importance.
Currently, there are two main mechanisms to explain bacterial
resistance to polymyxin: intrinsic resistance (adaptive
resistance), which relies on LPS modifications, such as
L-Ara4N and pEtN; and mcr genes induced resistance, which
are encoded on plasmids and phages (Trimble et al., 2016;
MacNair et al., 2018; Simpson and Trent, 2019). In this
study, PhoP/PhoQ was demonstrated to be essential for the
resistance of Y. enterocolitica to polymyxins (Figure 2). This
was mainly because PhoP/PhoQ conferred a more resistant
membrane for the binding of polymyxin by regulating LPS
modification related to AMP resistance (Figures 4, 5).
However, the LPS modification of Y. enterocolitica under
PMB and PME was found to be different (Figure 5). In
the presence of PMB, a variety of lipid-modified structures
containing L-Ara4N were detected. However, when exposed
to PME, in addition to containing L-Ara4N, the structures
of palmitate and C16:1 were also observed (m/z at 1,823).
Thus, when Y. enterocolitica was exposed to different AMPs,
the LPS modification was not totally the same. And L-Ara4N
was the main structure for Y. emnterocolitica to set the
adaptive resistance to polymyxin. Deletion of phoP and phoQ

Frontiers in Microbiology | www.frontiersin.org

February 2022 | Volume 13 | Article 758571


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Guo etal.

Intrinsic Resistance of Yersinia enterocolitica

A
4.0+
4 ] WT
§ 3.0 1 AphoP
[72]
g - W 2phoQ
L::) 0 N /AphoP-phoP
:23 1.0 B AphoQ-phoQ
0.0
arnC pagP pmrA pmrB eptA
Genes
B
2.0+
d 1 WT
.é 1.5 (1 AphoP
% 1 MW /phoQ
E LT ] AphoP-phoP
"3 - !
S 0.5 B AphoQ-phoQ
0.0
arnC pagP pmr4 pmrB eptA
Genes
FIGURE 6 | PhoP/PhoQ is involved in the regulation of genes related to LPS modification. Transcriptional changes of wild type, mutants and complemented strains
treated with PMB (A) and PME (B).

in Y. enterocolitica resulted the downregulation of the
arnBCADTEF and papP which encode enzymes that responsible
for L-Ara4N and palmitate (Figure 6). These results emphasized
the role of PhoP/PhoQ in response to polymyxin in
Y. enterocolitica. LPS modification also reduced the binding
ability of polymyxin to Y. enterocolitica (Figure 4). This
decrease may be due to a reduction in the negative charge
and resistance to polymyxin induced by charge repulsion
(Simpson and Trent, 2019). In addition, steric hindrance
and lipid A tail packing produced by LPS modification could
decrease the fluidity of the outer membrane, which may
also prevent polymyxin from binding to Y. enterocolitica
(Khondker et al., 2019; Simpson and Trent, 2019). Studies
have shown that polymyxin exerts antimicrobial activity by
targeting the bacterial cell membrane and gradually destroys
the outer and inner membranes (Brogden, 2005). The destruction
of the inner and outer membranes also increased when PhoP/
PhoQ was absent (Figure 3; Supplementary Figure 2). Besides,
study has reported that polymyxin B causes malfunction of
respiration and severe consumption of ATP, leading to cell
death and carbon starvation. And maintaining ATP level benefits
the polymyxin resistance (Yu et al, 2019). Similarly, in

Figures 3E,F, it is showed that the mutants of phoP and phoQ
were sensitive to polymyxins and maintained lower intercellular
ATP content compared to wild type.

In most Gram-negative bacteria, the TCSs, PhoP/PhoQ
and PmrA/PmrB, mediate polymyxin resistance by governing
the LPS modification pathway (Trimble et al., 2016; Simpson
and Trent, 2019). However, there are some differences in
the LPS modification mechanisms among different Gram-
negative bacteria, as shown in Figure 1. For example, PhoP
phosphorylated in Salmonella can activate PmrA/PmrB
through the protein, PmrD (Hong et al, 2018). Although
PmrD in E. coli cannot function in the same manner as
Salmonella, it is required for the modification of lipid A
in E. coli under low Mg** growth conditions (Rubin et al.,
2015). In Klebsiella pneumoniae, the arn operon can not
only be regulated directly by PhoP/PhoQ, but also indirectly
through PmrD (Chen et al., 2021). In Yersinia pestis, despite
the lack of PmrD, protein lipid A with L-Ara4N can
be promoted by PhoP dependently and independently through
different inducing signals (Winfield et al., 2005). Based on
our results, the role of PhoP/PhoQ in intrinsic resistance
mechanism of Y. enterocolitica to polymyxins summarized
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as shown in Figure 7. The modification of LPS with L-Ara4N
and palmitate regulated by PhoP/PhoQ increase the resistance
of Y. enterocolitica. It reduces the binding ability of polymyxin
to cell membrane. For the cross-regulation between PhoP/
PhoQ and PmrA/PmrB, although PmrD was absent in
Y. enterocolitica, and such pEtN structure was not observed
under PMB and PME (Figure 5), the connection between
PhoP/PhoQ and PmrA/PmrB was also observed. By comparing
the results of gene expression analysis, the transcription of
pmrA, pmrB, and eptA in the phoP and phoQ mutants was
downregulated (Figure 6). Besides, for Y. enterocolitica, the
intrinsic resistance mechanism induced by PhoP/PhoQ showed
difference compared with Salmonella, not only the absent
of PmrD, but also other genes such as IpxT lacking a PhoP
binding site (Hong et al., 2018). And lipid A containing
L-Ara4N has still been detected in phoP mutants (Figure 5),
these all indicates that the response to polymyxin is not
independently regulated by PhoP/PhoQ. Some non-coding
small RNAs may play an important role in regulation pathways
in Y. enterocolitica (Simpson and Trent, 2019). But, detail
mechanism of the intrinsic resistance needs further study.

Although the regulation pathway of PhoP/PhoQ in the
presence of polymyxin in Y. enterocolitica is not completely
understood, we demonstrated the role of PhoP/PhoQ to increase

the resistance of Y. enterocolitica to polymyxins. And we also
raised some new tasks to find out the mechanism of the
intrinsic resistance in Y. enterocolitica. Firstly, finding out the
other potential regulatory factors involved in the connection
between PhoP/PhoQ and PmrA/PmrB. Secondly, screening
other regulatory factors involved in lipid A modifications which
enhance the intrinsic resistance to polymyxins.

CONCLUSION

All in all, it is important to gain a better understanding
of the intrinsic resistance toward polymyxin in Gram-negative
bacteria. In this study, the role of PhoP/PhoQ in
Y. enterocolitica intrinsic resistance to polymyxins was
demonstrated. The existence of PhoP/PhoQ in Y. enterocolitica
showed a higher resistance to polymyxins, which was mainly
caused by the modification of LPS with palmitate and
L-Ara4N, and regulated by PhoP/PhoQ, conferring a more
resistant membrane for the binding of polymyxin. According
to the transcription analysis, the PhoP/PhoQ of Y. enterocolitica
not only regulated LPS modification genes, but also affected
the transcription of PmrA/PmrB. These findings expand our
understanding of the intrinsic resistance to polymyxin in
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Y. enterocolitica and expand current knowledge regarding
the role of PhoP/PhoQ in Enterobacteriaceae.
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Klebsiella pneumoniae exhibits extensive phenotypic and genetic diversity. Higher
plasmid loads in the cell were supposed to play an key role in its genome diversity.
Although some plasmids are widely distributed in Kp populations, they are poorly
recognized. A plasmid named p2 in strain Kp1604 was predicted to be an intact
prophage like Salmonella phage SSU5. However, our study showed that p2 was
specifically packaged into membrane vesicles (MVs) rather than phage particles
triggered by mitomycin C and subinhibitory concentrations of antibiotics. p2-minus
mutant Kp 1604 Ap2 did not affect MV production. Compared with Kp 7604, the capacity
of plasmid uptake and the amount of phage burst of Kp7604Ap2 were improved.
Moreover, virulence of Kp71604 Ap2 also increased. Our results indicated that p2 could
contribute to the host defense against the invasion of transferable DNA elements at the
cost of reduced virulence. Further study on the mechanism will help us understand how
it provides adaptive phenotypes to host evolution.

Keywords: transferable element, Klebsiella pneumonia, plasmid, membrane vesicles (MVs), virulence

INTRODUCTION

Klebsiella pneumoniae (Kp) is a gram-negative bacterium belonging to Enterobacteriaceae, in
which there are also the well-known genera Salmonella and Escherichia (Wyres et al., 2020).
Kp can survive in a wide range of host-associated and environmental niches. It can cause a
variety of serious hospital-acquired infections, especially in patients with a compromised immune
system. Hypervirulent Kp (hvKp) infections could cause lethal infections, such as liver abscesses,
pneumoniae, meningitis, etc., and have therefore worsened public health worldwide since the
early 1980s (Liu et al., 1986). HvKp is an evolving pathotype from classical Kp (cKp) due to its
acquisition of a cluster of virulence factors encoded on a virulence plasmid and other mobile
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chromosomally integrated genetic elements (Marr and Russo,
2018; Russo and Marr, 2019). HvKp was rarely resistant
to commonly used antimicrobial agents except for being
intrinsically resistant to ampicillin for a long period of time
after discovery.

In 1996, carbapenem-resistant Kp (CRKp) was originally
identified in regional outbreaks in the United States (Yigit
et al., 2001; Tzouvelekis et al., 2012; Munoz-Price et al., 2013).
From then on, multidrug-resistant (MDR) and extremely drug-
resistant (XDR) strains continued to emerge as acquisition of
plasmids or other transferable genetic elements carrying different
antibiotic resistance genes (Munoz-Price et al., 2013; Chen et al,,
2014; Wyres and Holt, 2016; Lam et al., 2019). Nowadays,
carbapenem-resistant hvKp isolates have emerged (Lam et al,
2019). The emergence of such strains is supposed to be the
dissemination of mobile plasmids encoding carbapenemases
among HvKp strains or the acquisition of a virulence plasmid
by carbapenem-resistant Kp (Wyres et al., 2020). For example,
a conjugative plasmid p15 WZ-82_Vir simultaneously encoding
antimicrobial resistance (AMR) and virulence determinants was
reported, which formed because of the integration of a 100-
kb fragment of the hypervirulence plasmid pLVPK into a
conjugative IncFIB carbapenem-resistant plasmid (Yang et al,
2019). Such an hv-AMR plasmid could rapidly spread and cause
serious infections with extremely limited treatment options,
further exacerbating the public health threat posed by Kp
(Gao et al., 2020).

Kp population has exhibited extensive phenotypic and genetic
diversity (Wyres and Holt, 2016; Wyres et al., 2020). However,
if only the genes encoded by the core genome were compared,
the Kp genomics were conserved (Wyres and Holt, 2016; Wyres
et al.,, 2020). The diversity of pan-genome in Kp is primarily
due to mobile elements that can move frequently by horizontal
transfer, including plasmids, phages, integrative and conjugative
elements (ICEs), and insertion elements (ISs) (Wyres and Holt,
2016; Wyres et al., 2020). Among the sequenced Kp isolates,
some strains carried up to 10 different plasmids (Conlan et al.,
2016; Wyres et al., 2020). It seems that Kp may be particularly
permissive for plasmid uptake and/or maintenance, resulting in
plasmid loads that are typically greater than those reported for
other Enterobacteriaceae. Although plasmids are key contributors
to the spread of virulence and antibiotic resistance genes, some
plasmids that do not encode any known function beyond
those may still provide a fitness advantage to their hosts. We
sequenced a strain named Kpl604, which contained a 5.2 Mb
chromosome and 2 plasmids. p1 encoded virulence-related genes,
while p2 encoded several conserved phage genes. In this study, we
investigated the function and role of plasmid p2 in Kp1604.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

Klebsiella pneumoniae strains, phage and plasmids used in this
study are listed in Supplementary Table 1 with their genome
accession number if available. The Kp strains was sampled from
patients as part of routine work in hospital treatment. Competent

Escherichia coli DH5a was purchased from Takara Biomedical
Technology (Beijing) Co., Ltd, Beijing, China. When needed,
50 mg/mL apramycin or spectinomycin was added to the LB
broth (1% tryptone, 0.5% yeast extract, 1% NaCl; Sigma-Aldrich,
St. Louis, W1, United States).

Genome Sequencing and Analysis of
Kp1604
Strain Kp1604 was grown in LB broth at 37°C with shaking until
an ODggp of 0.5~1. DNA from Kp1604 was extracted and genome
sequencing was performed with the PacBio Sequel and Illumina
NovaSeq platforms at Shanghai Personal Biotechnology Co., Ltd.
The assembly of the whole-genome sequence was carried out by
HGAP (Chin et al., 2016) and CANU (Koren et al., 2017). Gene
prediction was carried out by GeneMarkS (Besemer et al., 2001).
For further sequence analysis of strain Kp1604, the predicted
genes were blasted with the VFDB' and CARD’ to identify
virulence factors and antibiotic resistance genes. Multilocus
sequence typing (MLST) and capsular typing by the wzi allele was
performed online.* The CRISPR-Cas systems, genomics islands,
insertion sequences, prophages and replicons were analyzed
online by CRISPRCas Finder,* islandviewer,” ISfinder,® Phaster’
and PlasmidFinder 2.1 (Carattoli and Hasman, 2020).

Bioinformatics Analysis of Plasmid p1

and p2

A comparative plasmid map of p1 (CP085479) in strain Kp1604
with three known virulence plasmids of phvKp060 (CP034776.1),
pK2044 (AP006726.1), and pLVPK (Y378100) was drawn with
BLAST Ring Image Generator (BRIG) using pLVPK as a reference
sequence (Alikhan et al., 2011).

For comparative analysis of plasmid p2 in strain Kpl604,
BLASTn search of p2 (CP085480) with the Kp strains
(Supplementary Table 1) sequenced in this study showed
sequence similarity with plasmids of pKpl (CP086286) and
pAF41-1 (JAJGSV000000000). Further, the sequences of
Enterobacteriaceae plasmids publicly available (2,423 in total)
were downloaded from BACTERIAL BIOINFORMATICS
RESOURCE CENTER, PATRIC.* The PlasmidFinder 2.1 tools
was used to identify replicons in the plasmid sequences (Carattoli
and Hasman, 2020). For plasmid cluster analysis, annotation for
each plasmid sequence was generated using Prokka (Seemann,
2014) with default parameters. After annotation, 2,426 plasmids
were clustered by gene overlap method as following. General
Feature Format Version 3 (Gff3) files generated by Prokka
were analyzed for gene presence/absence matrix by Roary
(Page et al., 2015) with default parameters. To build a plasmid
gene presence/absence, matrix in which each entry was 1 if

'http://www.mgc.ac.cn/VFs/
“https://card.mcmaster.ca/
*https://bigsdb.pasteur.fr
“http://crispr.i2bc.paris-saclay.fr/Server/
Shttps://www.pathogenomics.sfu.ca/islandviewer/
Chttps://www-is.biotoul.fr/

“http://phaster.ca/

Shttps://www.patricbrc.org/
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plasmid contained a homolog found in gene cluster or 0 if
plasmid did not contain a homolog found in gene cluster. With
the matrix, the percentage of gene overlap was calculated by
dividing the overlapping gene cluster by all gene clusters of any
two plasmid sequences. Then, plasmids were clustered by the
Markov cluster algorithm based on gene overlap (van Dongen
and Abreu-Goodger, 2012). Network construction Adjacency
matrices and network edge lists were created in R. The map of
the sequence comparison across plasmid clusters was drawn by
Easyfig (Sullivan et al.,, 2011).

Antimicrobial Susceptibility Testing and

Isolation of Membrane Vesicles

Frozen stock Kp1604 was grown in LB broth at 37°C overnight.
The MICs of chloramphenicol (CHL), tetracycline (TET),
ciprofloxacin (CIP) and kanamycin (KAN) were determined
by microdilution methods according to the Clinical Laboratory
Standards Institute (CLSI), and 1/2 MICs of them used in this
study were 4, 4, 2, and 16 pug/mL, respectively. For isolation
of membrane vesicles (MVs) from Kpl604, overnight cultures
were adjusted to a starting ODggg of 0.1. Cells were grown until
an ODggp of 0.6 at 37°C with shaking and then supplemented
with 5 pg/mL mitomycin C, 1/2 MIC CHL (4 pg/mL), TET
(4 pg/mL), CIP (2 pg/mL), or KAN (16 pg/mL) and cultured
for 8 h. Cells cultured without any antibiotics was grown at same
conditions as control. Cultured bacterial cells were removed from
the supernatant by centrifugation at 8,000 g for 15 min at 4°C.
The supernatant was filtered through 0.22 wm pore size filters
to remove intact cells and debris. The collected supernatant was
further dialyzed against phosphate-buffered saline (PBS) buffer
three times for 4 h each time. The MVs were then pelleted
through ultracentrifugation at 100,000 g for 1 h at 4°C. The pellets
were resuspended in PBS buffer for further experiments. To verify
the absence of intact cells in the filtered supernatant, 0.2 mL was
plated on LB agar and grown at 37°C for 24 h. The purified MVs
was stored at 4°C for further analysis.

Membrane Vesicles Size and Distribution

Determination
The purified MVs from 30 mL cultures of Kp1604 were dissolved
in 0.5 mL PBS. The size (diameter) and size distribution profile

TABLE 1 | General features of the Kp 1604 chromosomes.

Features Chromosome Plasmid

pi p2
Size (bp) 5,205,350 144,892 109,308
GC content 57.58% 49.69% 48.93%
No. of ORFs 4,855 172 118
Coding percentage 86.46% 81.40% 86.56%
Number of rRNAs 25 0 0
Number of tRNAs 86 0 1
Predicted intact prophage 0 0 1
Genomic islands 21 - -
Insertion sequence 41 82 0
Replicon - IncFIB IncFIB

of MVs was determined by Zetasizer Nano S equipped with
4.0 mW He-Ne laser (633 nm) (Malvern Instruments Ltd.,
Worcestershire, United Kingdom).

Electron Microscopy

The purified MVs was negatively stained with 2%
phosphotungstic acid and the morphology was examined
by transmission electron microscopy (Tecnai G2 Spirit Biotwin,
FEI COMPANY, Hillsboro, QR, United States).

DNA and Proteome Analysis of

Membrane Vesicles

The purified MVs was treated with DNase I Takara Biomedical
Technology (Beijing) Co., Ltd, Beijing, China at 37°C for 30 min.
To test whether the DNA outside the vesicles was completely
removed, 2 |l treated MVs was heated at 100°C for 10 min
and 16S rRNA sequence was amplified with primers of 27F and
1492R (Supplementary Table 2). DNA from the treated MVs
was extracted using the QIAamp DNA Mini Kit (Qiagen, Venlo
Netherlands), following manufacturer’s instructions. Sequencing
was performed with the Illumina NovaSeq platform at the
Chinese National Human Genome Center at Shanghai. The
sequence result of Kp1604-MV was deposited in GenBank with
accession number OK644452. For PCR verification of DNA
contained in MVs, two pairs of primers (pl-1-F and pl-1-
R, p1-2-F and pl-2-R) were designed to amplify pl-1 and
pl-2 sequence fragment in pl (Supplementary Table 2). Two
pairs of primers (p2-1-F and p2-1-R, p2-2-F and p2-2-R) were
designed to amplify p2-1 and p2-2 sequence fragment in p2
(Supplementary Table 2). 16S rRNA sequences was amplified
with primers 27F and 1492R.

For proteome analysis of MVs, the purified MV sample
was analyzed on a Thermo Fusion Lumos mass spectrometer
connected to an Easy-nLC 1200 via an Easy Spray (Thermo
Fisher, Waltham, MA, United States) according to the protocol.
All MS/MS ion spectra were analyzed using PEAKS 10.0
(Bioinformatics  Solutions, Waterloo, ON, Canada) for
processing, de novo sequencing and database searching.
Subcellular localization of the proteins identified in MVs was
predicted by Psort (Nakai and Horton, 1999).

Construction of p2-Minus Strain

To delete p2 from strain Kpl604, a two-plasmid CRISPR-
Cas system was used as previously described (Wang
et al, 2018). Preparation of competent Kpl604 cells and
electroporation were carried out as previously described
(Wang et al.,, 2018). Briefly, temperature-sensitive pCasKP-apr
was electroporated into Kpl604. The CRISPR-Cas9 spacer
plasmid was constructed by cloning the rep gene sequence
(5'-GAGCAAACCTGAGAAGCCAG-3) of p2 into pSGKP-spe.
The resulting plasmid was electroporated into the pCasKP-
apr-harboring strain Kp1604. The two-plasmid CRISPR-Cas
system was cured as described (Wang et al., 2018). The successful
p2-minus mutant Kp1604Ap2 was verified by PCR with primers
(p2-1-F and p2-1-R, p2-2-F and p2-2-R) to amplify p2-1 and
p2-2 sequence fragment in p2.
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FIGURE 1 | The distribution of p2-like plasmids in Enterobacteriaceae and sequence alignment of p2-like plasmids. (A) The distribution of p2-like plasmids in
Enterobacteriaceae. A total of 2,426 plasmid sequences were downloaded and clustered. 57 of them were clustered as p2-like plasmids, which were mainly
distributed in Klebsiella pneumoniae, Escherichia coli, Salmonella enterica, and Klebsiella oxytoca. (B) Sequence alignment of the complete genome of selected
p2-like plasmids. The nucleotide identity of the homologous regions (percentage) is indicated in color; the scale is shown below. Known functional homologous
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Efficiency of Plasmid Transformation and

Phage Infection

To test the efficiency of plasmid transformation, pSGKP-spe was
electroporated into competent Kp1604 and Kpl604p2 (Wang
etal, 2018). Kp1604 and Kp1604Ap2 were electroporated without
plasmid as controls. Transformation frequency is defined as
the number of pSGKP-spe-containing transformants divided by
the number of control cells that survived electroporation.
We evaluated the efficiency of phage infecting Kpl604
and Kpl604Ap2 by phage spot plaque tittering method
as following. 2 pl aliquots of 10-fold serial dilutions of
bacteriophage ®©1209, ®168R, and ® 9226R were spotted
on bacterial Kpl604 and Kpl604Ap2 lawns to examine

plaque formation. The plaque morphology of bacteriophages
®1209, ®168R, and @ 9226R was observed by the soft-
agar overlay method (Luong et al, 2020), 10 pl of serially
diluted bacteriophage ®1209, ®168R, and & 9226R was
used to infect 100 wl culture of Kpl1604 and Kpl604Ap2 in
a 4 mL overlay of LB containing 0.7% agar. Infection plates
were incubated at 37°C for 4~8 h to observe the phage
plaque formation.

Mouse Infection Studies of Kp1604 and
Kp1604Ap2

Female 6~8 weeks old BALB/c mice were purchased from
the Shanghai SLAC Laboratory Animal Co., Ltd. All animal
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FIGURE 2 | MVs analysis from Kp1604 and Kp1604Ap2. (A) The growth of Kp1604 and Kp1604 Ap2 with or without mitomycin C. Transmission electron
microscopy photograph of MV products from Kp7604 (B) and Kp1604 Ap2 (C) with mitomycin C induction. Scale bar of 100 nm is shown in the images. (D) PCR
amplification of sequence fragment of p1, p2 and 16S rRNA. As indicated below, Kp1604 and Kp1604 Ap2 represent DNA extracted from whole cell lysates;
MV(Kp1604) and MV(Kp 1604 Ap2) represent DNA extracted from purified supernatants treated with DNase |. As indicated above, p1-1 and p1-2 represent specific
sequence fragment in p1 plasmid amplified with primers p1-1-F and p1-1-R, p1-2-F and p1-2-R; p2-1 and p2-2 represent specific sequence fragment in p2 plasmid
amplified with primers p2-1-F and p2-1-R, p2-2-F and p2-2-R; 16S rRNA was amplified with primers 27F and 1492R. (E) SDS-PAGE analysis of protein content in
MVs and whole cell lysates of Kp1604 and Kp1604 Ap2. Kp1604 and Kp1604 Ap2 represent whole cell lysates, and MV(Kp1604) and MV(Kp1604 Ap2) represent

purified supernatants from Kp71604 and Kp1604 Ap2 triggered with mitomycin C.
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R

protocols were approved by the Animal Ethics Committee in
accordance with the guidelines for the use of laboratory animals
in China. 13 mice per group were infected intraperitoneally
with 100 pl PBS buffer, or doses of 5.0 x 10°, 5.0 x 107 CFU
of overnight culture of Kp1604 or Kp1604Ap2 in 100 pl PBS
buffer. Three mice each group were euthanized at 24 h after
challenge to determine the bacterial loads in organs. Serially
diluted homogenates of blood, livers, lungs were plated on LB
agar and incubated at 37°C overnight for quantification of CFU.
The mortality rate of ten mice each group was recorded for 96 h
after challenge.

Statistical Analyses

Survival curves of mice were generated using GraphPad Prism
9. Statistical analyses of the efficiency of plasmid transformation
and bacterial loads in various organs of mice were performed
by the Mann-Whitney U-test (*p < 0.05, **p < 0.01,
*#%p < 0.001).

RESULTS
Genome Analysis of Kp1604

Klebsiella pneumoniae strain Kp1604 was isolated from a patient’s
blood sample. The genome sequence showed that Kpl604
contained a circular chromosome of 5,205,350 bp with a GC
content of 57.58% and two plasmids (p1 and p2) of 144,892 bp
and 109,308 bp with GC contents of 49.69 and 48.93%,
respectively (Table 1 and Supplementary Figure 1). Kp1604
belonged to ST412 based on multilocus sequence typing (MLST)
and the K57 serotype based on capsular typing by the wzi allele.
The genome sequence of plasmid p1 encoded five virulence-
related genes, including rmpA, iroB, iroC, iroD and iroN.
Genome sequence alignment of pl with pLVPK, a well-known
virulence plasmid, showed that they shared regions of homology
(Supplementary Figure 2). These results suggested that p1 may
be a virulence-related plasmid. The DNA sequence of p2 encoded
118 putative genes, 103 of which were predicted to phage-related
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FIGURE 3 | Production of MVs from Kp 1604 cultured under antibiotic stress conditions. (A) Bacterial growth of Kp7604 cultured with 1/2 MIC of ciprofloxacin (CIP),
tetracycline (TET), chloramphenicol (CHL) and kanamycin (KAN). (B) Size and distribution of MVs. Single particle tracking analysis of MVs isolated from Kp1604 after
treatment with 1/2 MIC of CHL (C), TET (D), CIP (E), and KAN (F), as compared to non-treated (BLANK). Transmission electron microscopy photograph of MVs
produced by Kp1604 cultured with 1/2 MIC of CHL (B), TET (C), CIP (D), and KAN (E). Scale bars of 100 nm are shown in the images.

genes by Phaster, including phage structure genes, integrase, SSUS5 in Salmonella enterica serovar Typhimurium rough strain
terminase, etc. (Supplementary Table 3). p2 was predicted to  (Kim et al., 2012). Whole-genome sequence analysis of Kp1604
be an intact prophage by Phaster, similar to Salmonella phage identified 21 genomic islands but none of the phage-related
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sequences except p2 (Supplementary Table 4). A BLAST search
of the p2 sequence against the CARD and VFDB databases
showed that p2 did not carry any virulence-related or AMR-
related genes.

Widely Distribution of p2-Like Plasmid in

Enterobacteriaceae

To investigate the distribution of this kind of plasmid, we
downloaded 2,423 plasmid sequences of Enterobacteriaceae
deposited in the Patricbrc database and three plasmid sequences
of Kp deposited in GenBank. Plasmid cluster analysis showed
that cluster 1 was an MDR plasmid cluster, including pSWUO01
and pKP048 (Supplementary Figure 3); cluster 11 was
virulent plasmid cluster, including pLVPK and pNTUH-K2044
(Supplementary Figure 3). p2 clustered to cluster 13, which
contained 57 plasmids (Supplementary Figure 3 and Figure 1A).
The PlasmidFinder analysis of cluster 13 showed they all
belonged to same replicon of IncFIB. Of them, 21, 17, 8, and 5
plasmids were distributed in Klebsiella pneumoniae, Escherichia
coli, Salmonella enterica and Klebsiella oxytoca, respectively
(Figure 1A). Notably, all p2-like plasmid-harboring strains were
isolated from human samples where information about isolation
was available. Further alignment of selected p2-like plasmids
showed that they all encoded several phage-related proteins,
integrase, terminase, recA, Xni and thyA (Figure 1B).

p2 DNA Specifically Packaged Into
Membrane Vesicles in Response to
Mitomycin C and Subinhibitory

Concentrations of Antibiotics

Stresses such as UV light and mitomycin C are known to
stimulate the SOS response and induce prophage particles (Du
Toit, 2019). We therefore evaluated the impact of mitomycin
C exposure on strain Kpl604 to investigate whether plasmid
p2 could be induced as a phage. After supplementation of
mitomycin C, the growth of bacteria began to decline after
2 h (Figure 2A). TEM analysis of the purified supernatant
revealed round particles sized from 50 to 300 nm (Figure 2B).
p2 DNA was confirmed to specifically package into particles,
as identified by both DNA sequence (accession number
OK644452) and PCR amplification (Figure 2D). However,
when the collected particles were spotted on 14 different
Kp strains, no phage plaque was observed. SDS-PAGE
analysis showed that the protein profiles of purified particles
were different from those of bacterial lysates (Figure 2E).
A proteomic analysis showed that a total of 221 proteins
were identified, and OmpC and OmpA were the major
components, accounting for 1.86 and 1.55%, respectively,
which is consistent with the band pattern of SDS-PAGE
(Supplementary Table 5). There were 81, 86, 40, and 14
identified proteins predicted to be located in the cytoplasm,
inner membrane, outer membrane and periplasmic space,
respectively (Supplementary Table 5). Combined with the
identified proteins, this structure was more similar to MVs
than phages. Therefore, it suggested that Kpl604 secreted p2
DNA-containing MVs after induction by mitomycin C.

MVs are thought to be produced when bacteria are under
environmental stress (Toyofuku et al., 2019). Four kinds of
sub-inhibitory concentration antibiotics, chloramphenicol,
ciprofloxacin, tetracycline and kanamycin were selected.
Although the growth of bacteria did not decline significantly
under antibiotic stress, it was inhibited (Figure 3A). Single
particle tracking (SPT) analysis revealed that major particles in
the induced supernatant were 100~300 nm in size (Figure 3B).
TEM analysis further confirmed there were round vesicles of the
same size (Figures 3C-F).

Deletion of p2 Improved the Acquisition
of Transferable Elements in Kp1604Ap2

To demonstrate that MV production was not p2-related, we
deleted p2 from Kpl604 and obtained the plasmid-minus
mutant strain Kpl604Ap2. Deletion of p2 did not affect the
growth of Kp1604Ap2 compared with Kp1604 (Figure 2A). MVs
were produced by Kpl604Ap2 with mitomycin C induction,
similar to Kpl604 (Figure 2C). Further protein analysis
by SDS-PAGE showed negligible differences in the protein
composition between MVs from Kpl604 and the plasmid-
minus mutant Kp1604Ap2 (Figure 2E). This experiment further
demonstrated that Kp1604 produced MVs rather than phages
triggered by mitomycin C.

To determine whether p2 could inhibit other phage infections
against Kpl604, the efficiencies of plating (EOP) of three
Iytic phages of ®1209, ®168R, and ®9226R were spotted
on Kpl604 and Kpl604Ap2 lawn with serial dilutions. We
observed the same pattern with three lytic phages: their
EOP on Kpl604 was reduced by 1~2 orders of magnitude
compared to the mutant Kp1604Ap2 (Figure 4A). In addition,
the phage plaques on KpI604Ap2 were significantly larger in
diameter than those on Kpl604 (Figure 4B). These results
suggest that p2 could mediate host defense against phage
infection. Plasmid acquisition was also investigated using
plasmid pSGKP-spe transformation into strains Kpl604 and
Kp1604Ap2. The plasmid acquisition efficiency of Kpl604Ap2
was significantly higher than that of Kpl604 (Figure 4C).
Thus, the presence of p2 could help host defend against
foreign DNA invasion.

Deletion of p2 Increased Bacterial

Virulence of Kp1604Ap2

The virulence potentials of strains Kpl1604 and Kpl604Ap2
were determined in mouse infection models with intraperitoneal
injection. To our surprise, the virulence of Kpl604Ap2
increased significantly with an inoculum of 5 x 107 CFU,
resulting in 100% mortality at 24 h, whereas only 70%
mortality was observed for Kpl1604 (Figure 5A). There was
no significant difference in bacterial load in various tissues
of the mice when challenged with Kp1604 and Kpl604Ap2
at a dose of 5 x 107 CFU (Figure 5B). When challenged
with the lower dose of 5 x 10° CFU, 10% mortality was
observed for Kpl604 and Kpl604Ap2 at 48 h, and 10 and
25% mortality was observed for Kpl604 and Kpl604Ap2,
respectively, at 60 h (Figure 5C). However, the bacterial
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FIGURE 4 | Deletion of p2 from Kp1604 affected the acquisition of transferable elements. (A) The efficiencies of phage propagation assays. Ten-fold serial dilutions
of phages ®1209, ®168R, and ®9226R were spotted on lawns of Kp7604 and Kp1604 Ap2, respectively, from 103 to 108 serial dilutions as indicated. (B) Phage
plaque diameter of ®1209, ®168R, and ®9226R infecting Kp1604 and Kp1604 Ap2. (C) Transformation efficiencies of strains Kp7604 and Kp1604 Ap2 by

electroporation with plasmid pSGKP-spe. Transformation efficiency was defined as the number of pPSGKP-spe-containing transformants divided by the number of
control cells that survived electroporation, *p < 0.05.
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FIGURE 5 | Virulence potential of Kp7604 and Kp1604 Ap2. Percent survival of mice with an inoculum of 5 x 107 CFU (A) and 5 x 10% CFU (C). Strains of Kp1604
and Kp1604 Ap2 were monitored with intraperitoneal injection in 10 mice per group. Bacterial loads in blood, liver, and lung with an inoculum of 5 x 107 CFU (B)
and 5 x 10® CFU (D). Three mice each group were euthanized at 24 h after challenge. Blood, livers, and lungs were aseptically homogenized. For the bacterial load
analysis, serially diluted homogenates were cultured overnight for counting. *p < 0.05.
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loads in the liver, lung and blood of mice at 24 h after
challenge at the lower dose of 5 x 10° CFU showed that
the bacterial load of the Kpl604Ap2 strain was significantly
higher than that of the Kpl604 strain (Figure 5D). These
data implied that plasmid p2 decreased the virulence of
Kp1604 in mice.

DISCUSSION

Plasmids have an important role in bacterial evolution by
transferring beneficial traits within and between species
of bacteria, potentially contributing to host advantage
fitness (Rodriguez-Beltran et al, 2021). Many diverse
plasmids have been sequenced from Kp, among which
virulence plasmids and AMR plasmids have been widely
studied (Ernst et al., 2020; Wyres et al., 2020; Yang et al.,
2020). Although some plasmids are widely distributed in
Kp populations, their beneficial contribution to host was
far from studied.

In this study, we isolated a virulent Kp strain harboring
two plasmids inside the cell. p2 was predicted to be an
intact prophage. Typically, phages integrate into bacterial
chromosomes to be prophages. However, numerous phage
plasmids have also been reported as extrachromosomal plasmids
based on their encoding proteins homologous to both phage-
related and plasmid-related proteins (Ikeda and Tomizawa, 1968;
Zhang et al.,, 2017; Gilcrease and Casjens, 2018; Galetti et al,,
2019; Pfeifer et al., 2021). Although plasmid prophages such
as P1 and P6 of Escherichia coli can be both maintained as
plasmids and converted to viral particles for release, most of
the others cannot be released as viral particles (Ikeda and
Tomizawa, 1968; Gilcrease and Casjens, 2018). The conversion
controls between plasmid replication and bacteriophage lytic
cycle is highly sophisticated, and the absence of any of the
key regulators may lead to conversion failure (Sternberg and
Austin, 1981). Although a total of 103 genes in p2 was
predicted to encode conserved phage proteins, p2 still could
not be induced as phage. Therefore, it suggested that p2
was still a plasmid that carried many phage-like elements.
Membrane vesicles are nanoparticles sized from 20 to 400 nm
in diameter originating from blebbing of the outer membrane of
bacteria (Toyofuku et al., 2019). The structure and composition
of MVs secreted by different bacteria are different. It was
reported that proteins, nucleic acids, toxins could be packaged
into MVs (Schwechheimer and Kuehn, 2015; Gilmore et al.,
2021). MVs play a significant role in biological processes
including virulence, horizontal gene transfer (Chatterjee et al.,
2017; Bielaszewska et al., 2020), export of cellular metabolites
(Orench-Rivera and Kuehn, 2016), phage infection and cell-
to-cell communication (Zingl et al, 2020). In our study,
mitomycin C and sub-inhibitory concentration of antibiotics
could trigger p2-DNA contained MV secretion in strain Kp1604.
The function of P2 specifically packaged into MVs should be
further investigated.

This study confirmed that p2 could contribute to defense
against phage infections and affect uptake of plasmids.

Bacteria have evolved numerous defense mechanisms
against mobile genetic elements (MGEs) invasion, including
restriction modification (RM) systems, CRISPR-Cas systems,
abortive infection (Abi) systems and others (Samson et al,
2013). The RM system is one of the innate immune
systems which limits incorporation of MGEs. RM system
encoded by p2 was inferred to defense MGEs uptake in
Kp1604. On the other hand, plasmid encodes genes to
ensure itself replication, maintenance, and transmission,
which are often considered disadvantageous to the host
(Rodriguez-Beltran et al, 2021). Owur results showed
that the mortality of Kpl604 was decreased compared
with that of Kpl604Ap2 when challenged in a mouse
model. It seemed that Kpl604 reduced virulence at cost
to maintenance of p2. Plasmids are widely distributed
and highly diverse in the Kp population (Wyres et al,
2020; Yang et al, 2020). Further study on the mechanism
of providing adaptive phenotypes to bacterial hosts
will help us understand new contributions of plasmids
to host evolution.
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The Small RNA CyaR Activates
Translation of the Outer Membrane
Haem Receptor chuA in
Enterohemorrhagic Escherichia coli

Brandon M. Sy and Jai J. Tree*

School of Biotechnology and Biomolecular Sciences, University of New South Wales, Sydney, NSW, Australia

To sense the transition from environment to host, bacteria use a range of environmental
cues to control expression of virulence genes. Iron is tightly sequestered in host
tissues and in the human pathogen enterohemorrhagic Escherichia coli (EHEC) iron-
limitation induces transcription of the outer membrane haem transporter encoded by
chuAS. ChuA expression is post-transcriptionally activated at 37°C by a FourU RNA
thermometer ensuring that the haem receptor is only expressed under low iron, high
temperature conditions that indicate the host. Here we demonstrate that expression
of chuA is also independently regulated by the cAMP-responsive small RNA (sRNA)
CyaR and transcriptional terminator Rho. These results indicate that chuAS expression
is regulated at the transcription initiation, transcript elongation, and translational level.
We speculate that additional sensing of the gluconeogenic environment allows further
precision in determining when EHEC is at the gastrointestinal epithelium of the host.
With previous studies, it appears that the chuAS transcript is controlled by eight
regulatory inputs that control expression through six different transcriptional and post-
transcriptional mechanisms. The results highlight the ability of regulatory sRNAs to
integrate multiple environmental signals into a layered hierarchy of signal input.

Keywords: small RNA, Hfq, heme, iron, post-transcriptional, non-coding RNA, EHEC

INTRODUCTION

During infection, nutrients required by pathogenic bacteria are withheld by the host in a
process known as nutritional immunity (Weinberg, 1975; Hood and Skaar, 2012). An example
can be found in iron, a transition metal that is essential for pathogenic bacteria due to its
role in essential physiological processes, such as respiration (Skaar, 2010; Evstatiev and Gasche,
2012). To deprive pathogens of this vital nutrient, the host sequesters iron in the high affinity
iron binding molecules haem, ferritin and transferrin (Barber and Elde, 2014; Cornelissen,
2018). These ensure that the concentration of extracellular free iron in the host is too low to
support bacterial growth and infection. To overcome this nutritional deficit, pathogens such as
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CyaR Activates Haem Receptor Expression

Haemophilus influenzae, Campylobacter jejuni, Pseudomonas
aeruginosa, and uropathogenic Escherichia coli have evolved
multiple systems that allow for the scavenging of iron, these
include siderophores and haem uptake systems (Rossi et al., 2001;
Torres et al.,, 2001; Ong et al., 2006; Ridley et al., 2006; Hagan
and Mobley, 2009; Skaar, 2010; Fournier et al., 2011; Garcia et al,,
2011; Morgenthau et al., 2013; Zambolin et al., 2016).

Enterohemorrhagic E. coli (EHEC) is an enteric pathogen that
causes haemorrhagic colitis which can progress into potentially
fatal hemolytic uremic syndrome. The primary reservoir of this
pathogen are ruminants and transmission mainly occurs via
the consumption of contaminated foodstufts (Kaper et al., 2004;
Gyles, 2007; Karpman and Stahl, 2014). EHEC can express an
outer membrane haem receptor from the iron regulated chu
haem uptake operon (Torres and Payne, 1997). The chu locus
is homologous to the shu locus found in Shigella, and contains
genes that allow for haem uptake, transport, utilization and
degradation. The locus consists of a bicistronic operon (chuAS)
as well as two polycistronic operons (chuTWXY and chuUV).
ChuA is a TonB-dependent outer membrane haem receptor
that imports haem into the periplasm (Celia et al., 2016). The
periplasmic binding protein ChuT binds to haem, and via
the ABC transporter ChuUYV, is shuttled into the cytoplasm.
Haem is processed by the haem oxygenase ChuS that converts
haem into biliverdin, carbon monoxide and free iron. This
breakdown also prevents haem toxicity (Anzaldi and Skaar,
2010). Under anaerobic conditions, this role is taken up by
the SAM-methyltransferase ChuW and the anaerobilin reductase
ChuY (LaMattina et al., 2016, 2017).

The haem uptake operon is part of a larger regulatory network
that allows EHEC to achieve iron homeostasis. Transcription of
chuA is repressed by the iron-dependent transcriptional regulator
Fur. In iron-rich conditions, Fur binds to iron which increases
the affinity of Fur for its DNA-binding site ~1000-fold (Bags and
Neilands, 1987). Fur also regulates a Hfq-dependent small RNA
(sRNA) RyhB that is central to maintaining iron homeostasis
(Massé and Gottesman, 2002; Massé et al., 2007; Waters and
Storz, 2009; Wagner and Romby, 2015). RyhB prevents the
expression of non-essential proteins that require Fe as a cofactor
such as the TCA cycle and respiration genes sdhC and fumAC,
and iron storage genes such as bacterioferritin. Genes that
contribute to iron uptake, such as the shikimate permease shiA
and the colicin I receptor cirA, are positively regulated by this
SRNA (Massé and Gottesman, 2002; Oglesby-Sherrouse and
Murphy, 2013; Chareyre and Mandin, 2018).

Enterohemorrhagic Escherichia coli utilizes the Chu system
when it is in an iron-poor, haem-rich host. For that reason,
as well as the toxicity that accompanies haem and iron over-
accumulation, it is necessary to precisely control expression of
this operon. FourU RNA-thermometers are used in different
bacterial pathogens, such as Shigella dysenteriae, Yersinia
pseudotuberculosis, Vibrio cholerae, and Salmonella typhimurium,
to regulate expression of their virulence factors in a temperature-
dependent manner (Waldminghaus et al., 2007; Kouse et al,
2013; Weber et al., 2014; Righetti et al., 2016). A FourU RNA-
thermometer was found in the chuA 5'UTR that blocks the
ribosomal binding site (RBS) and is formed at temperatures

below 37°C, indicating that the pathogen is outside of the host
(Kouse et al., 2013). This limits chuA expression outside of the
host where haem is unlikely to be available.

Identification of binding sites for the small RNA chaperone
Hfq in EHEC identified the phage-encoded sRNA AsxR that
positively regulates the haem oxygenase chuS by sponging
interactions with the negatively regulating sRNA, FnrS (Tree
et al., 2014). Further, analysis of the EHEC sRNA interactome
revealed that the outer membrane haem receptor chuA was also
negatively regulated by the EHEC-specific Hfq-binding sRNA
Esr4l (Waters et al., 2017). Here, we show that translation
of chuA is activated by the Crp-cAMP regulated sSRNA CyaR
in a temperature- and Rho-termination-independent manner.
Our results suggest that EHEC employs an AND-OR logic gate
that integrates information on iron availability, temperature and
carbon availability to sense its location within the host for
appropriate expression of chuA.

RESULTS

The Outer Membrane Haem Receptor
chuA Is Regulated by CyaR and ChiX

In previous work the binding sites of the small RNA chaperone
Hfq were mapped using UV-crosslinking, denaturing purification
and sequencing of Hfg-crosslinked RNA (termed CRAC) (Tree
et al.,, 2014). Deletions introduced at the site of protein-RNA
crosslinking during reverse transcription of UV-crosslinked
RNAs can be used to identify the site of direct Hfq-RNA contact.
Analysis of our previous Hfq-CRAC dataset reveals that Hfq
binds strongly to the 5’UTR of the outer membrane haem
receptor chuA (Figures 1A,B). Canonically, gene regulation
through sRNAs occurs through direct base-pairing of the sSRNA
to the RBS within the 5’UTR of mRNA targets. Hfq-CRAC
sequencing reads and contact-dependent deletions peaked at the
RBS consistent with RyhB and Esr41 negative regulation at this
site (Waters et al., 2017; Banerjee et al., 2020). A further Hfq-
binding peak was located at position +160 to +200 suggesting that
chuA may be subject to additional regulatory inputs within the
5'UTR (Figures 1A,B).

The chuA transcription start site is predicted to be ~300 nt
upstream of the chuA start codon (Nagy et al, 2001). To
precisely map the transcription start site of chuA in EHEC str.
Sakai, we analyzed our previously published differential RNA-
seq (dRNA-seq) data, which enriches for primary transcripts
using terminator exonuclease (TEX) (Sharma et al, 2010; Sy
et al, 2020). This showed that the +1 site for chuA is at
position 4,391,862, and that the 5UTR is 291 nucleotides
long, which concurs with previous predictions (Figure 1B;
Nagy et al., 2001).

In previous analyses we found that SRNA-mRNA seed sites
are often positioned within Hfq-bound reads recovered by Hfq-
CRAC, and that the Hfq binding site can be used to restrict the
sequence space for predicting SRNA-mRNA interactions (Tree
et al., 2014; Wang et al,, 2018). To identify sRNAs that may
regulate chuA, IntaRNA (Busch et al., 2008; Mann et al., 2017)
was used to predict interactions between the chuA 5UTR and
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FIGURE 1 | The chuA 5'UTR is regulated by Hfg-dependent small RNAs. (A) RNA-sequencing data mapping to the chuAS operon. From top to bottom: total
RNA-seq (dark blue; RPM), differential RNA-seq in samples untreated (light green) and treated (dark green) with TEX, Term-seq (red; raw 3" end reads) (BioProject
PRJNAB01151), Hfg-binding sites from UV-crosslinking datasets (BioProject PRINA197291). Sequencing deletions which indicate direct contact with Hfg are
indicated in black. (B) Same as (A), but focusing on the 5’'UTR of chuA. (C) Fluorescence measurements of the EHEC chuA-sfGFP fusion in the presence of
predicted binding sRNAs. (D) Fluorescence measurements of the UPEC chuA-sfGFP fusion in the presence of CyaR or ChiX (***p < 0.001, **p < 0.01).

44 known Hfq-dependent sRNAs (Li et al., 2013). Small RNAs
that were predicted to interact within Hfq read peaks were
retained. Through this analysis, we predicted that the sSRNAs
CyaR, SgrS, SdsR, ChiX, FnrS, RyhB, DicF, SroC, and MicC may
have regulatory effects on chuA.

To confirm these predicted interactions the 5'UTR of chuA,
starting from the +1 site up until the 15th codon of the coding

presence and absence of the candidate sSRNAs expressed from
constitutive expression plasmids (Figure 1C). This revealed that
the Hfq-dependent sSRNAs CyaR and ChiX have an activating and
repressive effect on chuA, respectively.

CyaR Regulation of chuA Is Conserved in

sequence was fused to sfGFP by cloning into the plasmid
pXGIO0SE (Corcoran et al, 2012). The fluorescence of this
translational fusion was monitored in E. coli strain DH5a in the

Uropathogenic Escherichia coli
Earlier work from the Murphy Lab indicated that chuA
5'UTR from EHEC and Shigella are more closely related than
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the 5UTR from EHEC and uropathogenic E. coli (UPEC)
(Kouse et al., 2013). We next examined whether CyaR and ChiX
regulation are conserved in the divergent EHEC and UPEC
5'UTRs. In UPEC, haem acquisition using chuA is required for
maximal colonization of the kidneys (Hagan and Mobley, 2009).
The 5UTRs of EHEC and UPEC (chuAgyec and chuAypec)
chuA share 83.4% identity (Nagy et al, 2001). The UPEC
5'UTR sequence has only 67.4% identity within the Hfq-
binding site suggesting that chuAypgc may not be regulated
by Hfq-dependent sRNAs. To test whether chuAypgc is post-
transcriptionally regulated by CyaR and ChiX we constructed
a translational fusion of chuAypgpc with sfGFP and monitored
fluorescence in the presence or absence of CyaR and ChiX
overexpression plasmids. The chuAyppc fusion was activated
by CyaR consistent with our results for chuApypc but was
not significantly repressed by ChiX (Figure 1D). Notably, the
chuAypgc fusion was 55% more fluorescent than the chuAgypc
fusion. This suggests that while chuA in both pathotypes is
subject to regulation by CyaR, the divergent 5’'UTR sequence has
de-repressed chuA expression in UPEC.

CyaR Activates chuA Translation

Through Direct Base-Pairing

Both CyaR and ChiX are class II sRNAs that are known to
modulate sSRNA regulation by displacing sSRNAs from Hfq when
overexpressed (Moon and Gottesman, 2011; Santiago-Frangos
etal., 2016). To determine whether CyaR and ChiX control chuA
through direct RNA-RNA interactions with the chuA 5'UTR
or indirectly through titration of Hfq, point mutations were
made in both chuA and the sRNAs CyaR and ChiX to disrupt
the predicted interaction sites. A predicted 3 nt compensatory
mutation was made in the top scoring chuA-ChiX interaction
as predicted by IntaRNA. The M1 mutation made in ChiX
resulted in the de-repression of chuA-GFP expression. However,
this effect was not observed when the compensatory chuA
M1 mutation was introduced. This suggested that while the
nucleotides mutated in ChiX contributed to chuA regulation,
they did not interact with the predicted chuA interaction site.
A second set of compensatory point mutants (M2) were made
for the next highest scoring interaction that used the same ChiX
seed region that was previously tested. Mutations in either chuA
or ChiX alone resulted in the disruption of the chuA-ChiX
interaction, but testing the mutants together did not restore
the repression of chuA (Supplementary Figure 1). These results
indicated that while ChiX affects translation of chuA, it is not
due to a direct interaction with the chuA M1 or M2 site and may
occur indirectly.

CyaR is predicted to bind approximately 15 nt upstream of
the chuA Shine-Dalgarno sequence. The interaction between
CyaR and chuA results in a 1.3-fold activation of translation.
Mutating CyaR at the M1 site reduced CyaR activation by a
modest 8.1%, while the chuA point mutant completely abolished
the interaction (Figure 2). Providing the CyaR-M1 mutant
partially restore translational activation of chuA-M1, supporting
a direct interaction between CyaR and the 5UTR of chuA that
activates translation.

CyaR Activates ChuA Translation

Independently of Temperature

Regulation of chuA occurs on both the transcriptional and
translational level. Transcription of chuA is inhibited by Fur
when cells are grown in iron-rich conditions (Torres and
Payne, 1997), while the level of translation is dependent on the
environmental temperature. At 25°C, translation is inhibited
by the formation of a FourU RNA thermometer that occludes
the RBS (Kouse et al., 2013). This inhibitory structure lies
15 nt downstream of the CyaR binding site. To determine
whether CyaR-mediated activation of chuA translation occurs
by inhibiting the formation of this RNA-thermometer, a U273A
point mutation known to disrupt the formation of the FourU
hairpin loop was made in the 5UTR of the chuA-GFP
translational fusion (Figure 3A; Kouse et al., 2013). Expression
of wild-type and mutant chuA-sfGFP translational fusions were
monitored in the presence and absence of CyaR overexpression
plasmids at 25°C. Disruption of the RNA thermometer via
the U273A point mutation resulted in a 2.6-fold increase
in fluorescence compared to the wild-type, confirming the
FourU temperature-dependent regulation of chuA translation.
Disruption of this secondary structure however did not affect
CyaR-mediated activation of chuA, as a 1.6-fold increase in
fluorescence was observed when CyaR was provided with the
U273A mutation in chuA (Figure 3B). This demonstrated
that CyaR-mediated activation of chuA acts independently
of post-transcriptional inhibition through the FourU RNA
thermometer structure.

The chuA 5’UTR Contains a Sequence

That Inhibits Its Expression

While the activation of chuA translation by CyaR is not
due to disruption of the RNA thermometer, in silico folding
predictions on the 5’UTR of chuA indicated potential secondary
structure throughout the 5’'UTR, including some that occluded
sequences downstream of the RBS (Supplementary Figure 2).
To understand whether the activating chuA-CyaR interaction
requires structured sequences within the chuA 5'UTR, we
progressively removed sequence from the 5 end in four
truncations of the chuA-sfGFP translational fusion (Figure 4A).
Predicted secondary structure and the presence of Hfq distal face
binding motifs [(ARN),] were used as guides in making truncates
of the chuA 5'UTR (Soper and Woodson, 2008; Zhang et al., 2013;
Schu et al., 2015). A search through the 5'UTR of chuA identified
10 (ARN)4 sites with one mismatch tolerated (ARNym;). The
first truncate (T1) begins at +57 nt and removes a section that
forms two hairpins as well as 9 out of 10 ARN4m; sites. The
second (T2) and third (T3) begin at +116 and +177, respectively,
and each one removes another hairpin from the overall predicted
secondary structure while maintaining the RNA-thermometer.
The second truncate T2 also removes the last ARNysm; motif.
The fourth truncate (T4) begins at +217 and leaves only the CyaR
binding site, the RNA-thermometer, RBS and the start codon. In
the absence of the CyaR overexpression plasmid, the chuA 5 UTR
T1-T4 truncates caused 2.1-, 1.9-, 2.9-, and 9.2-fold increases
in chuA translation, respectively. CyaR was able to activate
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FIGURE 2 | CyaR activates chuA translation through direct base-pairing. (A) IntaRNA prediction of the chuA-CyaR interaction. Compensatory point mutations
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truncates T1, T2, and T4 between 20 and 40% consistent with
CyaR activation of the wild-type construct (Figure 4B). These
results indicate that CyaR does not act through alleviation of an
inhibitory secondary structure or a regulatory sequence in the
upstream +1 to +217 nt region of the 5'UTR. Notably, removing
the region between +177 and +217 nt (T3-T4) of the chuA 5UTR
resulted in a dramatic increase in chuA-GFP expression (9.2-
fold) indicating that the T3-T4 region of the 5'UTR contains
sequences or RNA structures that strongly repress expression.

chuA Is Subject to Premature

Transcription Termination by Rho

In E. coli, the average 5'UTR is approximately 25-35 nucleotides
in length (Kim et al, 2012; Evfratov et al, 2017). The
5'UTR of chuA is 291 nucleotides, making it an unusually
long UTR (Wyckoff et al, 1998; Kouse et al, 2013). In
commensal E. coli, over half of all annotated genes with long
5'UTRs (defined as >80 nt) are prematurely terminated by the
transcription termination factor Rho (Sedlyarova et al., 2016).
Further, horizontally transferred genes have been shown to be

more susceptible to regulation by Rho-dependent termination
(Cardinale et al., 2008; Peters et al,, 2012). By analyzing our
previously published Term-seq data, we noticed that there were
termination sites at positions +129, +271, and +297 within the
chuA mRNA (Figure 5A). We did not identify Rho-independent
(intrinsic) terminators within the chuA 5'UTR using ARNold
(Figure 5A; Naville et al., 2011; Sy et al., 2020). Collectively, this
suggested that transcription of the pathogenicity island encoded
chuA may be prematurely terminated by Rho.

To identify Rho-termination sites in EHEC, we sequenced
total RNA extracted from cells treated with the Rho-inhibiting
antibiotic bicyclomycin (BCM) (Zwietka et al., 1993). Rho-
termination sites were identified by using the approach adopted
by Adams et al. (2021) that previously identified termination
sites in BCM-treated E. coli cells. Consistent with earlier studies
we found that horizontally acquired regions and antisense
RNAs are enriched among genes that are up-regulated by
BCM treatment (Figure 5B; Cardinale et al, 2008; Peters
et al, 2009). Read-through scores were calculated to assess
Rho-dependent termination using previously published scripts
(Adams et al., 2021). Read-through scores were maximal for all
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three replicates (=BCM) at positions +267-273 nt correlating
well with the termination site at +271 nt identified by Term-
seq. Read-through transcription at this site was up-regulated
between 1.33- and 1.47-fold by BCM treatment indicating
that Rho prematurely terminates transcription of chuA at
position +271 (Figure 5A). To verify that chuA was subject
to premature transcription termination by Rho, we measured
the fluorescence of inducible full-length and truncated chuA-
GFP translational fusions in the presence or absence of BCM
(Figure 5A). Treatment with BCM resulted in a ~1.4-fold
increase in fluorescence for the full-length and T1-T3 chuA-
GFP constructs. No significant change was observed for chuA
truncate T4 (Figure 5C). Rho-dependent termination requires
recruitment of the Rho at upstream Rho utilization sites (rut)
and we speculate that the rut site for Rho-dependent termination
at +271 is removed in the T4 truncate. Taken together, these
results indicate that chuA is negatively regulated by Rho-
dependent termination at position +271 and this repression
requires the 30 nt between +177 and +217 nt of the chuA
5UTR.

Small RNAs can regulate Rho-dependent termination by
altering the accessibility of Rho utilization sites, either as a by-
product of translation inhibition, or by directly binding to the rut
site itself (Bossi et al., 2012; Sedlyarova et al., 2016; Chen et al.,
2019; Silva et al,, 2019). We hypothesized that CyaR may activate
chuA translation by preventing premature Rho termination
within the 5UTR. To test this, we measured the fluorescence of
our chuA-GFP translational fusion in the presence or absence
of BCM and CyaR. CyaR was able to activate translation of
chuA in the presence of BCM, indicating that CyaR activates
chuA independently of Rho termination (Figure 5D). Collectively
our data demonstrate that chuA expression is independently
regulated by CyaR sRNA, Rho terminator, and the FourU
RNA thermometer.

Expression of CyaR Is Correlated With

chuA Expression in vivo

In order to obtain a more biologically relevant representation of
the relationship between CyaR and chuA expression, we analyzed
previously published RNA sequencing data of EHEC str. EDL933
obtained during colonization of a bovine rectum, intestine and
rumen (Segura et al., 2018, 2021). Previously, these datasets have
been used to show that genes relating to iron acquisition are
differentially regulated in each of the gastrointestinal niches when
compared to minimal M9 media. We compared the expression of
both chuA and CyaR between each of the gastrointestinal niches
and we find that chuA is most highly expressed in the rectum,
followed by the rumen, then the intestine (Figure 6). These
findings are consistent with induction of chuA by environmental
signals at this site, including iron-limitation, temperature and
a gluconeogenic environment (Snider et al., 2009; Bertin et al.,
2013). We also observe this trend with CyaR expression, with
the sRNA being maximally expressed in the rectum. This
suggests that CyaR contributes to the maximal expression of
chuA in the rectum, allowing for better colonization of this
environmental niche.

A CyaR
o A
xé\ ’\\ x’(\xq’

+1

ATG
P

LtetO-1
L owasurm [ s
full length + 15 o
S N~———  T1
T ——— T2

e —— T3
T4

W

2500~ = JV300 == CyaR

2000+ |

1500+

Fkk

10004 |, L
1

ke Hkk
T T T T
T1 T2 T3 T4

chuA-sfGFP
translational fusion (MFI)

-
sl 10

full
length | |
5UTR chuA 5" UTR truncates

FIGURE 4 | The chuA 5'UTR contains a sequence that disrupts its translation
independently of CyaR. (A) Diagram indicating the positions of the different
chuA-sfGFP truncates used. (B) Fluorescence measurements of full-length
and truncated chuA-sfGFP constructs in the presence and absence of CyaR
overexpression plasmid. The position of the CyaR binding site is indicated.
Measurements are the mean median fluorescence intensity of three biological
replicates (**p < 0.001, *p < 0.01).

DISCUSSION

To successfully grow and colonize a host, pathogens utilize
systems that allow them to retrieve trace minerals required for
growth that are normally sequestered. Various pathotypes of
E. coli, including EHEC and UPEC, utilize the ChuA outer
membrane haem receptor to transport host derived haem.
Transcription of chuA is repressed in the presence of iron by
Fur (Torres and Payne, 1997), while translation is regulated by
temperature through a FourU RNA-thermometer that occludes
the RBS (Kouse et al., 2013). The combination of these two modes
of regulation allows the pathogen to sense two signals associated
with the host environment (low iron and high temperature) and
activate expression of the haem receptor inside the host. Notably,
each signal in isolation would generate many false positives when
deciding on whether the cell had entered a mammalian host.

The natural order imposed by transcription and post-
transcriptional regulation creates an AND-logic gate, where
low iron levels AND high temperature are required for
expression of chuA in the host. Here we have shown that
chuA is controlled by two additional post-transcriptional signals:
repression through Rho termination and activation through
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CyaR. CyaR acts independently of both Rho and the FourU
thermometer potentially creating a post-transcriptional OR-logic
gate. The effect of the FourU thermometer and CyaR are additive,
and either regulator can activate independently of the other. In
Boolean terms it appears that chuA uses an AND-OR logic gate
where expression requires low iron AND (high temperature OR
CyaR) (Figure 7).

Transcription of CyaR is activated by the global regulator
Crp when cyclic-AMP levels are high, such as in the absence
of glucose (De Lay and Gottesman, 2009). EHEC colonizes the
colon where the primary source of carbon is mucins. Bacteroides
thetaiotaomicron (Bt) can cleave mucins to release sugars that are
utilized by EHEC (Xu et al., 2003; Fischbach and Sonnenburg,
2011). During colonization of the gastrointestinal mucus layer
and epithelium, EHEC is likely to encounter varying niches
that include both glycolytic and gluconeogenic environments
(Miranda et al., 2004). Sensing variation in the availability of
sugars and oxygen availability have been suggested to be key
regulatory signals that allow EHEC to determine location in the
gastrointestinal tract and proximity to the epithelium (Carlson-
Banning and Sperandio, 2016). Close to the intestinal epithelium,
the relative absence of microorganisms that metabolize and
release sugars from mucins creates at gluconeogenic environment
(Conway and Cohen, 2015). Lower levels of fucose, and higher
levels of succinate reduces the level of the fucose-sensing
two-component system FusKR that induces expression of Cra.
In gluconeogenic environments, Cra can enhance binding of
the cAMP receptor protein Crp to its targets (Ryu et al., 1995).
Activation of Cra can induce expression of genes required for
T3SS and adhesion to the epithelium (Njoroge et al., 2012; Curtis
et al,, 2014; Carlson-Banning and Sperandio, 2016). Expression
of Crp can also be activated in the presence of Cra (Zhang
et al., 2014). We propose that the gluconeogenic environment
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encountered at the gastrointestinal tract provides an activating
signal for CyaR that has been incorporated into chuA regulation
as an additional signal that indicates host colonization and
haem availability. Consistent with this hypothesis, we find that
both CyaR and chuA transcription is activated in bovine rectal
samples (Figure 6).

The mechanism of CyaR activation of chuA expression
remains unclear although we have ruled out three probable
mechanisms: CyaR acts through direct base-pairing with the
chuA 5'UTR rather than general titration of Hfg, CyaR
does not disrupt the FourU RNA thermometer to override
temperature-dependence, and CyaR does not inhibit premature
Rho termination of chuA. While these results have uncovered
two additional post-transcriptional regulators of chuA (CyaR
and Rho) they also suggest that there exists an additional
repressive element in the chuA 5'UTR that is overcome by CyaR
binding. We note that our chuA-GFP translational fusion reports
on multiple post-transcriptional processes including translation
efficiency and mRNA stability, and that CyaR may be modulating
either of these to affect chuA expression.

Our Term-seq data indicates that the chuA 5'UTR is
terminated at positions +129, +271, and +297 with position
+271 nt maximally sensitive to treatment with BCM. Using
truncates of the chuA 5'UTR we have also found that the
sequence between +177 and +217 nt (T3 and T4) represses
chuA expression almost 10-fold. We suggest that Rho associates
with the nascent chuA transcript between +177 and +217 nt to
terminate transcription at +271 nt. Small RNAs can promote
or occlude rut sites to control Rho termination in response to
regulatory signals (Sedlyarova et al., 2016; Silva et al., 2019) and
it remains plausible that Rho termination is modulated by yet
another regulatory signal.

The chuA encoded haem receptor is transcribed as a
bicistronic transcript with the haem oxygenase chuS. In previous
work we showed that chuS expression is repressed by the sSRNA
FnrS that is induced under anaerobic conditions, consistent

with ChuS requiring oxygen for activity. FnrS repression
is over-ridden by the sRNA sponge AsxR transcribed from
the Shiga toxin 2 encoding bacteriophage Sp5 (Tree et al,
2014). Collectively, expression of chuAS is subject to an
impressive level of post-transcriptional regulation that provides
complex integration of environmental signals beyond low iron
(transcriptional regulation by Fur). These post-transcriptional
signals appear to provide a much more accurate interpretation of
the environment to indicate whether haem transport is required
(i.e., whether EHEC is at the gastrointestinal epithelium). The
logic of the regulatory circuit that controls chuAS expression is
outlined in Figure 7.

Post-transcriptional regulation appears ideally suited to this
layering of logic gates because the natural order (dependence)
imposed by transcriptional and post-transcriptional signals
creates AND gates. There are at least three ordered layers
of AND gates in the chuA transcript that need to be
satisfied before the next layer of signals are incorporated.
Fur-dependent transcription, Rho-dependent termination,
and post-transcriptional control through sRNAs or the
FourU thermometer. Together these form an elegant set of
AND, OR, and NOT gates that interpret the environment
and genetic background of the host (the later through the
EHEC-specific sRNAs AsxR and Esr4l) (Figure 7). The
extensive post-transcriptional logic of the chuAS operon
suggests that layered post-transcriptional regulation can create
complex regulatory logic gates to integrate and interpret
environmental signals.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Bacterial strains, oligonucleotides and plasmids used for this
study are listed in Supplementary Table 1. E. coli was routinely
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grown at 37°C in liquid Luria-Bertani (LB) broth or on solid LB-
agar plates. Bacterial media was supplemented with ampicillin
(100 pg/mL) or chloramphenicol (34 jLg/mL) where appropriate.
For inhibition of Rho termination, bicyclomycin (BioAustralis,
50 pg/mL) was added to exponential phase (ODggg = 0.6) cultures
for 30 min before being assayed.

In silico Prediction of Interacting sRNAs

A list of published sSRNAs present in enterohemorrhagic E. coli
was taken from the Bacterial Small Regulatory RNA Database
(Lietal,2013). sRNAs listed as not being Hfq-binding were
filtered out, and the sequences of the remaining sRNAs were
input into IntaRNA (Busch et al., 2008; Wright et al., 2014; Mann
et al., 2017) to search for interactions with the 5UTR of chuA.
sRNAs that were predicted to bind to regions of the chuA 5UTR
that were not Hfq-binding were removed from consideration.

Construction of GFP-Translational
Fusions and sRNA Expression Vectors

for Testing sSRNA-mRNA Interactions
Plasmids pXGI10SF containing the full-length and truncated
chuA-GFP translational fusion and pZE12 carrying candidate
sRNAs were cloned according to method described in Urban and
Vogel (2007). Briefly, the 5'UTR of chuA and candidate sSRNAs
were amplified from genomic DNA using primers identified in
Supplementary Table 1. The chuA-GFP translational fusion was
inserted using Nhel-Nsil restriction cloning. Candidate sRNAs
were inserted by first linearizing pZE12-luc using primers pLlaco-
B and pLlaco-D. The linearized amplicon, as well as the candidate
sRNA amplicon were digested using Xbal and ligated together
using T4 DNA ligase.

Mutations were made in the chuA or sRNA sequences by
using the Quikchange XL mutagenesis kit (Agilent) according
to the manufacturer’s instructions. Primers for mutagenesis were
designed using the Quikchange primer design program.'

Confirmation of sRNA-chuA Interactions
Using the sfGFP 2-Plasmid System

The expression of sfGFP was monitored and quantified with
and without candidate sRNAs using a BD FACSCanto II or a
BD LSRFortessa™ Special Order Research Product cell analyzer.
Fluorescence was measured using a 530/30 nm bandpass filter.
Forward scatter (FSC) and side scatter (SSC) were also measured
to gate the bacterial population. For each sample, at least 100,000
events were recorded. Data was analyzed using Flow]o software
(BD) and statistics were calculated using Prism 8 (GraphPad)
to obtain each sample’s mean median fluorescence intensity
(mean MFI). p-Values were calculated using a standard two-tailed
Student’s ¢-test.

Plasmids expressing the wild-type or mutant chuA-GFP
translational fusion and those expressing candidate sSRNAs were
co-transformed into E. coli DH50 or TOP10F'. Three colonies
from each transformation were purified and grown overnight in
LB broth. Overnight cultures are subcultured 1/100 in 0.22 pm

Uhttps://www.agilent.com/store/primerDesignProgram.jsp

filtered LB broth and grown to exponential phase (ODgpo = 0.6).
Expression of the chuA-GFP translational fusions were induced in
TOP10F using 200 nM of anhydrotetracycline. These are diluted
fivefold in 0.22 wm-filtered PBS, then read on the flow cytometer
as described above. Plasmid pJV300 expressing a scrambled
sRNA, and pXG1 and pXGO plasmids expressing GFP and Lux,
respectively, were used as controls.

RNA Secondary Structure Prediction

The secondary structure for the 5UTR of chuA was predicted
using the mfold* and RNAfold webservers (Zuker, 2003; Lorenz
et al,, 2011). Figures were drawn on RNAStructure version 6.0.1
(Reuter and Mathews, 2010). ARN motifs were detected using
custom scripts previously used in Tree et al. (2014).

RNA Sequencing of

Bicyclomycin-Treated Cells

Three single colonies of E. coli O157:H7 str. Sakai stx- were
grown for 16 h in LB broth. The following day, these subcultured
1/100 in MEM-HEPES supplemented with 0.1% glucose and
250 nM Fe(NOs3)3. At an ODggo of 0.75, cultures were split
into two (treated and untreated), and 50 pLg/mL of bicyclomycin
was added to the treated sample. Cultures were incubated for
a further 15 min, followed by addition of RNA stop solution
(5% water-saturated phenol in ethanol). RNA was extracted
using guanidinium thiocyanate-phenol as previously described
in Tollervey and Mattaj (1987). Genomic DNA was digested
using RQ1 DNase (Promega) and RNA was cleaned using another
phenol-chloroform extraction. Total RNA was ribodepleted using
the Zymo-Seq RiboFree Total RNA library kit and libraries were
prepared using the Illumina NextSeq 500/550 Mid-Output Kit.
Samples were 2 x 75 bp paired-end sequenced on an Illumina
NextSeq 500 platform. Library preparation and sequencing
were performed by the Ramaciotti Centre for Genomics in the
University of New South Wales, Sydney, NSW, Australia.

RNA Sequencing Analysis and
Identification of Rho-Dependent

Transcripts

RNA sequencing data for in vivo analysis was taken from SRA
accession number SRP136076. Alignment and DEseq analysis of
RNA sequencing output was done using the “align,” “coverage,”
“gene-quanti, and “deseq” modules of READemption v1.0
(Forstner et al., 2014) using default settings.

To identify Rho-terminated transcripts, fastq files were re-
aligned to the E. coli O157:H7 str. Sakai genome (accession
number: NC_002695.2) using BWA-MEM (v0.7.17) (Li and
Durbin, 2010). BAM files were generated using samtools (v.1.10)
(Li et al., 2009) and 3’ end read counts were calculated
using the genomecov tool from bedtools (v2.27.1) (Quinlan
and Hall, 2010). Rho readthrough scores were calculate using
the program RhoTerm-Peaks using a window size of 250 nt
(Adams et al., 2021).

Zhttps://unafold.rna.albany.edu/?q=mfold
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In Escherichia coli the expression of type 1 pili (T1P) is determined by the site-specific
inversion of the imS ON-OFF switch located immediately upstream of major fimbrial
subunit gene fimA. Here we investigated the role of virulence (Ler, GriIR, and GrlA) and
global regulators (H-NS, IHF, and Fis) in the regulation of the fimS switch in the human
enteropathogenic E. coli (EPEC) O127:H6 strain E2348/69. This strain does not
produce detectable T1P and PCR analysis of the fimS switch confirmed that it is
locked in the OFF orientation. Among the regulator mutants analyzed, only the Afis
mutant produced significantly high levels of T1P on its surface and yielded high titers
of agglutination of guinea pig erythrocytes. Expression analysis of the fimA, fimB, and
fimE promoters using lacZ transcriptional fusions indicated that only PfimA activity is
enhanced in the absence of Fis. Collectively, these data demonstrate that Fis is a
negative regulator of T1P expression in EPEC and suggest that it is required for the
FimE-dependent inversion of the fimS switch from the ON-to-OFF direction. It is
possible that a similar mechanism of T1P regulation exists in other intestinal and
extra-intestinal pathogenic classes of E. col.

Keywords: Fis, phase variation, fimS switch, type 1 pilus, EPEC

INTRODUCTION

Type 1 pili (T1P) are hair-like structures produced by Escherichia coli strains and other
members of the Enterobacteriaceae (Werneburg and Thanassi, 2018). The clinical importance
of TIP has been clearly demonstrated in the pathogenesis of uropathogenic E. coli (UPEC)
strains that colonize and cause disease in the urinary tract (Welch et al., 2002; Flores-Mireles
et al., 2015). In the bladder, T1P mediate bacterial attachment of UPEC to mannose-containing
receptors present on epithelial cells. T1P are also important colonization factors of avian
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pathogenic E. coli strains that cause respiratory disease and
adherent-invasive E. coli (AIEC) strains that cause inflammation
of the colon (La Ragione et al, 2000; La Ragione and
Woodward, 2002; Kaper et al., 2004; Martinez-Medina and
Garcia-Gil, 2014; Yang et al., 2020). The role of T1P in the
pathogenesis of enteropathogenic E. coli (EPEC), a cause of
childhood diarrhea in the developing world, remains unclear.
An early study in human volunteers fed with EPEC strain
E2348/69 showed that antibodies against T1P are developed
during infection suggesting that these pili are produced in
vivo (Levine et al., 1978). However, the contribution of T1P
to the adherence and colonization of the small bowel has
not been studied. In contrast, T1P appear to play an important
role in the interaction of BFP-negative atypical EPEC strains
with abiotic surfaces favoring biofilm formation (Hernandes
et al., 2013; Nascimento et al., 2014).

T1P cause mannose-sensitive agglutination of guinea pig
and fowl erythrocytes (Abraham et al., 1985; Klemm, 1986;
Spaulding et al., 2018). These pili are composed of a major
repeating FimA 17kDa-subunit that form a helical structure
of about 0.5 to 2.0pm in length and a diameter of 7nm
(Hahn et al., 2002; Puorger et al, 2011). At the tip of the
filament sits the FimH adhesin protein, which forms a fibrillum
structure responsible for the receptor mannose-binding
specificity (Puorger et al., 2011). Regulation of fimbrial expression
in E. coli is determined in general by regulatory genetic
elements as well as by environmental signals (Roesch and
Blomfield, 1998; Hung et al., 2001; Blomfield and van der
Woude, 2007; Miiller et al., 2009; De la Cruz et al, 2017;
Matter et al, 2018; Ares et al, 2019). Determining what
fimbriae are expressed at particular sites in the host is crucial
for the microorganism for tissue colonization and survival
against the immune system and to adapt to different hosts
and environments. The chromosomal fimAICDFGH gene cluster
encode the machinery for T1P assembly (Klemm, 1986; Remaut
et al., 2006). fimA is transcriptionally regulated by a phase
variation mechanism involving the inversion of a 314-bp
chromosomal DNA segment (fimS) located immediately
upstream of fimA (Abraham et al., 1985; Klemm, 1986). The
fimA promoter is believed to reside within this invertible fimS
element and directs transcription of the fimAICDFGH gene
cluster when fimS is in the ON orientation promoting production
of pili. In the alternate OFF orientation, no pili are produced
(Freitag et al., 1985; Blomfield et al, 1991). Further, T1P
phase variation is controlled by two recombinases encoded
by fimB and fimE, located upstream of fimA (Klemm, 1986;
Dorman and Higgins, 1987). Both recombinases bind to specific
half-sites that flank, and overlap with, the left and right inverted
repeats (IRL and IRR, respectively; Gally et al.,, 1996). FimE
and FimB act in opposite ways such that FimE shows a strong
preference for the fim$ switch in the OFF orientation whereas
FimB facilitates switching in both directions (Klemm, 1986;
McClain et al., 1991, 1993; McCusker et al., 2008). In wild-
type cells, FImE activity predominates over FimB and hence,
most bacteria are non-piliated. fimB mutants retain FimE thus
they are locked in the OFF orientation (Klemm, 1986; McClain
et al, 1993; Gally et al.,, 1996).

Several other regulatory DNA-binding proteins also bind
to and affect the inversion of the fimS switch including the
integration host factor (IHF), the histone-like protein (H-NS),
and the leucine-responsive global regulatory protein (Lrp;
Schmid, 1990; Blomfield et al., 1993; Finkel and Johnson, 1993;
Roesch and Blomfield, 1998; Bessaiah et al., 2022). In wild-
type strains, normal expression of fimA requires IHE, whereas
IHF mutants have expression of fimA locked either in the
ON or OFF phase. IHF plays a dual role in controlling fimA
expression as it is required both for inversion of the fimA
control region and efficient expression from the fimA promoter
and this protein was shown to bind with high affinity to two
sites within the fimS invertible element (Dorman and Higgins,
1987; Blomfield et al., 1997). The DNA-binding protein Lrp
is involved in transcriptional activation and repression of
metabolic genes in E. coli and it binds to the fimS switch
promoting phase variation (Blomfield et al., 1993; Gally et al.,
1993; Calvo and Matthews, 1994). Lrp binds to two sites in
or near the fimS switch, where it acts positively on DNA
inversion. This protein alters the trajectory of the invertible
element to enhance the formation of a synaptic complex for
recombination. Interestingly, both binding sites for Lrp and
for THF are overlapped, suggesting a possible interaction between
these two regulators (Blomfield et al., 1993; Gally et al., 1994;
Kelly et al., 2006).

Fis, the factor for inversion stimulation, is an E. coli host
factor required for in vitro DNA inversion (Johnson et al.,
1986; Koch et al., 1988; Finkel and Johnson, 1993). Fis affects
the expression of multiple genes by binding to promoters
containing the degenerate sequence 5GNNC/TA/TNNA/TNNT/
CG/ANNC3, where N can be any base (Finkel and Johnson,
1993; Hengen et al, 1997; Schneider et al., 2001; Feldman
et al, 2006). Fis alters the conformation of DNA through
bending as well as through contact with the a-subunit of RNA
polymerase (Thompson et al., 1988; Bokal et al., 1997; Dorman
and Deighan, 2003). Fis participates in site-specific recombination
events, such as in the excision of the lambda phage, and acts
as an enhancer of site-specific DNA inversion (Gille et al.,
1991). Fis is a key activator of exponential phase genes and
a repressor of stationary phase genes (Ross et al, 1990; Ball
et al., 1992; Xu and Jhonson, 1995; Gonzalez-Gil et al., 1996;
Kelly et al., 2004; Mallik et al.,, 2004; Lenz and Bassler, 2007;
Duprey et al., 2014).

In EPEC, Fis activates transcription of E. coli type three
secreted proteins genes (espA, espB, and espD), and the
virulence regulator gene ler, and represses expression of the
bundle-forming pilus gene (bfpA; Goldberg et al., 2001).
Fis also acts as a negative regulator of curli in EPEC and
Enterohemorrhagic E. coli (EHEC) O157:H7 (Saldana et al,,
2009). The present study was initiated to investigate the
role of global and virulence factors on the expression of
T1P in EPEC and to further understand how the ON-OFF
phase variation switch works in this organism. The data
support a role for Fis as a negative regulator in the fimS$
phase variation switch of the fim operon. This study advances
our knowledge on the regulation of a pilus structure that
is widely distributed among the Enterobacteriaceae.
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RESULTS

Comparative Analysis of the fim Operon of
Different E. coli Pathotypes

The nucleotide sequence of the fim operon of representative
prototypic strains of EPEC, UPEC, NMEC, AIEC, EHEC, EAEC,
and ETEC was analyzed using the NCBI Multiple Sequence
Alignment Viewer, version 1.21.0. This analysis shows that the
fim operon is highly conserved among the E. coli pathotypes,
ranking from 97% to 98% identity (Supplementary Figure 1).
We then sought to determine the homology of the fimS invertible
element if these E. coli pathotypes. The T-Coffee software was
used to align the sequences. (Supplementary Figure 2). The
analysis shows that the fimS switch is highly conserved among
the E. coli.

Fis is a Negative Regulator of T1P

Ultrastructural analysis of EPEC E2348/69 by electron microscopy
has revealed that this strain does not produce detectable amounts
of T1P when growing in Luria-Bertani (LB) broth at 37°C,
suggesting that expression of T1P is under the influence of a
strict regulatory control. A PCR-based analysis of the fimS
switch of EPEC E2348/69 showed that this fim switch is locked
in the OFF orientation. We set out to investigate the reason(s)
for the lack of T1P in EPEC and so we began by studying
the effect of mutations in virulence (perABC, ler, grlA, and
griR) and global (hns, ihf, rpoS, and fis) regulator genes in
the production of T1P. These virulence and global regulators
regulate the expression of EPEC chromosome- and plasmid-
encoded virulence factors. Among all of the mutants analyzed,
only the Afis mutant showed a dramatic effect on fimA expression.
Namely, a significant increase of FimA synthesis was detected
with anti-T1P antibodies by immunoblotting, a 50-fold increase
in T1P production was recorded employing flow cytometry,
and fimA expression by RT-PCR when compared to the wild-
type strain and the other mutants (Figures 1A-C). Transmission
electron microscopy analysis of the E2348/69Afis mutant
(Figure 2C) confirmed these results, which showed an increased
production of fimbriae on the surface of the bacteria as compared
to E2348/69 (Figure 2A). Immunogold labeling with anti-T1P
antibody confirmed the presence of T1P on the surface of
E2348/69Afis (Figure 2D). No gold labeling was observed on
E2348/69 (Figure 2B). To further confirm the identity of the
pili structures produced by the Afis mutant, we purified the
pili as described in Experimental Procedures. The pili purified
from the E2348/69Afis mutant dissociated into 17kDa protein
subunits after HCl treatment in SDS-PAGE gels
(Supplementary Figure 3) and the peptides generated after
trypsin digestion were analyzed by mass spectrometry. The
amino acid sequence of these peptides corresponded to the
FimA amino acid (AATTVNGGTYV) sequence of E. coli K-12
(data not shown). Given that T1P mediate mannose-sensitive
hemagglutination (HA) of guinea pig red blood cells, we tested
the ability of E2348/69Afis and the wild-type strain to
hemagglutinate guinea pig erythrocytes in the presence and
absence of 1% D-mannose. While the wild-type strain showed

no HA reaction, the E2348/69Afis showed a high HA titer of
1:1,024 (Figure 2E). This result correlates with the electron
microscopy and immunoassays described above.

Role of Temperature in Regulation of fimA
In most laboratory E. coli strains the production of T1P is
favored by growth in static liquid cultures at 26°C. We wanted
to know if temperature had a role in the regulation of T1P
in EPEC. Thus, we compared T1P production and transcription
levels of fimA in the E2348/69 wild-type strain, the Afis mutant,
and the Afis mutant complemented with fis on a plasmid.
The data show that T1P production in the Afis mutant is
increased 68-fold and 16-fold at 37°C and 26°C, respectively,
with respect to the wild-type strain. E2348/69 produced extremely
low levels of T1P at either temperature. Complementation of
the Afis mutant with fis on pUC19 (Figure 3A) or low-copy
plasmid pBR322 (data not shown) resulted in the absence of
TIP as shown for the wild-type strain at both temperatures.
These results are in line with the fimA expression data obtained
by RT-PCR (Figure 3B).

The Orientation of the fimS Switch
Correlates With the Strain Phenotype

The fimS switch contains a promoter that directs transcription
of the fimA subunit gene in one orientation (ON), but not
in the other (OFF) orientation (McClain et al., 1991). To learn
about the orientation of the fimS switch in E2348/69 and the
Afis mutant we used PCR with different sets of forward and
reverse primers derived from different regions of the fimS
switch. Amplicons of the expected sizes were obtained in all
but two of the combinations of primers in E2348/69; no
amplicons were obtained with F1F2 and R1R2 primers confirming
that the fimS switch in the wild-type strain E2348/69 is locked
in the OFF orientation. In contrast, the fis mutant showed a
mixed population of variants containing the fimS invertible
element in the ON and OFF orientations as determined by
the size of the PCR products that were obtained with all the
combinations of primers tested (Figures 4A-C).

Role of Fis in the Transcriptional
Expression of the fimA, fimB, and fimE
Promoters

We wanted to elucidate if the negative effect on the expression
of TIP by Fis was at the level of transcription of the fimbrial
subunit gene fimA or the recombinases fimB and fimE. For
this purpose, transcriptional fusions containing the promoter
regions of fimA, fimB, and fimE were fused to the promoter-
less f-galactosidase reporter gene in plasmid pMBL1034. The
resulting fusions were sequenced for confirmation and the
plasmids mobilized into EPEC E2348/69 and the Afis mutant.
Transcriptional analysis of these fusions was performed with
the strains growing at 25°C and 37°C in LB broth. E2348/69
carrying the p-galactosidase reporter gene alone in plasmid
pMLB1034 was used as negative control. While a 4.7-fold
(Figure 5A) and 10-fold increase in transcription activity of
the fimA promoter (PfimA) was obtained in E2348/69Afis at
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FIGURE 1 | Fis is a negative regulator of T1P. (A) Western blot and (B) flow cytometry, using antibodies raised against T1P revealed that E2348/69 does not
produce detectable amounts of T1P compared to the Afis mutant. (C) RT-PCR using primers for fimA gene.

37°C and 25°C, respectively, with respect to the wild-type
strain carrying the pMLB1034, no significant transcriptional
activity was seen in the strains carrying the PfimB or PfimE
fusions (Figure 5B). It is clear from these experiments that
in the absence of Fis, particularly at 25°C, the inversion of
the fimS switch is favored to the ON orientation allowing
transcription from the PfimA only and yielding increased
production of T1P. This result suggests that the negative effect
of Fis is not at the level of transcription of any of the
recombinases but most likely due to the binding of Fis to
PfimA region, cooperating with FimE in locking the fimS switch
to the OFF position.

FimE Recombinase Requires Fis to
Efficiently Invert the fimS Switch to the
OFF State

Next, we wanted to determine if the mechanism of inversion
of the fimS switch required Fis. Our hypothesis was that
the FImE recombinase requires Fis to efficiently invert the
fim$S switch to the OFF state. The data obtained so far

indicated that in the absence of Fis, high levels of fimA
expression are displayed. We inquired if this result was
caused by a shift of the fimS switch as a consequence of
the absence of Fis. Thus, we constructed a set of double
and triple mutants of fimE, fimB, and fis containing the
fimS switch locked in the ON or OFF orientation. The
mutants were then complemented with fimE on a plasmid.
The strains generated were grown overnight in LB medium
at 37°C and processed for flow cytometry using anti-T1P
antibodies (Figure 6). Similar levels of T1P production were
found in the Afis mutant, the double AfimBE, and triple
AfisfimBE mutants in which the fimS switch is locked in
the ON orientation (Figure 6). Interestingly, when the
AfimBE-ON strain was complemented with pFimE, the
production of T1P returned to wild-type levels. However,
the AfisfimBfimE strain in the same orientation complemented
with pFimE showed 2-fold reduction in T1P production
with respect to the triple mutant, but yet, expressed 5 times
more T1P than the wild-type strain, suggesting that FimE-
mediated inversion of the fimS switch to the OFF state
requires Fis.
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E2348/69

Afis

FIGURE 2 | Transmission electron microscopy and hemagglutination. (A,B) Negative staining and immuno-staining of E2348/69 showing no production of T1P.
(C,D) Negative staining and immuno-gold labeling of E2348/69Afis producing abundant T1P. Magnification bars, 0.5 pm. (E) Hemagglutinations (HA) showing (1)
E2348/69, which does not produce T1P and consequently does not produce HA; (2) E2348/69Afis produces T1P and shows strong HA titer. (3) RBCs alone as
negative control. The HA assay was done with 1% guinea pig red blood cells (RBCs) with the bacteria in the dilutions noted above.
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FIGURE 3 | Complementation of E2348/69Afis with fis on a plasmid restores negative regulation. (A) Flow cytometry and (B) Western blot to determine production
of T1P by wild-type E2348/69, E2348/69Afis mutant, and E2348/69Afis complemented with fis on pUC19. These data are the mean of at least three experiments
performed in triplicate on different days. **p<0.01; **p<0.001.

DISCUSSION well-recognized as a virulence factor in the pathogenesis

scheme of UPEC and APEC, the role of T1P in the colonization
T1P are the most common and best-characterized fimbrial  of the human gut mucosa by EPEC is uncertain. Production
adhesins in the Enterobacteriaceae family. While T1P is of T1P is transcriptionally regulated by phase variation, a
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fimS in OFF state

GAAGAAGCTTGATTTAACTTATTGATAATAAAGTTAAAAAACAAATAAATACAAG
Primer F1>
ACAATTGGGGCCAAACTGTCTATATCATAAATAAGTTACGTATTTTTTCTCAAGCATA
AAAATATTAAAAAACGACAAAAAGCATCTAACTGTTTTATATGTAAATTATTTCTCTTG
TAAATTAATTTCACATCACCTCCGCTATATGTAAAGCTAACGTTTCTGTAGCTGA
Primer F2 >
CGCAACTTCCTCATTCTTCTCTCCAAAAACCACCTCATGCAATATAAAAAACTGCAA
ATAAAGATAACTATAGAACATTAAGCCAACAAATAAACTGAAAAAGTTTGTGCGC
€ Primer R2
GATGCTTTCCTCTATGAGTCAAAATGGCCCCAAATGTTTCATCTTTTGGGGGAAAAC
TGTGCAGTGTTGGCAGTCAAACTCGTTGACAAAACAAAGTGTACAGAACGACTGCC
CATGTCGATTTAGAAATAGTTTTTTTAAAGGAAAGCAGCATGAAAATTAAA
€ Primer R1

fimS in ON state

GAAGAAGCTTGATTTAACTTATTGATAATAAAGTTAAAAAACAAATAAATACAAG
Primer F1>
ACAATTGGGGCCATTTTGACTCATAGAGGAAAGCATCGCGCACAAACTTTTTICAGT
TTATTTGTTGGCTTAATGTTCTATAGTTATCTTTATTTGCAGTTTTTTATATTGC
Primer R2 >
ATGAGGTGGTTTTTGGAGAGAAGAATGAGGAAGTTGCGTCGAGCTACAGAAACGT
TAGCTTTACATATAGCGGAGGTGATGTGAAATTAATTTACAAGAGAAATAATT
€ Primer F2

TACATATAAAACAGTTAGATGCTTTTTGTCGTTTTTTAATATTTTTATGCTTGAGAAA
AAATACGTAACTTATTTATGATATAGACAGTTTGGCCCCAAATGTTTCATCTTTTGG
GGGAAAACTGTGCAGTGTTGGCAGTCAAACTCGTTGACAAAACAAAGTGTACAGAA
CGACTGCCCATGTCGATTTAGAAATAGTTTTTTTAAAGGAAAGCAGCATG
AAAATTAAA
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E2348/69 OFF Afis MIX
A A
~ ~

- o N = o N = N N © I

4 % % = X I % % = x Sets of primers fimS Phase

L T ¥ ¥ N ¥ SO o < ' T VN VN T o
650 F1/R1 = Product 504 bp ON or OFF

~ -

500 —»| . F1/R2 =Product 326 bp OFF
400 —» - - - - F2/R2 = Product 140 bp  ON or OFF
300 — . F2/R1 =Product 318 bp OFF
200 — - - F1/F2 =Product 246 bp ON
100 —>| R1/R2 =Product 398 bp ON

the right.

FIGURE 4 | Orientation of the fimS invertible element in EPEC strains. (A) The nucleotide sequence of the region upstream of the fimA structural gene in E2348/69
(Abraham et al., 1985; Klemm, 1986) contains the fimS invertible element locked in the OFF orientation. Putative Fis-binding sites are denoted in green.

(B) Sequence of the fimS switch oriented in the ON position. The stop codon (TGA) of fimE and the start codon (ATG) of fimA are denoted in bold red. The inverted
repeat (IR) sequences, IRL (left) and IRR (right), are indicated in blue. The transcription start [A] of the fimA promoter is highlighted in yellow. The underlined
nucleotide sequences show the binding sites of the primers used in the PCR reaction and the arrows indicate the direction of each primer. (C) PCR with different
sets of primers show that the Afis mutant is a mixture of cells containing the fimS invertible element oriented in either ON or OFF position. In contrast, the fimS
switch in the E2348/69 is oriented in the OFF position. The set of primers used, products expected, and the fimS phase for each set of primers used are shown on

mechanism that involves the inversion of the fimS switch
located immediately upstream of fimA (Abraham et al., 1985;
Klemm, 1986) allowing for two different orientations (ON
and OFF). The phase variation of T1P allows a population
of bacteria to generate a number of phenotypic variants,

some of which may be better suited to colonize certain
host niches, for example UPEC expresses T1P in the bladder
where it can bind the mannose-rich uroplakin receptors
(Thumbikat et al., 2009). As the bacteria ascend to the
kidneys the pH drops and the osmolarity increases, which
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FIGURE 5 | Analysis of transcriptional expression. Fusion constructs consisting of fimA, fimB, and fimE promoters fused to the promoter-less -galactosidase
reporter gene were employed to quantitatively determine the expression of fim promoters. (A,B) A 3-fold and 10-fold increased activity of the PimA promoter in the
E2348/69Afis was recorded at 37°C and 25°C, respectively, in comparison with the wild-type strain. No transcriptional activity was seen in the rest of the fusions.
E2348/69 and E2348/69Afis carrying pMLB1034 were used as negative controls. These data are the mean of at least three experiments performed in triplicate on
different days. *p<0.01; **p<0.001.

FIGURE 6 | FimE recombinase requires Fis to efficiently switch the fimS
to the OFF state. T1P expression analysis using double and triple mutants
in fimB, fimE, and fis with the imS switch locked in either ON or OFF
orientation and complemented with pFimE to evaluate T1P production.
T1P was detected by flow cytometry using specific rabbit antibodies anti-
T1P and goat anti-rabbit IgG Alexa Fluor conjugate. The Afis, AfimBE ON,
and Afis AfimBE ON strains with the fimS locked in the ON orientation
produce high levels of T1P pili. Although the E2348/69 Afis strain has a
mix of the fimS orientations. No T1P expression was detected in the
AfimBE::Cm and Afis::Km AfimBE::Cm strains with the fimS locked in the
OFF orientation. Interestingly, a 20-fold expression of T1P was displayed
in the Afis::Km AfimBE::Cm ON strain (fimS locked in the ON orientation)
complemented with pFimE plasmid as compared to the AfimBE::Cm ON
pFimE strain (imS locked in the ON orientation), which was able to switch
the fimS element to the OFF state completely. These data are the mean of
at least three experiments performed in triplicate on different days.
*0<0.01.

trigger H-NS, RpoS, and OmpR regulators to directly or

100 3r°c indirectly shut down fimB and fimE expression and to lock

) the fimS element in the phase-OFF position (Schwan, 2011).

R 80+ Therefore, the expression of fim genes is most optimal during
%r 7 stationary growth phase, in liquid broth, at temperatures
= 60 below 37°C, and under low osmolarity. It is clear then that
o i expression of T1P is tightly controlled by regulatory genes
2 40-_ —_ that determine whether the bacteria will produce or not
SEPR T1P during interaction with the host or under in vitro
i conditions. Many global regulators, such as H-NS, integration

0- host factor (IHF), RpoS, leucine-responsive regulatory protein
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& ’ 6@3" & @o &Q @0 &OQ factors, have also been shown to affect T1P expression in
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« £ é{,l*& v&\“\ g\\&% vf'\\“\ ,i\\(\(b 2008; Bessaiah et al., 2022). In AIEC, Fis represses expression

v & :l_&v v of fimE, and consequently, the fimS switch is oriented in

& ¢ the OFF position (Miquel et al., 2010). The role of Fis in

the regulation of T1P in EPEC is so far unknown.

In the present study, we inquired about the reasons why
E2348/69 lacks T1P although it contains an intact T1P operon.
We began by asking if any of the best-known global and
virulence regulators described in EPEC played a role in the
negative regulation of T1P. E2348/69 isogenic mutants in perABC,
ler, grlA, and griR (virulence regulators) as well as in hns, ihf,
rpoS, gqseA, and fis (global regulators) were tested for the
production of T1P. To our surprise, only the Afis mutant
showed a significant increase of FimA synthesis and T1P
production, strongly suggesting that Fis acts as a negative
regulator of fimA expression.

This led us to hypothesize that in wild-type conditions
Fis is involved in maintaining the phase variation fim$ switch
oriented in the OFF position and probably is acting in
concert with the FimE recombinase to repress fimA expression.
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This is confirmed by the high levels of fimA expression
found in the Afis mutant Interestingly, we did not find
downregulation of fimE occurring in the fis-negative mutant.
This is in contrast to a published report on AIEC strain
LF82 that showed that a LF82Afis mutant exhibited
upregulation of fimE indicating that Fis promotes orientation
of the fimS switch in the OFF state by downregulating the
expression of the FimE recombinase (Miquel et al., 2010).
These data suggest that the regulation exerted over the fim
operon by the Fis-FimE couple occurs in various ways in
different pathogenic E. coli strains.

The fimS switch contains a promoter that directs the
transcription of the fimA subunit gene in the ON orientation
but not in the other (McClain et al., 1991). An important
question to address was to determine the orientation of
the fim$ switch in E2348/69 to explain why T1P production
is on the OFF state and to inquire about the role of Fis
in this event. Thus, using different set of primers derived
from different regions of the fimS switch we compared
amplificons obtained in the wild-type and the Afis mutant.
The analysis of the amplicons confirmed that the fimS switch
in the wild-type strain E2348/69 is locked in the OFF
orientation while the fis mutant displayed a mixed population
of variants containing the fimS invertible element in the
ON and OFF orientations. It is tempting to speculate that
having a mix population of bacterial cells in the ON and
OFF states would be of benefit for attachment to intestinal
mannose receptors or for detachment from the gut to exit
and colonize other hosts, respectively. The data indicate
that the presence of Fis ensures the OFF orientation of
the fimS switch and therefore we hypothesized that perhaps
Fis does this by regulating the expression of fimA or the

fimB and fimE recombinase genes (Figure 7). Using promoter-
less P-galactosidase transcriptional fusions containing the
promoter regions of fimA, fimB, and fimE we determined
transcription levels of these genes in E2348/69 and the Afis
mutant growing at 25°C and 37°C in LB broth. Except for
the PfimA whose expression increased in the Afis mutant
at both temperatures, no significant transcriptional activity
was seen in the strains carrying the PfimB or PfimE fusions.
Thus, in the absence of Fis, particularly at 25°C, the fimS
switch is oriented in the ON position yielding increased
fimA expression and production of TIP. In contrast, when
Fis is present, T1P expression is repressed likely due to
the binding of Fis to the fimS element and together with
FimE, they lock the fimS switch on the OFF orientation.
To confirm this, we constructed double and triple mutants
fimE, fimB, and fis containing the fimS locked in the ON
or OFF orientation and complemented the mutants with
fimE on a plasmid (pFimE). T1P production was similar
in the Afis, the double AfimBE and triple AfisfimBE mutants
with the fimS switch locked in the ON orientation. Notably,
the AfimBE-ON(pFimE) strain displayed wild-type levels
of T1P while the AfisfimBE-ON(pFimE) strain expressed 5
times more TI1P than the wild-type strain. In all, these
data strongly suggest that the FimE-mediated inversion of
the fimS switch to the OFF state requires Fis. It is possible
that Fis stimulates site-specific DNA recombination in
conjunction with FimE.

The E. coli Fis protein regulates a diverse set of reactions
including recombination, transcription, and replication
(Finkel and Johnson, 1993) and it does this by binding
to specific promoter DNA sequences whose base composition
varies enormously. In this study, we sought to investigate

Recombinases Pilin Chaperone
fimB fimE fimA fiml fimC
/fimS "~~~ _
/, ~~

K Switch AR
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FIGURE 7 | Model for the role of Fis in the site-specific inversion of the imS switch in EPEC. The orientation of the fimS invertible segment (314 bp long) located
between fimE and fimA, is controlled by two recombinases, FimB and FimE. FimE locks the fimS switch in the OFF orientation while FimB inverts the fimS switch in
both directions. The fimS switch is flanked by the left and right inverted repeats (IRL and IRR, respectively). In EPEC E2348/69, the inversion of the fimS to the OFF
position is mediated by FimE and Fis. Based on the data obtained, we postulate that in the absence of Fis (e.g., Afis mutant), high levels of imA expression are
displayed and that FimE-mediated inversion of the fimS switch to the OFF state requires Fis. The putative binding sites of IHF, Lrp and Fis shown are based on the
nucleotide sequence homology of the fimS switch between different Escherichia coli pathotypes.
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the presence of Fis-binding sites within the fimS invertible
element. Analysis of the promoter of fimA in OFF orientation
shows two predicted Fis-binding sites (Figure 5A), which
correlate with the consensus Fis-binding sequence previously
reported (Finkel and Johnson, 1993; Hengen et al., 1997;
Schneider et al., 2001; Feldman et al., 2006). Future protein-
DNA binding will help to understand the interaction of
Fis with nucleotide sequences within the fimS switch in
EPEC. Fis levels in E. coli vary greatly during the course
of growth being elevated in early exponential phase and
undetectable after stationary phase upon a nutrient up-shift
and in response to changing nutritional conditions and
this variation may be important for its physiological roles
in the cell (Ball et al., 1992; Nilsson et al., 1992; Ali Azam
et al., 1999). The fact that T1P are mainly produced during
stationary growth phase when Fis levels are low, is in line
with our finding that Fis acts as a negative regulator of
T1P expression in EPEC. In contrast to Fis, intracellular
levels of H-NS are generally high and quite constant, (Ball
et al.,, 1992; Dillon and Dorman, 2010). Published data
show that many promoters regulated by Fis are also regulated
by H-NS (Dorman, 2007), from which we could speculate
that during early exponential growth, Fis and H-NS repress
the expression of the fim operon. However, here we found
that in contrast to the Afis mutant that expressed high
levels of fimA and abundant T1P, the Ahns mutant expressed
low levels of fimA but showed no detectable T1P. It is
possible that the lack of Fis has an indirect effect on the
expression or function of other transcriptional factors, such
as ihf or rpoS or virulence regulators. Nevertheless, in
contrast to what has been reported in UPEC (Bessaiah
et al., 2022), the EPEC Aihf and ArpoS mutants did not
show fimA expression, FimA synthesis, or T1P production.
Likewise, the mutants in virulence regulators showed no-to-
negligible amounts of TI1P. From these experiments,
we conclude that Fis is required for the FimE-mediated
ON-to-OFF switching. In all, this study reveals that the
regulation of T1P in different E. coli pathotypes depends
of a complex network of regulatory elements that work
in concert to facilitate tropism and colonization of the
appropriate niches in the host.

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions

Bacterial ~strains wused in this study are listed in
Supplementary Table 1 and were grown on Luria-Bertani (LB)
at 37°C, unless otherwise noted. When necessary, kanamycin
or ampicillin was added at a concentration of 50 or 100pg/
ml, respectively.

Construction of Isogenic Mutants

Non-polar deletion mutants in fis, fimB, and fimE genes
were generated by the lambda Red recombinase method
previously described (Datsenko and Wanner, 2000). The
primers employed for DNA amplification are listed in

Supplementary Table 2. Primers fis/HIP1 and fis/H2P2
were employed to mutate fis in EPEC E2348/69. Primers
G356 and G357 and primers G360 and G361 were employed
to mutate fimB and fimE, respectively, in EPEC E2348/69.
Primers flanking the fis, fimB, and fimE genes as well as
primers inside the kanamycin and chloramphenicol resistance
gene were used to confirm the required gene replacement
by PCR (Supplementary Table 2). To complement the fis
mutation, the pFis vector carrying the fis gene was used
(Saldana et al, 2009). To generate the deletion of both
recombinase genes (fimB and fimE) we used primers G356
and G361.

SDS-PAGE and Immunoblotting

The bacterial suspensions were adjusted to an absorbance
of 0.7 at the optical density (OD) at 600 nm (ODsy). Equal
numbers of bacteria were used to prepare whole cell extracts.
To dissociate T1P from the bacteria, the cultures were treated
with acidified water (pH 1.8), boiled for 10 min in denaturation
sample buffer, neutralized to pH 7.2, and then resolved by
SDS-PAGE and transferred to PVDF membranes. The
membranes were incubated with rabbit anti-T1P (1:3,000)
in PBS-Tween 80 for 1h followed by anti-rabbit IgG-peroxidase
conjugate (Sigma; 1:5,000) and the reaction was visualized
by addition of a chemiluminescent substrate (Amersham).
Anti-DnaK antibody was used to control for the amount
of protein loaded in the gels.

Flow Cytometry

Flow cytometry was used to quantitate the production of
T1P by the EPEC strains. These strains were grown overnight
in LB media at 37°C or 26°C and the optical density
adjusted to an ODg of 1.1. Forty-five pl aliquots were
incubated for 1h on ice with 25ul of anti-T1P antibodies
at a dilution of 1:500. After three gentle washes with PBS,
the bacteria were resuspended in 25ul of a 1:500 dilution
of goat anti-rabbit IgG (H+L) Alexa Fluor conjugate
(Invitrogen, Carlsbad, CA). After 1h incubation at 4°C,
the bacteria were gently washed three times with PBS and
resuspended in 800-pl final volume of PBS. For the analysis,
the bacteria were labeled with 3pl of a propidium iodide
solution (Sigma, St. Louis, MO). Propidium iodide (red)
was visualized through a 42nm band pass centered at 585.
These experiments were repeated in triplicate. The FITC
(green) fluorescence emission was collected through a 30 nm
band pass filter centered at 530 in which 50,000 events
were measured. The samples were analyzed at the ARL
Biotechnology/ACCC Cytometry Core Facility at the
University of Arizona, by using a FACScan (Becton Dickinson,
Franklin Lakes, NJ).

RT-PCR

Total RNA was extracted from LB-grown bacterial cultures
using TRIzol Reagent (Invitrogen) following the manufacturer’s
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guidelines. Prior to RT-PCR, 2pg of total RNA were treated
with RQ1 RNAse-free DNase, according to the manufacturer’s
protocol. Specific transcripts were amplified using the one-step
RT-PCR kit (Qiagen) and 0.1 mg/ml of total RNA as template.
16S RNA (rrsB) was used as a loading control.

Ultrastructural Studies

The pili on the bacterial surface were visualized by negative
staining with 1% phosphotungstic acid followed by transmission
electron microscopy (TEM). For immunogold labeling, samples
were incubated with 1:10 dilution of rabbit anti-T1P antibody
in normal horse serum for 1h followed by incubation with anti-
rabbit IgG conjugated to 10nm gold particles (1:10) for 1h.
After washing the grids were stained as before (Giron et al., 2002).

Purification of Pili

Pili produced by E2348/69Afis were purified from the bacteria
cultivated in 40 plates (150 x 15 mm) of LB agar and resuspended
in 100ml of distilled water. The suspension was vigorously
shaken for 5min to shear the pili from the bacterial cells.
The supernatant was obtained by centrifugation at 10,408xg
for 20min in a Sorval GSA rotor. A second centrifugation
step at 17,210xg for 20min in a Sorval SS34 rotor was
performed to remove bacterial debris. The clear supernatant
was spun at 148,230xg for 3h in a Beckman 70 Ti rotor to
concentrate the pili. The pili was resuspended in 0.1 mM
Tris-HCI and centrifuged 18h at 256,136xg in a Beckman
SW 40 Ti rotor in a Beckman L-100K ultracentrifuge using
a cesium chloride/1% sarkosyl gradient to obtain purified
fimbriae (Tacket et al., 1987).

Production of Rabbit Polyclonal Antiserum
against T1P

The purified T1P was used to custom-order polyclonal antibodies
at Lampire Laboratories in a New Zealand rabbit by intramuscular
injection with Freund’s complete adjuvant at day 0 followed
by a second immunization at day 15 in incomplete Freund’s
adjuvant. The final bleed was obtained at day 50 and the
serum stored at -70°C.

Hemagglutination Assays

Guinea pig red blood cells (RBC; Lampire, PA) were assayed
for agglutination by EPEC and isogenic mutant strains as previously
described (Erdem et al, 2007). Hemagglutination (HA) assays
were performed with 96-well, round-bottom microtiter plates.
Bacteria were adjusted to 10° cells per ml in PBS. Two-fold
serial dilutions of the bacteria in 100ml were incubated with
100ml 1% RBC suspensions and incubated on ice for 2h. HA
titers were recorded when a pellet of RBC was observed in the
well containing only RBC in PBS (Erdem et al., 2007).

Construction of fimA::lacZ, fimB::lacZ, and
fimE::lacZ Transcriptional Fusions

Transcriptional fusions consisting of the EPEC fimA, fimB,
and fimE promoters linked to promoter-less lacZ reporter

gene were constructed to monitor the expression of fimA,
fimB, and fimE, respectively. The fimA promoter was amplified
from E2348/69 using the primers G307 and G135 and cloned
into the EcoRI and BamHI sites in pMLB1034 vector, yielding
pfimA. To clone the fimB promoter (located 610bp upstream
of the start codon) we used primers G310 and G311; primers
G308 and G311 were used to clone the fimE promoter into
the EcoRI and BamHI sites in pMLB1034 vector, yielding
pfimB and pfimE, respectively. These plasmids were transformed
into E2348/69 and E2348/69Afis, and transcriptional activity
of fimA, fimB, and fimE was monitored by measuring
p-galactosidase activity as previously described (Miller, 1972).
As negative control, E2348/69 carrying pMLB1034 was
employed.

p-Galactosidase Assays

Transcriptional expression analysis using several fusion
constructs (promoters from fimA, fimB, and fimE fused
to the pf-galactosidase reporter gene) were grown with
shaking for 21h at 37°C. We chose this time point to
measure fimA, fimB, and fimE expression because fim genes
are expressed at stationary phase and Fis is a repressor
of stationary phase genes. The cultures were diluted 1:50 in
fresh LB and cultivated at 37°C to an ODg, of 0.65-0.70.
When required the cultures were grown at 37°C or 25°C. The
cultures were then diluted 1:5 in Z buffer (0.06 M Na,HPO,,
0.04M Na,HPO,, 0.01M KCl, 0.001M MgSO,, and 0.05M
p-mercaptoethanol) and the p-galactosidase activity was
assayed using ONPG as a substrate. The color was read
in a spectrophotometer (Miller, 1972). The p-galactosidase
experiments repeated at least four times in
quadruplicate.

were

Amplification of the fimS Invertible
Element in EPEC Strains

Cultures of E2348/69 and the Afis mutant were
analyzed by PCR utilizing sets of different primers
(Supplementary Table 2) expanding different regions of
the fimS switch to determine the orientation of the fimS$
switch in each strain. The absence of amplicons in the
E2348/69 strain utilizing sets of primers F1F2 and RI1R2
confirm the OFF orientation of the fimS switch in this
strain. In contrast, the presence of amplicons in the Afis
mutant with these sets of primers confirmed the ON position
of the fimS switch.

Statistical Analysis

All data were the averages of at least three independent
experiments performed by triplicate. GraphPad Prism 9 software
(GraphPad, San Diego, CA, United States) was used for
statistical differences. One way ANOVA followed by Tukey’s
multiple comparison test and unpaired Students ¢ test were
performed. A value of p <0.05 was considered statistically
significant.
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Free fatty acids (FFAs) are known to exhibit antimicrobial and anti-virulent properties against
bacterial pathogens. Specific FFAs, such as lauric acid (LA; C12:0), exert both effects against
the foodborne pathogen Listeria monocytogenes: at low levels, LA acts to inhibit the activity
of the virulence regulator PrfA, whereas at higher levels, LA inhibits bacterial growth. Deletion
of prfA is known to promote tolerance toward antimicrobial FFAs, suggesting that the
response of L. monocytogenes to anti-virulent and antimicrobial FFAs could be linked. In
this study, we explored the response of L. monocytogenes toward antimicrobial FFAs holding
an anti-virulence activity by isolating strains that can grow at high concentrations of
LA. We found that LA-tolerant isolates carry mutations in the gene encoding the global
regulator CcpA. Importantly, we discovered that mutation or deletion of ccpA protect
L. monocytogenes against the antimicrobial activity of FFAs, whereas the ccpA mutants
remain sensitive toward FFA's PrfA inhibitory effect. A regulatory link involving CcpA,
connecting the response toward the antimicrobial and anti-virulence activities of FFASs, is
therefore unlikely. To further study how deletion of ccpA promotes FFA tolerance,
we performed a transcriptomic analysis of the response to LA. Our data indicated that the
FFA-tolerant phenotype of the AccpA strain is not induced upon LA exposure but appears
to be an inherent phenotypic trait of the ccpA deletion mutation. Interestingly, we found that
the bacterial surface of L. monocytogenes becomes more hydrophilic upon deletion of
ccpA, and we demonstrate that CcpA plays a role in the response of L. monocytogenes
to other stress conditions, including low pH and antibiotics. Altogether, our study revealed
that regulatory activities of CcpA lead to an increased hydrophobicity of the bacterial surface,
which may confer sensitivity of L. monocytogenes against the antimicrobial activity of FFAs.
Notably, CcpA is not involved in responding to the PrfA inhibitory effect of FFAs, showing
that FFA-tolerant strains can still be targeted by the anti-virulent activity of FFAs.

Keywords: Ccpa, Listeria monocytogenes, antimicrobial fatty acids, anti-virulence activity, tolerance
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INTRODUCTION

Listeria monocytogenes is a Gram-positive foodborne bacterium
causing life-threatening infections in humans and animals.
During infection of susceptible individuals, L. monocytogenes
gains access to the cytoplasm of host cells; here, the bacterium
multiplies and spreads from cell-to-cell through a mechanism
that involves host actin polymerization (Freitag et al., 2009).
Several virulence factors are known to contribute to the
intracellular lifestyle of L. monocytogenes, including the
internalins InlA and InlB, which allow bacterial invasion of
non-phagocytic cells; the pore-forming toxin LLO, which is
required for escape from host cell vacuoles, and the surface
protein ActA, which promotes actin polymerization and cell-
to-cell movement (Freitag et al., 2009). Inside the intracellular
environment, the virulence regulator, PrfA, responds to bacterial-
and host-derived glutathione (GSH) and activates transcription
of PrfA-regulated virulence genes encoding LLO, ActA, and
other virulence factors required for intracellular infection
(Scortti et al.,, 2007; de las Heras et al., 2011; Reniere et al.,
2015; Hall et al., 2016). In the extracellular environment, PrfA
is generally not active, but constitutively active mutant variants
of PrfA, named PrfA*, are known to bypass the need of GSH
for PrfA activation of virulence gene expression (Ripio et al.,
1997b; Eiting et al., 2005; Xayarath and Freitag, 2012; Johansson
and Freitag, 2019). PrfA* proteins are locked in an active
conformation that promotes optimal binding to specific DNA
sequences (PrfA boxes) located in the promoter regions of
PrfA-regulated virulence genes (Eiting et al., 2005; Johansson
and Freitag, 2019).

Upon ingestion of contaminated food, L. monocytogenes
enters the gastrointestinal tract. Here, the pathogen encounters
dietary components, the gut microbiota, and host immune
parameters. Together, these conditions strongly influence the
ability of L. monocytogenes to cause disease (Tiensuu et al.,
2019). We previously found that specific dietary free fatty acids
(FFAs) act as signaling molecules to reduce virulence factor
expression in L. monocytogenes by a mechanism that involves
direct inhibition of PrfA (Kallipolitis, 2017; Sternkopf Lillebaek
et al,, 2017; Dos Santos et al., 2020). Interestingly, exposure
to specific FFAs prevented the constitutively active variant PrfA*
from binding to the PrfA box in the promoter region of hly,
encoding LLO (Dos Santos et al., 2020). Notably, some PrfA
inhibitory FFAs also exert an antimicrobial effect on
L. monocytogenes (Sternkopf Lillebaek et al., 2017; Dos Santos
et al, 2020). The mechanism underlying the antimicrobial
activity of FFAs is presently unknown, but they most likely
target and interfere with vital functions of the bacterial membrane
(Desbois and Smith, 2010).

The saturated medium-chain fatty acid lauric acid (LA;
C12:0) is commonly found in nuts, seeds, plants, and milk
and is generally known as a potent antimicrobial agent (Petrone
et al, 1998; Desbois and Smith, 2010). Growth of
L. monocytogenes is efficiently inhibited in the presence of
50pug/ml LA in rich medium, whereas at subinhibitory
concentrations (<10pg/ml), LA acts to inhibit PrfA-dependent
activities (Sternkopf Lillebaek et al, 2017). Thus, LA belongs

to the category of dietary FFAs that act as an antimicrobial
agent as well as a virulence inhibitory signaling compound in
L. monocytogenes. We previously observed that the general
stress sigma factor, Sigma B, is dispensable for the tolerance
of L. monocytogenes against FFAs, suggesting that the response
of L. monocytogenes to antimicrobial FFAs relies on other stress
regulatory pathways (Sternkopf Lillebeek et al., 2017). Curiously,
a AprfA mutant strain grows well in the presence of >75pg/
ml LA, suggesting that PrfA somehow acts to increase the
sensitivity of L. monocytogenes to the antimicrobial activity of
LA (Sternkopf Lillebeek et al,, 2017). This means that PrfA
could play several roles in the response to LA: at subinhibitory
concentrations, LA targets PrfA directly to inhibit its DNA
binding activity, resulting in repression of key virulence genes,
whereas at higher concentrations, LA relies on PrfA for its
antimicrobial activity (Sternkopf Lillebaek et al, 2017; Dos
Santos et al., 2020). These findings prompted us to investigate
in more detail the molecular mechanisms underlying the response
of L. monocytogenes to LA.

In the present study, we aimed to reveal if the anti-virulence
activity of LA can be linked to its antimicrobial action. To
address this question, we isolated LA-tolerant L. monocytogenes
mutant strains and analyzed their response to the PrfA inhibitory
signaling effect of LA. Curiously, the LA-tolerant strains expressed
a mutant version of the catabolite control protein A, CcpA,
containing an extended C-terminal tail. CcpA is known as
the major global transcription regulator of carbon catabolite
repression (CCR) in L. monocytogenes and other Gram-positive
bacteria; a complex regulatory mechanism that allows bacteria
to use available carbon sources in an optimal manner (Jones
et al,, 1997; Herro et al.,, 2005; Deutscher, 2008). Accordingly,
CcpA acts to repress multiple genes encoding proteins involved
in transport and metabolism of various carbohydrates (Mertins
et al., 2007) Here, we present the results of our investigations
on the role of CcpA in the response of L. monocytogenes to
the antimicrobial and PrfA inhibitory FFA, LA.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

In this study, we used a wild-type L. monocytogenes EGD
serotype 1/2a strain and its isogenic mutant derivative AprfA
(Bockmann et al., 1996) obtained from W. Goebel (Biozentrum).
Furthermore, we used the isogenic mutant strain EGD-prfA*
expressing the constitutively active PrfA mutant derivative
G1558; this strain was constructed in a previous study (Sternkopf
Lillebaek et al., 2017). As part of the present study, the EGD-prfA*
strain (from here, prfA*) was genome sequenced and compared
to the genomes of the EGD and EGD-e strains sequenced by
Bécavin et al. (2014). A single nucleotide polymorphism (SNP)
search revealed 20101 SNPs between prfA* and the EGD strain
studied by Bécavin et al. (2014), whereas only 10 SNPs were
found when comparing prfA* and EGD-e. These findings showed
that the EGD derivatives used in the present study are more
closely related to EGD-e than the EGD strain sequenced by
Bécavin et al. (2014). We therefore used EGD-e as reference
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genome for the whole-genome sequencing and RNA-sequencing
analyses (described below).

For construction of the ccpA-mutl 1bp deletion (Ag-; at
location 1,642,875), in-frame deletion of 981bp in ccpA (AccpA);
1955bp in m00109-0110 (Almo0109-0110); 792bp in Imo0517
(Almo0517); 744bp in Imo2175 (Almo2175); and 1830bp in
Imo2772 (Almo2772), the corresponding primers P1, P2, P3 and
P4 (Supplementary Table S7) were used, respectively, for a 2-step
PCR amplification of the fragments. CcpA complementation
mutant (prfA*-AccpA::compl.) was constructed using P1 and P4
for AccpA and the fragment was produced by a 1-step PCR
reaction. The fragments were inserted into the temperature sensitive
shuttle vector pAUL-A (Schiferkordt and Chakraborty, 1995) and
transformed into L. monocytogenes as earlier described (Mollerup
et al, 2016). Homologous recombination was carried out as
described previously (Christiansen et al., 2004). The resulting
deletion mutants were validated by PCR using primers P5 and
P6. The plasmids phly-lacZ, with a transcriptional fusion between
the hly promoter and the lacZ gene, and plhrA-36-lacZ, containing
a transcriptional fusion between the IhrA core promoter and
lacZ, were constructed previously (Larsen et al, 2006; Nielsen
et al, 2011). L. monocytogenes was routinely grown in brain
heart infusion broth (BHI, Oxoid) at 37°C with aeration. When
appropriate, cultures were supplemented with either kanamycin
(50 pg/ml) or erythromycin (5pg/ml). During cloning in pAUL-A,
Escherichia coli TOP10 (Invitrogen) was grown in Luria-Bertani
broth (LB, Sigma) supplemented with 150pg/ml erythromycin
at 37°C with aeration.

Fatty Acid-Tolerant Strains
Fatty acids used in this study were lauric acid (LA; C12:0; Sigma-
Aldrich, purity >98%), palmitoleic acid (PA; C16:1; Sigma-Aldrich,
purity >98.5%), and palmitic acid (PAL; C16:0; Sigma-Aldrich,
purity >99%). 96% ethanol was used as vehicle to dissolve the FFAs.
Three independent ON cultures of prfA* were diluted to
ODyy=0.0002 and stressed with increasing concentrations of
LA (10pg/ml, 20 pg/ml, 40 pg/ml, 80 pg/ml, 160 pg/ml, 320 pug/
ml, and 500pg/ml) for 7days; the concentration of vehicle
was kept constant at 0.25% during the selection process. Glycerol
stocks were made, and single mutants were isolated from the
three biological replicates. Bacterial identification was performed
by PCR using primers for hly (Supplementary Table S7).

Growth Experiments

For growth experiments in culture flasks, ON cultures were
diluted to ODgy,=0.002. Growth was monitored until cultures
reached stationary phase by ODsg, measurements.

In growth experiments, where strains were screened for
FFA tolerance, ON cultures were diluted to ODgy,=0.0002 and
4ml was transferred to glass tubes with various concentrations
of LA, PA, or PAL. As controls, cultures were left untreated
or stressed with vehicle corresponding to the highest
concentration used in FFA-treated samples. ODg, was measured
after 20h of incubation.

Growth experiments with other stress conditions than FFAs
were performed in a plate reader (Synergy™ H1 multi-mode

microplate reader, BioTek) using 96-well plates (standard, F,
SARSTEDT). ON cultures were diluted to a final ODg,,=0.005 in
the 96-well plate with the different stress conditions. The plate
was incubated at 37°C with 15s. of orbitally shaking every
30 min for 24h.

p-Galactosidase Assays

ON cultures of the strains containing the plasmids phly-lacZ
or plhrA-36-lacZ were diluted to ODgy=0.02. At ODgy=0.3
the cultures were split and FFA was added to the following
final concentrations: 10pg/ml LA, 2pg/ml PA, or 150 pg/ml
PAL. As control, vehicle was added corresponding to the final
concentration in FFA-treated cultures. Samples (1ml) were
harvested after 20h of growth. f-galactosidase assay was
conducted as previously described (Christiansen et al., 2004).

Whole-Genome Sequencing

Sequencing libraries of prfA* and the nine isolated LA-tolerant
strains were prepared using Nextera XT DNA kit. Libraries
were sequenced using Illumina Miseq platform in pair-end
mode, read length of 150bp. The quality of the reads was
tested using FastQC standard settings. Before SNP analysis,
the reads were trimmed using seqTK. The trimmed reads were
mapped and polymorphisms called relative to the reference
genome of L. monocytogenes EGD-e (NCBI ASM19603v1) using
Breseq standard settings (Deatherage and Barrick, 2014). SNPs
common for both read directions were found using gdtools
and are listed in Table 1.

Total RNA Extraction and Purification

ON cultures of prfA* and prfA*-AccpA were diluted in BHI
medium to ODgy=0.02. At ODgy=0.35 cultures were split
and left untreated or treated with a final concentration of
10pg/ml LA. After 1h, 5ml samples were mixed with 10ml
RNAprotect bacteria reagent (Qiagen) and incubated at RT
for 5min. The samples were centrifuged at 8,000 rpm for 3 min
at 4°C, and pellet was snap-cooled in liquid nitrogen.

Cells were disrupted by the Fastprep instrument (Biol01,
Thermo Scientific Corporation). Total RNA was extracted by
Tri reagent (Molecular Research Center, Inc.), as previously
reported (Nielsen et al., 2010). RNA purity and concentration
were determined by agarose gel electrophoresis and DeNovix
DS-11 Fx.

Northern Blot Analysis

Agarose northern blot analysis was performed as described
previously (Dos Santos et al, 2020). The membrane was
hybridized  with  **P-labeled  single-stranded  probes
(Supplementary Table S7). Visualization of bands was performed
using Typhoon FLA9000 (GE Healthcare) and quantified using
IQTL 8.0 quantification software (GE Healthcare).

rRNA Removal

To remove rRNA, RiboMinus™ Transcriptome Isolation Kit
(Yeast and Bacteria; Invitrogen) was used. Briefly, magnetic
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TABLE 1 | Mutations found in LA-tolerant strains by WGS.

LA-tolerant strains Location Gene Codon Mutation Description

LA-1A, LA-1D, LA-2A, 1,642,875 CCPA 333 Ag_s7 1bp is deleted resulting in a frameshift that removes the

LA-2B LA-3A, LA-3B, STOP codon. The new STOP codon is therefore placed

LA-3C 26 codons downstream ccpA.

LA-1B 1,642,965 CCPA 303 G-T Nucleotide substitution, which results in a missense
mutation. Arginine is substituted by leucine (R303L).

LA-1C 1,033,670 Imo1003 161 (TTG)3 4 In-frame mutation, where an extra codon is inserted

after codon 160, which extends the repeat sequence
(TTG)3_,4 , and results in addition of an extra leucine
amino acid into the protein sequence.

"The strains ccpA-mut1 and prfA*-ccpA-mut1 were constructed by site-directed mutagenesis to contain the frameshift mutation observed in these LA-tolerant strains.

beads were washed twice in RNase-free water, once in
hybridization buffer, and then resuspended in hybridization
buffer and kept at 37°C until use. A total of 8pg RNA were
incubated with RiboMinus probe and hybridization buffer at
37°C for 5min to denature RNA, and samples were incubated
on ice for 30s. Cooled hybridized samples were mixed with
the magnetic beads and incubated for 15min at 37°C. The
supernatant was isolated, and mRNA was precipitated by ethanol
precipitation. 1pl glycogen (20 pg/pL), 0.1X sample volume of
3M sodium acetate and 2.5X sample volume of 96% ethanol
was added to the supernatant. Samples were incubated at —20°C
for 50 min. Precipitated mRNA was washed twice in 70% cold
ethanol and resuspended in RNase-free water after the pellet
was air-dried.

Library Preparation, RNA-Sequencing, and
Analysis

Libraries were constructed utilizing the NEBNext Ultra RNA
Library Prep Kit for Illumina according to the manufacture’s
protocol (NEB) and paired-end sequenced on the NovaSeq 6,000
platform (Illumina). The quality of the sequenced reads was
checked by FastQC. Reads were mapped to the reference genome
of EGD-e (NCBI ASM19603v1) using Bowtie 2 version 2.3.5.1
with standard settings and local alignment (Langmead and
Salzberg, 2012). SAM files were converted to BAM files, sorted,
and indexed by samtools version 1.7. Sorted BAM files were
loaded as input in SeqMonk mapped sequence data analyzer
version 1.45.3 with following settings: Duplicate reads were not
removed, the minimum mapping quality was set to 28, primary
alignments only, and paired-end RNA-seq data. Raw counts
were generated by RNA quantification pipeline. Differentially
expressed (DE) genes were found by DESeq2 analysis using R
version 4.0.3 and were reported as log, fold changes. Fold
changes were calculated in this study by comparing expression
levels for LA vs. control condition for prfA*, and prfA*-AccpA
(Supplementary Tables S2, S3, respectively). Additionally,
expression level of prfA*-AccpA vs. prfA* upon control and
LA conditions were compared (Supplementary Tables S4, S5,
respectively). Genes that were found to have a log,>1 or<-1
(at least a 2-fold change) and a value of p below 0.05 were
determined to be DE genes. Genes with less than 10 raw reads
in all six biological replicates included in the comparison
were excluded.

Hydrophobicity Assay

Bacteria were harvested from ON cultures by centrifugation for
5min at 4,000rpm and supernatant was removed. Bacteria were
washed three times in 5ml 1 x PBS and diluted in 1 x PBS
to ODgy=0.3 (ODg_1). 300pl n-hexadecane (Sigma-Aldrich)
was added to 3ml of the diluted cultures in culture tubes and
samples were vortexed for 2min followed by 15min incubation
at RT for phase separation. Afterward, ODg, was measured
again for the water phase (ODgy,_2). Percentage of cells staying
in the hydrophilic phase was calculated by ODgy_2/ODgy_1 X
100%. Data were analyzed using two-tailed t-test. Only differences
with at least 95% confidence were reported as statistically significant.

RESULTS

Selection of LA-Tolerant Strains

To generate FFA-tolerant strains, L. monocytogenes prfA* was
grown in BHI medium containing increasing concentrations
of the antimicrobial and PrfA inhibitory FFA, LA. LA-tolerant
strains were selected in a prfA* background to allow further
studies on the PrfA inhibitory activity of FFAs in BHI medium
(Sternkopf Lillebeek et al., 2017; Dos Santos et al., 2020). A
total of nine single strains were isolated from three independent
biological replicates grown with 500 pg/ml LA. To test if these
isolates had obtained tolerance toward LA, they were grown
in the presence of increasing concentrations of LA (Figure 1A;
Supplementary Figure S1). In addition to the parental strain,
a PrfA-deficient strain, AprfA, was included as control since
deletion of prfA is known to increase the tolerance of
L. monocytogenes to antimicrobial FFAs (Sternkopf Lilleback
et al,, 2017). All nine isolates and AprfA could grow at 6-fold
higher concentrations of LA relative to the parental strain,
prfA*, demonstrating that the selected strains were indeed
tolerant toward LA (Figure 1A; Supplementary Figure S1).
To investigate if the strains selected were tolerant to other
FFAs, growth experiments were performed with the antimicrobial
and PrfA inhibitory FFA palmitoleic acid (PA; C16:1). As
control, we included its saturated counterpart palmitic acid
(PAL; C16:0), which is known to leave L. monocytogenes
unaffected (Sternkopf Lillebaek et al., 2017). Interestingly, the
nine selected strains showed an increased tolerance toward
PA as well, whereas their response to PAL was comparable
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to the parental strain (Figure 1A; Supplementary Figure S1).
Thus, although the strains were selected for their LA-tolerant
phenotype, they were clearly tolerant to the antimicrobial FFA
PA as well.

The Inhibitory Effect of FFAs on PrfA Is
Unaffected by FFA Tolerance

We previously showed that LA and PA act to inhibit PrfA-
dependent activation of virulence genes in L. monocytogenes prfA*
(Sternkopf Lillebeek et al., 2017). Importantly, the PrfA inhibitory
activities were observed at subinhibitory concentrations of LA
and PA. To study how the FFA-tolerant strains respond to the
PrfA inhibitory activity of LA and PA, a p-galactosidase assay
was performed. Briefly, the nine selected strains were transformed
with a phly-lacZ fusion plasmid, which contains the PrfA-activated
hly promoter fused to the reporter gene lacZ in the vector
pTCV-lac (Larsen et al, 2006). Furthermore, the strains were
transformed with the control reporter plasmid plhrA-36-lacZ,
which contains a PrfA-independent promoter fused to lacZ. Again,
prfA* and AprfA were included as controls. The resulting strains
were exposed to subinhibitory levels of LA, PA, PAL, or vehicle,
and cells were harvested after 20h of growth. Under control
conditions, all strains (except from AprfA) produced high levels
of P-galactosidase activity, showing that the nine selected
strains encode functional PrfA* protein (Figure 1B and
Supplementary Figure S2). Exposure to the non-inhibitory PAL
did not affect the promoter activity of hly in any of the strains
tested (Figure 1B; Supplementary Figure S2A). In contrast, the
activity was clearly repressed in prfA* and the nine tolerant
strains upon exposure to LA or PA (Figure 1B,
Supplementary Figure S2A). Notably, all strains containing the
PrfA-independent reporter plasmid plhrA-36-lacZ were largely
unaffected by the FFAs (Supplementary Figure S2B). These
results demonstrate that LA and PA act to inhibit PrfA-dependent
activation of hly in the nine selected strains, even at FFA levels
much lower (approx. 50-fold) than required for exerting a growth
inhibitory response.

Altogether, these results suggest that all nine LA-tolerant
strains encode functional PrfA protein, implying that the
FFA-tolerant phenotype is likely due to mutations in genes
other than prfA. Furthermore, the PrfA inhibitory effect of
LA and PA appears to be unaffected by the FFA-tolerant
phenotype of the selected strains.

A Frameshift Mutation or Deletion of ccpA
Result in FFA Tolerance

The nine LA-tolerant strains were characterized through whole-
genome sequencing. Three mutations were found in the nine
selected strains: a frameshift mutation in ccpA, a missense
mutation in ccpA or an in-frame mutation in Imo1003 (Table 1).
The frameshift mutation in ccpA was consistently found in
seven out of nine strains; notably, this mutation was represented
in strains selected from all three biological replicates (Table 1).
The genomic organization of the region encoding ccpA is
illustrated in Figure 2A. In L. monocytogenes, CcpA is known
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FIGURE 1 | The response of selected LA-tolerant strains toward
antimicrobial and anti-virulent FFAs. (A) Growth of isolated LA-tolerant strains
ON. The prfA*, AprfA and one isolate from each biological replicate of the
selected LA-tolerant strains (LA-1A, LA-2A, and LA-3A) were diluted to
ODgpo=0.0002 and exposed to various concentrations of LA, PA, or PAL. As
controls, cultures were left untreated (<) or exposed to a corresponding
concentration of vehicle (C). Growth was measured after 20h. Results are the
average of at least three independent experiments. (B) p-galactosidase assay
for LA-tolerant strains. The pTCV-lacZ-derivative containing the hly promoter
fused to lacZ was transformed into prfA*, AprfA, and selected LA-tolerant
strains (LA-1A, LA-2A, and LA-3A). The resulting strains were grown to
ODgpo=0.3 and exposed to 10pg/ml LA, 2 pg/ml PA, or 150 pg/ml PAL. As
control, strains were incubated with a corresponding concentration of vehicle
(C). Bacteria were harvested after 20h of growth. Results are the average of
three independent experiments, each performed in technical duplicates.

as a major transcriptional regulator of carbon metabolism
(Behari and Youngman, 1998; Mertins et al., 2007). The activity
of CcpA is modulated by different cofactors, and it controls
the expression of many genes, most importantly those involved
in the uptake and metabolism of carbohydrates (Galinier et al.,
1997). CcpA consists of a N-terminal DNA binding domain
and a C-terminal core domain involved in cofactor binding
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(Chaptal et al., 2006). Most likely, the 1bp deletion in codon
333 (of 336) results in a CcpA protein, from now on referred
to as CcpA-mutl, with an extended C-terminus (Figure 2B).

Since the ccpA-mutl frameshift mutation is highly prevalent
among the LA-tolerant strains, we decided to specifically
examine the effect of ccpA-mutl on FFA tolerance. Thus, the
ccpA-mutl frameshift mutation was introduced in the parental
strain, prfA*, and the wild-type strain. Furthermore, since the
expected extension of the CcpA protein in ccpA-mutl could
affect the protein’s functionality, we constructed ccpA knock-out
strains, corresponding to an in-frame deletion of the entire
ccpA gene in the prfA* and wild-type strains, allowing a direct
comparison of ccpA phenotypes. First, the effect of ccpA-mutl
and AccpA on bacterial growth was compared under standard
growth conditions (Figure 2C). For prfA* and wild-type,
we observed that ccpA-mutl had a minor effect on growth
in BHI medium (2-8% increase in doubling time,
Supplementary Table S1). Furthermore, comparable doubling
times were determined for prfA*-ccpA-mutl and one of the
selected strains harboring the ccpA-mutl mutation (LA-1A).
Notably, deletion of ccpA had a clear effect on the bacterial
growth (Figure 2C); the doubling time of the AccpA mutant
strains increased by 22-36% compared to the parental strains
(Supplementary Table S1). The growth phenotype of AccpA
was restored to that of the parental strains by complementation
with wild-type ccpA (Supplementary Figure S3A). Similar
growth phenotypes were obtained in a previous study, using
a ccpA insertion mutant (Mertins et al., 2007). Collectively,
our data show that deletion of ccpA had a more negative
impact on bacterial fitness relative to the ccpA-mutl mutation,
suggesting that ccpA-mutl frameshift mutation might not lead
to complete loss of CcpA functionality.

Next, the effect of ccpA-mutl and AccpA on FFA tolerance
was tested by comparing the growth of mutants and parental
strains in increasing concentrations of LA or PA (Figure 3A).
The ccpA-mutl and AccpA mutant strains were equally tolerant
toward LA and PA, and much more tolerant compared to the
corresponding parental strains (Figure 3A). Complementation
with wild-type ccpA restored the phenotype to that of the
parental strain, confirming that CcpA confers sensitivity toward
antimicrobial FFAs (Supplementary Figure S3B). Altogether,
these data revealed that the frameshift mutation ccpA-mutl,
present in seven out of nine selected mutants, confer FFA
tolerance. Notably, AccpA mutants were clearly tolerant to LA
and PA as well, confirming that regulatory activities of CcpA
confer increased sensitivity of L. monocytogenes to antimicrobial
FFAs. Furthermore, we observed that mutation of ccpA confers
FFA tolerance independently of PrfA activity, since an increased
tolerance to LA and PA was observed in both the wild-type
and the prfA* background (Figure 3A).

To examine if ccpA-mutl or deletion of ccpA interfere with
the PrfA inhibitory activity of FFAs, we performed a -galactosidase
assay. The prfA* mutant series, containing phly-lacZ or plhrA-
36-lacZ fusion plasmids, were exposed to subinhibitory levels
of LA, PA, or PAL (Figure 3B and Supplementary Figure $4).
Under control conditions, ccpA-mutl and AccpA mutant cells
produced high levels of p-galactosidase activity, indicating that

the ccpA mutations per se do not interfere with PrfA-dependent
activation of hly. Importantly, ccpA-mutl and AccpA mutant
cells were still sensitive toward the PrfA inhibitory effect of LA
and PA, since the promoter activity of hly was strongly reduced
upon LA and PA exposure (Figure 3B). As expected, PAL had
no major effect on any of the strains tested (Figure 3B). These
results show that the ccpA mutations do not affect the activity
of PrfA*; furthermore, they do not interfere with the PrfA
inhibitory effect of LA and PA.

Altogether, these data clearly demonstrate that CcpA confers
sensitivity toward the antimicrobial activity of the FFAs.
Importantly, the PrfA inhibitory activity of the FFAs does not
rely on a functional CcpA.

Exploring How Lack of CcpA Confers FFA
Tolerance

Since the ccpA-mutl and AccpA strains were equally tolerant
toward FFAs (Figure 3A), we reasoned that the mechanism
conferring FFA tolerance is related to the absence of CcpAs
regulatory activities. To investigate in more detail how lack
of CcpA functionality confers FFA tolerance, transcriptome
analysis was performed for prfA* and prfA*-AccpA under control
conditions and upon exposure to a subinhibitory level LA for
1h. Again, a prfA* background was chosen to reveal any effect
of LA and/or CcpA on PrfA-dependent regulatory activities
in BHI medium.

After RNA-sequencing, we first analyzed the response of
each of the two strains to LA exposure. In general, LA seemed
to have a very limited effect on global gene expression; for
each strain, less than 15 genes were significantly induced or
repressed by at least 2-fold in response to LA (Supplementary
Tables S2, S3). The two strains do not share any of the
upregulated genes (Figure 4A). For the downregulated genes,
a more common tendency was observed; most importantly,
the PrfA-regulated genes hly, plcA, and actA were significantly
downregulated in both strains upon LA exposure (Figure 4A;
Supplementary Tables S2, S3). In addition, plcB, mpl, and
uhpT, which are controlled by PrfA as well, were significantly
downregulated upon LA exposure in AccpA (Figure 4A;
Supplementary Tables S2, S3). To summarize, the results of
the transcriptome study confirmed that LA exposure leads to
downregulation of PrfA-dependent virulence gene expression
in a strain encoding the constitutively active variant of PrfA,
PrfA-G155S. In general, LA exposure affected only a limited
set of genes in L. monocytogenes prfA*, suggesting that at
subinhibitory concentrations, LA primarily acts as a signal to
downregulate PrfA-dependent virulence gene expression.
Additionally, we note that CcpA does not seem to be required
for LA-mediated inhibition of PrfA-regulated genes.

As a very low number of genes were affected by LA
exposure, we speculated that the FFA-tolerant phenotype
observed for AccpA might result from transcriptional changes
caused by lack of CcpA functionality in general. Therefore,
to find genes potentially important for the FFA-tolerant
phenotype, we compared the transcriptomes of prfA* and
prfA*-AccpA cells. Deletion of ccpA resulted in up- or
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MNVTIYDVAREANVSMATVSRVVNGNPNVKPVTRKKVLDVINQLGYRPNAVARGLASK
RTTTVGVIIPDISNVFYAELARGIEDIATMYKYNIILSNSDENEDKELQVLNTLLGKQVDGI
IYMGERISEQLQEEFDRSPAPVVLAGAVDMENKFASVNIDYKQATKEAVKRFVDNGHK
QIAFVSGSLNEPVNREMKLAGYKEALEEAGISYQEDYIIEAKYNYNAGVKVWAELSALS
KKPNAVVVADDELAIGILNAALDAGIKVPEDLEVMTSNNTKLTLMSRPQLSTIVQPLYDIG
AVAMRLLTKLMTSEEVDEKTVILPHSEKLRGTTKEKNKLTAFLTVCYKCMYTFHNENDYE

RTK-
Cc
Growth in BHI Growth in BHI
44 44
-~ WT - priA*

34 -~ ccpA-mut1 34 =~ prfA*-ccpA-muti
3 AccpA s prfA*-AccpA
o 24 o 2 -+ LA-1A
o o

14 14

0 1I0 ZIO 3'0 0 10 20 30
Hours Hours

FIGURE 2 | LA-tolerant strains carry mutations in the ccpA gene (A) Schematic illustration of the genomic region encoding CcpA. The aroA gene (gray) is located
upstream from ccpA (red), whereas tyrS (gray) is situated downstream from ccpA. Potentially, mutations in ccpA could have polar effects on the expression of tyrS,
which is regulated via an upstream located T-box leader, shown in green. However, in our RNA-seq analyses, we did not observe any significant differences in tyrS
expression when comparing strains prfA* and prfA*-AccpA (this study) or strains prfA* and prfA*-ccpA-mut1 (our unpublished observations). (B) The annotated
amino acid sequence of wild-type CcpA protein and the predicted CcpA-mut1 amino acid sequence. The estimated amino acid sequence of CcpA-mut1 is based
on the frameshift mutation detected by whole-genome sequencing and terminator predictions using the web tool ARNold finding terminators. (C) Growth of CcpA
mutants in BHI medium. Cultures of wild-type, ccpA-mut1, AccpA, prfA*, prfA*-ccpA-mutl, prfA*-AccpA, and LA-1A were diluted to ODgy=0.002. Growth was
measured every hour for the first 12h with an additional 24 h point. Results are the average of three independent experiments.

downregulation of 312 and 143 genes, respectively, by >2-fold
under regular growth conditions (Supplementary Table S4).
As expected, more genes were up- than downregulated, because
the majority of genes belonging to the CcpA regulon in
L. monocytogenes are repressed by CcpA (Mertins et al., 2007).
In accordance with CcpA’s role in CCR control, 20% of the
genes upregulated in the AccpA mutant strain are related to
carbohydrate transport and metabolism (Figure 4B). The
largest group of genes downregulated in prfA*-AccpA, relative
to prfA*, are involved in amino acid transport and metabolism
(18%). In the presence of LA, 218 and 66 genes were significantly
up- or downregulated, respectively, by >2-fold in the AccpA

mutant relative to the parental strain (Supplementary Table S5).
The largest groups of up- and downregulated genes are still
involved in carbohydrate transport and metabolism (26%)
and amino acid transport and metabolism (24%), respectively
(Figure 4B). The transcriptome analysis was validated by
northern  blot  analysis of four selected genes
(Supplementary Figure S5). Altogether, these results confirm
that CcpA is a major gene regulator of metabolic pathways
in L. monocytogenes, as shown previously by others (Mertins
et al., 2007). Notably, although CcpA promotes sensitivity to
antimicrobial FFAs, its regulatory activities appear to be largely
unaffected by FFA exposure.
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FIGURE 3 | The response of CcpA mutants to antimicrobial and anti-virulent FFAs. (A) Growth of CcpA mutants upon LA exposure. Wild-type, ccpA-mut1, AccpA,
priA*, prfA*-ccpA-mut1, prfA*-AccpA and LA-1A were diluted to ODgyo=0.0002 and exposed to different concentrations of LA and PA. As controls, cultures were
left untreated (+) or exposed to a corresponding concentration of vehicle (C). After 20h of incubation growth was measured. The results represent the average of
three independent experiments. (B) p-galactosidase assay for CcpA mutants. Strains prfA*, prfA*-ccpA-mutl, prfA*-AccpA, and LA-1A were transformed with phly-
lacZ, containing a transcriptional fusion of the hly promoter to the lacZ gene. Resulting strains were grown to ODgy0=0.3 and exposed to 10 ug/ml LA, 2 pg/ml PA, or
150 pg/ml PAL. As control, cultures were exposed to a corresponding concentration of vehicle (C). Results are the average of three independent experiments each
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To investigate in more detail if some of the CcpA-regulated
genes contribute to FFA tolerance, we focused on genes
significantly upregulated by at least 4-fold in AccpA relative
to the parental strain, both under regular growth conditions
and upon LA exposure (Supplementary Table S6). Two of
the three most upregulated genes, chosen for mutational
analysis, encode a PTS system component (Imo02772) and a

hypothetical protein (Imo0517), respectively. Strikingly, these
genes were upregulated more than 100-fold in the absence
of CcpA (Supplementary Table S6). When going through
the list of genes highly upregulated in the absence of CcpA,
we furthermore noticed that the [m00109-Imo0110 operon
is predicted to encode a transcriptional regulator and a
protein with esterase/lipase function, respectively, suggesting
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FIGURE 4 | Transcriptomic profiles for prfA* and prfA*- AccpA cells upon regular growth and exposure to LA. (A) Venn diagram for genes significantly regulated
upon exposure to LA in prfA* and prfA*-AccpA. Genes up- or downregulated by at least 2-fold upon exposure to LA relative to control conditions are gathered in a
Veen diagram for prfA* and prfA*-AccpA. (B) Clusters of Orthologous Genes (COGs) distribution of significantly regulated genes in the AccpA strain compared to
the parental strain. The transcriptome profile of prfA*-AccpA and prfA* strains were compared both upon control conditions and upon exposure to LA. Genes
significantly up- or downregulated by more than 2-fold were determined as differentially expressed. The distribution of regulated genes according to their
corresponding COGs is presented in the graphs.
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that this operon could play a role in the response of
L. monocytogenes to FFAs (Supplementary Table S6).
Additionally, we observed that [mo02175 (fabG) encodes a
3-ketoacyl-(acyl carrier protein) reductase, which catalyzes
the first of two reduction steps in the elongation cycle of
fatty acid synthesis (Supplementary Table S6). Knock-out
mutants of [mo2772, Imo0517, the Imo0109-Imo0110 operon,
and [mo2175 were therefore constructed in the FFA-tolerant
AccpA background, to examine if deletion of any of these
genes would restore FFA sensitivity. Growth upon exposure
to increasing concentrations of LA was studied for the various
mutants (Figure 5A). The data revealed that deletion of the
selected genes and operon, individually, does not restore
FFA sensitivity in the prfA*-AccpA strain, indicating that
upregulation of these CcpA-regulated genes does not confer
FFA tolerance on its own. Instead, FFA tolerance might
be due to altered CcpA regulation of other genes, which
have not been tested in this study.

Deletion of ccpA Results in a More
Hydrophilic Bacterial Surface

It is well known that CcpA regulates multiple PTS systems
located in the bacterial cell envelope (Schumacher et al., 2004).
We therefore speculated if deletion of ccpA could affect the
polarity of the bacterial surface. To test this idea, we compared
the surface hydrophobicity of the AccpA mutant and its parental
strain by studying the microbial adhesion to n-hexadecane
using the hydrocarbon test (Figure 5B). The AccpA strain has
an increased percentage of cells staying in the hydrophilic
phase compared to its parental strain, indicating that deletion
of ccpA confers a more hydrophilic bacterial surface. The change
in surface polarity upon deletion of ccpA could very well
be related to its FFA-tolerant phenotype. Indeed, lack of CcpA
most likely increases FFA tolerance by promoting repulsion
of antimicrobial FFAs, due to a more hydrophilic bacterial surface.

CcpA Plays a Role in the Response to Acid
Stress, Ampicillin, and Gentamicin

The experiments presented in Figure 3A clearly showed that
CcpA confers sensitivity to the antimicrobial activity of LA
and PA, which are known to target the bacterial membrane
(Desbois and Smith, 2010). In line with this, we found that
FFA tolerance of the AccpA strain is most likely caused by
changes in surface polarity (Figure 5B). These findings prompted
us to investigate if CcpA plays a role in the response of
L. monocytogenes to other stress conditions. The prfA*-AccpA
and prfA* strains were subjected to growth in the presence
of 2% ethanol, osmotic stress (0.25M NaCl), acid stress (pH=5),
or antibiotics (bacitracin, ampicillin, vancomycin, gentamicin;
Figure 6). Curiously, the ccpA deletion mutant was clearly
more tolerant to low pH and ampicillin, but more sensitive
to gentamicin, compared to the parental strain (Figure 6).
These findings suggest that CcpA plays a role in the response
of L. monocytogenes to acid stress conditions, as well as antibiotics
used for treating listeriosis: ampicillin and gentamicin
(Temple and Nahata, 2000).

DISCUSSION

The PrfA regulator plays a key role in the pathogenicity of
L. monocytogenes and is essential for production of virulence
factors promoting the intracellular lifestyle of this pathogen.
Various signals from the environment affect the level or activity
of PrfA (Scortti et al., 2007; Johansson and Freitag, 2019). The
transcription of prfA is positively controlled by the general stress
sigma factor Sigma B and the global metabolic regulator CodY,
whereas translation of prfA mRNA is affected by temperature
and two trams-acting S-adenosyl methionine responsive
riboswitches, SreA and SreB (Johansson and Freitag, 2019; Tiensuu
et al., 2019). At the post-translational level, PrfA is positively
controlled by GSH which binds directly to PrfA, whereas inhibitory
peptides prevent binding of GSH to PrfA (Reniere et al., 2015;
Hall et al, 2016; Krypotou et al, 2019). Readily utilizable
carbohydrates, such as glucose, fructose, and cellobiose, have
long been known to inhibit the activity of PrfA, but the exact
mechanism remains to be revealed (Milenbachs et al., 1997).
Although the PrfA inhibitory carbohydrates are taken up by
PTS systems, CcpA is not required for carbon source regulation
of virulence genes in L. monocytogenes (Behari and Youngman,
1998; Deutscher et al., 2005; Herro et al., 2005; Mertins et al., 2007).

We used a prfA* strain to investigate the response of
L. monocytogenes to antimicrobial and PrfA inhibitory FFAs. PrfA*
variants are locked in a constitutively active conformation and
stimulate transcription of virulence genes in BHI broth culture,
where wild-type PrfA is not active (Ermolaeva et al, 2004).
Importantly, PrfA* does not respond to inhibition by readily
metabolizable carbohydrates (Ripio et al, 1997a) or inhibitory
peptides (Krypotou et al., 2019). However, specific FFAs inhibit
PrfA-dependent transcription of virulence genes in prfA* by
preventing PrfA* from binding to DNA (Dos Santos et al., 2020).
The transcriptome analysis of prfA* confirmed that PrfA-regulated
virulence genes were indeed repressed following exposure to
subinhibitory concentrations of LA (Figure 4A). Notably, less than
5 genes were differentially expressed in LA-treated cells relative
to untreated cells, demonstrating that repression of virulence genes
is the most prominent outcome following exposure of prfA* to LA.

At higher concentrations, LA inhibits the growth of
L. monocytogenes, and PrfA is known to affect the sensitivity
against the antimicrobial activity of LA (Sternkopf Lillebeek
et al, 2017). These findings prompted us to investigate if the
antimicrobial activity of LA could be linked to its PrfA inhibitory
activity. We found that a frameshift mutation in ccpA promoted
tolerance of L. monocytogenes to LA as well as PA, and deletion
of ccpA generated a similar phenotype. As expected, CcpA
was dispensable for PrfA-dependent activation of virulence
genes in L. monocytogenes prfA* under normal growth conditions
(Figure 3B). Importantly, all FFA-tolerant mutants responded
well to FFA-mediated inhibition of virulence gene expression,
indicating that virulence inhibitory signaling by FFAs is not
linked to its antimicrobial actions. These results are well in
line with recent data demonstrating that two non-antimicrobial
FFAs, myristic acid (C14:0) and oleic acid (C18:1), were capable
of downregulating PrfA-dependent activities, showing that
antimicrobial activity is not compulsory for the PrfA inhibitory
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FIGURE 5 | Deletion of ccpA results in a more hydrophilic surface. (A) Growth experiments for knock-out mutants with increasing concentrations of LA. ON
cultures were diluted and stressed with various increasing concentrations of LA. As controls, one sample was left untreated (%) and another was stressed with a
corresponding concentration of vehicle (C). Growth was measured after 20 h of growth. Results are the average of three independent experiments.

(B) Hydrophobicity assay for prfA* and prfA*-AccpA. Bacteria were washed and diluted in 1x PBS, followed by incubation with n-hexadecane to measure the
bacterial adhesion. ODgy, Was measured for the water phase before and after incubation with n-hexadecane. Data are presented as percentage of cells that stayed
in the water phase, based on the ODgy measurements. Results are the average of three independent experiments. Statistical analysis was performed using two-
tailed t-test. Only differences with at least 95% confidence were reported as statistically significant (*p<0.01).
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ability of an FFA (Dos Santos et al, 2020). Altogether, these
findings support that exposure of L. monocytogenes to LA
generates two separate responses: one relating to the antimicrobial
activity of the FFA, and another leading to inhibition of PrfA
activity. Notably, inhibition of PrfA activity may be expected
to further sensitize L. monocytogenes to the antimicrobial actions
of FFAs (Sternkopf Lillebeek et al., 2017). Future studies should
aim to uncover the specific role of PrfA in mediating sensitivity
to antimicrobial FFAs.

Our data clearly demonstrate that CcpA confers sensitivity
toward the antimicrobial response of the FFAs, as deletion of
ccpA caused FFA tolerance (Figure 3A). Our transcriptome

analysis revealed that the FFA-tolerant phenotype, which is
observed for AccpA, does not seem to be induced upon LA
exposure, but appears to be an inherent phenotype of the
AccpA mutant. Based on these observations, we hypothesized
that genes underlying the FFA-tolerant phenotype are regulated
by CcpA both during regular growth and upon LA exposure.
To analyze this further, we deleted two genes, that are highly
upregulated in the absence of CcpA (Imo2772 and Imo0517),
and three genes of specific interest based on their predicted
protein function (Imo2175 and Imo0109-0110). However, deletion
of these genes did not restore FFA sensitivity in a AccpA
background (Figure 5A), suggesting that the FFA-tolerant
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FIGURE 6 | Growth of the AccpA mutant and parental strains upon different stress conditions. (A) Growth upon exposure to acid, salt, or ethanol stress. ON
cultures were diluted to ODgyo=0.005 in 96 well plates with corresponding stress conditions. Plates were incubated for 24 h at 37°C and orbitally shaken for 15s
every 30min. Growth was measured regularly. Results are the average of three independent experiments. (B) Growth upon addition of different antibiotics. ON
cultures were diluted to ODgy=0.005 in 96-well plates with corresponding stress conditions. Plates were incubated for 24 h at 37°C and orbitally shaken for 15s
every 30min. Growth was measured regularly. The results are the average of three independent experiments.

phenotype must be based on other regulatory activities of
CcpA. In Gram-positive bacteria, several mechanisms have
been suggested to confer resistance to antimicrobial FFAs. In
Staphylococcus aureus, mutant variants selected for their ability
to grow in the presence of the antimicrobial FFA linoleic acid
(LNA, C18:2), resulted in the identification of the fatty acid
efflux pump FarE (Alnaseri et al, 2015). The LNA-tolerant
mutant carried a substitution in the transcription regulator

FarR, which is divergently transcribed from farE. The expression
of farE is highly induced in the presence of LNA and arachidonic
acid (AA, C20:4), and accordingly, FarE mediates resistance
to LNA and AA, but not PA (Alnaseri et al., 2015). Notably,
another efflux pump, encoded by the PA-inducible tet38 gene,
has been reported to promote resistance to PA in S. aureus
(Truong-Bolduc et al, 2013). These studies demonstrate that
FFA-tolerant phenotypes may be attributable to FFA detoxification
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with efflux pumps. In addition, alterations of the bacterial
surface may shield the bacterium against antimicrobial FFAs.
For instance, the surface protein IsdA increases the surface
hydrophilicity of S. aureus, thereby precluding the binding of
antimicrobial FFAs to the bacterium (Clarke et al., 2007).
Furthermore, wall teichoic acids are known to protect S. aureus
against antimicrobial FFAs, by repulsing FFAs from the bacterial
surface (Kohler et al., 2009). Since CcpA regulates multiple
genes encoding transport proteins located in the cell envelope
of L. monocytogenes, we investigated if lack of CcpA affects
the surface polarity. Our data revealed that deletion of ccpA
results in a more hydrophilic surface of L. monocytogenes
(Figure 5B), as observed for IsdA and wall teichoic acids in
S. aureus (Clarke et al., 2007; Kohler et al., 2009). Based on
these findings, we propose that the regulatory changes occurring
by deletion of ccpA lead to a decrease in surface hydrophobicity,
which results in a more FFA-tolerant phenotype. The specific
CcpA-regulated gene(s) conferring the FFA-tolerant phenotype
waits to be identified. Notably, deletion of ccpA not only resulted
in tolerance toward antimicrobial FFAs, but also acid stress
and the cell wall acting antibiotic ampicillin (Figure 6).
Additionally, sensitivity was obtained toward gentamicin upon
deletion of ccpA; an antibiotic acting to inhibit bacterial
translation, which has commonly been used together with
ampicillin to treat listeriosis. Together these data show that
CcpA not only is involved in the response to antimicrobial
FFAs; apparently, this regulator plays a broader role in the
response toward multiple stress conditions encountered by
L. monocytogenes as both a saprophyte and pathogen. Future
studies should aim to reveal the regulatory role of CcpA, as
well as PrfA, in responding to such conditions.

We previously suggested that FFAs acting to inhibit PrfA-
dependent expression of virulence genes could be future candidates
for novel anti-virulence therapies against L. monocytogenes
(Kallipolitis, 2017; Sternkopf Lillebak et al., 2017; Dos Santos
et al., 2020). In addition to their PrfA inhibitory effect, a subset
of FFAs seem particularly attractive, because they exert a dual
inhibitory effect on L. monocytogenes: at lower concentrations,
they act as signaling compounds to inhibit virulence gene
expression, whereas at higher concentrations, they prevent
bacterial growth. However, as for most growth inhibitory
compounds, bacteria are likely to develop resistance against
antimicrobial FFAs. Indeed, LA-tolerant mutant variants were
readily isolated in the present study, but most importantly, the
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Free fatty acids (FFAs) have strong antimicrobial properties against pathogenic bacteria
and are known as natural protective agents against bacterial infections. Growth of the
foodborne pathogen Listeria monocytogenes is highly affected by the presence of
antimicrobial FFAs, however, the response of L. monocytogenes toward FFAs is not fully
understood. Here, we explore how L. monocytogenes gains tolerance toward FFAs and
present a novel mechanism conferring bacterial protection against FFA toxicity. Strains
tolerant against the antimicrobial FFA palmitoleic acid were isolated and whole genome
sequenced, and mutations were found in genes involved in wall teichoic acid (WTA)
glycosylations. We show that mutation or deletion of Imo7079, which is essential for
N-acetylglucosamine (GIcNAc) glycosylation of WTAs, confer tolerance against several
antimicrobial FFAs. The FFA tolerant strains are lacking GIcNAc on their WTAs, which
result in a more hydrophilic surface. In line with this, we observed a reduced binding of
FFAs to the surface of the FFA tolerant strains. Additionally, lack of GIcNAc on WTAs
confers tolerance toward acid stress. Altogether, these findings support that GIcNAc
modification of WTA plays an important role in the response of L. monocytogenes toward
stress conditions encountered during growth as a saprophyte and pathogen, including
FFA-rich environments. Most importantly, our data revealed that L. monocytogenes strains
lacking GIcNAc on their WTAs are protected against FFA toxicity, because the FFAs are
repulsed from the bacterial surface of GIcNAc-deficient strains.

Keywords: Listeria monocytogenes, wall teichoic acid, antimicrobial fatty acids, anti-virulence activity,
N-acetylglucosamine glycosylation
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INTRODUCTION

Production of free fatty acids (FFAs) are known as a natural
protection strategy against bacterial infections in humans,
animals, and plants (Kengmo Tchoupa et al., 2021). In humans,
FFAs are present in multiple areas, such as the skin and the
gastrointestinal tract, where their antimicrobial properties protect
the host against bacterial infections (Chatterjee et al, 2007;
Kohler et al, 2009). Although FFAs are known to inhibit
bacterial growth, the mechanism underlying their antimicrobial
activity is not fully understood. In general, FFAs are thought
to interfere with biological processes in the membrane, causing
reduced nutrient uptake, cell lysis, leakage of cell metabolites,
or disruption of the electron transport chain (Desbois and
Smith, 2010). To cope with antimicrobial FFAs in FFA-rich
environments, bacteria have evolved various strategies to avoid
FFA toxicity (Kengmo Tchoupa et al.,, 2021). Those strategies
primarily involve repulsion of FFAs from the bacterial surface,
detoxification of the FFAs, or efflux of FFAs from the cytosol
to the extracellular environment (Kengmo Tchoupa et al., 2021).
For some pathogens, the presence of wall teichoic acids (WTAs)
on the bacterial surface is essential to retain tolerance toward
FFAs, e.g., those found on the skin (Kohler et al., 2009).
Additionally, some bacteria can induce the expression of specific
surface proteins in stressful environments, which then decrease
surface hydrophobicity and cause repulsion of the FFAs (Clarke
et al., 2007). By using such mechanisms, bacteria manage to
protect themselves against FFAs in the environment.

Listeria monocytogenes is a facultative intracellular pathogen
causing life-threatening foodborne diseases in susceptible
individuals. During growth as a saprophyte and pathogen,
L. monocytogenes is exposed to FFAs in various environments,
including food products such as salmon and milk, and in the
gastrointestinal tract of a host (Petrone et al., 1998; Chatterjee
etal., 2007; Cascant et al., 2018). Upon ingestion of contaminated
food, L. monocytogenes adapts to the gastrointestinal conditions
and initiates internalization into intestinal epithelial cells through
the surface protein Internalin A (InlA). When inside the
phagosome, the bacterium gains access to the cytoplasm of
the host cell by secretion of the pore forming virulence factor
Listeriolysin O (LLO). Listeria monocytogenes then proliferates
inside the cytosol and spreads to neighboring host cells using
an actin comet tail generated by the help of Actin assembly-
inducing protein (ActA; Freitag et al., 2009). The expression
of virulence factors required for L. monocytogenes™ intracellular
lifestyle is controlled by the virulence regulator PrfA (Scortti
et al., 2007). We recently discovered that at low doses, specific
FFAs act to repress transcription of PrfA-dependent virulence
genes by inhibiting the DNA-binding activity of PrfA (Sternkopf
Lillebaek et al., 2017; Dos Santos et al.,, 2020). At high doses,
some FFAs act to prevent the growth of L. monocytogenes,
but the response of this pathogen to the antimicrobial activity
of FFAs is presently unclear.

In this study, we aimed to explore how L. monocytogenes
responds to and copes with the antimicrobial activity of
FFAs. More specifically, we studied the molecular mechanism
underlying the response of L. monocytogenes to the antimicrobial

monounsaturated FFA palmitoleic acid (PA, C16:1). PA is found
in different oils from both macadamia nuts and sea buckthorn
and was chosen for this study because it has a dual effect on
L. monocytogenes: at high doses, PA acts to inhibit growth of
L. monocytogenes, whereas at low doses, PA inhibits the activity
of a PrfA mutant variant, PrfA*, that is known to be locked
in a constitutively active conformation (Sternkopf Lillebaek
et al., 2017; Dos Santos et al., 2020). Curiously, a mutant
variant deleted for prfA is tolerant to PA, suggesting that PrfA
also plays a role in the response to the antimicrobial activity
of PA. To improve our understanding of how L. monocytogenes
reacts to FFAs, we isolated mutant strains that are tolerant
toward the antimicrobial activity of PA. Interestingly, when
the PA tolerant strains were whole genome sequenced, we found
a nonsense mutation in Imo1079 in four out of six PA tolerant
mutants. The [mol1079 gene encodes for an YthO homolog,
which is essential for the N-acetylglucosamine (GlcNAc)
glycosylation of the WTAs (Rismondo et al, 2018). Notably,
the L. monocytogenes strain used in this work belongs to
serotype 1/2a, which contains two substitutions on their WTAs:
GIcNAc and rhamnose (Rha; Kamisango et al., 1983). Here,
we present our investigations on how the lack of GlcNAc
glycosylation of WTAs contributes to FFA tolerance in
L. monocytogenes.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

The wild-type Listeria monocytogenes EGD 1/2a strain (obtained
from W. Goebel, University of Wurzburg, Wurzburg, Germany)
was used in the study, together with its two isogenic derivates
AprfA (Bockmann et al.,, 1996) and prfA* (expressing a constitutive
active PrfA mutant, G155S; Sternkopf Lillebeek et al., 2017). For
construction of Imo1079-subl, Imol1079-sub2, Imo1083-sub, and
in-frame deletion mutants Almol1079 and Almol083, the
corresponding primers (P1, P2, P3, and P4) were used
(Supplementary Table S1). The fragments were amplified using
a two-step PCR procedure and inserted into the temperature
sensitive shuttle vector pAUL-A (Schiferkordt and Chakraborty,
1995). For Imo1079-subl complementation mutants (Im01079-
subl:Imo1079-subl-c and Imol079-subl-Imo1083-sub::lmo1079-
subl-c), P1 and P4 for I[mol079-subl were used for PCR
amplification followed by integration into pAUL-A. The resulting
PAUL-A plasmid constructs were transformed into competent
L. monocytogenes as previously described by (Mollerup et al.,
2016). Integration and disintegration of the plasmids into the
bacterial genome occurred based on homolog recombination as
described in (Christiansen et al., 2004). The double mutant,
Imo1079-subl-lmo1083-sub, was constructed in a two-step process,
where the mutations were introduced into the bacterial genome
consecutively. The resulting mutants were validated by PCR and
sequencing using primers P5 and P6 flanking the mutated regions
(Supplementary Table S1). phly-lacZ, containing the promotor
region of hly transcriptionally fused to lacZ, and plhrA36-lacZ,
containing the promotor region of the [hrA core promotor
transcriptionally fused to lacZ, were previously constructed (Larsen
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et al, 2006; Nielsen et al, 2011). Listeria monocytogenes was
routinely grown at 37°C with aeration in Brain Heart Infusion
medium (BHI, Oxoid) and supplemented with 50 pg/ml kanamycin
(Kan) or 5pug/ml erythromycin (Erm) when appropriate. During
cloning in pAULA, Escherichia coli TOP10 (Invitrogen) was used
and grown at 37°C with aeration in Luria Bertani broth (LB,
Sigma-Aldrich) supplemented with 150 pg/ml Erm.

Free Fatty Acids

The following FFAs were included in this study: palmitoleic
acid (PA; C16:1; Sigma-Aldrich, purity >98.5%), palmitic acid
(PAL; C16:0; Sigma-Aldrich, purity >99%), lauric acid (LA;
C12:0; Sigma-Aldrich, purity >98%), and eicosapentaenoic acid
(EPA, C20:5; Sigma-Aldrich, purity >99%). Ninety-six percent
ethanol was used as vehicle to dissolve the FFAs.

Promotion of PA Tolerant Strains

Overnight (ON) cultures of prfA* were diluted to
ODgy,=0.0002 in BHI and stressed with increasing concentrations
of PA (2, 4, 8, 16, 32, 64, and 125pug/ml) for 7days. The
concentration of vehicle was kept constant at 0.25% during
the selection process. Glycerol stocks were made at 125 pg/ml
PA, and a total of six single mutants were isolated from three
biological replicates for further studies.

Growth Experiment With FFAs

Overnight (ON) cultures were diluted to ODgy=0.0002; 4ml
of the diluted cultures were transferred to culture tubes and
stressed with increasing concentrations of FFAs. As controls,
one culture was left untreated, and another only exposed to
the vehicle. Cultures were incubated for 20h, followed by
ODyy measurements.

Growth Experiments in 96-Well Plates
Overnight (ON) cultures were diluted to OD4y,=0.2 and 5pl
of the diluted cultures were added to their corresponding wells
in the TC 96-well plate (standard, F, SARSTEDT). A final
volume of 200l was obtained in each well by adding 195pl
BHI + stress agents to the corresponding wells. An initial ODg,
of 0.005 was thereby obtained. The 96-well plate was incubated
in the plate reader (Synergy™ HI1 multi-mode microplate
reader, BioTek) for 24h at 37°C with orbital shaking for 15s
every 30min.

p-Galactosidase Assay

ON cultures of the strains containing either phly-lacZ or
plhrA36-lacZ were diluted to ODgy=0.02. At ODg=0.3 the
cultures were split and treated with either 2 pug/ml PA or 150 pg/
ml PAL. As controls, a culture was left untreated, or treated
with only vehicle corresponding to the final concentration of
vehicle in FFA treated samples. After 20h of growth ODg,
was measured and 1ml samples were harvested. The
fB-galactosidase assay was performed as previously described
(Christiansen et al., 2004).

Cell Harvest, RNA Extraction, and
Northern Blot Analysis

Overnight (ON) cultures of prfA*, PA-1A, PA-2A and PA-3A
were diluted to ODgy,=0.02 and incubated. At ODg,=0.3 the
cultures were split and treated with either vehicle or 2pg/ml
PA for 1h. Next, cultures were snap cooled in liquid nitrogen
followed by centrifugation at 8,000rpm for 3min at 4°C. The
supernatant was removed, and pellet was snap cooled in liquid
nitrogen before samples were stored at —80°C. Total RNA was
extracted using Tri reagent (Molecular Research Center, Inc.),
as previously reported (Nielsen et al., 2010). RNA purity and
concentration were determined by agarose gel electrophoresis
and DeNovix DS-11 Fx, respectively. Agarose northern blot
analysis was performed as early described (Dos Santos et al.,
2020). Membranes were hybridized with **P-labeled single
stranded probes (Supplementary Table S1). Visualization of
bands was done using Typhoon FLA9000 (GE Healthcare).

Whole Genome Sequencing

Sequencing libraries were prepared for prfA*, PA-1A, PA-1B,
PA-2A, PA-2B, PA-3A and PA-3B using Nextera XT DNA Kkit.
Libraries were sequenced using Illumina Miseq platform in pair-end
mode, read length of 150bp. Quality of the reads was checked
using FastQC version 0.11.8, standard settings. Reads were mapped
to the reference genome of L. monocytogenes EGD-e (ASM19603v1,
NCBI) using Breseq version 0.33.0 pipeline, standard settings
(Deatherage and Barrick, 2014). SNPs were found using gdtools,
and Single nucleotide polymorphisms (SNPs) present in both
read directions for the isolates are listed in Table 1.

Fluorescent Microscopy With Wheat Germ
Agglutinin, Alexa Fluor™ 594 Conjugate
One milliliter of ON culture was centrifuged at 3,500rpm for
3min, and the supernatant was removed and resuspended in
100 pl 1x PBST (1x PBS+0.1% Tween 20; Sigma-Aldrich). The
resuspended cells were incubated for 5min at room temperature
(RT) in darkness with 50 ul 0.1 mg/ml Wheat Germ Agglutinin,
Alexa Fluor™ 594 Conjugate (Invitrogen; resuspended in 1x
PBS). The samples were centrifuged again and washed two
times in 500pul 1x PBST. The bacteria were resuspended in
1x PBST and spotted on poly-lysin [poly-lysin solution 0.1%
(w/v); Sigma-Aldrich] coated microscopy slides. Bacteria were
visualized by phase contrast (PH) and Texas-Red using an
inverted fluorescence Olympus IX83 microscope. Images were
analyzed using FIJI ImageJ (Schindelin et al.,, 2012).

Hydrophobicity Assay

Overnight (ON) cultures (5ml) were centrifuged for 5min at
4,000 rpm, the supernatant was removed, and pellet was washed
three times in 5ml 1x PBS. Pellet was resuspended in 1x PBS
and diluted to ODg4y=0.3 (ODgy_1). Three milliiliter of the
diluted cultures was transferred to culture tubes and 300 pl
n-hexadecane (Sigma-Aldrich) was added. Samples were vortexed
for 2min followed by incubation for 15min at RT for phase
separation. ODg,, was measured again for the water phase
(ODgy_2), and the percentage of cells staying in the hydrophilic

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 897682


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Thomasen et al.

WTA Glycosylation and Fatty Acids

TABLE 1 | Mutations found in PA tolerant strains based on whole genome sequencing.

PA tolerant strain Location Gene Codon Mutation Mutation ID Description

PA-1A 1,111,021 Imo1079 85 QSTOP (CAATAA) Imo1079-sub1 A nonsense mutation, which results in the introduction of a
PA-1B STOP codon at codon 85 in Imo1079.

PA-2A 1,113,036  /Imo1079 756 Y=STOP (TAC=TAA) Imo1079-sub2 A nonsense mutation, which results in the introduction of a
PA-2B STOP codon at codon 756 in Imo1079.

PA-1A 1,117,421 Imo1083 110 A1bp (AAT2ATG) Imo1083-sub A 1bp deletion, which results in a frameshift mutation in /mo7083.
PA-1B The frameshift introduces a STOP codon at codon 115.

PA-3A 1,928,124  Imo1851 101 G=D (GGT2GAT) Imo1851-sub A missense mutation, which results in amino acid substitution
PA-3B of codon 101, from glycine to aspartic acid, in Imo1851.

phase was calculated by ODgy_2/ODgg_1 x 100%. Data were
analyzed by one-way ANOVA with Bonferronis multiple-
comparison test. Only differences with at least 95% CI were
reported as statistically significant.

Membrane Potential

Membrane potential was measured using BacLight Bacterial
Membrane Potential Kit (Invitrogen). ON cultures were diluted
to ODgye=0.003 in 1 x PBS and split into falcon tubes (1ml in
each). Ten microliter of a proton ionophore carbonyl cyanide
3-chlorophenylhydrazone (CCCP) 500puM was added to the
depolarization control and incubated for 5min. Ten microliter
of the fluorescent membrane-potential indicator dye 3,3’-diethyloxa-
carbocyanine iodide (DiOC,) was then added to the samples
and the samples were incubated in darkness for 15-30 min followed
by fluorescence-activated cell sorting using FACSAria II. One
hundred thousand events were measured for each sample.

BODIPY-C12 Binding Assay
Overnight (ON) cultures (5ml) were centrifuged at 3,500 rpm

for 5min. The supernatant was removed, and pellet was washed
twice in 5ml 1x PBS. After the washing step, bacteria were
resuspended in 1x PBS and ODg, was measured. Samples
were diluted in 1x PBS to OD4y,=0.3. Each sample was split
into two falcon tubes (I ml in each), one was incubated with
5pl of vehicle (nonfluorescent) and the other with 5pl of
0.5mg/ml BODIPY™ 558/568 C,, (Invitrogen; diluted in 96%
ethanol) for 5min at 4°C. The fluorescence of the samples
was measured using FACSAria II, with the following parameters:
100,000 events per sample, neutral density filter size 0.5 and
a flow rate of 1. The mean background fluorescence of each
sample (vehicle) was subtracted from the mean fluorescence
of the BODIPY treated samples, before ratios were calculated.
Data were analyzed by one-way ANOVA with Bonferronis
multiple-comparison test. Only differences with at least 95%
CI were reported as statistically significant.

RESULTS

Selection of PA Tolerant Mutants
FFA tolerant strains were isolated in a prfA* background to
allow further investigation of whether the mutations obtained

confer tolerance toward the antimicrobial activity as well as
the PrfA-inhibitory effect of PA (Sternkopf Lillebeek et al,
2017; Dos Santos et al.,, 2020). To select for PA tolerance, the
prfA* strain was diluted in BHI and incubated overnight (ON)
with PA; the concentration of PA was increased by 2-fold
each day. A total of six PA tolerant candidates were isolated
from three independent cultures after growth in BHI with
125pg/ml PA. To investigate their PA tolerance, the six isolates
were cultured ON with increasing concentrations of PA
(Figure 1A). As controls, the parental strain (prfA*) and a
PrfA-deficient strain (AprfA) were included; AprfA is known
to exert increased tolerance toward FFAs (Sternkopf Lillebaek
et al,, 2017; Dos Santos et al., 2020). As shown in Figure 1A,
growth of prfA* was restricted at 25pg/ml of PA, whereas
growth of the six isolates and AprfA was prevented at 125pg/
ml of PA, demonstrating that the isolated strains are 5-fold
more tolerant against PA compared to the parental strain.
Additionally, growth in presence of PAs saturated counter
partner, the non-antimicrobial FFA palmitic acid (PAL, C16:0),
was evaluated (Figure 1A). This growth experiment revealed
that all six isolates, as well as the two control strains, could
grow in presence of PAL. Altogether, the six isolated strains
exhibit tolerance toward PA, whereas their growth is
unaffected by PAL.

PA Tolerant Strains Are Still Sensitive
Toward the PrfA Inhibitory Effect of FFAs
Since PA is also known to inhibit the activity of PrfA (Sternkopf
Lillebzek et al, 2017), we performed a f-galactosidase assay
to investigate if the six PA tolerant strains had become insensitive
toward the PrfA inhibitory effect of FFAs. The six strains were
transformed with the phly-lacZ fusion plasmid, which contains
the PrfA-dependent promotor region of hly fused to lacZ. The
prfA* and AprfA strains were again included as controls. The
resulting eight strains were grown to mid-exponential phase;
then, the cultures were split and treated with sub-inhibitory
levels of PA or PAL. Untreated and vehicle treated cultures
were included as controls. After 20h of growth, cells were
harvested; the results from the p-galactosidase assay are presented
in Figure 1B. Except for AprfA, the p-galactosidase activity
ranged from 80 to 300 units for all strains tested during regular
growth and after exposure to the vehicle or the non-inhibitory
FFA PAL. These results demonstrate that all six PA tolerant
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FIGURE 1 | The response of selected palmitoleic acid (PA) tolerant isolates toward free fatty acid (FFA) exposure. (A) Growth of prfA*, AprfA and the six selected
PA tolerant strains upon exposure to different concentrations of PA or palmitic acid (PAL). As controls, cultures were left untreated (—) or exposed to vehicle (C).
ODgqo values were measured after 20h of growth. Results are the average of three independent experiments. (B) Expression of the PrfA-dependent virulence gene
hly upon exposure to PA or PAL. The promotor region of hly cloned into the reporter plasmid pTCV-lacZ was transformed into prfA*, AprfA and the six selected PA
mutants. The resulting strains were grown to ODgy,=0.3 and exposed to 2 ug/ml PA or 150 pg/ml PAL. As controls cells were left untreated (—) or incubated with a
concentration of vehicle (C) corresponding to the one used for FFA conditions. Samples were harvested after 20h and used for f-galactosidase assays. Results are
the average of three independent experiments, each performed in technical duplicates. (C) Northern blot analysis of hfy mRNA levels upon exposure to PA. The
prfA* strain and three selected PA mutants were grown to ODg=0.3 and exposed to 2 ug/ml PA or as control a corresponding concentration of vehicle (C). Cells
were harvested after 1h. Northern blots were probed for hly mRNA and 16S rRNA (loading control). The experiment was performed in three biological replicates.

mutants encode a functional PrfA protein. Upon exposure to
sub-inhibitory levels of PA, the p-galactosidase activity was
remarkably reduced for prfA* and the six isolated mutants.
These data show that the PA tolerant isolates are still sensitive
toward the PrfA inhibitory activity of PA. Notably, high levels
of B-galactosidase activity were observed for all strains containing
the PrfA independent plhrA36-lacZ fusion plasmid under all
growth conditions tested (Supplementary Figure S1).

In addition to the P-galactosidase assays, northern blotting
was performed to evaluate the effect of PA on the expression
of hly. Three PA tolerant strains and prfA* were grown to
mid-exponential phase and exposed to a sub-inhibitory level
of PA for 1h. Results from the northern blot are shown in
Figure 1C. The mRNA level of hly was strongly reduced in
all four strains upon exposure to PA, indicating that PA acts
to inhibit PrfA dependent virulence gene expression in the
PA tolerant strains. When comparing the results of the
B-galactosidase assay and the northern blot analysis under
control conditions, we note that hly-lacZ expression in isolates
PA-1A and PA-1B is lower relative to the other strains, whereas

hly mRNA levels are comparable for all strains tested
(Figures 1B,C). Most likely, these isolates are slightly more
resistant to the conditions used for cell lysis in p-galactosidase
assays versus northern blotting. In line with this, the PA
dependent increase in lhrA36-lacZ expression could be due to
an increased susceptibility of PA-1A/1B to cell lysis after PA
exposure (Supplementary Figure S1).

Altogether, the results from the p-galactosidase assay and
the northern blot experiment confirm that any kind of mutations,
which might have occurred in the PA tolerant strains, are
only relevant to studies of the antimicrobial activity of FFAs.

GlcNAc Glycosylation on the WTAs
Contributes to PA Sensitivity in Listeria
monocytogenes

To reveal the type of mutations that led to PA tolerance, the
six isolates and the parental strain prfA* were whole genome
sequenced (WGS). As shown in Tables 1, a total of four
mutations were found in the PA tolerant strains. Isolates from
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the first biological replicate carry two mutations: a frameshift
mutation in [mo1083 and a nonsense mutation in /mol079.
The two isolates from the second biological replicate carry a
nonsense mutation in mol079 as well, whereas isolates from
the third biological replicate carry a missense mutation in
Imo1851. The latter gene (Imol851) encodes for a carboxyl-
terminal protease, whereas both 1101079 and Imo1083 encode
enzymes involved in modification of WTAs in L. monocytogenes
serovar 1/2a. More specifically, mol079 encodes an YfhO
homolog that is essential for the GIcNAc glycosylation of WTAs
(Rismondo et al., 2018), whereas Im01083 (rmIB) is a part of
the rmIACBD locus encoding the RmIABCD proteins that are
essential for rhamnosylation of WTAs (Carvalho et al., 2015).
We assume that the two different nonsense mutations found
in Imo1079 will result in truncated Lmol079 protein variants,
due to premature termination of translation. The frameshift
mutation found in Imo1083 leads to the formation of a STOP
codon at codon 115 out of 329, which is expected to cause
loss of function and result in lack of rhamnosylation, as seen
for similar mutations studied previously (Denes et al., 2015;
Eugster et al., 2015) Since three of the four detected mutations
are present in genes encoding for WTA glycosylation enzymes,
we decided to focus on the role of Imo1079 and Imo1083 in
the response toward antimicrobial FFAs.

To investigate if mutations in /mo1079 and Imo1083 contribute
to PA tolerance, the three single mutations 101079 [Q85 (STOP)),
Imo1079 (Y756 (STOP)] and Imol083 (position 329nt, Albp),
from now on referred to as Imol079-subl, Imol079-sub2 and
Imo1083-sub, respectively, were introduced into the wild-type
strain. Additionally, we constructed a double mutant harboring
both 1101079-subl and Iimo1083-sub. Furthermore, since all three
mutations are expected to affect the functionality of the resulting
proteins, deletion mutants for I[mol1079 and Imol083 were
constructed as controls. Initially, the mutants and wild-type were
cultured in BHI medium (Supplementary Figure S2), which
showed that none of the mutations affect bacterial growth. To
examine if the mutations lead to PA tolerance, growth was studied
upon exposure to increasing concentrations of PA (Figure 2A).
Growth of the wild-type, Imol083-sub and Almol1083 mutant
strains was prevented at 15pg/ml PA, whereas growth of the
Imo1079 mutants was restricted at higher concentrations of PA
(50 or 80pg/ml). Thus, mutations in /mol079 confer tolerance
toward PA by 3-5-fold compared to the wild-type strain. To
confirm that the I[mol079 mutations are causing PA
tolerance, growth experiments with increasing concentrations of
PA were performed for complementation mutants as well
(Supplementary Figure S3A). The Imo01079-subl mutation was
complemented on the chromosome of the single and double
mutant, referred to as Imol079-subl::lmol1079-c and Imol079-
subl-Imo1083-sub:lmo1079-c, respectively. In both cases,
complementation of the Imol079-subl mutation restores the
phenotype back to wild-type, which confirms that mutation of
Imo1079 confers PA tolerance.

To address if the PA tolerance can be linked to GlcNAc
glycosylation of WTAs, we studied the presence of GlcNAc
on the WTAs of wild-type and various 101079 and Imo1083
mutant strains, using fluorescence microscopy to detect

fluorescently labeled Wheat Germ Agglutinin (WGA) selective
for GIcNAc (Figure 2B). Wild-type and Imo01083 single mutants
fluoresce, confirming that they have GIcNAc expressed on the
WTAs, whereas no signal was seen for all Imo1079 mutants
tested. Based on these observations, we conclude that the
mutants, which had acquired tolerance toward PA, are lacking
the GlcNAc glycosylation on their WTAs.

Lack of GIcNAc on WTAs Induces
Tolerance Toward Multiple Antimicrobial
FFAs

Since multiple FFAs have shown antimicrobial properties against
L. monocytogenes (Sternkopf Lillebzek et al, 2017; Dos Santos
et al,, 2020), we wanted to study if the absence of GIcNAc on
WTAS results in increased tolerance toward other antimicrobial
FFAs than PA. Strains were grown in increasing concentrations
of the long-chain polyunsaturated FFA eicosapentaenoic acid
(EPA, C20:5) and the medium-chain saturated FFA lauric acid
(LA, C12:0). The results from the growth experiments are presented
in Figure 3A. In presence of EPA, Imo1079 mutants show increased
tolerance compared to the wild-type and Imol083 mutants. The
Imo1079 mutants are, however, still quite sensitive toward the
presence of EPA. For LA, the same tendency is observed as for
PA in Figure 2A, since the growth of EGD and Im01083 mutants
is inhibited at 80pg/ml of LA, while all /01079 mutants are
still capable of growing at 160pg/ml of LA. Lack of GIcNAc
clearly induces tolerance toward LA and, to a lesser extent,
EPA. Based on these findings, we conclude that if GIcNAc is
absent on the WTAs, L. monocytogenes becomes more tolerant
toward different types of antimicrobial FFAs.

Changes in WTA Glycosylation Result in a
More Hydrophilic Bacterial Surface

In Staphylococcus aureus, it is known that WTAs are important
for maintaining tolerance toward antimicrobial FFAs. More
specifically, in the absence of WTAs the bacterial surface
becomes more hydrophobic and increases the sensitivity of
S. aureus toward antimicrobial FFAs (Kohler et al., 2009). Our
data show that lack of the GIcNAc glycosylation on WTAs in
L. monocytogenes causes FFA tolerance. Therefore, we investigated
if changes in WTA decorations affect the hydrophobicity of
the bacterial surface in L. monocytogenes by studying the
microbial adhesion to n-hexadecane using the hydrocarbon
test (Rosenberg et al., 1980; Kohler et al., 2009). The percentage
of bacteria that stayed in the hydrophilic phase is presented
in Figure 3B. For all Imo1079 mutants, a higher percentage
of the cells stayed in the hydrophilic phase, relative to the
wild-type, whereas Imo0l083 mutants were only slightly
(Imo1083-sub) or not significantly different (Almo1083) from
wild-type. The increased FFA tolerance, which was observed
for the Imol1079 mutants, thereby correlates with a more
hydrophilic surface. Furthermore, by complementing Imo1079-
subl the hydrophobicity of the bacterial surface was restored
to the level of the parental strain (Supplementary Figure S3B).
Finally, we examined if Imo1079-sub1 and/or Imo1083-sub affect
the membrane potential of L. monocytogenes compared to the
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FIGURE 2 | The impact of Imo1079 and Imo1083 mutations on PA tolerance and GIcNAc glycosylation of wall teichoic acid (WTA). (A) Growth of wild-type and
Imo1079 and Imo7083 mutant strains upon PA exposure. Strains were diluted to ODgyn=0.0002 and exposed to various concentrations of PA. As controls cultures
were left untreated (—) or exposed to the vehicle (C). Results are the average of three independent experiments. (B) Detection of GIcNAc on WTAs. Wild-type,
Imo1079 and Imo7083 mutant cells were harvested and resuspended in 1x PBST. Alexa Fluor™ 594 conjugated WGA was added to a final concentration of
33ug/ml. Samples were washed and resuspended in 1 x PBST and cells were visualized on poly-lysin coated slides by fluorescence microscopy. The experiment

parental strain. The results obtained confirmed that none of
the mutations had a detectable effect on the membrane potential
(Supplementary Figure S4). Based on these observations,
we conclude that lack of GIcNAc entails a more hydrophilic
bacterial surface in L. monocytogenes resulting in an increased
tolerance to FFA.

Antimicrobial FFAs Are Repulsed From the
Surface of Listeria monocytogenes in
Absence of GIcNAc on the WTAs

Since Imo1079 mutants have a more hydrophilic surface, it
could be speculated that FFAs are repulsed from the cell surface
when GIcNAc is lacking. This hypothesis was tested by measuring
the interaction between fluorescent-labeled LA (BODIPY FFA
C12) and the bacterial surface by fluorescence-activated cell
sorting (FACS). The mean fluorescence of single and double
mutants relative to the parental strain is presented in
Figure 3C. The mean fluorescence of the lmo1083 single mutant
is comparable to the parental strain, indicating that the FFA
interacts with the bacterial surface to the same extent regardless
of the mutation in the rhamnosylation gene. However, a
significant decrease in the mean fluorescence was observed
when Imo1079 is mutated, showing that the FFA cannot efficiently
interact with the bacterial surface, when GlcNAc modification

of WTA is absent. FFAs are therefore most likely repulsed
from the bacterial surface when GIcNAc is missing on the
WTAs of L. monocytogenes.

GlcNAc Modification of WTA Mediates
Sensitivity Toward Acid Stress

WTA decorations have previously been shown to be essential
for L. monocytogenes ability to invade host cells (Sumrall et al.,
2020), anchoring membrane proteins (Sumrall et al, 2020)
and maintaining resistance toward antimicrobial peptides and
sensitivity toward antibiotics (Carvalho et al., 2015; Meireles
et al., 2020). Therefore, we examined if the PA tolerant mutants
were affected in their tolerance toward other environmental
stress conditions, which L. monocytogenes may encounter upon
disinfection, host infection, food production and preservation.
The Imol1079 and Imol1083 mutants were, together with the
parental strain, grown in 96-well plates under different stress
conditions, e.g., salt, ethanol, and acid. The results from the
growth experiments are presented in Figure 4. All strains grew
equally well in BHI medium. In the presence of salt or ethanol,
growth of the double mutant was slightly impaired relative to
the single mutants and wild-type. Upon exposure to acidic
conditions, a clear growth phenotype was observed for the
Imo1079 mutants; they were all able to grow at pH =5, whereas
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FIGURE 3 | The role of WTA modifications in FFA tolerance. (A) Wild-type, /mo7079 and Imo1083 mutant strains were diluted to ODg,=0.0002 and exposed to
different concentrations of eicosapentaenoic acid (EPA) or LA. As controls, cultures were left untreated (—) or exposed to the vehicle (C). Growth was measured after
20h. Results are the average of three independent experiments. (B) Hydrophobicity of the bacterial surface. Bacteria from overnight (ON) cultures were harvested
and washed in 1x PBS. Cells were resuspended in 1x PBS to ODgy=0.3 and vortexed together with n-hexadecane. ODgy, was measured again for the hydrophilic
phase after phase separation. Percentage of cells in hydrophilic phase was determined. Results are the average of three independent experiments. Statistical
analysis was performed by one-way ANOVA with Bonferroni’s multiple-comparison test, (ns)=not significant, (*)=p <0.01, (***)=p <0.0001. (C) LA binding assay.
Bacteria were harvested and washed in 1x PBS. Cells were diluted in 1x PBS to ODgy=0.3 and incubated with 2.5 ug/ml BODIPY-C12 or a corresponding
concentration of vehicle as control. Bacterial fluorescence was determined by fluorescence-activated cell sorting (FACS). Results are mean fluorescence relative to
wild-type and the average of three independent experiments. Statistical analysis was performed by one-way ANOVA with Bonferroni’s multiple-comparison test,
(ns)=not significant, (***)=p <0.0001.

growth of wild-type and the Imol083 single mutants was
restricted. 'The acid tolerant phenotype was confirmed
to be strictly dependent on the lack of GIcNAc, as
complementation of [1m01079-subl restores wild-type sensitivity
(Supplementary Figure S5). Altogether, mutations of both
WTA substitution genes caused a slight growth deficiency upon
exposure to salt and ethanol. Notably, lack of GIcNAc on WTAs
not only resulted in FFA tolerance, but also tolerance toward
acid stress. Altogether, our findings demonstrate that GlcNAc
modification of WTA plays a role in the response toward
stress conditions encountered by L. monocytogenes during life
as a saprophyte and a pathogen.

DISCUSSION

Microbial development of resistance toward traditional antibiotics
is expanding worldwide much faster than new antibiotics are

discovered (Ventola, 2015). Due to the rapid increase in antibiotic
resistance, alternative treatment options and combination
therapies are attracting more attention (Brown, 2015). Natural
compounds like FFAs are known to have antimicrobial properties
against pathogens, however, the specific mechanism of action
is not fully understood (Desbois and Smith, 2010). In fact,
multiple organisms (plants, mice, humans, etc.) use antimicrobial
FFAs as a natural protection mechanism to avoid bacterial
infection (Kengmo Tchoupa et al., 2021). Pathogenic bacteria
therefore use different strategies to avoid FFA toxicity, so they
can adapt to the host environment and cause infections despite
the presence of host delivered antimicrobial FFAs. These bacterial
defense strategies may involve changes in surface polarity,
export of FFAs or detoxification of antimicrobial FFAs (Kengmo
Tchoupa et al, 2021). In S. aureus, the FFAs are repulsed
from the bacterial surface by different mechanisms. Staphylococcus
aureus induces the expression of capsule biosynthesis genes
upon exposure to FFAs, as the polysaccharides in the capsule
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FIGURE 4 | Growth of WTA modification mutants upon exposure to different stress conditions. Strains were diluted to ODggo=0.005 in 200 pl growth medium in
96-well plates. The growth medium employed was either untreated BHI medium (BHI), BHI supplemented with 4% ethanol (4% EtOH), 1M NaCl, or adjusted to
pH=5. Cultures were incubated for 24 h and growth was measured regularly by a microplate reader. Results are the average of three independent experiments.

make the bacterial surface more hydrophilic (Mortensen and
Kapral, 1992; Kenny et al., 2009; Moran et al., 2017). Furthermore,
WTAs on the surface of S. aureus are known to be hydrophilic
and hinder the interaction between the FFAs and bacterial
membrane (Kohler et al., 2009). Additionally, S. aureus expresses
the cell-wall anchored protein iron-regulated surface determinant
A (IsdA), which decreases the surface hydrophobicity and
hamper binding of the FFAs to the bacterium (Clarke et al.,
2007). All these hydrophilic factors will naturally increase
tolerance toward antimicrobial FFAs in S. aureus by repulsing
the host delivered FFAs from the bacterial surface. If the
intracellular concentration of antimicrobial FFAs in the bacterial

cytosol exceed the inhibitory threshold, detoxification can occur
by efflux systems, such as the resistance-nodulation-cell division
(RND) superfamily (Kengmo Tchoupa et al., 2021). The FFAs
are then exported out of the bacterium into the extracellular
environment to reduce the intracellular concentration and
promote bacterial growth (Alnaseri et al., 2015; Kengmo Tchoupa
et al, 2021). Alternatively, FFAs can be detoxified by either
oleate dehydratases or fatty-acid-modifying enzyme (FAME)
after uptake to prevent intracellular accumulation (Long et al.,
1992; Mortensen and Kapral, 1992; Volkov et al, 2010;
Subramanian et al., 2019). The antimicrobial FFAs are metabolized
into hydroxy-FFAs or esterified FFAs, which are less toxic and
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will promote cell survival (Long et al., 1992; Subramanian
etal,, 2019). Pathogens thereby possess multiple natural protection
strategies against antimicrobial FFAs.

To examine how L. monocytogenes responds to antimicrobial
FFAs, we studied mutations occurring in selected PA tolerant
strains. Most of the isolated PA tolerant strains carry mutations
in genes encoding for enzymes essential for WTA substitutions;
Imo1079 and Imo1083 (rmiB; Table 1). The glycosyltransferase
(Lmo1079) is responsible for transferring GIcNAc from a lipid
carrier molecule in the outer leaflet of the bacterial membrane
onto the growing ribitol backbone of Type I WTAs (Eugster
et al., 2015; Rismondo et al., 2018). RmIB on the other hand
is involved in the dTDP-L-Rha biosynthetic pathway, which
is essential for construction of dTDP-L-Rha for the Type
I WTA rhamnosylation (Carvalho et al., 2015). Since both
genes are involved in WTA glycosylations, it could be speculated
that the mutations in these two genes contribute to PA tolerance.
However, our studies confirmed that only mutations in lmo1079
induced PA tolerance, whereas the effect of mutating Imo1083
was insignificant. This also might explain why no single lmo1083
mutants were identified among the PA tolerant isolates. Notably,
there seems to be a competition between Rhamnose and
GIcNAc modification of WTA at 30 and 37°C (Tokman et al,,
2016). In the present study, the PA tolerant strains were selected
and analyzed at 37°C. Future studies should focus on testing
the putative role of WTA decorations in FFA tolerance at
lower temperatures.

Mutation of Imol079 induced tolerance toward different
types of antimicrobial FFAs (saturated, mono- and poly-
unsaturated), demonstrating that [mo1079 plays an important
role in the response of L. monocytogenes to antimicrobial FFAs
in general. The acquired FFA tolerance of the Imo1079 mutant
strains correlated with a common absence of GIcNAc on their
WTAs (Figure 2B), suggesting that lack of GIcNAc on Type
I WTAs of L. monocytogenes confers FFA tolerance. As mentioned
above, the presence of WTAs on S. aureus is necessary to
sustain tolerance toward exogenous FFAs (Kohler et al., 2009).
Thus, WTAs in general repulse FFAs from the bacterial surface
and induce tolerance, whereas the GIcNAc modification seems
to cause sensitivity, as lack of GIcNAc contribute to FFA
tolerance. In L. monocytogenes, the GIcNAc modification thereby
plays a separate role in relation to the response to antimicrobial
FFAs, which is opposite to the role shown for WTAs in general
in S. aureus.

The absence of WTAs in S. aureus causes a more hydrophobic
bacterial surface; the FFAs are then more efficiently drawn to
the surface, which increases sensitivity to FFAs (Kohler et al,
2009). These observations made us to speculate if WTA
glycosylations in L. monocytogenes aftect surface polarity as well.
Our data show that lack of GIcNAc on the WTAs, through
mutation or deletion of Im01079, led to a more hydrophilic
surface compared to /mol083 mutants and the parental strain
(Figure 3B). These observations are further supported by data
from (Brauge et al, 2018), where deletion of the two other
genes involved in GlcNAc glycosylation (1102549 and Imo2550)
results in decreased hydrophobicity of the bacterial surface. The
FFA tolerance caused by the absence of GIcNAc is therefore

most likely due to a more hydrophilic surface. In support of
this theory, we found that lack of GlcNAc resulted in reduced
interaction between the antimicrobial FFA, LA, and the bacterial
surface (Figure 3C). Thus, the FFAs are repulsed from the bacterial
surface when GIcNAc is lacking, due to a more hydrophilic
surface. Altogether, our observations support that the WTA
decoration GIcNAc interferes with the surface polarity and thereby
the ability of FFAs to interact with the bacterial surface.

WTA glycosylations of L. monocytogenes serovar 1/2a have
shown to be crucial for sustaining tolerance toward other
antimicrobial compounds. For example, absence of GIcNAc
slightly increases the sensitivity toward the antimicrobial peptide
CRAMP (Meireles et al., 2020). Notably, the sensitivity is amplified
if both GIcNAc and Rha are lacking on the WTAs, indicating
that the two types of WTA decorations cooperate to confer
resistance toward antimicrobial peptides (Meireles et al., 2020).
In addition, both WTA glycosylations confer decreased
susceptibility of L. monocytogenes serovar 1/2a toward the
antibiotics, gentamicin and ampicillin, which are commonly used
for treatment of Listeriosis (Meireles et al., 2020). In our study,
we furthermore found that lack of GIcNAc alone increases the
tolerance of L. monocytogenes toward acid stress, and mutations
of both 01079 and Imo1083 led to a slight increase in bacterial
susceptibility toward ethanol and salt stress. Importantly, WTA
glycosylations are known to serve as binding targets for
bacteriophages in the environment and changes in these structures
therefore prevent phage adsorption to WTAs (Denes et al., 2015;
Eugster et al., 2015). Bacteriophage resistance for Type I WTA
serovars is caused by point mutations in genes belonging to
the rmIACBD operon (responsible for Rha modifications), or
genes encoding for the GIcNAc glycosylation enzymes (ie.,
Imo1079, Imo2549 or Imo2550; Denes et al., 2015; Eugster et al.,
2015). Altogether, these findings substantiate an important
role for GIcNAc glycosylation of WTA, alone or together with
Rha modifications, in the response of L. monocytogenes toward
various antimicrobial agents, environmental stress conditions,
and bacteriophages.

As mentioned above, the WTA glycosylation GlcNAc
contributes to sensitivity toward antimicrobial agents, such as
FFAs and bacteriophages, so why does L. monocytogenes retain
the GIcNAc decorations? As previously described, GlcNAc
contributes to tolerance toward antimicrobial peptides (Meireles
et al,, 2020). Additionally, the GIcNAc WTA substitution has
been shown to be important for adhesion and biofilm formation
(Brauge et al., 2018). The lack of GlcNAc results in decreased
attachment of L. monocytogenes to surfaces and the biofilm
architecture that arises is different compared to wild-type. The
difference in biofilm structure is expected to be caused by a
more hydrophilic bacterial surface (Brauge et al., 2018). Lack
of GIcNAc results in a less efficient biofilm structure, which
reduce adherence and increase sensitivity toward cleaning
procedures (Brauge et al., 2018). Clearly, this outcome of lacking
GlcNAc is therefore not beneficial for bacterial survival under
these conditions. Additionally, it is known that the most
glycosylated serovars of L. monocytogenes (serovar 1/2a, 1/2b,
and 4b) represent the majority of outbreak strains worldwide
(Maury et al., 2016; Braga et al., 2017; Datta and Burall, 2018;
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Smith et al., 2019), indicating that WTA decorations contribute
to virulence. In line with this, change in serovar, caused by
phage resistance, leads to virulence attenuation (Sumrall et al.,
2020). To summarize, although GIcNAc decoration of WTA
increases the sensitivity of L. monocytogenes toward some
antimicrobial agents, the pathogen may retain GIcNAc on WTA
to promote important functions related to biofilm formation,
tolerance toward cleaning products and antimicrobial peptides,
and possibly, to sustain virulence.

In conclusion, this work demonstrated for the first time,
that the lack of GIcNAc on WTA protects L. monocytogenes
against the antimicrobial activity of FFAs. We also showed
that in the absence of GIcNAc, the FFAs are repulsed from
the bacterium due to a more hydrophilic surface. Notably, the
FFA PA efficiently inhibited the expression of PrfA-dependent
virulence genes, irrespectively of the absence or presence of
WTA decorations (Figures 1B,C). Thus, strains deficient of
WTA decorations can still be targeted by the anti-virulence
activity of FFAs.
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There have been large foodborne outbreaks related to Enterohemorrhagic Escherichia
coli (EHEC) around the world. Among its virulence proteins, the EspF encoded by
locus of enterocyte effacement is one of the most known functional effector proteins.
In this research, we infected the HT-29 cells with the EHEC wild type strain and
EspF-deficient EHEC strain. Via the emerging technique isobaric tags for relative and
absolute quantitation (iTRAQ), we explored the pathogenic characteristics of EspF within
host cells. Our data showed that the differences regarding cellular responses mainly
contained immune regulation, protein synthesis, signal transduction, cellular assembly
and organization, endoplasmic reticulum (ER) stress, and apoptosis. Notably, compared
with the EspF-deficient strain, the protein processing in the ER and ribosome were
upregulated during wild type (WT) infection. Our findings proved that the EspF of
Enterohemorrhagic Escherichia coli induced ER stress in intestinal epithelial cells; the
ER stress-dependent apoptosis pathway was also activated within the host cells. This
study provides insight into the virulence mechanism of protein EspF, which will deepen
our general understanding of A/E pathogens and their interaction with host proteins.

Keywords: Enterohemorrhagic Escherichia coli, EspF, endoplasmic reticulum stress, apoptosis, iTRAQ

INTRODUCTION

Enterohemorrhagic Escherichia coli (EHEC) is a pathogen of foodborne zoonotic intestinal
infectious diseases that spreads through the fecal-oral route (Qadri and Kayali, 1998). EHEC
has a variety of serotypes, but only a few of them are related to human diseases. Among these,
the serotype O157: H7, first discovered in 1982, has produced outbreaks and epidemics in
many countries, especially Northern Europe, Canada (Honish et al., 2017), the United States
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(Heiman et al., 2015), Argentina, Japan (Kanayama et al., 2015),
and China. Symptoms caused by EHEC include abdominal
cramps and non-bloody watery diarrhea, which sometimes can
develop into bloody diarrhea. The aged people and young
children may develop life-threatening diseases, for instance,
thrombotic thrombocytopenic purpura and hemolytic uremic
syndrome. Currently, there is no effective treatment for EHEC
infections. It has strong pathogenicity and lethality, and antibiotic
treatment can cause exacerbations. EHEC infection has become a
global concern for safety and health issues (Li et al., 2020).

Enterohemorrhagic Escherichia coli was classified into
attaching and effacing (A/E) pathogens, targeting the mammalian
intestines and causing pathological lesions on the apical surface
of the host enterocytes (Spears et al., 2006). A/E pathogens consist
of EHEC, Citrobacter rodentium (CR), and enteropathogenic
Escherichia coli (EPEC). They all contain the locus of enterocyte
effacement (LEE), which carries many toxic genes, including
the bacterium’s type III secreted system (T3SS) and effector
proteins: EspG, Tir, Map, EspZ, EspH, and EspF (Gaytan et al,,
2016). These effector proteins cause significant damage to
the host cell, eventually leading to diseases such as diarrhea
and inflammation. Through the T3SS, A/E pathogens directly
inject the effector proteins into the host cell. These proteins
work together to produce characteristic intestinal pathological
changes, such as loss of bacterial intestinal microvilli, regulation
of actin aggregation, destruction of tight junction barrier, and
rearrangement of cell cytoskeleton, ultimately leading to diarrhea
diseases (Holmes et al., 2010).

The EspF is one of the most important functional effector
proteins encoded by LEE. This protein displays emerging
characteristics and becomes a model bacterial effector of
multifunctionality. The EspF protein consists of the N-terminal
and C-terminal domains. The N-terminus (1-73 aa) is composed
of the host cell mitochondrial targeting signal (MTS), the
secretion signal and the nucleolar targeting part (NTD); the
C-terminus (73-248 aa) contains four proline-rich repeats (PRR)
(Mayer, 2001). The EspF protein can inhibit the phagocytosis
of macrophages (Tapia et al.,, 2017), lead to the effacement of
host microvilli, remodel the host membrane, and regulate its
cytoskeleton (McNamara et al., 2001). EspF can block ribosome
synthesis and protein translation by targeting the nucleoli
(Dean et al., 2010), regulate DNA mismatch repair (Maddocks
et al, 2009), destroy the host cell intermediate fibers, and
inhibit sodium-glucose cotransporters, aquaporins, and Na*/H™"
exchanger (Hodges et al., 2008). Our earlier findings showed that
the N-terminal portion of the EspF targeted the mitochondria
and disrupted its transmembrane potential, destroyed the tight
junctions of the epithelial barrier, led to host cell apoptosis (Wang
et al,, 2017; Xia et al,, 2019). Though EspF is multifunctional,
the pathogenic pathways and specific regulatory mechanisms that
mediate its interaction with the intracellular proteins of host cells
are still unclear.

A quantitative proteomic assay combining isobaric tags
for relative and absolute quantitation (iTRAQ) and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) is
developing into a powerful technique to unravel the overall
protein changes within host cells (Wiese et al., 2007). At present,
the iTRAQ has a wide range of applications in the proteomics

(Mertins et al.,, 2012). At the MS/MS level, it could identify the
proteins immediately and conduct relative quantification from
peptide fragments and low mass reporter ions.

The superiorities of iTRAQ are the high throughput, high
quality, high stability, and little sample limitations compared with
other quantitative methods.

In this research, we infected host cells with the EHEC (WT)
and EspF-deficient (AespF) strains. Via iTRAQ, we captured
the differentially expressed proteins from HT-29 cells after
infecting WT and AespF strains. These differential proteins were
annotated by bioinformatics tools. They were involved in many
KEGG pathways. Furthermore, we constructed protein-protein
interaction networks after the EHEC WT and AespF infection. In
general, this work compared complete cellular protein alterations
induced by EHEC WT and AespF strain through iTRAQ based
proteomic analysis. It will deepen our understanding of the
EspF and contribute to the prevention and control of EHEC
0157:H7 infection.

MATERIALS AND METHODS

Cell Culture and Bacterial Strains

The EHEC O157:H7 EDL 933 (WT) and its isogenic strains
lacking the espF gene (AespF, with kanamycin resistance),
complemented strain (AespF/pespF, with kanamycin and
chloramphenicol resistance) were constructed in the previous
work (Wang et al, 2017). The espF gene expression of the
complemented strain was induced by L-arabinose. The bacterial
strains were grown in Luria Bertani media (Oxiod #LP0137,
Basingstoke, United Kingdom) at 37°C at 200 rpm in a constant-
temperature, oscillating shaker with appropriate antibiotics:
100 pg/ml kanamycin (Solarbio #K8020, Beijing, China) for
AespF and AespF/pespF; 10 pg/ml chloramphenicol (Solarbio
#C8050, Beijing, China) and 2 mg/ml L-arabinose (Solarbio
#L1.8060, Beijing, China) for AespF/pespF strain.

HT-29, Vero, Hela and Caco-2 cells were preserved in our
laboratory. Briefly, they were grown in RPMI-1640 (Gibco
#C11875500BT, New York, NY, United States) or DMEM
medium (Gibco # C11995500BT, New York, NY, United States)
containing 10% fetal bovine serum (Gibco #10270-106, New
York, NY, United States) and 1% penicillin/streptomycin (Gibco
#15140122, New York, NY, United States). The cells were cultured
in tissue culture plates at 37°C under humidified 5% CO,
prior to infection.

The Isobaric Tags for Relative and
Absolute Quantitation and Liquid
Chromatography-Tandem Mass
Spectrometry Process

The HT-29 cells were infected with WT, AespF strains at MOI
(multiplicity of infection) of 100:1 for 6 h at 37°C and 5% CO,.
Then the WT-, AespF- and mock-infected cell samples were
collected via the cell scraper, centrifuged, and washed with PBS
(Gibco #10010023, New York, NY, United States) twice. The cell
samples were dissolved with 200 il TEAB dissolution buffer and
cracked by the ultrasonic. Then they were centrifuged at 12000
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r/min for 20 min. The clear supernatant was transferred into
a new tube and added cold acetone containing 10 mM DTT
(Thermo #20290, MA, United States) for about 2 h, followed
by centrifugation. The precipitate was collected and mixed with
800 pl cold acetone at 56°C. The samples were centrifuged
at 12000 r/min for 20 min at 4°C again and dried. Total
protein concentration was measured by the BCA protein assay
kit (Beyotime # P0012S, Shanghai, China).

Samples were labeled with iTRAQ multiplex kit (AB Sciex,
United Kingdom) as follows: iTRAQ 113 and 114 for mock-
infected samples; iITRAQ 115 and 116 for WT strain infected
samples; iTRAQ 117 and 118 for AespF strain infected samples.
We mixed all the labeled samples in equal quantities. Next,
the high-performance liquid chromatography (HPLC) system
(DINOEX Ultimate 3000 BioRS, Thermo, United States) was
employed to fractionate the labeled samples. The LC-MS/MS
analysis was conducted on the Triple TOF 5600 plus system (AB
SCIEX, United States).

Bioinformatics Analysis

The identified protein sequences were annotated by the Gene
Ontology Terms (Gene Ontology Consortium, 2021) (GO'),
Clusters of Orthologous Genes (Galperin et al., 2021) (COG?)
and Kyoto Encyclopedia of Genes and Genomes (Kanchisa,
1997) (KEGG®) to predict the possible function and classify
them functionally. We applied hypergeometric tests to perform
GO and KEGG enrichment to discover differentially expressed
biomarkers in each group. The R language was applied to draw
all other figures in the research.

RNA Extraction and Real-Time PCR
Analysis

The HT-29 cells were grown in tissue culture plates
(approximately 10° cells per well) overnight. The cells were
infected with WT, AespF or AespF/pespF strains (at MOI
of 100:1) for 6 h. The total RNA of the treated cells was
extracted using TRIzol Reagent (Invitrogen #15596026, CA,
United States). We used the primescript RT reagent kit (Takara #
RRO036A, Dalian, China) to remove genomic DNA and perform
pre-cDNA synthesis in RT-PCR.

We detected the amplification of PCR products via the TB
GreenTM premix Ex (Takara #RR820B, Dalian, China). The
primers Bip-F/R, Atf6-F/R, Chop-F/R, Caspasel2-F/R, Caspase
9-F/R, Caspase3-F/R, GAPDH-F/R, RT-PCR were designed and
synthesized to detect changes in mRNA expression (Table 1). The
RT-PCR process was as follows: 95°C 30 s; followed by 40 cycles
0f 95°C for 5 s, 60°C for 30 s, and 95°C for 5 s, 60°C 1 min; then
a final extension step of 72°C for 30 s.

Western Blot Analysis

The HT-29 cells were seeded in 10 cm diameter tissue culture
dishes (approximately 1 x 107 cells per dish) overnight. Then
the cells were infected with WT, AespE and AespF/pespF

Thttp://geneontology.org/
Zhttp://www.ncbi.nlm.nih.gov/COG/
Shttps://www.kegg.jp/

TABLE 1 | Sequences of the primers used in this studly.

Primers Sequences (5'—3')

Bip-F CTGGGTACATTTGATCTGACTGG
Bip-R GCATCCTGGTGGCTTTCCAGCCATTC
Atf-F TCCTCGGTCAGTGGACTCTTA
Atf-R CTTGGGCTGAATTGAAGGTTTTG
Chop-F CAGAACCAGCAGAGGTCACA
Chop-R ACCATTCGGTCAATCAGAGC
Caspase12-F ACCGTAACTGCCAGAGTCTGAA
Caspase12-R ACCTTGCAAGAGCCGACCAT
Caspase9-F GATCAGATCGGGAATTGCAA
Caspase9-R AGGTGAGGAATTGGCTCCTT
Caspase3-F AACGATATCGCGGGCCCGAA
Caspase3-R GGAGGTGCCTTGAGCTAATT
GAPDH-F AGCTCACTGGCATGGCCTTC
GAPDH-R CGCCTGCTTCACCACCTTCT

strains (at MOI of 100:1) for 6 h. Cells were washed with ice-
cold PBS and then lysed in RIPA lysate (Beyotime #P0013B,
Shanghai, China), and added PMSF protease inhibitor (Beyotime
#ST506-2, Shanghai, China) to collect protein. The cell lysates
were centrifugated at 13,000 rpm for 10 min at 4°C and
the protein concentration was measured via the BCA protein
assay kit (Beyotime #P0012S, Shanghai, China). Equivalent
amounts of protein from each sample were separated by SDS-
PAGE and electro-transferred to PVDF membrane (Millpore
#IPVH00010/ISEQ00010, MA, United States).

The membrane was blocked with 3% bovine serum albumin
(Beyotime #ST023, Shanghai, China) and incubated in primary
antibody at 4°C overnight. The primary antibody included:
Phospho-elF2a (CST #Ser51, 1:1000) Rabbit mAb (CST #3398S,
1:1000, Boston, MA, United States), e[F2a Rabbit mAb (CST
#53248, 1:1000, Boston, MA, United States), Phospho-JNK (CST
#Thr183/Tyr185, 1:1000, Boston, MA, United States) Rabbit
mAb (CST #4668S, 1:1000), JNK Antibody (CST #9252S, 1:1000,
Boston, MA, United States), Cleaved Caspase-3 (Asp175) (5A1E)
Rabbit mAb (CST #9664S, 1:1000, Boston, MA, United States),
BiP Antibody (CST #3183S, 1:1000, Boston, MA, United States),
Bax Antibody (CST #2772, 1:1000, Boston, MA, United States),
CHOP (CST #L63F7, 1:1000, Boston, MA, United States)
Mouse mAb (CST #2895, 1:1000), IREla (CST #14C10, 1:1000,
Boston, MA, United States) Rabbit mAb (CST #3294S, 1:1000)
from Cell Signaling Technology (United States); ATF6 Rabbit
polyclonal Antibody (Abcam #ab37149, 1:1000, Cambridge,
United Kingdom), DDIT3 Mouse monoclonal Antibody (Abcam
#ab11419, 1:1000, Cambridge, United Kingdom), Caspase-
12 Rabbit polyclonal Antibody (Abcam #ab62484, 1:1000,
Cambridge, United Kingdom), Cleaved Caspase-9 Rabbit
monoclonal Antibody (Abcam #ab2324, 1:1000, Cambridge,
United Kingdom) from Abcam (United Kingdom); GAPDH
Rabbit polyclonal Antibody (Proteintech #10494-1-AP, 1:10000,
Chicago, IL, United States), f-actin Rabbit polyclonal Antibody
(Proteintech #20536-1-AP, 1:10000, Chicago, IL, United States),
a-tubulin Rabbit polyclonal Antibody (Proteintech #11224-
1-AP, 1:10000, Chicago, IL, United States) from Proteintech
(United States). The membranes were washed with TBST and
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then incubated with horseradish peroxidase (HRP) conjugated
rabbit (Bioss #bs-0295G, Beijing, China) or mouse (Bioss
#bs-0296G, Beijing, China) secondary antibody. The signals
were collected via the hypersensitive chemiluminescence (ECL)
reagent (Bioworld #BLH01S100CN, MI, United States). Then the
target band was photographed by the Tanon MP software.

The Ca2t* Release Experiments

The HT-29 cells were grown in tissue culture dishes
(approximately 1 x 10° cells per dish) overnight. Then the
cells were infected with WT, AespF and AespF/pespF strains (at
MOI of 100:1) for 6 h. A Fluo-4 AM kit (Yeasen #HB180709,
Shanghai, China) was used to measure the cytosolic Ca?™
concentration within host cells. After washing, the Fluo-4 AM
working solution was added to each well, followed by incubation
at 5% CO? and 37°C for 30 min. Then, cells were gently
washed three times by HBSS and stained with Hoechst33342
at room temperature for 10 min. The fluorescent signals were
visualized on the laser confocal microscope FV1000 (Olympus,
Japan) with the excitation wavelength of 494 nm and emission
wavelength of 516 nm.

Cell Apoptosis Detection

The HT-29 cells were grown in tissue culture dishes
(approximately 1 x 107 cells per dish) overnight. Then the
cells were infected with WT, AespF, and AespF/pespF strains (at
MOI of 100:1) for 6 h. The cells were trypsinized, collected, and
resuspended in PBS (approximately 1 x 10° cells per tube). We
used the annexin V-FITC kit (Keygen Biotech #KGA107-50T,
Nanjing, China) to stain apoptotic cells in the dark. The apoptotic
cells were detected immediately using the flow cytometry (BD
FACScan, United States).

Immunofluorescence Assay

Vero cells were grown in tissue culture plates (approximately 10
cells per well) overnight. The cells were infected with WT, AespF
or AespF/pespF strains (at MOI of 100:1) for 6 h. Cells were
washed with PBS, fixed with 4% PFA (Leagene #DF0135, Beijing,
China), added with 0.1% TritonX-100 (Sigma-Aldrich #T9284,
St Louis, MO, United States) and blocked with 10% goat serum
(Boster #AR1009, Wuhan, China). Each well was incubated with
Bip Rabbit Polyclonal antibody (Proteintech #11587-1-AP, 1: 300,
Chicago, IL, United States) overnight at 4°C, then incubated
with goat anti-rabbit IgG Alexa 488 (Proteintech #SA00013-2,
1:500, Chicago, IL, United States) for 1 h. The samples were
washed with PBS (Gibco, United States) and stained for nucleus
using DAPI (Solarbio #C0065, Beijing, China). The fluorescent
signals were visualized on the laser confocal microscope FV1000
(Olympus, Japan).

The espF gene of EHEC O157: H7 EDL933 was cloned into the
eukaryotic expression vector pEGFP-N1 to construct the pEGFP-
DH5a-EspF plasmid. Hela cells have good cell morphology and
are commonly used in organelle localization experiments. Hela
cells were grown in tissue culture plates (approximately 10° cells
per well) overnight.

Hela cells were transfected via the pEGFP-DH5a and
the pEGFP-DH5a-EspF plasmids. After 24 h, actinomycin
(15 pg/ml) was added. After 48 h, the endoplasmic reticulum,

nucleoli were stained by ER-tracker red (Beyotime #C1041,
Shanghai, China), Hochest33258 (AAT Bioquest #17525, CA,
United States). The localization of plasmids within host cells were
traced via the FV1000 (Olympus, Japan).

Transmission Electron Microscopy
Analysis

The Caco-2 cells were cultured in tissue culture plates
(approximately 10° cells per well) overnight. The cells were
infected with WT, AespE or AespF/pespF strains (at MOI of
100:1) for 6 h. Then the infected cells were washed and fixed
by 2.5% glutaraldehyde solution (Servicebio #G1102, Wuhan,
China) at 4°C for 4 h. Then, the cells were harvested with
centrifugation at low-speed centrifugation and coated with 1%
agarose. Subsequently, cells were fixed by 1% acetic acid 0.1M
phosphate buffer at room temperature for 2 h. The samples were
rinsed again, dehydrated with a graded alcohol, and embedded
in plates containing pure 812 embedding agent (SPI #90529-77-
4, United States). An ultra-thin slicer (Leica UC7, Germany) was
used to cut 60-80 nm ultrathin slice. The ultrathin slices were
double stained with uranium and lead and visualized on the
HT7700 transmission electron microscope (Hitachi, Japan).

Data Analyses

We applied Protein Pilot Software v4.5 to analyze the original
MS/MS file data. The Paragon algorithm (Shilov et al., 2007)
was integrated into Protein Pilot to search in the Uniprot Homo
sapiens (154724 items) database. The qualified proteins (unique
peptide > 1, unused value > 1.3) were considered for further
analysis. The results were presented as the mean £ SD of at least
three independent experiments performed. Statistical analyses
were performed via the SPSS 19.0 software (SPSS, United States).
We applied the student’s f-test, one-way ANOVA and then
performed Bonferroni post hoc test for multiple comparisons to
compare the values in different groups. The p-value < 0.05 was
considered significant.

RESULTS

Differentially Expressed Proteins
Identified in the Study

In this study, 3175 distinct proteins (unused value > 1.3,
confidence > 95%) were identified via the iTRAQ (Smith
et al, 2015). In total, using a strict cutoff value of 1.5-
fold for expressed variation (Deutsch et al, 2014), we
detected 145, 230, and 229 proteins differentially expressed
in the sample pairs AespF versus uninfected, AespF versus
WT, and WT versus uninfected (p < 0.05), respectively.
Supplementary Material reported more details of protein
identification (see Supplementary Figures la-c).

According to the criteria for defining differentially expressed
proteins (fold change ratio > 1.5 and p < 0.05), the number of
downregulated and upregulated proteins are shown in Table 2.
The detailed identification and quantification of each regulated
protein was showed in Supplementary Table 1. The COG, KEGG
function analysis of differentially expressed proteins within host
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TABLE 2 | Differentially expressed proteins identified in the study.

Sample pairs AespF/Control WT/ Control AespF/ WT
Quantified 3,125 3,128 3,126
Upregulated 80 214 22
Downregulated 65 15 208
Total difference 145 229 230

cells after infection were displayed in the Supplementary Table 2.
In our study, two biological replicates among WT-infected,
AespF-infected, and uninfected groups were well-mixed during
sampling. And we performed three technical replicates to
improve the reliability of our data. The coefficient of variation
(CV) analysis was performed to verify the repeatability of
technical replicates (see Supplementary Figure 1d).

Bioinformatics Analysis of the Host Cell
Proteome

We adopted several function annotation analyses for
identified proteins and function enrichment analyses for
differentially expressed proteins to explore more essential
proteins and pathways.

Gene Ontology Annotation
Gene Ontology annotation comparison was applied to clarify
the features of total altered proteins in HT-29 cells treated
by AespF or WT infection, which might associate with
pathogenicity and virulence. The corresponding GO function of
each protein is shown in Supplementary Table 3. To analyze the
function of differential proteins more clearly, we performed an
independent functional annotation analysis of differentially up-
and downregulated proteins and compared the altered proteins
within WT vs. control, AespF vs. control and AespF vs. WT
groups respectively. The comparison of the GO term annotations
for the differentially expressed proteins in HT-29 cells infected
with the WT strain or control group is shown in Figure 1A
(AespF or control group is shown in Figure 1B, and AespE, or
WT group is shown in Figure 1C). GO annotation comparison
was conducted to clarify the features of total altered proteins in
HT-29 cells induced by WT or AespF infection (see in Figure 1C),
which might be associated with virulence and pathogenicity.
From the Figure 1C, these 229 differentially expressed
proteins were categorized into biological processes, cellular
components, and molecular functions according to their
annotation. The most prevalent biological processes were cellular
process, metabolic process, regulation of biological process,
cellular component organization or biogenesis and response to
stimulus. The most prevalent cellular components were located
in the cell, cell part, organelle and organelle part. The most
predominant molecular function was binding, catalytic activity,
structural molecule activity, enzyme regulator activity.

Kyoto Encyclopedia of Genes and Genomes
Pathways Analysis

All proteins were sub-categorized into 243 KEGG classifications.
Figure 2A shows a pie chart of the top 10 functions of KEGG
pathways from the analysis of up- and downregulated proteins
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FIGURE 1 | Gene Ontology classification of upregulated and

downregulated differentially expressed proteins. The green bar indicates
downregulated differentially expressed proteins; the yellow bar indicates
upregulated differentially expressed proteins. (A) Compared to the control
group, the differentially expressed proteins within host cell after WT infection.
(B) Compared to the control group, the differentially expressed proteins within
host cell after AespF infection. (C) Compared to the WT infection, the
differentially expressed proteins within host cell after AespF infection.

in cells infected with AespF respect to cells infected with WT
strains. The three pathway’s metabolic function types (metabolic
pathways, regulation of actin cytoskeleton, Huntington’s disease)
were in all the up and down differential proteins from
Figure 2A. It is worth noting that the biological processes
involved in endocytosis, T cell receptor signaling pathway,
and Fc gamma R-mediated phagocytosis were underscored
in AespF infection, while protein processing in the ER and
ribosome were highlighted during WT infection. In order to
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the WT infection, the top ten functions of KEGG pathways from the analysis of up- and downregulated proteins after the AespF infection. (B) Compared with the WT
infection, KEGG pathway enrichment analysis after AespF infection. The green bar indicates downregulated expressed proteins; the red bar indicates upregulated
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figure out the function related to altered proteins, we applied
KEGG pathway enrichment analysis to reveal the enriched
pathways of the considerably altered proteins (Yang et al,
2019). A hypergeometric distribution based on p-value was
performed to determine the significantly enriched pathways. The
KEGG pathway enrichment analysis of up- and downregulated
proteins in cells infected with AespF respect to cells infected
with WT strains are shown in Figure 2B. Compared with
the AespF infection, several pathways were more up-regulated
after WT infection, such as Ribosome (p-value = 9.3 x 10~7),
Protein processing in the ER (p-value = 2.3 x 10~2), Antigen

processing and presentation (p-value = 6.3 x 10~3), Biosynthesis
of secondary metabolites (p-value = 2.3 x 1072), and tight
junction (p-value = 4.4 x 1072).

The Protein—Protein Interaction Analysis

The protein-protein interaction (PPI) analysis is uniformly
evaluated based on credibility scores via STRING database
(Szklarczyk et al., 2019). This project used the medium
credibility of 0.4 (including 0.4) as the threshold to screen
the interaction relationship. Supplementary Table 4 shows the
detailed results. Cytoscape 3.4 was applied to visualize the
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FIGURE 3 | Protein—protein interaction analysis of differentially expressed proteins. (A) PPI interaction from the analysis of up- and downregulated proteins

comparing the AespF infected cells against the control cells. (B) PPl interaction from the analysis of up- and downregulated proteins comparing the WT infected
cells against the control cells. Circular nodes represent the differentially expressed proteins. The red node indicates the upregulation of proteins, while the green node
indicates the downregulation. The size of node is proportional to the interaction degree. The interacting proteins are connected by edges. The higher the credibility of
the interaction between proteins, the thicker the connection between the nodes.
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FIGURE 4 | EspF co-localizes with endoplasmic reticulum and upregulates the expression of Bip. (A,B) After 6 h of WT, AespF, and AespF/pespF infection, the
relative RNA expression and protein expression of Bip in HT-29 cells was measured via gPCR and western blot assay. Data were normalized to relative RNA
expression, and protein expression is presented as means + SD from three biological replicates. One-way ANOVA test the p-value. *p < 0.05, “*p < 0.01 as
compared with the control group. #p < 0.05 as compared with the AespF group. (C) Immunofluorescent staining assay to visualize the level of Bip expression after
the infection of WT, AespF, and AespF/pespF. Host cells infected by each group were stained with Bip rabbit polyclonal antibody and goat anti-rabbit IgG Alexa 488
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FIGURE 4 | to visualize Bip (green) and DAPI to stain DNA (blue). Representative images from a single experiment are shown. Scale bar, 50 um. The integrated
density of Bip fluorescence signal per field was counted for five randomly selected fields. One-way ANOVA test the p-value. *p < 0.05, *p < 0.01 as compared with
the control group. #p < 0.05 as compared with the AespF group. (D) Immunofluorescent staining assay to visualize the location of EspF and ER after the
transfection of plasmids pEGFP-DH5a and pEGFP-DH5a-EspF. Host cells transfected by each group were stained with ER-tracker red to visualize the ER (red) and
DAPI to stain DNA (blue). Representative z-stack images were shown. The fluorescence signal in host cells was observed by the confocal microscope FV1000. The
Pearson’s correlation was calculated by the NIS-viewer software. Scale bar, 10 pm.

network. The node means the protein, and the edge means the
interaction relationship between the two nodes. Proteins with
higher connectivity than others in the network are called “hubs;
which might play a vital role in the network regulation. The
connectivity of each node is evaluated by Degree (Deg), which
means the total number of edges connected to this node. The
greater the value of Deg, the greater the importance of this
node in the network.

Compared to the control group, the PPI network diagram
was drawn to clarify the features of total altered proteins in
HT-29 cells induced by AespF infection (Figure 3A) and WT
infection (Figure 3B). There are 123 nodes in Figure 3A, which
form 478 interaction relationships via AespF infection. PPI
analysis revealed the following molecular hubs: Glyceraldehyde-
3-phosphate dehydrogenase (Deg:33), ribosomal protein S2
(Deg:27), Epididymis luminal secretory protein 52 (Deg:26),
DNA topoisomerase 2-alpha (Deg:26), acidic ribosomal protein
PO (Deg:25), ribosomal protein S14 (Deg:25), ribosomal protein
S13 (Deg:24), Polyadenylate-binding protein (Deg:23), ribosomal
protein L27a (Deg:22), and ribosomal protein $4 (Deg:22).

There are 213 nodes (Figure 3B), which form 1,882
interaction relationships via WT infection. PPI analysis
revealed the following molecular hubs: Glyceraldehyde-3-
phosphate  dehydrogenase (Deg:77), Epididymis luminal
secretory protein 52 (Deg:69), Epididymis luminal protein 33
(Deg:67), Epididymis secretory sperm binding protein Li 89n
(Deg:64), Heat shock protein-a (Deg:61), DNA topoisomerase
2-a (Deg:59), Chaperonin containing TCP1 (Deg:55), Enolase 1
(Deg:53), ribosomal protein L3 (Deg:53), and ribosomal protein
S3 (Deg:52). As illustrated in Figure 3, the nodes of the WT
infection are darker; the Deg value is greater, and the interaction
relationship between genes is highly reliable and more complex
than the network associated with the AespF infection.

EspF Upregulates the Expression of Bip

From the ER pathway results of KEGG analysis
(Supplementary Figure le), several proteins associated with
ER stress were significantly upregulated after the WT infection
compared with the AespF infection (p < 0.05). Among these,
immunoglobulin-binding protein (Bip; Alao known as Grp78)
stands out as an ER chaperone that plays a crucial role in protein
folding and quality control in the ER lumen (Dana et al., 1990;
Evensen et al.,, 2013; Oka et al., 2013; Cuevas et al., 2017).
From the original iTRAQ results, compared with the AespF
infection, the expression of Bip in host cells was significantly
upregulated after WT infection with a fold change of 2.845 and
p-value < 0.001. QPCR and Western blot tests were applied to
verify the above results. Compared with AespF infection, the
relative RNA expression (Figure 4A) and protein expression

(Figure 4B) of Bip in host cells were significantly upregulated
6 h after WT infection (p < 0.05). Immunofluorescent staining
assay was applied to visualize the level of Bip expression after
the infection of WT versus AespF in Figure 4C (p < 0.05). The
integrated density of the Bip fluorescence signal per area was
elevated after the WT infection. Furthermore, an expression
vector pEGFP-DH5a-EspF was constructed to trace the EspF.
The Pearson’s correlation of ER-red and EGFP-green signals
were 0.662 (pEGFP-DH5a-EspF) and 0.029 (pEGFP-DH5a
group) respectively. By merging the fluorescence signal in host
cells after transfection, we demonstrated that EspF localized to
the ER (Figure 4D).

EspF Induces Endoplasmic Reticulum
Stress in Host Cells

Since Bip ensures the proper folding of proteins and is involved
in the degradation of misfolded proteins, it acts as a key
repressor of the ERS. The expression of Bip was upregulated
within host cells. To further clarify whether ER stress was
induced in our cell model, we performed transmission electron
microscopy (TEM) to observe the ultrastructure of the infected
Caco-2 cells. The rough ER in Caco-2 cells of the Control
group did not expand significantly; ribosomes were attaching
on the surface (Figure 5A). After AespF infection, the RER in
the cells were abundant, slightly expanded, and some of the
surface ribosomes fell off. In the WT infection group, most
of the RER expanded, a dilatation change appeared, and the
ribosomes on the surface fell off. When ER stress occurs, the
Ca?™ within the ER will leak into the cytoplasm. We traced
the concentration of Ca?* via the Fluo-4 probe (Figure 5B).
The cytosolic Ca?* combined the probe and emitted green
fluorescence. The fluorescence intensity of the WT-infected
group was significantly higher than that of the AespF infected
group and the uninfected group. The AespF/pespF-infected
group regained a high fluorescence intensity.

EspF Induces the Endoplasmic
Reticulum Stress-Dependent Apoptosis

Within Host Cells

Evidence in KEGG pathway showed that the protein processing
pathway in the ER was highlighted after WT strain infection
compared with the AespF infection. Several ER stress related
proteins were significantly upregulated, which indicated that
EspF might induce ER stress. Thus, we explored the expression
of downstream signaling molecules. To assess the alternation of
ERS after EspF infection, the expression and phosphorylation
profiles of IREla, JNK, NF-kB, elF2a, ATF-6, CHOP, and
Caspase3/9/12 were detected by western blot analysis. As shown
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in Figure 6A, the expression level of IRE1a was elevated, followed As shown in Figures 6B,C, the phosphorylation levels
by increased expression of phosphorylated JNK and NF-kB of elF2a and ATF-6 were elevated, followed by increased
mediated by WT and AespF/pespF infection but not by AespF  expression of CHOP, pro-apoptotic protein Bax (Figure 4B),
(p < 0.05). and activated caspase3/9/12 mediated by WT or AespF/pespF
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infection compared with AespF (p < 0.05). To further explore
the apoptotic effect of EspF, we also detected the activities of three
intrinsic apoptosis markers, caspase-3/caspase-9/caspase-12.

The results were consistent with the proteomic data obtained
via the iTRAQ labeled LC-MS/MS method. These protein
expression changes were accompanied by significant induction
of apoptosis in WT and AespF/pespF-infected HT-29 cells.
The results suggested that the EspF promoted cell death via
induction of ERS, which subsequently led to massive DNA strand
breaks and the activation of the intrinsic apoptotic pathway.
Furthermore, we assessed the apoptosis level of infected HT-29
cells via PI and Annexin V-FITC double staining united with
flow cytometry (Figure 5C). The average apoptosis percentage
(including late and early apoptosis) of the uninfected, WT, and
AespF infected groups was 24.34, 50.68, and 39.11%, respectively.
Compared to the uninfected group (13.1%), the number of
apoptotic cells (including late and early apoptosis) significantly
increased in the AespF and WT groups (p < 0.05). Compared to
the AespF group, the WT group showed fewer living cells, but
apoptotic cells increased significantly (p < 0.05).

DISCUSSION

So far, although proteomic techniques have been widely utilized
for bacteria-host interaction research, little information is
available on intracellular protein regulation within host cells
after EHEC infection.

Here, we applied iTRAQ united with LC-MS/MS for the
comparative proteomic analysis of host cells infected with WT
and AespF strains of EHEC, owing to its superior capability in the
simultaneous comparison of multi-samples with a vast dynamic
protein abundance (Zhao et al., 2016). In this research, based on
a fold change > 1.5 or <0.67 and a p-value < 0.05229, 145 and
229 differentially regulated proteins were identified in HT-29 cells
treated by EHEC WT and AespF, respectively. Compared with
AespF-infected cells, a total of 230 proteins have been identified
in WT-infected group, including 208 up-regulated proteins
and 22 down-regulated proteins. The differences in cellular
responses mainly included immune regulation, cellular assembly
and organization, protein synthesis, signal transduction, ER
stress, and apoptosis.

From GO analysis, it indicated that EspF regulated the
host metabolic and biological process for its colonization and
infection. As for the cellular components part, it demonstrated
EspF altered proteins were mostly located in the organelle and
organelle part, which was consistent with our previous research
that EspF targeted to the mitochondria and nucleus (Zhao et al.,
2013; Fu et al., 2021). The most predominant molecular function
of EspF infection was binding. As EspF could disrupt the tight
junction, degrade the intermediate filament and induce actin
polymerization (Holmes et al., 2010).

Several host proteins were once screened and verified to
interact with EspF (Holmes et al., 2010; Hua et al., 2018).

From our proteomic analysis, we found three EspF-binding
proteins were up-regulated after WT infection (compared
with AespF): profilin (0.2997, p = 0.00016), Arp2/3 (0.3679,

p =0.02157) and 14-3-3; (0.4835, p = 0.0089). It meant that the
interaction of EspF to these proteins upregulated their expression
within host cells significantly. Other proteins were not found
to be significantly up- or down- regulated, perhaps because
of iTRAQ methodological limitations, insufficient replicates, or
inappropriate incubation time.

Using KEGG pathway analysis, several pathways were more
up-regulated after WT infection such as Ribosome, Protein
processing in the ER, Antigen processing and presentation
and tight junction. The ER is a vital membrane organelle for
protein synthesis, folding, and secretion in eukaryotic cells.
It can also participate in metabolic processes such as Ca’*
storage, gluconeogenesis, lipid and cholesterol synthesis, and
the formation of autophagic vacuolization (Cao, 2015). When
the intracellular oxidation-reduction homeostasis is disturbed,
lots of misfolded or unfolded proteins will accumulate in the
ER cavity, a phenomenon called ER stress (Cao and Kaufman,
2014). To eliminate the harmful consequences of ER stress,
cells have developed the unfolded protein response (UPR) (Hua
et al, 2018). Under the ER stress condition, Bip dissociates
from sensors and binds to misfolded proteins in the ER, which
then activates downstream signals of inositol inositol-requiring
protein-1 (IREla), transcription factor-6 (ATF6), and protein
kinase RNA-like ER kinase (PERK) (Kimata et al., 2003).

On the IREla pathway, the phosphorylated IRE1 interacts
with the TRAF2 (tumor necrosis factor receptor-associated
factor-2), ultimately activating Jun amino-terminal kinase (JNK)
(Urano et al., 2000). Given the connection between sustained
JNK activity and cell death, activating JNK may link IRE1-
mediated ER stress to cell death (Xia et al, 1995; Ventura
et al., 2006). On the PERK pathway, PERK phosphorylates the
elF2 (eukaryotic translation initiation factor 2), which leads
to the translation of the ATF4 (activating transcription factor
4). Therefore, the expression of ATF4’s key downstream target,
CHOP (C/EBP-homologous protein), is increased when elF2a
is phosphorylated by PERK (Ron and Walter, 2007). Studies
involving depleted or overexpressed CHOP have proved that
CHOP is involved in ER stress-induced apoptosis (Guo et al.,
2012; Shen et al., 2014). CHOP can lead to the activation of NF-
kB. The activated NF-kB enhances the production of interleukin-
8 (IL-8) and then leads to intestinal dysfunction. In addition,
CHOP can promote the macrophage infiltration and induce the
production of reactive oxygen species (ROS) and interleukin-1p
(IL-1B) (Tabas and Ron, 2011). Furthermore, CHOP can enhance
the apoptosis of epithelial cells, goblet cells, Paneth cells and
impair their secretion ability. These cells are more sensitive to
inflammatory transmitters and bacterial products, which leads to
the development of colitis (Ma et al., 2017).

In our following study, we verified that the total expression
of Bip, IREla, ATF-6, CHOP, BAX, caspase 12, cleaved
caspase3/9, and cytosolic Ca>* concentration within host cells
were elevated after WT and AespF/pespF infection but not after
AespF infection. The phosphorylation profiles of pJNK/JNK,
p-elF2a/elF2a, and pNF-kB/NF-kB were elevated after WT and
AespF/pespF infection. Earlier studies demonstrated that EspF
initiated the induction of the intrinsic apoptotic pathway by
disrupting the mitochondrial membrane potential (MMP), which
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released cytochrome ¢ into the cytoplasm, thereby leading to
caspase 9 cleavage (Nougayrede and Donnenberg, 2004). In the
ER stress-induced apoptosis pathway, the excessive accumulation
of misfolded proteins in the ER and disturbance in Ca?*
homeostasis induced caspase 12-mediated apoptosis, in which
activated caspase 12 translocated from the ER into the cytosol to
directly cleave caspase 9 and then activate caspase 3 (Chen et al,,
2018). Our study proved that caspase 12, cleaved caspase 9, and
cleaved caspase 3 levels were elevated in the presence of EspF,
which indicated that the ER stress-dependent apoptosis pathway
could also be activated within host cells.

Furthermore, we identified that the IREla pathway was
activated after EspF infection.

Prolonged IRE1-mediated activation may promote apoptosis
by degrading mRNAs encoding essential cell-survival proteins,
including XBP-1. XBP-1 plays a crucial role in the highly
secretory cells such as hepatocytes (Reimold et al., 2000), plasma
cells (Iwakoshi et al., 2003), plasmacytoid dendritic cells (Lee
etal., 2005), and pancreatic acinar cells (Iwakoshi et al., 2007). In
addition, ER stress can cause a subsequent series of physiological
changes within host cells, including autophagy and autophagic
cell death. Hence, ER stress has been increasingly recognized to
be both a secondary consequence of inflammation and neoplasia
(Zhang and Kaufman, 2008) as well as a primary factor in causing
inflammation and potentially cancer (Kaser et al., 2008). Whether
the EspF protein participates in these subsequent reactions still
needs further experiments to be clarified.

In summary, these results provided novel evidence that EspF
activates the ER stress response and enhances cell death of HT-
29 cells.

This study shows that the regulation of the UPR signal by
EspF protein can promote endoplasmic reticulum stress-related
death and enhance cell apoptosis. EHEC has the characteristics of
poor prognosis for antibiotic treatment. The findings of this study
may be an effective strategy that can be combined with current
treatment options to improve the treatment effect of EHEC.

CONCLUSION

Based on the iTRAQ results and experiments described herein,
we conclude that the EspF of Enterohemorrhagic Escherichia
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Mr.Vcisadatabase of curated Vibrio cholerae transcriptome data and annotated
information. The main objective is to facilitate the accessibility and reusability
of the rapidly growing Vibrio cholerae omics data and relevant annotation. To
achieve these goals, we performed manual curation on the transcriptome data
and organized the datasets in an experiment-centric manner. We collected
unknown operons annotated through text-mining analysis that would provide
more clues about how Vibrio cholerae modulates gene regulation. Meanwhile,
to understand the relationship between genes or experiments, we performed
gene co-expression analysis and experiment-experiment correlation analysis.
In additional, functional module named “Interactions” which dedicates to
collecting experimentally validated interactions about Vibrio cholerae from
public databases, MEDLINE documents and literature in life science journals.
To date, Mr.Vc v2, which is significantly increased from the previous version,
contains 107 microarray experiments, 106 RNA-seq experiments, and 3 Tn-
seq projects, covering 56,839 entries of DEGs (Differentially Expressed Genes)
from transcriptomes and 7,463 related genes from Tn-seq, respectively. and a
total of 270,129 gene co-expression entries and 11,990 entries of experiment-
experiment correlation was obtained, in total 1,316 entries of interactions were
collected, including 496 protein-chemical signaling molecule interactions,
472 protein—protein interactions, 306 TF (Transcription Factor)-gene
interactions and 42 Vibrio cholerae-virus interactions, most of which obtained
from 402 literature through text-mining analysis. To make the information
easier to access, MrVc v2 is equipped with a search widget, enabling users to
query what they are interested in. Mr.Vc v2 is freely available at http://mrvcv2.
biownmc.info.
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Introduction

Cholera is a notorious and devastating diarrheal disease, until
now had caused seven epidemics in history globally and is still
endemic in many parts of the world, especially developing
countries like Asia, South America, and Africa (Faruque et al.,
1998; Liu et al., 2008; Xia et al., 2017).

Vibrio cholerae is the causative agent of cholera resulting in
23,000 to 143,000 people dying worldwide annually (Qin et al.,
2020). However, the pathogenesis of Vibrio cholerae is still unclear.
Growing evidence suggests that Vibrio cholerae can rapidly
modulate its gene transcriptional expression in response to the
switches of different environments for better survival and
infection. Therefore, studying the gene expression profile of Vibrio
cholerae under various conditions is important to fully expose and
understand the genetic mechanism of Vibrio cholerae.

In recent years, the transcriptional sequencing is powerful
enough to study general gene expression profiles, sequencing of
Vibrio cholerae transcriptomes rapidly increased the number and
total volume of Vibrio cholerae transcriptome data. At present,
most of the raw sequencing data has been deposited into several
general-purpose databases, such as European Nucleotide Archive
(ENA) (Amid et al.,, 2020)" and NCBI Sequence Read Archive
(SRA) (Kodama et al., 2012).? In addition, several other public
resources, including MicrobesOnline (Dehal et al, 2010),
PubMLST (Jolley et al., 2018), BioCyc (Paley and Karp, 2017), and
PATRIC (Wattam et al, 2014), collected the processed
transcriptome data, microbial genome and metabolic pathway
information and then organized them according to experimental
conditions and organisms for the purposes to greatly promote
data reuse. However, obstacles to the reusability and accessibility
of the rapidly growing Vibrio cholerae transcriptome data remain,
especially the inaccurate data sets and/or incomplete data. For
example, MicrobesOnline, which integrated vast amounts of
microbial genetic information, did not update transcriptome data
since 2012 and only collected 42 high-throughput Vibrio cholerae
microarray data, not collecting RNA-seq data, under different
experimental conditions, deriving from seven published papers.
Additionally, MicrobesOnline did not compute p-values in
differential gene expression analysis due to lacking technical/
biological replicates. PubMLST, which integrated population
sequence data with provenance and phenotype information for
over 100 different microbial species and genera, focus on the
analysis of molecular typing and microbial genome diversity, and
did not collect microbial transcriptome data, including Vibrio
cholerae. BioCyc, a database for collection of the genome and
metabolic pathways of organisms, provided annotations,
essentiality and reactions of gene or protein, however,
transcriptome data were not considered for collection in BioCyc.

Although identified DEGs from transcriptome data are useful
to discover novel genes for phenotypes, obtaining a comprehensive

Frontiers in Microbiology

140

10.3389/fmicb.2022.1047259

regulatory network is meaningful (Saint-André, 2021). To date,
several databases, including STRING (Szklarczyk et al., 2021),
CollecTF (Kilig et al., 2014), STITCH (Szklarczyk et al., 2016), and
MVP (Gao et al,, 2018), had provided data of protein—protein, TF
(Tanscription Factor)-gene, protein-chemical signaling molecule,
and Vibrio cholerae-virus interactions. These data will better help
to understand Vibrio cholerae and useful for researchers to work
on Vibrio cholerae. However, some interaction data presented in
databases were obtained through prediction rather than
experimental verification, which cannot ensure the data quality.
In 2019, we introduced Mr.Vc vl as an online database of
curated microarray and RNA-seq of Vibrio cholerae to facilitate the
reusability and accessibility of the rapidly increasing Vibrio cholerae
omics data and relevant annotation (Zhang et al, 2019).
We collected data from 145 high-throughput gene expression
experiments of Vibrio cholerae from 49 journal articles and the
detailed annotation for 3,834 genes of Vibrio cholerae (Vibrio
cholerae O1 biovar eltor str. N16961), we also collected relevant
information including which operons they may belong to and
possible interaction partners of their protein products. Mr.Vc is the
first comprehensive data repository dedicated to Vibrio cholerae
and could provide convenience for all researchers in related fields.
In current study, we are going to introduce an updated version
of Mr.Vc. In this new version, we extended more annotation
information, such as operon annotation through text-mining
analysis, collected more transcriptome  projects, samples,
experiments, and performed extensive analysis, including differential
gene expression analysis, operon member expression visualization,
gene co-expression analysis, and experiment-experiment correlation
analysis. Most importantly, we added an “Interactions” functional
module in Mr.Vc v2, which listed collected experimentally validated
interaction entries about Vibrio cholerae. We obtained them from
public databases including STRING, STITCH, CollecTE MVP,
literature-describing interactions referring to Vibrio cholerae, and
text-mining results from MEDLINE documents and literature in life
science journals. Additionally, we manually categorized these
interaction data into four interaction types, including protein-
chemical signaling molecule interaction, protein—protein interaction,
TF (Transcription Factor)-gene interaction, and Vibrio cholerae-
virus interaction. These interaction data will provide us with more
clues into the regulatory network and mechanism in Vibrio cholerae
(Kathuria and Chattopadhyay, 2018). Mr.Vc v2 is equipped with a
search widget, allowing experimental biologists and medical
scientists to quick and easy finding what they are interested.

Materials and methods
Data collection and pre-processing

To give users a clear overview of the data collection,
pre-processing, and integration in Mr.Vc v2, we provided the
detailed workflow (Figure 1).

For data collection, as shown in Figure 1A, we searched
recently updated RNA-seq projects in the NCBI BioProject
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FIGURE 1

Overview of MrVc v2. (A) The data source. All data including the raw sequencing data, information on genomic annotation, literature, Tn-seq data,
and experimentally validated interactions were collected from public databases, such as NCBI GEO, ENA, PATRIC, Uniprot, collecTF, PDB, PubMed,
and so on. (B) The data pre-processing. The RNA-seq raw data perform quality control, mapping, transcript quantification, and normalization to
obtain high-quality data for further analysis. The resulting operon and interaction data were obtained from MEDLINE documents and literature in
life science journals through text-mining analysis. The Tn-seq data were directly extracted from supplemental materials of literature. (C) The data
integration. Mr.Vc v2 integrated polytype data, which was placed in the “Genes,” “Operons,” "Experiments,” and “Interactions” pages and provided a
search widget.
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database’ and publications in NCBI PubMed* using “Vibrio
cholerae” as the keyword. Projects with public raw sequencing
data, 106 RNA-seq datasets were collected for further analysis.
The raw sequencing reads were downloaded from EBI ENA
(European Nucleotide Archive,’) and NCBI SRA (Sequence Read
Archive,’) using command line tools from enaBrowserTools” and
SRA-Tools® facilitated by Aspera (a high-speed data transfer tool).
As the related meta-data of corresponding experiments, projects
and literature were obtained from NCBI PubMed and
GEO databases.

For the processing of raw sequencing reads, we used FastQC’
to evaluate the overall quality of the downloaded data, followed by
the Trim_galore to remove sequencing vectors and low-quality
bases (Utturkar et al., 2020). Salmon is the latest computational
algorithm for transcript quantification from RNA-seq data that
could make the expression data compared across experiments and
projects (Patro et al., 2017). In this study, we performed transcript
quantification using Salmon, which adopted TPM (Transcript Per
Million) for normalization, a better unit for RNA abundance than
RPKM and FPKM since it respects the invariance property and is
proportional to the average relative RNA molar concentration
(Zhao et al., 2020). We searched Tn-seq projects in the NCBI
PubMed database and downloaded corresponding supplemental
materials of literature. These data included experiment details and
the ratio value of output/input.

We performed text-mining analysis for Vibrio cholerae operon
annotation using a customized Python pipeline by searching for
functional descriptions of operon member genes (e.g., gene
symbol, locus ID, common name, and aliases) in the titles and
abstracts of MEDILNE documents and literature in life science
journals available from the NCBI PubMed database. Additionally,
for each operon, we visualized the expression profile of its member
genes using TPM (Transcript Per Million) values in 110 different
experiments. For example, operon “OP437” is involved in the
function of bacterial motility, whose member genes expression
trends were intuitively observed through visualization' that could
help us deduce a positive or negative regulatory relationship
between genes.

In addition, we also had a special focus on experimentally
validated interactions about Vibrio cholerae in this study.
We retrieved related interaction entries by following steps: (1)
searching for literature with the keyword: “Vibrio cholerae™;
(2) Filtering sentence from literature, and one sentence
containing two of these: Vibrio cholerae gene name, chemical

O 0 N O U N W
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molecule name, and virus name. (3) This sentence should also
contain one of the following words/phrases: interaction,
altered, associated, caused, confer, contribute, association,
downregulate, elevate, implicated, increase, induce, influence,
interact, involved, lead to, link, mediate, modulate,
overexpressed, reduce, regulate, related, relationship, treat,
binding, environmental signals, target, pathogenic, pathogenesis,
progression, and transcriptional regulation. (4) Extracting these
sentences from literature as supporting evidence and finally
identified 1,316 entries of different interaction types from 402
literature shown in (Table 1), including (1) a total 472 protein-
protein interactions, all of which were experimentally
validated; (2) 496 protein-chemical signaling molecule
interactions that included protein information extracted from
Uniprot and details of chemical molecule extracted from
PubChem (Kim et al., 2021) and PDB database (Burley et al,,
2017); (3) 306 TF-gene interactions, most of which obtained
from collecTF database; (4) 42 Vibrio cholerae -virus
interactions, including 30 entries extracted from literature and
13 from MVP database.

Data analyses

We analyzed transcriptome data and out of a total 106
RNA-seq experiments, 318 samples, in which the expression
abundances were normalized as TPM values. For RNA-seq
experiments, we used a cutoff of |log2 FC|> 1.5 (FC, fold change)
and p-value <0.05 to define differentially expressed genes between
experiments. The 33,180 differentially expressed gene entries were
extracted, representing Vibrio cholerae gene expression under 106
different experimental conditions. We performed gene
co-expression analysis and experiment-experiment correlation
analysis using an in-house Python script to calculate pearson’s
correlation coeflicients, spearman’s correlation coefficients, and
p-value between genes and between experiments, separately.

TABLE 1 Data summary in Mr.Vc v2 database.

Mr.Vc Version1 Version 2
Genes 3,834 3,998
Well-annotated operons 415 600
Literature 49 402
Transcriptome experiment 145 213
DEGs 25,937 56,839
Tn-seq projects 0 3
Top 5% differentially expressed genes 0 161
Experimentally validated interactions 0 1,316
Gene co-expression entries 0 270,129
Entries of experiment-experiment correlation 0 11,990
Text-mining analysis No Yes
Data visualization No Yes
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Pearson’s correlation coefficient have a greater statistical power
than spearman’s coefficients, however which requires that the
statistical data should conform to normal distribution.
Transcriptome data tend to conform to negative binomial
distribution, causing poor reliability of pearson’s correlation
coefficient analysis. And if using spearman’s coeflicients, the
statistical power is not good. So we provided both spearman’s
coefficients and pearson’s correlation coefficients for
complementation on Mr.Vc v2 database. We used a cutoff of
pearson or spearman >0.8 and p-value <0.05 to filter data of
correlation, 270,129 gene-gene correlation entries and 11,990
experiment-experiment correlation entries were obtained. In
order to make more comprehensive use of these two coefficients
of correlation, we calculated their average value for users
reference. In addition, we calculated the p-values using pearson’s
and spearman’s coefficients, respectively, and then compared the
calculated p-value, finally outputted the larger p-value (< 0.05)

to page.

Propose of “Top 5% differentially
expressed gene” hypothesis

During the analysis of Vibrio cholerae transcriptome data,
we found that some genes tended to be differentially expressed in
most experiments. These observations indicated multiple functions
of genes. To seek out these potential genes and their biological
significance, we proposed a hypothesis that 5% of genes in bacteria
are active in most conditions, which defined as “Top 5%
differentially expressed gene” We calculated the numbers of the
experimental condition of each gene when differentially expressed
in experiments, and ranked the corresponding gene by the
calculated number of experimental conditions. Then, we calculated
the number of “Top 5% differentially expressed gene” in Vibrio
cholerae that used the product of 0.05 and numbers of gene except
for essential genes, which is stable in gene expression and less
biological significance, in total obtained 161 genes. Finally,
according to the ranking result, we regarded the top 161 genes as
“Top 5% differentially expressed gene.” For more details of “Top 5%
differentially expressed gene;” please go to “Help” page."

Database design and implementation

Mr.Vc v2 was designed as a relational database. All data were
loaded into a MySQL database. The frontend of the website was
coded using JavaScript and HTML, while the backend was coded
using PHP with a Slim framework to support queries to the MySQL
database and provide representational state transfer (REST)
application programming interfaces (APIs) for programmable
access to our data. The AngularJS framework was used to bride the

11
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front- and back-ends. Echarts.js and plotly.js used for visualizations
at the front end. The website hosted on an Apache server.

Results and discussion
Overview of Mr.Vc v2

In Mr.Vc v2, we updated gene and operon annotation
information, including 3,842 protein-coding genes, 98 tRNAs, 16
rRNA, 42 pseudo genes, 161 Top 5% differentially expressed genes,
and 600 well-annotated operons. We also provided external links
to public databases such as KEGG (Kanehisa et al., 2017), NCBI
Entrez Gene,”” OGEE (Cao et al, 2019), Uniprot (UniProt,
Consortium, 2021) and MicrobesOnline to allow users to explore
in more details of these genes and operons;

We analyzed 106 RNA-seq datasets and performed differentially
expressed gene analysis, experiment-experiment correlation analysis,
and gene co-expression analysis, in total obtaining 33,180 DEGs,
11,990 entries of experiment-experiment correlation, and 270,129
entries of gene co-expression. In addition, Mr.Vc v2 added 3 Tn-seq
projects and 1,316 entries of experimentally validated interaction
through public databases and text-mining analysis, including
protein—protein interaction, protein-chemical signaling molecule
interaction, TF-gene interaction, and Vibrio cholerae-virus
interaction. All data shown in Table 1.

Top 5% differentially expressed genes
shared by experiments

We found that experiments collected in our database shared
some differentially expressed genes with other experiments, which
suggested these genes might play an important role in multiple
phenotypes. Therefore, the concept of “Top 5% differentially
expressed gene” was proposed and according to the hypothesis,
we ranked differentially expressed genes in 213 experiments based
on the frequency of the gene’s appearance, in total obtaining 161
Top 5% differentially expressed genes (Figure 2). For example,
Top 5% differentially expressed gene VCA1028, an outer
membrane protein, was differentially expressed in 67 experiments
(~31% of all), including gene deletion background, stress,
nutritional condition, and human infection experiment. These
data indicated this gene might be involved in several signaling
pathways and functions. A previous study reported that VCA1028
was associated with virulence and indirectly regulated by ToxT
(Thomson et al., 2015). However, there was no research to discuss
its relationship with nutrition and stress. Therefore, the appearance
of a “Top 5% differentially expressed gene” could remind
researchers of its multi-function.

12
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FIGURE 2

Summary of Top 5% differentially expressed genes. The treemap plot summarizes Top 5% differentially expressed genes. The number below the
gene name is the number of experimental conditions that the gene was found to be differentially expressed, including up- and down-regulated.
Mr.Vc v2 calculates the numbers of the experimental condition of each gene when differentially expressed in experiments, and ranks the
corresponding gene by the calculated number of experimental conditions. A total of 161 Top 5% differentially expressed genes were obtained,
according to ranking analysis. The Top 5% differentially expressed gene of the last rank was differentially expressed in 40 experimental conditions.

Case study

In Vibrio cholerae, toxT and tcpN used to refer to the same gene
(VC0838). In order to make users pain-free for these synonyms,
we added “Aliases” data for genes.” The Vibrio cholerae toxT gene
(VC0838) was took as an example to represent how to use Mr.Vc
v2 database for extraction of related information. The users have
the access to five pages including “Genes” “Operons;
Interactions” and “Download” On the Mr.Vr v2

»

“Experiments,
database functions, an additional page for instructions and a home
page. On the “Genes” page, all gene records were listed, according
to their gene locus. Users can find the individual gene information,
including gene ID, description, gene location, gene orientation,
gene length, and gene essentiality (Figure 3A). In addition, users
can click the “VC0838” link to redirect to detailed gene
information, which includes a list of DEGs in experimental
conditions collected in the database (Figure 3C), and the gene

13 http://mrvcv2.biownmc.info/genes/
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co-expression network (Figure 3B). We found that toxT is
differentially expressed in 28 experiments, which are mainly related
to hosting infection and oxidative stress, up-regulated in 9
experiments, and down-regulated in 19 experiments. Additionally,
the gene co-expression network suggested that toxT is involved in
cholera pathogenesis. These observations were consistent with
previous findings that ToxT is a transcriptional activator to regulate
virulence factors (Baranova et al., 2020; Stone and Withey, 2021).

On the “Operons” page, users can directly search VC0838 to find
the corresponding operon, where a table used to provide a summary
report, including the Operon ID, and putative operon function.
Users can expand the table by clicking the ‘+ sign before the “Operon
ID” to view information on its member genes (Figure 3D).

The “Experiments” page summarized information on 3 Tn-seq
projects and 213 transcriptome experiments, including a brief
summary of experimental conditions, DEGs (Differentially
Expressed Genes), and corresponding reference(s). If users want to
know in which experiments VC0838 is differentially expressed,
Searching on “Genes” page is a better choice, because “Experiments”
page does not provide the summary report in a gene-centric manner.
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FIGURE 3

Genomic information:
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The "Genes and "Operons” page. (A) A summary of Vibrio cholerae gene VC0838. The information of gene annotation including gene ID,
description, gene location, gene orientation, gene length, and gene essentiality was provided. (B) The gene co-expression network. MrVc v2
filtered and obtained gene co-expression entries, according to the calculated pearson’s correlation coefficients (>0.8), Spearman’s correlation
coefficients (>0.8), and p-value (<0.05) between genes. There are 14 genes associated with gene VC0838 in our database. (C) A list of experiments
in which gene VC0838 is differentially expressed in. A total of 28 experiments were collected, including Microarray and RNA-seq experiments.

(D) The operon information. Searching genes to match to corresponding operon page, which listed putative function and member genes

information of operon.
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FIGURE 4

The "Experiments” page. (A) A barplot summarizing the interaction data associated with gene VC0803. The Y-axis represents interaction types, and
the X-axis denotes the number of interactions. (B) The search function of the “Interactions” page. Two kinds of search methods: “Search by gene”
and "Search by experiment conditions” were provided, allowing users to search what they are interested in. The search results are listed and
visualized in an interactive network. (C) The protein-chemical signaling molecule interaction. The "VC0838-bile interaction” entry was supported
by a sentence extracted from the literature. (D) The TF-gene interaction. Users can obtain regulated details they are interested in, including

regulated genes, the binding site of transcription factors, and genes.

On the “Interactions” page, all interaction records

categorized into four groups according to their interaction

type,
interaction, protein-protein interaction, TF (Transcription

including protein-chemical signaling molecule

Factor)-gene interaction, and Vibrio cholerae-virus interaction.

Frontiers in Microbiology

146

Users can obtain data of experiment-validated interaction
with VC0838. We found that a total 51 interaction records are
associated with VCO0838, including 27 protein-protein
11
interactions, and 13 TF-gene interactions (Figure 4A).

interactions, protein-chemical signaling molecule

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1047259
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhang et al.

Regarding details of protein-protein and protein-chemical
Mr.Ve
describing

signaling molecule interactions, v2 provided

reference(s), sentence(s) interaction, and
keyword(s) extracted from the sentence (Figure 4C). For
TF-gene interaction details, a summary was provided that
included information on transcription factor function,
regulated genes, binding sequence, and experiment method
(Figure 4D). Additionally, a search widget was integrated,
users can search genes or experimental conditions that they
are interested in (Figure 4B), to obtain gene co-expression or
experiment-experiment correlation network.

In addition to the above pages, on the “Download” page, all
data in Mr.Vc v2 are downloadable as excel files at the “Downloads”
page. Users can click the corresponding file name to download the

data tables.

Conclusion

In this study, we introduced Mr.Vc v2, an updated version of
the online database of curated omics data and annotation
information. Updates since the last version include increased
numbers of RNA-seq experiments/samples, experimental
validated interactions, and results of data analysis. So far, Mr.Vc
v2 includes 3,998 genes, 2,366 operons, 213 transcriptome
and 1,316 entries of
experimentally validated interaction. Additionally, through data
analysis, Mr.Vc v2 obtained 56,739 DEGs, 270,129 entries of gene
co-expression, and 11,990 entries of experiment-experiment

experiments, 3 'Tn-seq projects,

correlation. We believe that Mr.Vc v2 is expected to be a highly
useful and important database for biologists and bioinformaticians
studying Vibrio cholerae. In the future, we aim to update Mr.Vc
v2 regularly to provide up-to-date content and include
more functionalities.
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Vibrio parahaemolyticus, a Gram-negative, halophilic bacterium, is a leading cause
of acute gastroenteritis in humans. AphA and OpaR are the master quorum sensing
(QS) regulators operating at low cell density (LCD) and high cell density (HCD),
respectively. QsvR is an AraC-type protein that integrates into the QS system to
control gene expression by directly controlling the transcription of aphA and opaR.
However, the regulation of QsvR itself remains unclear to date. In this study, we
show that vpa0607 and gsvR are transcribed as an operon, vpa0607-gsvR. AphA
indirectly activates the transcription of vpa060/ at LCD, whereas OpaR and QsvR
directly repress vpa0607 transcription at HCD, leading to the highest expression
levels of vpa0607 occurs at LCD. Moreover, VPAO607 acts as an active RNase II-
type protein in V. parahaemolyticus and feedback inhibits the expression of QsvR at
the post-transcriptional level. Taken together, this work deepens our understanding
of the regulation of QsvR and enriches the integration mechanisms of QsvR with the
QS system in V. parahaemolyticus.

Vibrio parahaemolyticus, quorum sensing, QsvR, VPA0607, RNase Il

Introduction

Vibrio  parahaemolyticus is a Gram-negative, halophilic bacterium that often
causes acute gastroenteritis in humans via the consumption of seafood (Chen et al,
2022a). In rare cases, V. parahaemolyticus is also able to cause wound infection
or septicemia if it comes in contact with small open wounds or enters the blood
stream (Broberg et al, 2011). Pathogenicity of V. parahaemolyticus depends on the
production of multiple virulence factors, including thermostable direct hemolysin
(TDH), TDH-related hemolysin (TRH), type III secretion systems (T3SS1 and T3SS2)
and type VI secretion systems (T6SS1 and T6SS2) (Li et al, 2019). In addition,
V. parahaemolyticus has a strong capacity to form steady biofilms on the surface, which

requires the involvement of structures such as exopolysaccharide (EPS), type IV pili, and
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GRAPHICAL ABSTRACT

Regulatory circuit. The regulatory relationships between AphA, OpaR
and QsvR are confirmed in a previous study (indicated by red lines)
(Zhang et al., 2019). The letter ‘P' together with the thin arrow line
represents the transcription start site of the vpa0607-qgsvR operon

flagella, and is also a tightly regulated process (Ashrafudoulla
et al, 2021; Liu et al, 2021; Ruhal and Kataria,
2021).

Quorum sensing (QS) is a sophisticated cell density-dependent
communication process that involves regulating gene expression and
bacterial behaviors through detection of changes in concentration of
signal molecules termed autoinducers in growth environments (Lu
et al,, 2018). QS is known to be involved in controlling motility,
biofilm development as well as virulence gene expression (Antunes
et al.,, 2010; Rutherford et al., 2011; Lu et al., 2018; Ruhal and
Kataria, 2021; Cai et al., 2022). Interference of QS function could
be an alternative therapeutic approach to fight bacterial infection in
clinical (Shukla et al,, 2021; Rather et al.,, 2022). In vibrio species,
QS employs the master regulators, AphA and OpaR orthologs, to
regulate gene expression (Rutherford et al,, 2011; Sun et al,, 2012;
Zhang et al,, 2012; Lu et al,, 2018). AphA exerts its regulatory roles
at low cell density (LCD) to activate biofilm formation, motility,
cyclic di-GMP synthesis, and virulence factor production, whereas
OpaR or its orthologs operates at high cell density (HCD) to
repress these behaviors (Rutherford et al, 2011; Sun et al.,, 2012,
2022; Zhang et al., 2012, 2021a; Wang et al,, 2013a,b; Zhou et al,
2013; Kernell Burke et al., 2015; Lu et al., 2018, 2019, 2021; Chen
et al,, 2022b). However, OpaR or its orthologs also seems to have
regulatory actions at LCD, as it is also expressed under LCD
conditions (Rutherford et al, 2011; van Kessel et al,, 2013; Wang
etal., 2013b; Zhou et al,, 2013; Lu et al., 2019). In addition, expression
of the master QS regulators seems to be also strictly regulated by
numerous regulators in vibrio species (Liu et al., 2006; Tsou et al,
2011; Williams et al., 2012; Zhang et al, 2019, 2023; Cai et al.,
2022).

The AraC-family protein QsvR was originally described as a
repressor of biofilm formation by V. parahaemolyticus (Enos-Berlage
et al., 2005). A later study found that QsvR integrated into the QS
regulatory cascade by directly regulating the transcription of aphA
and opaR (Zhang et al., 2019). QsvR also operates at HCD to regulate
the transcription of a number of genes, including tdh2, toxR, calR,
cpsQ-mfpABC, mfpABC as well as those encoding T3SS1, T3SS2, and
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T6SS2 (Zhang et al., 2019, 2021b; Qiu et al., 2020). Most importantly,
we recently found that QsvR worked coordinately with OpaR
to negatively regulate biofilm formation by precisely controlling
the transcription of multiple biofilm formation-associated genes
including those involved in the biosynthesis of EPS, type IV pili and
cyclic di-GMP (unpublished data). However, no potential promoters
were detected within the 500 bp upstream of gsvR (Zhang et al,
2019), and thus the regulation of QsvR itself remains unknown
to date.

The two genes, vpa0607 and gsvR, are transcribed in the
same direction on chromosome II and adjacent to each other
with an intergenic region of only 71 bp (Makino et al., 2003),
suggesting that they may be transcribed as an operon. In addition,
an OpaR box-like sequence, AGCTGTTTAATTCATCAATA, was
detected within the upstream DNA region of vpa0607, indicating
that vpa0607 transcription is likely to be directly regulated by OpaR.
The vpa0607 gene encodes a putative exoribonuclease II, but whether
the VPA0607 protein possesses the enzyme activity is also still
unknown.

In this study, we demonstrate that vpa0607 and gsvR constitute
an operon, vpa0607-qsvR, and are transcribed as a single primary
RNA. AphA indirectly activates the transcription of vpa0607 at LCD,
whereas OpaR and QsvR directly repress vpa0607 transcription at
HCD, leading to the highest expression levels of vpa0607 occurs
at LCD. Moreover, VPA0607 works as an active RNase II-type
enzyme in V. parahaemolyticus and feedback inhibits the expression
of QsvR at the post-transcriptional level. Taken together, this
work deepens our understanding of the regulation of QsvR and
enriches the integration mechanisms of QsvR with the QS system in
V. parahaemolyticus.

Materials and methods

Bacterial strains

Vibrio parahaemolyticus RIMD2210633, which was kindly
provided by Dr. Dongsheng Zhou from Beijing Institute of
Microbiology and Epidemiology, was used as the wild-type (WT)
strain in this study (Makino et al., 2003). The aphA, opaR and gsvR
single-gene mutants (AaphA, AopaR, and AgsvR) were constructed
by our previous studies (Sun et al., 2012; Zhang et al., 2012, 2019).
AaphA, AopaR, and AgsvR have been demonstrated to be non-
polar (Sun et al, 2012, 2022; Zhang et al,, 2012, 2019, 2021a,b;
Wang et al,, 2013a; Zhou et al., 2013; Qiu et al.,, 2020; Lu et al,
2021; Chen et al, 2022b), and thus their complementary strains
were not included in this study. For over-expression of VPA0607
(Chen et al.,, 2022b), a polymerase chain reaction (PCR)-generated
DNA fragment comprising the coding region of vpa0607 together
with an upstream synthetic Shine-Dalgarno sequence (AGGAGG)
was cloned between the Smal and Sall sites of pPBAD33containing
an arabinose pBAD promoter and a chloramphenicol resistance
gene. The recombinant pBAD33 plasmid (pBAD33-vpa0607) was
introduced into the WT strain to yield the WT/pBAD33-vpa0607
strain for over-expression of VPA0607. The empty pBAD33 vector
was transferred into the WT strain to yield WT/pBAD33 for using as
a control strain.
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Growth conditions

Vibrio parahaemolyticus was grown as previously described
(Zhang et al,, 2019). Briefly, overnight cell cultures in 2.5% (w/v)
Bacto Heart Infusion (HI) broth (BD Biosciences, USA) were diluted
50-fold into 15 ml of fresh HI broth and then grown at 37°C with
shaking at 200 rpm to reach an optical density at 600 nm (ODggo)
value of 1.4. The resulting bacterial cultures were diluted 1000-
fold into 15 ml of HI broth for a third round of incubation and
then harvested at the required cell densities. When necessary, the
medium was supplemented with 50 pg/mL gentamicin, 5 pug/mL
chloramphenicol, or 0.1% (w/v) arabinose.

RNA isolation and quantitative PCR (qPCR)

Total bacterial RNA was extracted using TRIzol Reagent
USA). detected by agarose
gel electrophoresis, and RNA quantity was determined by

(Invitrogen, RNA quality was
spectrophotometry. cDNA was generated from 1 pg of total RNA
sample using a FastKing First Strand cDNA Synthesis Kit (Tiangen
Biotech, China) according to the manufacturer’s instructions. gPCR
assays were performed using the Light Cycler system (Roche,
Switzerland) together with FastKing One Step RT-qPCR Kit (SYBR)
(TTANGEN, China) (Gao et al,, 2011; Zhang et al,, 2019). Relative
mRNA levels of vpa0607 were determined based on the standard
curve of 16S rRNA expression for each RNA preparation. All primers
used in this study are listed in Table 1.

Reverse transcription (RT)-PCR

Total RNA was extracted from the WT strain using TRIzol
Reagent (Invitrogen, USA), and then the contaminated DNA
was removed using an Ambion DNA-free kit according to the
manufacturers instructions. RT-PCR was performed similarly as
the previously study (Zhang et al, 2018). Briefly, cDNAs were
generated using 8 pg of total RNA and 3 g of random hexamer
primers in a 40 pl reaction mixture. A volume of 50 pl of PCR
mixture contained 25 pl 2 x Taqg PCR Mix (TIANGEN, China),
2 pl of ¢cDNA sample, and 23 pl of nuclease-free water. The
parameters for amplification were as follows: 95°C for 5 min; 30
cycles of 94°C for 30 s, 54°C for 50 s, and 72°C for 50 min; and
a final extension step of 72°C for 5 min. The PCR products were
detected by 1% agarose gel electrophoresis with ethidium bromide
staining.

LacZ fusion and pB-galactosidase assay

LacZ fusion assays were performed as previously described
(Zhang et al., 2021b). Briefly, the regulatory DNA region of vpa0607
was cloned into the pHRP309 vector containing a promoter-less
lacZ gene and a gentamicin resistance gene (Parales and Harwood,
1993). Thereafter, the recombinant pHRP309 plasmid was transferred
into WT and the mutant strains. The resulting transformants were
cultured and then lysed to measure the B-galactosidase activity in
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the cellular extracts using a B-Galactosidase Enzyme Assay System
(Promega, USA) according to the manufacturer’s instructions. The -
galactosidase activity (represented by the Miller Units) was calculated
using the formula: 10® x [(OD420—1.75 x ODs50)/(T x V x ODggo)]
(Zhang et al., 2021b). T and V represent the reaction time (min) and
volume (jLL), respectively.

Primer extension

Primer extension assay was similarly performed as previously
described (Zhang et al,, 2021a,b). Briefly, 10 pg of total RNA were
annealed with 1 pmol of 5'-32P-labeled anti-sense primer to generate
cDNA using a Primer Extension System (Promega, USA) according
to the manufacturer’s instructions. The same 5'-32P-labeled primer
was also used for DNA sequencing with an AccuPower and Top
DNA Sequencing Kit (Bioneer, Republic of Korea) according to the
manufacturer’s instructions. The products of primer extension and
DNA sequencing were analyzed by 8 M urea-6% polyacrylamide gel
electrophoresis, and then detected by autoradiography using Fuji
Medical X-ray film (Fujifilm, Japan).

Preparation of 6 x His-tagged proteins

The entire coding regions of aphA, opaR, qsvR, and vpa0607
were individually cloned into the pET28a vector (Novagen, USA).
Each recombinant plasmid encoding the His-tagged protein was
transferred into E. coli BL2Z1ADE3 for protein expression. Expression
and purification of His-AphA, His-QsvR, His-OpaR, and His-
VPA0607 were performed as previously described (Sun et al,
2012; Zhang et al., 2012, 2019). The purity of His-tagged proteins
was confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Purified His-tagged proteins were
stored at —80°C.

Antibody preparation and western blot
analysis

Specific polyclonal IgG against His-QsvR from rabbit serum
was prepared in the previously study (Zhang et al, 2019). For
the western blot analysis (Fang et al, 2014), cleared whole-cell
lysate was prepared from harvested bacterial cells by sonication,
followed by determination of protein concentrations using a Bio-
Rad Protein Assay Kit (Bio-rad, USA). Equal amounts of protein
from samples were separated by SDS-PAGE, immunoblotted onto
polyvinylidene fluoride membranes (Immobilon P; Millipore, USA),
and incubated with primary antibody, then goat anti-rabbit IRDye®
800CW secondary antibody. Signals were detected using an Odyssey
Sa Infrared Imaging System (Odyssey Sa, Japan).

Electrophoretic mobility-shift assay
(EMSA)

For the EMSA (Zhang et al, 2012; Kernell Burke et al,
2015), the 5'-ends of the regulatory DNA fragments of vpa0607
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TABLE 1 Oligonucleotide primers used in this study.

10.3389/fmicb.2023.1123524

Target Primers (forward/reverse, 5'-3') ‘
Construction of over-expressed strain

vpa0607 AGCGGAGCTCAGGAGGAATTCACCATGTTTCAAGATAACCCGCTA

/AGCGAAGCTTTTATTCTTCACTTACAGTTTGTTC

Protein expression
vpa0607 AGCGGGATCCATGTTTCAAGATAACCCGCTA/AGCGAAGCTTTTATTCTTCACTTACAGTTTGTTC
RT-PCR

vpa0607 TATGCTAAAAGCGGTGAT/TGGCTGGTGGACGACTAATG

ATGCTAAAAGCGGTGATTC/AGCCATTCTCGCCAGGTATG

TGGGTGACACATTGGAAATCG/TGGCTGGTGGACGACTAATG

qPCR
vpa0607 GGAAGTGGACAGCAAGAC/AAGCGAGTAAGAGATTGTTC
gsvR TACACCGCCACCCATAACG/AGCCATTCTCGCCAGGTATG
Primer extension
vpa0607 ‘ ITTGGATTTGCTGCTTAAGTTGG
LacZ fusion
vpa0607 ‘ GCGCGTCGACACCCGTCTGTGCTTTACCC/GCGCGAATTCTTGGATTTGCTGCTTAAGTTGG
EMSA
vpa0607 ‘ ACCCGTCTGTGCTTTACCC/TTGGATTTGCTGCTTAAGTTGG
DNase | footprinting

vpa0607 ‘ GGGACGACTAAGGGAGGC/TTGGATTTGCTGCTTAAGTTGG

were labeled with [y-*2P] ATP. EMSA binding was performed
in a 10 pl reaction volume containing 1 mM MgCl,, 0.5 mM
EDTA, 0.5 mM DTT, 50 mM NaCl, 10 mM Tris-HCl/pH 7.5,
0.05 mg/ml salmon sperm DNA, 5'-32P-labeled DNA probe (1000~
2000 CPM/ul), and proper amount of His-tagged protein. Two
controls were included in each EMSA experiment: (1) cold probe as
specific DNA competitor (the unlabeled regulatory DNA fragments
of vpa0607), and (2) negative probe as non-specific DNA competitor
(the unlabeled 16S rRNA gene). Binding products were analyzed
in a native 4% (w/v) polyacrylamide gel, and then detected by
autoradiography after exposure to Fuji Medical X-ray film (Fujifilm,
Japan).

DNase | footprinting

For DNase I footprinting (Zhang et al., 2012), the regulatory
DNA fragments with a single 3?P-labeled end were generated
by PCR, and then purified by a QiaQuick column (Qiagen,
Germany). DNA binding was performed in a 10 pl reaction
volume, which was the same as the EMSA, and then incubated
at room temperature for 30 min. Prior to digestion, 10 pl of
Ca2+/Mg2+ solution (5 mM CaCl, and 10 mM MgCl,) were added
to each reaction and incubated for 1 min at room temperature.
Optimized RQ1 RNase-Free DNase I (Promega, USA) was added
to each reaction and then incubated at room temperature for
40-90 s. The reaction was quenched by adding 9 pl of stop
solution (200 mM NaCl, 30 mM EDTA, and 1% SDS), followed
by incubation for 1 min at room temperature. The partially
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digested DNA samples were extracted with phenol/chloroform,
precipitated with ethanol, and analyzed on a 6% polyacrylamide/8
M urea gel. Protected regions were identified by comparison with
the DNA sequence ladders. Radioactive species were detected by
autoradiography after exposure to Fuji Medical X-ray film (Fujifilm,
Japan).

Enzyme activity assay

The RNase II activity of His-VPA0607 was performed similarly
as previously described (Schmier et al., 2012). Briefly, the substrate
consisting of a 17-base pair duplex with a 17-nucleotide 3’ poly (A)
overhang (ds17-A;7) was prepared by mixing the oligoribonucleotide
5'- CCCCACCACCAUCACUUAAAAAAAAAAAAAAAAA-3
with the complementary oligoribonucleotide 5'-
AAGUGAUGGUGGUGGGG-3" in a 1:1.2 molar ratio in the
presence of 10 mM Tris-HCI (pH 8.0) and 20 mM KCl, heating the
mixture in a boiling water bath for 5 min, and then allowing the
solution to cool slowly at room temperature. RNase II activity of
His-VPA0607 was performed in 50 ] reaction mixtures containing
50 mM Tris-HCI (pH 8.0), 100 mM KCI, 10 mM MgCl,, 5 mM DTT,
2 WM of substrate, and 48 g of purified His-VPA0607. Reaction
mixtures were incubated at 37°C, with 4 pl aliquots removed
at the indicated time points and terminated with 2 volumes gel
loading buffer containing 95% formamide, 20 mM EDTA, 0.025%
bromophenol blue, and 0.025% xylene cyanol. Reaction products
were analyzed by a native 12% (w/v) polyacrylamide gel, and the gel
images were displayed with an ultraviolet (UV) transilluminator.
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Experimental replicates and statistical
methods

The qPCR and LacZ fusion assays were performed at least
three times, with the values were expressed as the mean =+ standard
deviation (SD). A paired Student’s f-test was used to calculate
statistically differences with P < 0.01 considered as significant. The
primer extension, western blot, EMSA, DNase I footprinting
and enzyme activity assays were performed at least three
independent times.

Results

vpa0607 and gsvR constitute an operon

We noticed that vpa0607 and gsvR are placed adjacent to each
other on the chromosome II, and transcribed in the same direction
with a length of 71 bp intergenic DNA region (Makino et al,
2003). Therefore, we performed RT-PCR to test if vpa0607 and gsvR
are co-transcribed. As shown in Figure 1, these two genes were
demonstrated to constitute an operon, vpa0607-qsvR, transcribed as
a single primary RNA. vpa0607 is the first gene of the vpa0607-gsvR
operon.

10.3389/fmicb.2023.1123524

Cell-density dependent transcription of
vpa0607

Expression of QsvR manifested a cell-density dependent manner,
and a high expression level was observed for QsvR at HCD (Zhang
et al,, 2019). The fact that vpa0607 is co-transcribed with gsvR
promoted us to detect the expression changes of vpa0607 in the WT
strain across growth periods. The results of qPCR showed that the
mRNA levels of vpa0607 decreased considerably with the increase
of cell density from an ODggp value of 0.05 to 0.8 (Figure 2A). As
further determined by primer extension (Figure 2B), the vpa0607
mRNA was only capable of being detected at an ODgg value of 0.05 to
0.2; when the ODggg value was higher than 0.2, the vpa0607 mRNA
was undetectable; in addition, the nucleotide A, locating at 204 bp
upstream of the first base of the start codon (+ 1), was thought to
be the transcription start site of vpa0607. In brief, transcription of
vpa0607 was cell-density dependent, and the highest transcription
levels occurred at LCD.

Regulation of vpa0607 by the master QS
regulators

The cell density-dependent transcription of vpa0607 encouraged
us to detect whether the transcription of vpa0607 was regulated

Operon structure
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Transcriptional organization of the vpa0607-qsvR operon. (A) Operon structure. The boxed arrows represent the coding regions of corresponding genes
The broken arrow with a "P" alongside indicates the transcription start site. The long horizontal arrow depicts the putative primary RNA transcript. The
lines with black dots indicate the location of primer pairs and the theoretical amplicons of PCR. |, Il, and Il represent different primer pairs. Numbers in
parentheses indicate the theoretical length of amplicons. (B) Detection of transcribed RNA. cDNA samples were generated by RT from the total RNAs of
WT. Genomic DNA and cDNA were used as the templates for PCR and RT-PCR, respectively. Two blank controls were included: (1) PCR reactions without
template; (2) PCR reactions with the total RNA only treated by DNase | as the template. As expected, both blank controls did not provide any amplicons

(data not shown)
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by the master QS regulator, AphA, and OpaR. Indeed, an
OpaR  box-like  sequence, =~ AGCTGTTTAATTCATCAATA,
was detected in the promoter DNA region of vpa0607-0606.
Therefore, the bacterial cells were harvested at an ODggg
value of approximately 0.15 and 0.8 to simulate LCD and
HCD conditions (Sun et al, 2012; Zhang et al, 2012, 2019),
respectively, to investigate AphA- and OpaR-mediated vpa0607
transcription.

As determined by qPCR (Figures 3A, 4A), the mRNA levels

of vpa0607 were significantly decreased in AaphA but increased in

10.3389/fmicb.2023.1123524

AopaR relative to those in WT. The results of primer extension
assay further indicated that the mRNA levels of vpa0607 were
decreased in AaphA while increased in AopaR relative to those
in WT (Figures 3B, 4B). The recombinant lacZ fusion pHRP309
plasmid containing the promoter DNA region of vpa0607 and a
promoterless lacZ gene was transformed into AaphA, AopaR, and
WT, respectively, to investigate whether AphA and OpaR have
regulatory actions on the promoter activity of vpa0607. As shown in
Figures 3C, 4C, the promoter activity of vpa0607 was significantly
decreased in AaphA whereas enhanced in AopaR relative to that
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FIGURE 2

Cell density-dependent transcription of vpa0607. The wild-type (WT) strain was grown in HI broth at 37°C with shaking at 200 rpm, and then harvested
at different cell densities. (A) gPCR. Relative mRNA levels of vpa0607 were examined in the WT strain at different cell densities. (B) Primer extention. The
products of primer extension were detected by an 8 M urea-6% acrylamide sequencing gel. Lanes G, A, T, and C represent Sanger sequencing reactions.
Transcription start site of vpa0607 is indicated by arrows with nucleotide and position. The minus number indicates the nucleotide position upstream of
the first base of the start codon of vpa0607.
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FIGURE 3

Regulation of vpa0607 transcription by AphA. Bacterial cells were harvested at ODggg value of approximately 0.15 to investigate AphA-mediated vpa0607
transcription. Negative and positive numbers indicate the nucleotide positions upstream and downstream of vpa0607, respectively. (A) gPCR. Relative
MRNA levels of vpa0607 were compared between Avpa0607 and WT. Primer extension (B) was performed as described in Figure 2. (C) LacZ fusion. The
regulatory DNA region of vpa0607 was cloned into the pHRP309 vector and then, respectively, transferred into AaphA and WT to determine the
promoter activity (Miller units) in the cellular extracts. (D) EMSA. The radioactively labeled regulatory DNA fragments of vpa0607 were incubated with
increasing amounts of purified His-AphA and then subjected to 4% (w/v) polyacrylamide gel electrophoresis. Shown on the right is the EMSA design.
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in the WT strain. The results of in vitro EMSA showed that His-
AphA did not bind to the upstream DNA fragment of vpa0607, while
His-OpaR was able to specially and dose-dependently bind to this
DNA fragment (Figures 3D, 4D). However, His- AphA was capable of
binding to other promoters such as its own promoter at much lower
amount of protein (Sun et al,, 2012). As further determined by the
DNase I footprinting assay (Figure 4E), His-OpaR protected a single
DNA region within the upstream DNA region of vpa0607, located
112 to 81 bp upstream of the translation start site, against DNase I

10.3389/fmicb.2023.1123524

digestion. Taken together, the transcription of vpa0607 was activated
indirectly by AphA at LCD, but was repressed directly by OpaR at
HCD.

QsvR represses vpa0607 transcription

QsvR integrates into the QS «cascade to control gene
expression in V. parahaemolyticus, and is highly expressed at
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was performed as described in Figure 2. gPCR (A), LacZ fusion (C), and EMSA (D) were performed as described in Figure 3. (E) DNase | footprinting.
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performed as described in Figure 4.
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Regulation of vpa0607 transcription by QsvR. Bacterial cells were harvested at ODggg value of approximately 0.8 to investigate QsvR-mediated vpa0607
transcription. Negative and positive numbers indicate the nucleotide positions upstream and downstream of vpa0607, respectively. Primer extension (B)
was performed as described in Figure 2. gPCR (A), LacZ fusion (C), and EMSA (D) were performed as described in Figure 3. DNase | footprinting (E) was
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HCD (Zhangetal,, 2019). In this study, the bacterial cells were
harvested at an ODggp value of approximately 0.8 to investigate
whether QsvR has regulatory activity on the transcription of vpa0607
(Zhang et al,, 2019). The results of gPCR and primer extension
assays showed that the mRNA level of vpa0607 was significantly
enhanced in AgsvR relative to that in WT (Figures 5A, B). The lacZ
fusion results demonstrated that the promoter activity of vpa0607 in
AgsvR was significantly enhanced relative to that in WT (Figure 5C).

Frontiers in Microbiology

The EMSA results showed that His-QsvR was able to specially and
dose-dependently bind to the upstream DNA fragment of vpa0607
(Figure 5D). As further determined by the DNase I footprinting assay
(Figure 5E), His-QsvR protected only one DNA region upstream of
vpa0607, located 162 to 37 bp upstream of the translation start site,
against DNase I digestion, which was considered as the QsvR site.
Taken together, QsvR directly repressed the transcription of vpa0607
at HCD.
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VPAOG607 acts as an active RNase I

The vpa0607 and gsvR genes are transcribed as a single primary
mRNA (Figure 1). However, the vpa0607 mRNA was only detected
at LCD (Figure 2), whereas QsvR was highly expressed at HCD
(Zhang et al., 2019). This pt paradoxical phenomenon prompted
us to look deeper into the possible mechanisms behind it. The
function of VPA0607 was annotated as an exoribonuclease II, which
is involved in hydrolyzing single-stranded mRNA processively in the
3’ to 5 direction (Makino et al., 2003). We compared the amino
acid sequence of VPA0607 with that of E. coli RNase II and found
that they shared more than 50% identity in amino acid sequence,
especially, the critical residue, Y253 (Barbas et al,, 2008), at the
active site was conserved between the two proteins (Supplementary
Figure 1), suggesting that VPA0607 might possess a similar structure
and functions with the E. coli RNase II. Therefore, we deduced
that VPA0607 may function as an active RNase II to regulate QsvR
expression at the post-transcriptional level.

We first performed western blot and qPCR to test whether over-
expression of VPA0607 regulates QsvR expression. The results of
western blot assays showed that the QsvR level was significantly
reduced in the WT/pBAD33-vpa0607 strain relative to that in the
WT/pBAD33 strain (Figure 6A). As further determind by the qPCR
assays (Figure 6B), the mRNA level of vpa0607 in the WT/pBAD33-
vpa0607 strain was significantly higher than that in the WI/pBAD33
strain, while no significant difference was observed for the gsvR

10.3389/fmicb.2023.1123524

mRNA levels between the two strains. These results suggested that
over-expression of VPA0607 negatively regulated the expression of
QsvR.

RNase II is a single-stranded, sequence-independent, 3’
exoribonuclease with high hydrolytic activity toward poly (A) RNA
(Andrade et al., 2009). To test whether VPA0607 is an RNase II-type
enzyme, purified His-VPA0607 was incubated with the ds17-A;7
in a 50 pl enzymatic reaction system (Schmier et al, 2012). As
shown in Figure 7, smaller fragments were detected below the main
bands and the smaller bands became brighter and brighter with
the extension of incubation time. In contrast, no small bands were
detected in the initial and control reactions. These results indicated
that VPA0607 was able to digest the 17 nt ssRNA overhang of the
substrate, and VPA0607 was likely to be an RNase II-type enzyme in
V. parahaemolyticus.

Discussion

The data presented here shows that vpa0607 and gsvR constitute
an operon, vpa0607-qsvR (Figure 1). The highest transcriptional
levels of vpa0607 occurs at ODggp values of 0.2 to 0.4 (Figure 2),
suggesting that the transcription of vpa0607-gsvR is probably
regulated by QS. Indeed, the data shows that the transcription of
vpa0607-qsvR is activated indirectly by AphA at LCD, but is repressed
directly by OpaR at HCD (Figures 3, 4). Moreover, QsvR is able
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Post-transcriptional regulation of gsvR by VPA0607. The WT/pBAD33-vpa0607 and WT/pBAD33 strains were grown in HI broth containing 5 pg/mL
chloramphenicol and 0.1% (w/v) arabinose, and then harvested at an ODggg value of approximately 0.8. | and Il indicate WT/pBAD33 and

WT/pBAD33-vpa0607, respectively. (A) Western blot. Whole-cell proteins extracted from WT/pBAD33-vpa0607 and WT/pBAD33 were subjected to
SDS-PAGE and then incubated with anti-QsvR antibodies. Proteins were then detected using an Odyssey Sa Infrared Imaging System. (B) gPCR was

performed as described in Figure 3.
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to bind to the regulatory DNA region of its own operon to repress
its transcription (Figure 5). Both the OpaR and QsvR sites for
vpa0607-qsvR are located downstream of the transcription start site
(Figure 8). The binding of OpaR or QsvR may block the elongation
of the RNA polymerase, and thus, to repress the transcription of
vpa0607-qsvR. Although the QsvR site entirely overlaps the OpaR
site, there is very likely to be no competitive binding between the two
regulators for the regulatory DNA region of vpa0607-qsvR according
to our unpublished data. Collectively, these data demonstrate that
QsvR coordinates with QS regulators, AphA, and OpaR, to precisely
regulate the transcription of vpa0607-qsvR in V. parahaemolyticus,
leading to the highest transcriptional levels of this operon occurs at
LCD.

AAA

AA-5'

10.3389/fmicb.2023.1123524

Some data in this study are incomprehensible to us, that is,
QsvR is highly expressed at HCD (Zhang et al, 2019), while
vpa0607 is highly transcribed at LCD, but they are co-transcribed.
VPAO0607 shares high identity in amino acid sequence with E. coli
RNase II (Supplementary Figure 1), which is an exoribonuclease
that processively degrades RNA from the 3’-end (Andrade et al,
2009). Over-expressed VPA0607 represses QsvR expression at the
post-transcriptional level (Figure 6), and the purified VPA0607
protein is able to degrade the dsl17-A;; in vitro (Figure 7).
The enzyme activity of RNase II is sequence-independent, but
it prefers to degrade substrates with poly(A) tails (Cheng and
Deutscher, 2002). Thus, VPA0607 probably acts as an RNase II-
type enzyme in V. parahaemolyticus. RNase II is a component of

.;ng//k?ilﬁjgl?iLH[HAAAAAAAAAAAAAAAAAJ' (2 uM)
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FIGURE 7

VPAO607 was an RNase Il type enzyme. A total of 50 pl reactions were performed with the indicated substrate (a duplex with a 17 nt overhang) and
purified His-VPAO607. A total of 4 pl aliguots were removed at the specified time points and analyzed by a native 12% (w/v) polyacrylamide gel, and the
gel images were displayed with an ultraviolet (UV) transilluminator. The control was a reaction without His-VPA0607 that was incubated at 37°C for

360 min.
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FIGURE 8

Promoter organization of vpa0607. The promoter-proximal DNA region of vpa0607 were derived from the Vibrio parahaemolyticus strain RIMD221063.
The translation and transcription start sites are indicated with bent arrows. The predicted —10 and —-35 elements as well as the Shine-Dalgarno (SD)
sequence are boxed. The OpaR box-like sequence is highlighted in gray. The OpaR site is underlined with solid line, while the QsvR site is underlined with
dotted line.
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the RNA degradosome, playing a central role in RNA processing
and degradation (Lu and Taghbalout, 2014). In E. coli, RNase II was
shown to be required for cell survival during stationary phase and
upon starvation by regulating the amount and stability of RNase PH
(Sulthana et al., 2017). The transcriptomic RNA-seq data showed that
the deletion of RNase II significantly affected the transcription of
187 genes relative to that of the WT strain, including those involved
in flagellum assembly, motility and biofilm formation (Pobre and
Arraiano, 2015). Indeed, the RNase II mutant produced more biofilm
than the WT strain (Pobre and Arraiano, 2015). The roles of
VPA0607 are completely unknown in V. parahaemolyticus and worth
to be investigated in the future.

Regulation of RNase II has been observed in E. coli, but mostly
at the post-transcriptional level. For example, inactivation of RNase
E and RNase III leads to altered expression levels and activity of
RNase II (Zilhao et al., 1995). The Cys284Tyr mutation abolishes
RNase II activity by increasing protein kinetic instability at the non-
permissive temperature (Reis et al., 2019). The acetyltransferase Pka
and the deacetylase CobB can determine whether the Lys501 residue
in RNase II is acetylated, and thus affecting the catalytic activity
of RNase II (Song et al,, 2016). The putative RNase II, VPA0607,
was transcriptionally regulated by QsvR and the QS system, but the
post-transcriptional regulation of VPA0607, especially whether it can
interact with other endonucleases, is still worthy of further in-depth
study.

In conclusion, this study shows that vpa0607 and gsvR are co-
transcribed as an operon, and the transcription of this operon is
tightly regulated by QsvR and the master QS regulators, AphA, and
OpaR. In addition, VPA0607 is shown to be an active RNase II-
type enzyme in V. parahaemolyticus and feedback inhibits QsvR
expression at the post-transcriptional level. The data of this study
prompts us to deduce a hypothesis as following: at LCD, the vpa0607-
qsvR operon is highly transcribed and thus leading to a high
intracellular level of VPA0607, which then negatively regulate QsvR
expression at the post-transcriptional level by degrading the mRNA
of vpa0607-gsvR from the 3’ ends; at HCD, the intracellular VPA0607
level is low due to the collective repression of QsvR and OpaR,
and thus the post-transcriptional repression of QsvR by VPA0607 is
abolished and the basal mRNA level of vpa0607-gsvR can translate
QsvR. However, this hypothesis needs to be further investigated.
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Serotype conversion gene rfbT is
directly requlated by histone-like
nucleoid structuring protein (H-NS)
in V. cholerae O1

Yu Han, Jing Li, He Gao, Xiaorui Li, Ran Duan, Qian Cheng,
Biao Kan* and Weili Liang*

State Key Laboratory of Infectious Disease Prevention and Control, National Institute for Communicable
Disease Control and Prevention, Chinese Center for Disease Control and Prevention, Beijing, China

Vibrio cholerae serogroup O1 (V. cholerae O1) is closely associated with cholera
epidemics and has two main immunologically distinguishable serotypes, Ogawa
and Inaba. Isolates serotype as Ogawa if the O-antigen polysaccharide (O-PS) is
methylated or as Inaba if the O-PS is not methylated. This methylation is mediated by
a methyltransferase encoded by the rfbT gene, and the mutation and low expression
of rfbT results in serotype switch from Ogawa to Inaba. Previously, we have shown
that cAMP receptor protein (CRP) activates rfbT. In this study, we demonstrated
that histone-like nucleoid structuring protein (H-NS) is directly involved in the
transcriptional repression of rfbT. This finding is supported by the analyses of rfbT
MRNA level, rfbT-lux reporter fusions, electrophoretic mobility shift assay (EMSA),
and DNase | footprinting assay. The rfbT mRNA abundances were significantly
increased by deleting hns rather than fis which also preferentially associates with
AT-rich sequences. A single-copy chromosomal complement of hns partly restored
the down-regulation of rfbT. Analysis of rfbT-lux reporter fusions validated the
transcriptional repression of hns. Subsequent EMSA and DNase | footprinting assay
confirmed the direct binding of H-NS to rfbT promoter and mapped the exact
binding site which was further verified by site-directed mutagenesis and promoter
functional analysis. Furthermore, we found that in hns deletion mutant, CRP is no
longer required for transcriptionally activating rfbT, suggesting that CRP functions
as a dedicated transcription factor to relieve H-NS repression at rfbT. Together, this
study expanded our understanding of the genetic regulatory mechanism of serotype
conversion by global regulators in V. cholerae O1.

KEYWORDS

rfbT, H-NS, V. cholerae, transcriptional regulation, serotype shift

1. Introduction

Cholera is an acute watery diarrheal disease caused by Vibrio cholerae, which is naturally present
in the environment and autochthonous to coastal and estuarine ecosystems. People are usually
infected by ingesting V. cholerae-contaminated water or food. Upon colonization of the host,
V. cholerae produces cholera toxin (CT), which acts on intestinal epithelial cells, resulting in
secretory diarrhea and even death within a few days if without treatment (Chiang and Mekalanos,
2000). Based on the heat-stable somatic O antigen, the species V. cholerae is divided into more than
200 serogroups. Among them, only two serogroups, toxigenic O1 and 0139, have been demonstrated
to cause epidemic and pandemic cholera. O1 serogroups have caused seven pandemics, and 0139
emerged in the seventh pandemic (Longini et al., 2002). Serogroup O1 has two biotypes, El Tor and
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classical. The first six pandemics are believed to be caused by the classical
biotype, whereas the seventh pandemic that started in the early 1960s is
caused by the El Tor biotype.

Vibrio cholerae Ol antigen consists of at least three types of
antigenic factors: A, B, and C. According to the differences of the
antigenic factors, each of the two biotypes can be further classified into
two major cross-reacting serotypes, Ogawa and Inaba. Ogawa serotype
strain expresses A and B antigens as well as a small amount of C
antigens, while Inaba only expresses A and C antigens. A third
serotype, Hikojima expressing both the B and C antigens, is also
reported but is rare and unstable (Chatterjee and Chaudhuri, 2003).
Ogawa and Inaba serotypes differ only by a single 2-O-methyl group
that is present in the upstream (nonreducing) terminal perosamine
unit of the Ogawa O-antigen polysaccharide (O-PS) but is absent in
Inaba (Chatterjee and Chaudhuri, 2003). An isolate is serotyped as
Ogawa if its O1 serogroup O-PS is methylated and as Inaba, if its O-PS
is not methylated (Ito et al., 1993). This methylation is catalyzed by a
methyltransferase encoded by the rfbT gene (also known as webT or
tsfB; Rijpkema et al., 2004). Therefore, genetic alterations of rfbT
resulted from various mutational events, such as specific point
mutation, single nucleotide or short fragment insertion/deletion, or
transposase insertion can all lead to the serotype shift from Ogawa to
Inaba (Sharifnia et al., 2012; Liang et al., 2013; Karlsson et al., 2016).
Once the complete #fbT is replenished, the Inaba type can be reverted
to the Ogawa.

The serotype shifts can occur during subculture in vitro, passage in
vivo, or even during pandemics (Ito et al., 1993; Liang et al., 2013;
Karlsson et al., 2016). Recently, a major serotype switch (ranging from
7 to 100%) from Ogawa to Inaba was discovered after 5years of the onset
of cholera in Haiti in October, 2010 (Alam et al, 2016). Such
serotransitions are nonrandom processes and thought to be related to
selective pressures of serotype-specific immunity within the host
population or environmental stress, the specific intrinsic drivers and
regulation mechanism remain to be investigated (Longini et al., 2002;
Karlsson et al., 2016). Previously, we demonstrated that a global
regulator, CAMP receptor protein (CRP), positively regulates rfbT
transcription through directly binding to a non-canonical CRP binding
site (CBS) in its promoter region (Li et al., 2019).

The histone-like nucleoid structuring protein (H-NS) is a global
regulator of environmentally controlled gene expression. It belongs
to a small family of nucleoid-associated proteins (NAPs; Winardhi
et al., 2015). This family comprises a group of basic, low molecular
weight DNA binding proteins that participate in chromatin
organization, restraining of DNA supercoiling, and transcription
regulation. The factor for inversion stimulation (Fis), leucine-
responsive protein (Lrp), heat-labile protein (HU) and integration
host factor (IHF) are all members of this family. H-NS consists of a
that
oligomerization and a C-terminal DNA-binding domain, which binds

coiled-coil N-terminal domain mediates the protein
to promoters exhibiting AT-rich and highly curved regions as
transcriptional inhibitors, affecting a broad spectrum of physiological
processes including virulence-related genes at multiple phases of the
V. cholerae life cycle (Winardhi et al., 2015; Ayala et al., 2017). Totally
701 genes have been identified to be regulated by H-NS in V. cholerae
(Wang et al., 2015).

In this study, we show that H-NS negatively regulates the
transcription of the serotype-switching gene rfbT by directly binding to
its promoter region, whereas fis does not affect its expression. CRP likely

activates transcription of rfbT through derepression of H-NS.
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2. Materials and methods

2.1. Bacterial strains, culture conditions, and
plasmids

Bacterial strains and plasmids used in this study are shown in
Table 1. The V. cholerae O1 El Tor biotype, Ogawa serotype strain C7258
was used as wild-type (WT) precursor (Peru isolate, 1991). The mutant
Acrp (WL7258) was generated previously (Li et al., 2019). E. coli
DH50Apir and S17-1Apir were, respectively, used for cloning and
conjugation purposes, ER2566 is used as host for the expression and
purification of hns cloned into the pTXB1 vector. All strains were grown
in Luria-Bertani (LB) broth (Oxoid, Basingstoke, United Kingdom)
containing 1% NaCl (170 mM) at 37°C. When necessary, culture media
were supplemented with ampicillin (Amp, 100 pg/ml), chloramphenicol
(Cm, 10pg/ml for E. coli, 2.5pg/ml for V. cholerae) or polymyxin B
(100 units/ml). Isopropyl-p-D-thiogalactopyranoside (IPTG) was used
at a concentration of 0.5mM for induction purposes.

2.2. Construction of mutants and
complementation plasmids

Mutants Ahns, Afis were constructed by homologous recombination
mediated by suicide plasmid using C7258 as a precursor, while
AcrpAhns and AcrpAfis used Acrp (WL7258) as a precursor. Upstream
and downstream chromosomal DNA fragments flanking the h#s or fis
were amplified from C7258 genomic DNA using the corresponding
primers listed in Table 2. The amplicons were stitched together by
overlapping PCR. Ahns or Afis fragments were cloned into pWM91 and
constructed in DH5aApir. The resulting pWM91-Ahns or pWM91-Afis
was introduced into C7258 or Acrp (WL7258) by conjugation from
S17-1Apir. Exconjugants and mutants were selected as described
previously (Wu et al., 2015; Li et al., 2019).

Chromosomal complementation strain Ahns::hns was constructed
using a temperature-sensitive transposable plasmid PGRG25. pGRG25
contains a Tn7 transposon that can carry the target fragment for specific
recombination with the chromosome of the host bacterium, directionally
inserted into the downstream of the glms in the chromosome (McKenzie
and Craig, 2006). For this purpose, hns promotor region and open
reading frame (ORF) was amplified and cloned into pGRG25 to generate
PGRG25-hns which was mobilized into Ahns by conjugation. The
chromosomal insertion of the transposon was induced by 0.1%
arabinose in LB broth at 30°C for 16h, then screened on LB agar by a
temperature at 42°C. Grown colonies were tested for Amp sensitivity,
and proper insertion of hns downstream of glms was verified by PCR
with primers targeting the glms and hns sequences. Primer sequences
used here are shown in Table 2.

2.3. RNA extraction and quantitative reverse
transcription PCR

Vibrio cholerae strains were cultured to ODgy 1.0. Total RNA
extraction, removal of chromosomal DNA contamination and cDNA
synthesis were performed as previously described (Wu et al., 2015).
Equation R=2 (4C4 MT-AC0 h4) wag ysed to calculate the relative
expression values (R) of 7fbT, where Cq is the threshold cycle fraction
and thyA was used as an internal reference. A control reaction with total

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1111895
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Han et al.

TABLE 1 Strains and plasmids used in this study.

Strains/plasmids

Characteristics

10.3389/fmicb.2023.1111895

References/sources

S17-1Apir thr thi tonA leu supE lacY recA:: RP4-2Tc:: Mu (ApirR6K) Lab stock
DH5alpir F-D(lacZYA-argF)U169 recA endAl supE44 relA1A:pir Lab stock
ER2566 fhuA2 lacZ::T7 genel [lon] ompT gal sulA11 R(mcr-73: miniTn10--Tet*)2 [dem] R(zgb- Lab stock

210::Tn10--Tet) endA1 A(mcrC-mrr)114::1S10

C7258 Wild-type, El Tor biotype Peru isolate, 1991
Acrp (WL7258) C7258, crp deletion mutant Liang et al. (2007)
Ahns C7258, hns deletion mutant This study
AcrpAhns C7258, crp and hns deletion mutant This study
C7258 Ahns::hns pGRG25 chromosome complementation This study
Afis C7258, fis deletion mutant This study
AcrpAfis C7258, crp and fis deletion mutant This study
C7258/pBBRIux-rfbT1 PBBRIux-rfbT1 in C7258 This study
Ahns /[pBBRIux-rfbT1 PpBBRIux-rfbT1 in Ahns This study
C7258/pBBRlux-rfbT2 pBBRIux-rfbT2 in C7258 This study
Ahns/pBBRIux-rfbT2 pBBRIux-prfbT2 in Ahns This study
C7258/pBBRIlux-rfbT1-M1 pBBRIux-rfbT1-M1 in C7258 This study
C7258/pBBRIux-rfbT1-M3-1 PBBRIux-rfbT1-M3-1 in C7258 This study
C7258/pBBRIux-rfbT1-M3-2 pBBRIux-rfbT1-M3-2 in C7258 This study
Ahns/pBBRIux-rfbT1-M3-2 pBBRIux-rfbT1-M3-2 in Ahns This study

pWM9I1 Suicide vector containing R6K ori, sacB, lacZa; Amp* Lab stock
pPWMOI1-hns 1.6kb BamHI-Spel Ahns fragment of C7258 in pWM91 This study
pPWMOII1-fis 902bp BamHI-Spel Afis fragment of C7258 in pWM91 This study
pBBRIux promoterless of luxCDABE, Cm® Lab stock
pBBRIux-rfbT1 554bp promoter region of rfbT in pBBRIux This study
pBBRIux-rfoT2 403 bp promoter region of rfbT without CRP binding site in pBBRIux This study
pBBRIux-rfbT1-M1 pBBRIux-rfbT1 with mutations in the H-NS binding site 1 This study
pBBRIux-rfbT1-M3-1 pBBRIux-rfbT1 with mutations in the middle of the H-NS binding site 3 This study
pBBRIux-rfbT1-M3-2 pBBRIux-rfbT1 with mutations in the front part of the H-NS binding site 3 This study

pGRG25 Transposition plasmid, oriT, pSC101 ori ts, Amp® McKenzie and Craig (2006)

PGRG25-hns hns promotor region and ORF of C7258 clone in pGRG25 This study

pTXB1 Expression vector for construction of in-frame New England BioLabs
Fusions with chitin binding domain, Amp*

pTXB1-hns hns ORF in expression vector pXTB1, Amp* Wang H. et al. (2012)

RNA as a template was performed for each sample to exclude
contamination from chromosomal DNA. Primers used were listed in
Table 2.

2.4. Transcriptional reporter fusion
construction and bioluminescence assay

Two different length fragments of rfbT promoter region were,

respectively, amplified and cloned into pBBRIux upstream of the
promoterless luxCDABE operon. The resultant fusion plasmids

Frontiers in Microbiology

pBBRIux-rfbT1 and pBBRIux-rfbT2 were constructed in DH5a/pir and
then mobilized into V. cholerae strains C7258 and Ahns by conjugation
from S17-1Apir. pBBRlux-rfoT1-M1, pBBRIux-rfbT1-M3-1, and
pBBRIux-rfbT1-M3-2 reporter fusions containing the specific mutations
in the predicted H-NS binding sites were generated by PCR-based site-
directed mutagenesis with pBBRlux-rfbT1 as a template. Overnight
cultures of V. cholerae strains containing lux reporter fusion plasmid
were diluted at 1:100 in fresh LB and incubated at 37°C with shaking to
grow to exponential phase. 200 pl of the broth was transferred into 96
well microtiter plates (Costar 3,917) every 1h, and luminescence and
ODy, were measured using a microplate reader (Infinite M200 Pro,
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TABLE 2 Primers used in this study.

Primer pairs

hns-F1-up- BamHI

Oligonucleotide sequences (5’-3')*

GCGGGATCCTTCCACAATTCATTGGCATCAC

10.3389/fmicb.2023.1111895

Purposes

Ahns deletion strain construction

hns-F1-dn

ATCCAAATTGTGAACAGGAATTTTGCCAGA

hns-F2-up

TGAACAGGAATTTTGCCAGAAACTAAAATG

hns-F2-dn-Spel

GGACTAGTACACCGAAGATTCCGCTAAAC

fis-F1-up- BamHI

GCGGGATCCGGTGAGGCGGAATACGACAG

Afis deletion strain construction

fis-F1-dn

ACGTCGGTGAAGAATTCGGTCTAGCTCTTC

fis-F2-up

GAAGAGCTAGACCGAATTCTTCACCGACGT

fis-F2-dn-Spel

GGACTAGTAAAGTGGGCGAGTAGGGTTTC

hns-Tn7-NotI-up

GCGCGGCCGCTCAAGCGACATCATGTCAAC

C7258 Ahns::hns complementation strain construction and identification

hns-Tn7-Xhol-dn

GCTCTAGATCAGTATCCGTTCGAGTTAA

glms-F CGATTGCGGTAGAAGCGTC

glms-hnsR AGACTAAATGAGCCAAATGA

thyA-qPCR-up ACATGGGACGCGTGTATGG qPCR for thyA
thyA-qPCR-dn ATATGACCACCATCAGGCTTAGC

1fbT-qPCR-up TTCTTGAAAGCGAATTTGGATTGC qPCR for rfbT
#fbT-qPCR-dn GTGTATATGACGAGCAGCGATTC

rfbT1-up-Sacl

CCCGAGCTCCGCAACAGAGCAAG ATGT

Construction of rfbT-lux reporter plasmids

rfbT2-up-Sacl CCCGAGCTCTTAGAGCGGACGATCGAG

rfbT-dn-BamHI CGGGATCCGACTGAATAGCATCAAGC

rfbT-hns-shift-up CAAGGATCAGGCAGATATG (5’biotin label) Probe-hns
rfbT-hns-shift-dn CTTGCAGATGCAGGTTTGAG (5’biotin label)

rfbT-crp-shift-up Probe-N7

CGTTACTTGAAGCGACTTGT(5’ biotin-labeled)

rfbT-crp-shift-dn

CAAACATATCTGCCTGATCC (5" biotin-labeled)

rfbT-up (FAM) CAAGGATCAGGCAGATATG DNase I footprinting assay

rfbT-dn CTTGCAGATGCAGGTTTGAG

rfbT1-M1-R GGGTTCGCTCTGTGTGAGGTTCAAACA Construction of mutant rfbT-lux reporter plasmids
rfoT1-M1-F TGTTTGAACCTCACACAGAGCGAACCC

rfbT1-M3-1-R AATGGATTTGCCATGTGTGTGACATTTAGAAG

rfoT1-M3-1-F CTTCTAAATGTCACACACATGGCAAATCCATT

rfbT1-M3-2-R GATTTGCCATTTTAGTTCCATTTAGAAG

rfbT1-M3-2-F CTTCTAAATGGAACTAAAATGGCAAATC

*The underlined bases indicate the restriction enzyme sites.

Tecan, Austria). Luminescence activity was calculated as light unit/
ODy as previously described (Pan et al., 2018).

2.5. Expression and purification of H-NS
protein

E. coli strain ER2566 containing the recombinant expression
plasmid pXTB1-HNS (Wang H. et al., 2012) was cultured to ODyy, of
0.5 with shaking at 37°C and then protein expression was induced with
0.4mM IPTG for 4h at 28°C. The cells were collected by centrifugation,
resuspended in ice-cold Column buffer (20mM Tris-HCI, pH 8.0,
0.5M NaCl, and 1 mM EDTA), and lysed by sonication. The cell debris
was removed by centrifugation, and H-NS-intein fusion protein with
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chitin binding domain (CBD) was purified using IMPACT™ Kit (New
England Biolabs, United Kingdom) according to the manufacturer’s
instructions. The clarified lysate was slowly loaded onto the equilibrated
chitin column, and then the chitin column was washed with 20 bed
volumes of Column Buffer. Subsequently, the column was quickly
washed with 5 bed volumes of the Cleavage Buffer (Column Buffer
containing 80 mM DTT), and then incubated at 4°C overnight for full
cleavage reaction on-column. Finally, the H-NS was eluted with
Column Buffer. H-NS-containing fractions were combined and
dialyzed against Column Buffer at 4°C to remove DTT. The purity of
the recombinant H-NS was analyzed by SDS-PAGE (Figure 1A), and
the protein concentration was determined by a Pierce BCA protein
assay kit (Thermo Fisher Scientific, United States). The protein was
stored in 20% glycerol at - 80°C.
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FIGURE 1

H-NS physically binds to the promoter region of rfbT. (A) H-NS protein purification. Lane 1 is protein marker, and lanes 2-3 are purified H-NS proteins. The
right arrow indicates purified bands. (B) EMSA of H-NS bound to rfbT promoter regions. EMSA was described in the “Materials and Methods." Biotin-labeled
256-bp DNA probe (20ng) was incubated with increasing amounts of purified H-NS protein. For competitive analysis, the identical but unlabelled probe
was added at 10 or 50-fold concentration relative to the labeled one (5-6 channels). Lanes 7 and 8 are Probe-N7 with H-NS. The left arrow indicated the
free probe, whereas the right arrow referred to H-NS-rfbT bound one. (C) DNase | footprinting assay of H-NS binding to the promoter region of rfbT. As
described in the “Materials and Methods,” purified H-NS protein were incubated with FAM-labelled fragments of the rfbT promoter region, and then the
fragments were digested with optimized DNase I. Finally, the digested fragments were analyzed, and the protected regions were boxed and marked. The
colored traces representing the different concentrations of H-NS used (red, Opg and blue, 5ug) are indicated separately and then merged, together with the
DNA sequencing results (G, T, A, and C) displayed by four different colors. The region where the blue traces drop is the binding region of H-NS to the
probe.

2.6. Electrophoretic mobility shift assays

Probe-hns was a 256 bp fragment of rfbT promoter region containing
all of the predicted H-NS binding sequences, which was amplified with
5’ biotin-labeled primers. Competing cold probe was amplified using
the same primers without a biotin label. Probe-N7 (Li et al., 2019) was
a 140bp fragment of rfbT promoter region containing the previously
determined CRP binding site and used as a nonspecific control probe
for H-NS binding (Li et al., 2019). The reaction mixture of 15ng biotin-
labeled probe with increasing amounts of purified H-NS protein in
reaction buffer (10mM Hepes, 150 mM KCI, 1 mM EDTA, I mM DTT,
10mM (NH,),SO,, 0.2% Tween 20) together with 100 ng BSA and 100 ng
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CF-DNA in each reaction (20 pl) was incubated at 28°C for 30 min and
then separated on a 6% native polyacrylamide gel. The free and H-NS-
bound probes were visualized with the Chemiluminescent Nucleic Acid
Detection Module (Thermo Fisher Scientific, United States) according
to the manufacturer’s instruction after transferring them onto
nylon membranes.

2.7. DNase | footprinting assay

For preparation of fluorescent FAM-labeled probes, the promoter
region was PCR amplified with 2 x HIFI DNA polymerase premix from
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the plasmid pBBRIux-rfbT1 using primers of rfbT-up (FAM)and rfbT-
dn. The FAM-labeled probes were purified by the Wizard® SV Gel and
PCR Clean-Up System (Promega, United States) and were quantified
with NanoDrop 2000C (Thermo, United States).

DNase I footprinting assay was performed as previously described
(Wang Y. et al., 2012). For each assay, 250 ng probes were incubated with
different amounts of protein in a total volume of 40 pl. After incubation
for 30 min at 25°C, 10 pul solution containing about 0.015 unit DNase
I (Promega, United States) and 100 nmol freshly prepared CaCl, was
added and further incubation was performed at 37°C for 1 min. The
reaction was stopped by adding 140 pl DNase I stop solution (200 mM
unbuffered sodium acetate, 30 mM EDTA, and 0.15% SDS). Samples
were first extracted with phenol/chloroform, and then precipitated with
ethanol. Pellets were dissolved in 30 pl MiniQ water. The preparation of
the DNA ladder, electrophoresis, and data analysis were the same as
described before (Wang Y. et al., 2012), except that the GeneScan-LIZ600
size standard (Applied Biosystems) was used.

2.8. Statistical analysis

GraphPad Prism 9 software was used for statistical analysis and
graphical representation of data. Statistical significance was determined
by an unpaired two-tailed Student’s ¢-test.

3. Results

3.1. Characterization of the promoter region
of rfbT

Though the gene rfbT has been recognized as the genetic
determinant of Ogawa serotype of V. cholerae O1 serogroup for more
than 30years (Stroeher et al., 1992) and various kinds of mutations
were revealed in the rfbT coding sequence of isolates from different
space-time sources (Sharifnia et al., 2012; Liang et al., 2013; Karlsson
etal,, 2016), its regulation and the molecular structural features except
the transcriptional start site, putative —35 and — 10 elements of the
promoter-regulatory region remain unclear. Previously, we identified a
cis-regulatory element, i.e., a non-canonical CBS in the promoter
region, through which global regulator CRP exerts an activational effect
(Li et al., 2019). Further sequence analysis revealed that the G+C
content of promoter-intergenic region of rfbT (41.2%) is quite low
compared with the V. cholerae genome in general (47.7% for
chromosome I and 46.9% for chromosome II). In other words, the
promoter-intergenic region of 7fbT is AT rich and probably prone to
be regulated by small nucleoid associated proteins such as H-NS and
Fis which tend to bind AT rich sequences. Indeed, subsequent Virtual
Footprint and PRODORIC analysis using the 10-bp H-NS consensus
(Bouffartigues et al., 2007; Figure 2A) revealed 3 potential H-NS
binding elements, site 1 (5-CCTATTAAAG-3'), site 2
(5-TATCAAACGT-3'), and site 3 (5-TCAATAAAAT-3’) in the rfbT
promoter-intergenic region (Figure 2B). The three binding sites are,
respectively, located at nucleotides —283 to —273, —250 to —240,
and—120 to —110 relative to the rfbT start codon, and are all
downstream of nonclassical CBS (Figure 2B). Of these, 8 of the 10bp at
site 3 is consistent with the consensus, followed by site 1 with 5bp, and
finally site 2 with only 4bp (Figure 2A). It's worth noting that the site 3
overlaps the predicted —10 promoter element (Figure 2B). These
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H-NS binding site 1
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H-NS binding site 2

AGCGAACCCACGTTTAAAGGTGGTAT AAACGGATGAACTGCGCAATGAACAA
20 20

GTACCTAAGTAAGGTTCTTGAAAGCCTTACGTGACGGTGATGTTCATGCGGTTTCCG
H-NS binding site 310 T8$

-35
TGCTAAAGGCTTTGGATGAAATTCCTTCTAAATGTCAA AAAATGGCAAATCCAU:’ATTG
a0 110
GTCAACAATGCCCTTTCAGGTCCTCAAACCTGCATCTGCAAGTTGATTCTGTATGTTATT
D — Start codon
TTTTACGCTAATATTATTTAAAATTGAGGTAGTAATG

FIGURE 2

Nucleotide sequence analysis of the rfbT promoter region.

(A) Conservation analysis of H-NS binding sites. Virtual Footprint was
used to predict the binding sites of H-NS at the rfbT promoter (https://
www.prodoric.de/vfp/). (B) Characteristics of the rfbT promoter region.
Underlined sequences show the H-NS binding site predicted by Virtual
Footprint. Dashed underlined sequences show the CRP binding sites
characterized previously (Li et al., 2019). The black box marks the
Shine-Dalgarno sequence (SD) (Ito et al., 1991). The triangle and the
bold T represent the proved TSS of the rfbT, and the gray shaded
sequences represent its —10 and —35 regions (Stroeher et al,, 1992).
The negative numbers at the bottom of sequences indicate the
nucleotide positions relative to the start codon of rfbT.

findings strongly indicated the possibility that H-NS regulates serotype-
shifting gene rfbT expression.

3.2. H-NS negatively regulates rfbT
expression

To determine whether H-NS is involved in the regulation of 1fbT,
we constructed an hns deletion mutant using C7258 as a precursor and
detected the rfbT mRNA level in WT C7258, and Ahns mutant. As
shown in Figure 3A, compared to the C7258, Ahns mutant statistically
produced more rfbT mRNA. To further confirm the result,
we constructed an hns complementation strain C7258 Ahns::hns where
a single copy of hns gene with its native promoter region was integrated
downstream of chromosomal glms. As displayed, the rfbT mRNA
abundance was reduced in C7258 Ahns::hns compared to Ahns mutant,
though the expression level was not restored to the WT level (Figure 3A).
Together, these results showed that H-NS negatively regulates
rfbT expression.

In our previous study, we demonstrated that CRP could positively
regulate rfbT transcription, and then we wondered whether H-NS
regulates rfbT expression in a CRP-dependent manner (Li et al., 2019).
For this purpose, we constructed a AcrpAhns double mutant and
compared its #fbT mRNA expression with those of Ahns and Acrp
mutants. We found that, contrary to the Acrp mutant where rfbT
expression was obviously lower than its WT and Ahns, the rfbT mRNA
level was significantly increased in AcrpAhns (Figure 3A), and
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Effects of H-NS, CRP and Fis on rfbT expression. The mRNA abundances around ODgg, of 1.0 were determined using gPCR. (A) Comparison of mRNA level
of rfbT in V. cholerae strains C7258, Ahns, Ahns::hns, Acrp, and AcrpAhns. The equation R=2-{ACarT-aCatAl is ysed to calculate the mRNA levels. **p<0.01,
***p<0.001. (B) The relative mRNA levels of rfbT in C7258, Afis, Acrp, and AcrpAfis. The calculation method is the same as (A). **p<0.01.

additionally, the Ahns and AcrpAhns mutants displayed roughly similar
rfbT mRNA level. These results proved that H-NS negatively regulates
the expression of rfbT in a CRP-independent manner. From another
perspective, these results also indicated that CRP is not required for rfbT
activation in H-NS negative background.

3.3. Fis does not affect rfbT expression

Like H-NS, Fis belongs to the small family of nucleoid-associated
proteins and is widely implicated in the control of gene expression
through binding to the A—/AT-tracts-constituted binding site (Cho
etal., 2008). To find out whether Fis takes part in the regulation of rfbT,
we constructed Afis and AcrpAfis deletion mutants and measured the
rfbT mRNA levels. As displayed in Figure 3B, the rfbT mRNA level in
Afis is similar to the WT, and deletion of crp significantly reduced rfbT
expression regardless of the presence or absence of fis, implying that Fis
is not involved in the regulation of rfbT.

3.4. H-NS represses the promoter activities
of rfbT

To determine whether the H-NS-mediated repression of rfbT
occurs at transcription level, we constructed two transcriptional
reporter plasmids by fusing the different length fragments of promoter
region of rfbT to the promoterless bioluminescence reporter genes
luxCDABE. The 552-bp promoter fragment in pBBRIux-#fbT1 contains
both the previously identified CBS and the predicted H-NS binding
sites, while the 403-bp promoter region in pBBRIux-rfbT2 lacks the
CBS. Consistent with the rfbT mRNA expression, bioluminescence
activities of both pBBRIux-rfbT1 and pBBRIux-rfbT2 in Ahns were
significantly higher than in its WT (Figure 4). These results
demonstrated that H-NS negatively regulates rfbT at the promoter level.
H-NS represses the transcription of rfbT probably through binding to
the predicted binding sites and therefore the direct interaction still
needs to be clarified.
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FIGURE 4

Luminescence activities of lux reporter fusion plasmids in V. cholerae
C7258 and Ahns. (A) Luminescence activities of pBBRlux-rfbT1 in
C7258 and Ahns. rfbT1 is a 554bp fragment of rfbT promoter region.
(B) Luminescence activity of pBBRlux-rfbT2 in C7258 and Ahns. rfbT2 is
a 403bp fragment of the rfbT promoter region without CRP binding
site. The luminescent activities were reported as luminescence/ODgq
at the designated time points. ***p<0.001.

3.5. H-NS directly binds to the promoter of
rfbT

To verify the direct binding of H-NS to the rfbT promoter region,
we performed EMSA with purified H-NS protein. A 256-bp DNA
fragment of #fbT promoter region encompassing the three predicted
H-NS binding sites were labeled with biotin at 5" end and used as specific
probe. The same fragment without biotin label was employed as
competing cold probe. The 135 amino acids V. cholerae H-NS protein
was induced and purified from pTXBI1-HNS recombinant plasmid
(Wang H. et al., 2012) in E. coli host ER2566 and reached a purity of
higher than 90% (Figure 1A). As displayed in Figure 1B, inclusion of
H-NS (0.66 pM) generated two shifted bands with slower mobility. With
the increment of H-NS (>1.32pM), the intensity of the higher-shifted
band was increased, concomitantly with the decrease of the amount of
free probe. Adding the same, but unlabeled 256-bp DNA fragment
greatly competed with the labeled probe in a dose-dependent manner.
Both of the 10-fold and 50-fold addition of the competing cold probe
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completely abolished the shifted-band, and concurrently the labeled
probe was released as the free one. As expected, the amount of the
released free probe is more in 50-fold cold probe reaction mixture than
the 10-fold one. To further validate the specificity of H-NS binding,
we adopted Probe-N7 which is a 140-bp DNA fragment of rfbT promoter
region containing the intact CBS but without the predicted H-NS binding
element (Li et al., 2019). No apparent shifted band was observed even
when Probe-N7 was incubated with higher amount of H-NS (1.32 pM or
1.98 uM) under the same reaction condition, indicating that H-NS could
not bind to the rfbT promoter fragment lack of specific binding site.

To further clarify the real H-NS binding site in the #fbT promoter
and dissect the binding sequences, we conducted DNase I footprinting
analysis. As shown in Figure 1C, the assay revealed one clearly protected
region against DNase I digestion which is composed of
TCCTTCTAAATGTCAATAA extending from —132 to —113 relative to
the start codon of fbT, i.e., this region completely overlaps the predicted
binding site 3 extending from —120 to —110. Though EMSA displayed
two H-NS retarded bands that seems somehow in accordance with the
predicted existence of two more conserved binding sites 1 and 3,
unexpectedly, the less conserved binding site 1 was not confirmed in the
DNase I footprinting assay, which suggested that the more conserved
site 3 is intrinsically the real binding site with high-affinity. Of course,
we cannot exclude the possibility that the current assay condition did
not favor binding to the low-conservation site 1.

To further validate that site 3 is the real functional H-NS binding
site and the less conserved site 1 has no function, we set out to introduce
mutations at sites 1 and 3 through PCR-based site-directed mutagenesis
with pBBRlux-7fbT1 as the template (Figure 5A). We introduced 4-bp
changes in the site 1 by replacing the ATT and the antepenultimate A
with CAC and C, respectively, to generate a new construct pBBRlux-
rfbT1-M1. Considering that site 3 overlaps the predicted —10 promoter
element, we introduced two sets of mutations to construct pBBRIux-
rfbT1-M3-1 and pBBRIux-rfbT1-M3-2. In pBBRIux-rfbT1-M3-1, the
conserved ATA and the antepenultimate A were changed to CAC and
C, where TA and A are involved in the —10 motif of r/bT promoter. In
pBBRIux-rfbT1-M3-2, the TC and second A were changed to GA and
C. These new constructs were mobilized into V. cholerae WT and Ahns
to measure the corresponding bioluminescence activities. As depicted
in Figure 5B, pBBRlux-rfbT1-M1 and pBBRlux-rfbT1 had similar
bioluminescence activities in the WT background which indicated that
the mutation of sites 1 has no effect on the rfbT promoter, i.e., site 1 is
indeed not a H-NS binding site. However, compared to the pBBRIux-
rfbT1,  pBBRlux-rfbT1-M3-2 high
bioluminescence activity in WT as same as in the Ahns, implying that

displayed  significantly
the introduced mutation affects H-NS binding and thus relieves its
repression. Not surprisingly, pBBRIux-rfbT1-M3-1 almost completely
lost the bioluminescence signal due to the mutations that destroyed the
—10 motif of rfbT promoter by changing TAAAAT to
ACACAT. Altogether, these results further experimentally validated that
site 3 partially overlaps the —10 motif of rfbT promoter and is the
intrinsically functional H-NS binding site.

4. Discussion

rfbT (also named webT or tsfB) is a genetic determinant of Ogawa
serotype of V. cholerae O1 by encoding an enzyme that methylates the
O-PSs-terminal peraminoglycans of surface LPS. Genetic alteration of
rfbT results in impaired function of the enzyme, causing serotype shift
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FIGURE 5

Schematics of the site-directed mutagenesis of the H-NS binding sites
at rfbT and luminescence activities of (ux reporter fusion plasmids
containing mutations in V. cholerae. (A) The pBBRIux-rfbT1-M1,
pBBRIux-rfbT1-M3-1, and pBBRIux-rfbT1-M3-2 were constructed by
introducing specific mutations in the relevant H-NS sites at the rfbT
promoter. The bases identical to the 10-bp H-NS binding consensus
were indicated in boldface letters and the changed ones in red color
The underlined sequence is the predicted —10 motif of rfbT promoter.
(B) Luminescence activities of pBBRIux-rfbT1, pBBRIux-rfbT1-M1,
pBBRIux-rfbT1-M3-1, and pBBRIux-rfbT1-M3-2 in C7258 and pBBRIux-
rfbT1-M3-2 in Ahns. The luminescence activities were reported as
luminescence/ODgy, as described in the “Materials and Methods.”
***p<0.001.

from Ogawa to Inaba. Various mutational events of rfbT leading to
serotype switching have been reported under different circumstance
around the world (Longini et al., 2002; Liang et al., 2013; Karlsson et al,
2016). The epidemiological significance of the two serotype variants
shift, the influencing factors and regulation mechanism remain largely
uninvestigated. Driven by the serotype-specific immunity acquired
within the infected host population (Longini et al., 2002) is a commonly
accepted speculation.

In our previous study, we reported the global regulator CRP activates
the expression of rfbT and further revealed the underlying genetic
mechanism (Li et al., 2019). In this study, we reported another global
regulator H-NS which is involved in the transcriptional repression of
rfbT by directly binding to its AT-rich promoter region (Figures 1, 3-5).
Though more than one potential binding sites were predicted, binding
site 3 was finally validated to be the functional H-NS binding site by
DNase I footprinting assay and site-directed mutagenesis (Figures 1C, 5).
This site overlaps the —10 promoter element (Figures 1C, 2B, 5), thus
strongly implying that H-NS functions to block rfbT transcription by
interfering with RNA polymerase binding and activity. In addition,
we showed that though CRP activates the transcription of 7fbT (Li et al.,
2019), it loses this function in the H-NS minus background (Figures 3A,
4), indicating that CRP may act as an antisilencer by antagonizing H-NS
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repression in the rfbT promoter. A number of virulence regulators, such
as ToxT, ToxR, and IHF have been reported to act as antirepressors by
displacing H-NS at specific promoters (Stonehouse et al., 2008, 2011;
Kazietal., 2016). In these cases, the H-NS binding sites generally overlap
or are adjacent to the binding sites of specific activators, such as at
V. cholerae tcpA promoter, the binding site of IHF is located between the
two sites of H-NS with 6 bp intervals with the up one and overlapping the
down one (Stonehouse et al., 2008). At cholera toxin ctx promoter,
competitive binding to the overlapping H-NS/ToxT binding sites was
proved in EMSA where ToxT could displace H-NS from the ctx promoter
(Stonehouse et al., 2008). However, in our case, the detailed molecular
mechanism of CRP antagonizing H-NS repression on rfbT remains
investigated considering the CRP-specific CBS and H-NS binding site 3
are separated by 220 bp. We reasoned the alleviation of H-NS repression
by CRP at rfbT is mechanistically distinct from tcpA and ctx and will
be investigated in the future.

Selective silencing of horizontally acquired genes is a common
theme in H-NS transcription regulation (Navarre et al., 2006).
Horizontally acquired foreign DNA generally has a lower GC-content
than its progenitor genome (Kazi et al., 2016). The G+ C content of rfbT
(31.7%) is quite low compared with the rest of the rfb region (39.1%) and
with V. cholerae genome (47% in average). These observations suggest
that rfbT is acquired as a foreign DNA and its expression is normally
silenced by H-NS. This repression effect could be alleviated by other
regulators such as CRP under appropriate environmental conditions.
The preference for binding low GC-content DNA is also shared by IHF
and Fis. Fis has been proved to be unable to affect the expression of rfbT,
while the regulation effect of IHF remains to be determined.

The silencing function of H-NS is dependent on its oligomerization
properties. It is believed that an H-NS dimer is the minimal functional
binding unit (Badaut et al., 2002). Environmental stimuli such as
temperature and osmolality can alter the oligomerization states of H-NS
in vivo and hence affect its gene-silencing properties (Amit et al., 2003;
Stella et al., 2006; Bouffartigues et al., 2007). At a certain osmolality, the
ability of H-NS to bind DNA decreased significantly with increasing
temperature (Amit et al., 2003; Bouffartigues et al., 2007). In a word, a
variety of factors can affect the function of the H-NS. Whether these
environmental factors affect the phenotype of Ogawa serotype strain
through H-NS remains to be clarified.

In summary, we demonstrated that V. cholerae Ogawa serotype
specific gene rfbT is transcriptionally repressed by the global regulator
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GrlR, a negative regulator in
enteropathogenic E. coli, also
represses the expression of LEE
virulence genes independently of
Its interaction with its cognate
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Introduction: Enteropathogenic Escherichia coli (EPEC), enterohemorrhagic E. coli
(EHEC) and Citrobacter rodentium (CR) belong to a group of pathogens that share
the ability to form "attaching and effacing” (A/E) lesions on the intestinal epithelia.
A pathogenicity island known as the locus of enterocyte effacement (LEE) contains
the genes required for A/E lesion formation. The specific regulation of LEE genes
relies on three LEE-encoded regulators: Ler activates the expression of the LEE
operons by antagonizing the silencing effect mediated by the global regulator H-
NS, GrlA activates ler expression and GrlR represses the expression of the LEE by
interacting with GrlA. However, despite the existing knowledge of LEE regulation, the
interplay between GrlR and GrlA and their independent roles in gene regulation in
A/E pathogens are still not fully understood.

Methods: To further explore the role that GrlR and GrlA in the regulation of the
LEE, we used different EPEC regulatory mutants and cat transcriptional fusions,
and performed protein secretion and expression assays, western blotting and native
polyacrylamide gel electrophoresis.

Results and discussion: We showed that the transcriptional activity of LEE
operons increased under LEE-repressing growth conditions in the absence of GrlR.
Interestingly, GrlR overexpression exerted a strong repression effect over LEE genes
in wild-type EPEC and, unexpectedly, even in the absence of H-NS, suggesting that
GrlR plays an alternative repressor role. Moreover, GrlR repressed the expression
of LEE promoters in a non-EPEC background. Experiments with single and double
mutants showed that GrlR and H-NS negatively regulate the expression of LEE
operons at two cooperative yet independent levels. In addition to the notion that
GrlR acts as a repressor by inactivating GrlA through protein-protein interactions,
here we showed that a DNA-binding defective GrlA mutant that still interacts with
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GrlR prevented GrlR-mediated repression, suggesting that GrlA has a dual role as
a positive regulator by antagonizing GrlR’s alternative repressor role. In line with
the importance of the GrlR-GrlA complex in modulating LEE gene expression, we
showed that GrlR and GrlA are expressed and interact under both inducing and
repressing conditions. Further studies will be required to determine whether the GrlR
alternative repressor function depends on its interaction with DNA, RNA, or another
protein. These findings provide insight into an alternative regulatory pathway that
GrlR employs to function as a negative regulator of LEE genes.

EPEC, type Ill secretion, LEE regulation, GrlR, GrlA, transcription, A/E pathogens, CAT

reporter assay

Introduction

Enteropathogenic Escherichia coli (EPEC) is one of the main
etiological agents of severe diarrhea in children under 2 years of
age, predominantly in developing countries (Pearson et al., 2016).
EPEC, enterohemorrhagic E. coli (EHEC) and Citrobacter rodentium
belong to a group of pathogens that possess the ability to induce
a unique histopathological lesion known as attaching and effacing
(A/E) (Croxen and Finlay, 2010). The localized destruction of the
microvilli of intestinal epithelial cells followed by rearrangements of
the cytoskeleton beneath the site of bacterial adherence, leading to
the formation of actin-rich cup-like structures that favor an intimate
interaction between the bacterium and the host cell, are hallmarks of
this lesion (Spears et al., 2006; Frankel and Phillips, 2008).

Most genes required for A/E lesion formation are located
within a pathogenicity island known as the locus of enterocyte
effacement (LEE) (Gaytan et al,, 2016). The LEE region contains five
polycistronic operons (LEEI-LEES5), two bicistronic operons (espG-
rorfl and grIRA) and four transcriptional units (etgA, cesF, map,
and escD). LEEI to LEE3 encode the structural components of a
type III secretion system (T3SS) responsible for translocating effector
proteins into the enterocyte. The LEE4 operon codes for translocator
proteins (EspA, B, D), and LEE5 encodes proteins involved in the
intimate attachment (intimin and Tir). Genes encoding effector
proteins, chaperones and transcriptional regulators are distributed
within and outside the LEE (Pearson et al., 2016; Serapio-Palacios
and Finlay, 2020). The cooperative action of the EPEC translocated
effector proteins leads to cytoskeleton rearrangements, increased cell
permeability, decreased absorption of ions and nutrients, alterations
of tight junctions and modulation of the inflammatory response in
the host intestinal cells and thus diarrheal disease (Guttman and
Finlay, 2008; Croxen et al., 2013).

In A/E bacteria, the LEE pathogenicity island is a distinctive
example of a genetic element whose expression is controlled by
a complex network of global (ancestral) and horizontally acquired
regulatory proteins in response to a wide variety of environmental
factors (Furniss and Clements, 2018; Platenkamp and Mellies, 2018).
One of the main regulatory mechanisms involved in controlling
LEE gene expression is the xenogeneic silencing exerted by H-NS
(Bustamante et al.,, 2001). As described in different enterobacteria,
H-NS specifically silences gene transcription by binding to AT-rich
DNA sequences of exogenous origin to maintain cell integrity but
also contributes to the acquisition of beneficial sequences (Navarre,
2016). Interestingly, within the LEE, the first gene of the LEE] operon

Frontiers in Microbiology

encodes Ler (LEE-encoded regulator), a protein belonging to the
H-NS family of nucleoid-associated proteins, which is the central
positive regulator controlling the expression of LEE genes, and genes
located outside the LEE, by counteracting the silencing effect exerted
by H-NS on the LEE operons (Elliott et al., 2000; Sperandio et al,,
2000; Bustamante et al., 2001; Sanchez-SanMartin et al., 2001; Haack
et al,, 2003; Barba et al.,, 2005; Bingle et al., 2014). Due to its essential
role, modulation of LEEI operon expression is key for activating or
repressing all the LEE genes and non-LEE co-regulated genes; thus,
its regulation is complex and multifactorial (Furniss and Clements,
2018; Platenkamp and Mellies, 2018; Turner et al., 2019).

The LEE encodes two additional regulatory proteins: GrlA
(Global regulator of LEE-activator) and GrIR (Global regulator of
LEE-repressor). GrlA shares homology with a small number of
predicted uncharacterized proteins in different bacterial species and
with CaiF, an activator of genes involved in carnitine utilization
(Deng et al,, 2004; Jimenez et al,, 2010). A predicted helix-turn-
helix (HTH) motif is found at the N-terminus of these proteins,
where most of the conservation is observed. GrlA binds to the
ler promoter to positively regulate its expression (Huang and Syu,
2008; Jimenez et al., 2010; Bustamante et al., 2011; Padavannil
et al,, 2013), while Ler also induces the grlRA operon establishing
a positive regulatory loop that enhances LEE gene expression
under inducing conditions (Barba et al,, 2005). Point mutations
at the HTH motif affect the activation function of GrlA (Jimenez
et al.,, 20105 Islam et al.,, 2011; Padavannil et al., 2013). Moreover,
GrlA is present in the cell in a membrane-associated inactive
state that responds to mechanical stimuli (Alsharif et al,, 2015;
Sirisaengtaksin et al., 2020).

In contrast, GrlR acts as a repressor by forming a dimeric
structure of antiparallel beta-barrel subunits with a molecular mass
of 29 kDa, which exerts its function as a negative regulator through
the interaction with the HTH motif of GrlA, forming a complex
with a molecular mass of 47.3 kDa that prevents the activation
of the ler promoter (Deng et al., 2004; Lio and Syu, 2004; Iyoda
and Watanabe, 2005; Jobichen et al., 2007; Jimenez et al., 2010;
Padavannil et al.,, 2013). Orthologs of GrlR are found in species of
the genera Proteus, Morganella, Serratia, Klebsiella and Salmonella,
among others, sharing between 30 to 42% identity; however, these
GrlR orthologs are hypothetical proteins with no assigned function
yet. The ClpXP complex, an AAA + protease, positively controls
LEE gene expression in EHEC through direct regulation of GrlR
levels during the stationary phase of growth (Iyoda and Watanabe,
2005). Moreover, Hfq, an RNA chaperone, together with the small

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1063368
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Lara-Ochoa et al.

RNAs MgrR, RyhB and McaS, negatively modulate LEE gene
expression in EPEC at the post-transcriptional level by destabilizing
the grlRA mRNA and, consequently, the expression of GrlR and
GrlA (Hansen and Kaper, 2009; Bhatt et al., 2017; Sudo et al., 2022).
Furthermore, GrlA and GrlIR also regulate the expression of genes
located outside the LEE, such as the hemolysin and flagellar genes
in EHEC (Iyoda et al.,, 2006; Saitoh et al., 2008), as well as some
non-LEE encoded effector genes in EPEC (Garcia-Angulo et al,
2012), indicating that during the evolution of A/E organisms other
genes were incorporated into the Ler-GrlRA regulatory network to
coordinate other functions that enhanced the pathogenic capabilities
of these bacteria.

Despite the current knowledge, the mechanisms underlying the
interplay between GrlA and GrlR in regulating LEE and non-
LEE genes under different environmental conditions are still poorly
understood. In this work, we show that in addition to the notion
that GrlR functions as a repressor by forming a complex with
GrlA, it can also act as a repressor of LEE genes independently of
this interaction, while GrlA has a dual role as a positive regulator
by also antagonizing GrlR through protein-protein interactions.
Our data further illustrate that LEE gene expression is negatively
regulated at two levels mediated by global (H-NS) and EPEC-specific
(GrlR) regulators.

Materials and methods

Bacterial strains, plasmids, and culture
conditions

The bacterial strains and plasmids used in this study are listed
in Supplementary Table 1. Bacteria were routinely cultured in
Lysogeny Broth (LB) or in Dulbecco’s modified Eagle’s medium
(DMEM) containing glucose [0.45% (wt/vol)] and L-glutamine
(584 mg/l), but not sodium pyruvate (Gibco-BRL Life Technologies,
Waltham, MA, USA), supplemented with 1% LB. When necessary,
antibiotics were added at the following concentrations: kanamycin
(Km) 30 wg ml~!, ampicillin (Ap) 100 ug ml~!, tetracycline (Tc)
12 ug ml~1, streptomycin (Sm) 100 jLg ml~! and chloramphenicol
(Cm) 25 pg ml™!'. To induce the expression of the LEE
virulence genes, bacteria were grown either in 50 ml DMEM
under shaken or static + 5% CO, conditions at 37°C, while
shaken LB broth was used as the non-inducing or repressing
condition (Martinez-Laguna et al., 1999; Bustamante et al., 2001,
2011).

DNA manipulations

Standard genetic and molecular techniques were applied as
described previously (Sambrook and Russell, 2001). Restriction
enzymes were obtained from Thermo Scientific, Waltham, MA, USA
and used according to the manufacturer’s instructions. PCR reactions
were performed in 50 pl using Platinum Taq DNA polymerase
(Invitrogen, Waltham, MA, USA). The oligonucleotides used for
PCR amplification were synthesized at the Oligonucleotide Synthesis
Facility of the Instituto de Biotecnologia/UNAM, Cuernavaca,
México, and are listed in Supplementary Table 2.
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Construction of plasmids

To construct the pT3GrIR plasmid, a DNA sequence including
the RBS and the coding region of grlR was amplified by
PCR using the GREPKE-F/GREPX-R oligonucleotide pair. The
product obtained was digested with Kpnl-Xhol enzymes and
ligated into vector pMPM-T3 (Mayer, 1995), digested with the
same enzymes. To generate plasmids pT3GrlRA, pT3GrlRA/I44A,
and pT3GrlRA/R54A fragments were amplified by PCR with
the oligonucleotides XHINTERGRLAF/HIGRLAR (Supplementary
Table 2), using plasmids pTEPGrlAl, pTEPGrlA1/144A, and
pTEPGrlA1/R54A as templates (Jimenez et al.,, 2010), respectively.
The resulting products were digested with XhoI-HindIII and cloned
into the pT3GrlIR plasmid digested with the same enzymes.

The pDnaK-CAT plasmid was constructed by PCR amplifying
a fragment comprising from position —394 to + 127 of the
transcription start site of the dnaK gene, using the DnaKF/DnaKR
oligonucleotides. The product was digested with BamHI-HindIII
enzymes and cloned into the pKK232-8 vector (Pharmacia Biotech)
(Brosius, 1984), previously digested with the same enzymes.

Chromosomal DNA from the EPEC E2348/69 strain was used
as the PCR template. All plasmids generated were verified by
DNA sequencing and evaluated for their ability to complement the
corresponding mutants through a profile of secreted proteins or
western blotting against virulence proteins.

Construction of mutants and strains
expressing FLAG-tagged proteins

The grIR and grlA mutants were produced by generating
chromosomal in-frame deletions of grIR codons 6 to 118 or grlA
codons 6 to 132 by the sacB gene-based allelic exchange method
as described previously (Edwards et al, 1998). Deletion of the
grIRA operon spans from codon 6 of griR to codon 132 of griA.
Suicide plasmids were generated by cloning PCR-amplified fragments
containing the described deletions flanked by approximately 800
to 1000 bp on each side into Xbal/Sacl-digested plasmid pRE112.
The resulting suicide plasmids pRE112DgrlREP, pRE112DgrlAEP,
and pRE112DgrlRAEP, respectively (Supplementary Table 1), were
conjugated into strains WT EPEC E2348/69, Ahns (JPEP36) and
Aler to generate single and double mutants (Supplementary
Table 1).

To generate the chromosomally 3xFLAG-tagged strains, a
modification of the ARed recombinase system was used as described
previously (Datsenko and Wanner, 2000; Uzzau et al, 2001).
The PCR fragment to tag the native grlR gene was generated
using oligonucleotides grlR-FLAGH1P1 and grlR-FLAGH2P2 and
the grlA gene using oligonucleotides grlA-FLAGHI1P1 and grlA-
FLAGH2P2, and plasmid pSUB11 DNA as template. The resulting
PCR products were electroporated into WT EPEC or its AgriR or
AgrlA mutants to generate the EPEC grlR:3xFLAG, grlA:3xFLAG,
grIR:3xFLAG  AgrlA and AgriR grlA:3xFLAG (Supplementary
Table 1).

Single and double mutants were verified by PCR amplification
and DNA sequencing. The tagged strains contain the tag in their
native gene chromosomal locations; thus, are expressed from the
grIRA operon promoter.
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CAT assay

Chloramphenicol acetyltransferase (CAT) activity, derived from
the expression of the transcriptional fusions to the cat reporter
gene, was determined as follows (Martinez-Laguna et al., 1999). The
strains containing the transcriptional fusions were grown in 5 ml
of LB supplemented with antibiotics and incubated overnight at
37°C. The next day, culture pellets were adjusted to an ODggp = 1.0
with 1X phosphate buffered saline (PBS) (10 mM Na2HPO4, 2 mM
KH2PO4, 137 mM NaCl and 2.7 mM KCI) and used to inoculate
50 ml of LB or DMEM supplemented with antibiotics with one ml
of each suspension. Cultures were incubated at 37°C under shaking
or static plus 5% CO, growth conditions, and 1 ml samples were
collected when the cultures reached an ODggg = 0.8 and 1.0. The cell
pellet was obtained by centrifugation at 14,000 rpm for 2 minutes
and washed with 1 ml of TDTT buffer (Tris-Hcl 50 mM pH 7.8
and dithiothreitol 30 wM), centrifuged again and resuspended in
0.5 ml of the same buffer. Lysis was achieved by sonication for
5 min with pulses of 10 s per minute and 5 s rest. Soluble extracts
were separated from cell debris by centrifugation at 12,000 rpm for
20 min at 4°C, and 5 pl aliquots of each extract were added in
duplicate to a 96-well microtiter plate followed by the addition of
200 pl of the reaction mix containing 1 mM DTNB [5,58-dithio-
bis(2-nitrobenzoic acid)] (Research Organics), 0.1 mM Tris-Hcl pH
7.8,0.1 mM acetyl-CoA (Pharmacia LKB Biotech Inc., Alameda, CA,
USA), and 0.1 mM chloramphenicol (Sigma Chemical Co., Saint
Louis, MO, USA). Changes in absorbance at 410 nm were recorded
every 5 s for 5 min with a CERES 900C automatic microplate reader
and the KC3 program set to kinetic mode. A CAT standard curve
(from 0 to 2500 U/ml) was used to interpolate the activities of each
sample. The protein concentration of each extract was determined by
adding 10 pl of each extract in duplicate and 200 1 of the reaction
mixture (25 ml of solution A + 500 wl of solution B) of the “BCA
Protein Assay Kit” (Pierce) to a 96-well plate. Then incubated at
37°C for 30 min; the absorbance was read at a wavelength of 562 nm
using an automatic microplate reader CERES 900 C and the KC3
program. The CAT-specific activity was determined by dividing the
CAT activity by the protein concentration of each extract. The data
are expressed as jumol/min/mg of protein and are the results from at
least three independent assays done in duplicate. The empty vector
pKK232-8 did not show measurable levels of CAT activity in any of
the strains used in the study (data not shown).

Protein secretion assay

EPEC secreted proteins were analyzed as described previously
(Deng et al, 2004). Briefly, bacterial cultures in LB and DMEM
were incubated at 37°C under shaking or static conditions. Triplicate
1.5 ml samples were collected per culture when the cultures reached
an ODggp of 1.0 and were subjected to centrifugation at 17,900 x
g for 5 min in Eppendorf tubes. Bacterial pellets were saved when
convenient, and 1.3 ml of each supernatant was separated into fresh
tubes and 160 wl of 100% trichloroacetic acid (TCA) was added
per tube. Proteins were allowed to precipitate at 4°C overnight.
Subsequently, the proteins were concentrated by centrifugation at
20,000 x g for 30 min and resuspended in 10 wl of 1x Laemmli
loading buffer and the triplicate samples were mixed in the same
tube, boiled for 5 min and resolved by 12% SDS-polyacrylamide gel
electrophoresis (PAGE).

Frontiers in Microbiology

10.3389/fmicb.2023.1063368

Western blotting

Bacteria were grown in DMEM or LB under shaking or static
conditions until they reached an ODgpp of 1. Total extracts were
obtained from 3 ml samples of the bacterial cultures. Cells were
resuspended in 500 11 of urea solution (8 M) and lysed by sonication.
Aliquots of total extracts were mixed with Laemmli buffer, boiled
for 5 min and analyzed by SDS-PAGE (12% acrylamide) and,
subsequently, transferred to 0.45-pum-pores-size PVDF membrane
(Millipore) using a semi-dry transfer chamber (BioRad, Hercules,
CA, USA).

The membrane was blocked in 10% non-fat milk and incubated
with one of the following primary antibodies: a 1:10,000 dilution
of monoclonal anti-Tir, a 1:7,500 dilution of polyclonal anti-intimin
(kindly provided by J.A. Giron), a 1:20,000 dilution of polyclonal anti-
EspA (kindly provided by J. Kaper), a 1:10,000 dilution of polyclonal
anti-Esc] (kindly provided by Dr. Bertha Gonzalez-Pedrajo), a
1:5,000 dilution of monoclonal anti-FLAG M2 (Sigma-Aldrich, Saint
Louis, MO, USA), a 1:15,000 dilution of polyclonal anti-maltose
binding protein (MBP) (New England Biolabs, Ipswich, MA, USA),
a 1:10,000 dilution of polyclonal anti-DnaK (Invitrogen, Waltham,
MA, USA) and a 1:50,000 dilution of monoclonal anti-GroEL (Sigma-
Aldrich, Saint Louis, MO, USA). The membrane was washed with
1x phosphate buffer saline (PBS) containing 0.05% Tween 20 and
incubated with a 1:10,000 dilution of secondary anti-rabbit or
anti-mouse antibodies coupled to horseradish peroxidase (Thermo
Scientific, Waltham, MA, USA). The membrane was developed
with the commercial kit “Western Lightning Chemiluminescence
Reagent Plus” (Perkin Elmer, Waltham, MA, USA) according to the
manufacturer’s instructions.

Native gel electrophoresis

EPEC  E2348/69  grIR:3xFLAG,  grlA:3xFLAG,  AgriR
grlA:3xFLAG, and grIR:3xFLAG AgriA strains were transformed with
pT3GrlA1/144A or pT3GrlA1/R54A and grown overnight in 5 ml
of LB medium supplemented with antibiotics. The next day, 0.5 ml
of these cultures were inoculated into 20 ml DMEM or LB medium
supplemented with antibiotics and allowed to grow at 37°C with
shaking. When the cultures reached an ODgg of 1.0, 5 ml samples
were taken and the cells were concentrated by centrifugation at
18,000 xg at 4°C, resuspended in 500 w1 PBS and lysed by sonication.
Samples were taken at an ODggg of 0.3, 0.6, 0.8, and 1.0 from 50 ml
cultures when needed.

Total extracts were resuspended in a non-denaturing buffer (50%
glycerol, 25 mM Tris-Hcl pH 6.8 and 0.05% bromophenol Blue) and
separated by 12% native PAGE at 4°C. The gel was transferred to a
0.45-pm-pore-size PVDF membrane (Millipore) and processed for
western blotting.

Simultaneously, aliquots obtained from the same assays were
processed for 12% SDS-PAGE and western blotting.

Statistical analysis

Data analyses were performed by two-way ANOVA followed
by Tukey’s multiple comparisons posttest using GraphPad Prism
version 8.4.3 (471) for Mac OS. P-values < 0.05 were considered
statistically significant.
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Results

GrlR negatively requlates LEE gene
expression under repression conditions

GrlR represses LEE gene expression mainly under non-
permissive conditions such as growth in LB (Deng et al., 2004; Lio
and Syu, 2004; Iyoda and Watanabe, 2005). To further explore this
feature, we evaluated the expression of the LEEI, LEE2, LEE4, LEES5,
and dnaK promoters fused to the cat reporter gene in WT EPEC
E2348/69 and its AgriR non-polar deletion mutant cultured under
LEE inducing (DMEM/37°C) and repressing (LB/37°C) growth
conditions. Under inducing conditions, the CAT reporter activity
of all LEE fusions increased between 1.5- to 4-fold in EPEC
AgrIR compared to the WT strain (Figure 1A); however, under
repression conditions, the fold increase was higher, between 5 and
13.5 (Figure 1A). In contrast, dnaK-cat expression, used as a LEE
unrelated control, was similar in both strains and growth conditions
(Figure 1A).

The analysis of the T3SS-dependent protein secretion profile of
WT, AgriR and Aler EPEC strains showed that, under repressing
conditions (LB), the AgrIR mutant abundantly secreted proteins into
the medium, while the WT strain did not secrete detectable levels
of LEE-encoded proteins (Figure 1B). This phenotype reversed by
complementing the mutant strain with a plasmid containing the
griR gene (pT3GrlR) (Figure 1B). Growth under inducing conditions
(DMEM) allowed secretion of LEE-encoded proteins by the WT
strain and higher secretion levels by the AgriR strain. Moreover,
complementing the AgrlR mutant with the pT3GrIR plasmid
suppressed protein secretion, even under inducing conditions
(DMEM), indicating that GrlR overexpression can override the
presence of GrlA under T3S permissive conditions (Figure 1B).
As expected, the Aler mutant did not secrete under both growth
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These results highlight the negative regulatory effect that GrlR
exerts on the LEE genes in agreement with previous reports (Deng
et al.,, 2004; Lio and Syu, 2004; Iyoda and Watanabe, 2005).

GrlR represses the expression of LEE
operons in the absence of H-NS

H-NS globally represses LEE-gene expression, while Ler acts as
an antagonist to overcome this repression; thus, in the absence of
H-NS, the role of Ler is dispensable (Friedberg et al,, 1999; Leh
et al., 2017; Shin, 2017). Moreover, GrlR expression from a plasmid
strongly represses the expression of the LEE genes in WT EPEC even
under conditions permissive to LEE expression (Deng et al., 2004; Lio
and Syu, 2004; Jobichen et al., 2007). Evidence showing that GrIR
and GrlA establish protein-protein interactions led to propose that
GrlR negatively regulates LEE gene expression by preventing GrlA
from binding to and activating the ler promoter (Creasey et al., 2003;
Jobichen et al., 2007; Jimenez et al., 2010; Padavannil et al., 2013).

Based on such evidence, we hypothesized that overexpression
of GrlR in EPEC lacking H-NS, which expresses LEE genes
constitutively even under non-permissive growth conditions in a
Ler- and GrlA-independent manner, would not affect LEE gene
expression. Therefore, we analyzed the transcriptional activity of
the LEEI-, LEE2-, LEE4-, and LEE5-cat fusions and the expression
of LEE-encoded proteins in WT and Ahns EPEC strains carrying
or not plasmid pT3GrlR (Supplementary Table 1). Consistent
with previous reports for other A/E pathogens, overexpression of
GrlR in WT EPEC repressed the transcriptional activity of all LEE
fusions tested (Figure 2A), as well as the expression of Tir, intimin
and EspA, as shown by western blot (Figure 2B), and of EspC
(Supplementary Figure 1A), an autotransporter encoded outside the
LEE and whose expression is also regulated by Ler (Elliott et al., 20005
Li et al,, 2004; Vidal and Navarro-Garcia, 2008). Unexpectedly, GrIR
also significantly repressed the transcriptional activity of the LEE
promoters in the EPEC Ahns mutant (Figures 2A, B). Under these

conditions. conditions, all strains similarly expressed proteins DnaK and MBP,
A B DMEM LB
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FIGURE 1
The absence of GrlR derepresses the expression of locus of enterocyte effacement (LEE) operons under repressing conditions. (A) The transcriptional
activity of the LEE1-cat, LEE2-cat, LEE4-cat, LEE5-cat, and dnaK-cat fusions was analyzed in WT EPEC (black bars) and its Agr(R isogenic mutant (white
bars), grown in 50 ml DMEM (D) or LB medium (L) with shaking at 37°C. Specific chloramphenicol acetyltransferase (CAT) activity was determined from
samples collected at an ODgpp of 1. Values are an average of three independent experiments performed in duplicate. Error bars indicate standard
deviations. Statistically different values are indicated (**p-value < 0.01; ***p-value < 0.001; ****p-value < 0.0001). (B) Profile of secreted proteins of
EPEC WT, Aler and AgriR (carrying the empty vector pMPM-T3 or its derivative pT3GrlR) grown under the same conditions as in panel (A). Secreted
proteins were concentrated from culture supernatants by precipitation with trichloroacetic acid (TCA) and separated by 12% SDS-PAGE. V: pMPM-T3, R:
pT3GrlR.
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anti-DnaK and polyclonal anti-MBP antibodies.

GrlR represses the expression of locus of enterocyte effacement (LEE) genes in the absence of H-NS. (A) Expression of the LEE1-cat, LEE2-cat, LEE4-cat,
and LEE5-cat fusions was analyzed in WT enteropathogenic Escherichia coli (EPEC) (black bars) and its Ahns isogenic mutant (white bars) carrying the
empty vector pMPM-T3 (V) or its derivative pT3GrlR (R), grown in DMEM with shaking at 37°C. Specific chloramphenicol acetyltransferase (CAT) activity
was determined using samples collected from cultures grown in 50 ml Dulbecco’s modified Eagle’s medium (DMEM) or Lysogeny Broth (LB) at an ODggg
of 1. Values are an average of three independent experiments performed in duplicate. Error bars indicate standard deviations. Statistically different values
are indicated (**p-value < 0.01; ***p-value < 0.001; ****p-value < 0.0001). (B) Total extracts were prepared from the same culture samples and
separated by 12% SDS-PAGE. The expression of Tir, intimin and EspA was analyzed by western blotting using polyclonal anti-intimin and anti-EspA and
monoclonal anti-Tir antibodies. As controls for protein loading, maltose binding protein (MBP) and DnaK were also detected using monoclonal
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used as loading controls, indicating that repression did not result
from an unspecific pleiotropic effect in EPEC physiology due to GrIR
overexpression.

To address this concept, we evaluated the effect of GrlR expressed
from a plasmid under growth conditions where GrlA is not the
primary activator of Ler expression. When EPEC grows in static
DMEM cultures under 5% CO, atmosphere at 37°C, the EAF
plasmid-encoded regulator PerC is the main activator of LEEI
promoter expression and therefore of ler (Bustamante et al., 2011).
Thus, we analyzed the secreted protein profile and intimin and
EspA expression in WT EPEC and the Ahns mutant harboring
plasmid pT3GrIR or the empty vector pMPM-T3, grown in shaken
and static + 5% CO, DMEM. As shown, GrIR expressed from
pT3GrIR repressed protein secretion (Supplementary Figure 1A)
and expression of EspA and Intimin in both strains and conditions,
but not that of DnaK (Supplementary Figure 1B), confirming the
results shown in Figure 1B.

These data suggested that GrlR can repress LEE gene expression
through an alternative pathway, probably independent of its
interaction with GrlA.

The global regulator H-NS and the EPEC
specific regulator GrlR act cooperatively,
but at different levels, to repress the
expression of LEE genes

Ler and GrlA establish a positive regulatory feedback loop that
counteracts the repression exerted by H-NS (Barba et al, 2005;
Jimenez et al.,, 2010). According to the results described above, GrIR
and H-NS act cooperatively to repress the expression of LEE genes.
To further explore this observation, we evaluated the expression of
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the LEE1-cat, LEE2-cat, and LEE5-cat transcriptional fusions in EPEC
WT and Ahns grown under inducing and repressing conditions and
also analyzed the secretion profile of these strains from samples of
their culture supernatants. Under inducing conditions, the activity
of the LEE2-cat and LEE5-cat fusions increased about 2-fold in
the absence of either of the two repressors, whereas that of the
LEEI-cat fusion was 4.7-fold and 3.7-fold in the AgriR and Ahns
mutants, respectively (Figure 3A). Under repressing conditions, the
derepression observed for the LEEI, LEE2, and LEE5 promoters
operons was about 13-, 7-, and 14-fold, respectively, in the absence
of GrlR; whereas in the Ahns mutant it was 2-, 3-, and 5-fold,
respectively, relative to the activity displayed in the WT strain
(Figure 3A). In agreement with these results, while the WT strain
poorly secreted LEE-encoded proteins under repressing conditions
(LB), the AgriR and Ahns mutants showed a clear increase in protein
secretion (Figure 3B).

To delve deeper into the role of both H-NS and GrlR in the
negative regulation of the LEE genes, we analyzed the transcriptional
activity of the LEE2-cat fusion and the protein secretion profile in
WT EPEC and its Aler, Ahns, AgriR, AgrlA, AgrIRA, Aler AgriR, and
AgrIRAhns isogenic mutants grown under inducing and repressing
conditions (Figure 4). As expected, compared to the WT strain, the
Aler and AgriA strains significantly downregulated LEE2-cat fusion
expression and protein secretion, while the AgrIR mutant expressed
higher levels of LEE2-cat activity (Figures 4A, B). Interestingly, the
AgrIRA double mutant displayed a phenotype similar to the AgrlA
single mutant, confirming the important role of GrlA in ler activation
and, indirectly, in derepression of Ler-dependent promoters that in
the absence of GrlR remained repressed by H-NS (Figures 4A, B).
In the AgrIRAhns double mutant, the transcriptional activity of the
LEE2-cat fusion showed expression levels similar to those observed in
the AgrIR and Ahns single mutants under inducing conditions, while
under repressing conditions, its expression was closer to the activity
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Grl(R is the main repressor of locus of enterocyte effacement (LEE) gene expression under repressing conditions. (A) Expression of the LEE1-cat, LEE2-cat
and LEE5-cat fusions was analyzed in WT EPEC (black bars) and its AgriR (gray bars) and Ahns (white bars) isogenic mutants, grown in 50 ml of
Dulbecco's modified Eagle's medium (DMEM) or Lysogeny Broth (LB) with shaking at 37°C. Specific chloramphenicol acetyltransferase (CAT) activity was
determined from samples collected from cultures at an ODggg of 1. Values are an average of three independent experiments performed in duplicate.
Error bars indicate standard deviations. Statistically different values are indicated (****p-value < 0.0001). (B) Secreted proteins of the same cultures were
concentrated from supernatants by precipitation with trichloroacetic acid (TCA), separated by 12% SDS-PAGE and stained with Coomassie brilliant blue.
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GrlR and H-NS repress locus of enterocyte effacement (LEE) gene expression by an indirect cooperative mechanism. (A) chloramphenicol
acetyltransferase (CAT) activity of the LEE2-cat fusion was determined in WT enteropathogenic Escherichia coli (EPEC) and its Aler, Ahns, AgriR, AgrlA,
AgrlRA, AgrlRAler, and AgrlR Ahns derivative mutants grown in 50 ml of Dulbecco’s modified Eagle's medium (DMEM) (black bars) or Lysogeny Broth
(LB) (white bars) with shaking at 37°C. Specific CAT activity was determined from samples collected at an ODggg of 1. Values are an average of three
independent experiments performed in duplicate. Error bars indicate standard deviations. Statistically different values are indicated (*p-value < 0.1;
**p-value < 0.01; ***p-value < 0.001; ****p-value < 0.0001). (B) Secreted proteins of the same cultures were concentrated from supernatants by
precipitation with TCA, separated by 12% SDS-PAGE and stained with Coomassie brilliant blue.
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observed in the AgriR strain (Figure 4A). These results coincided
with the secreted protein profile since, in DMEM and LB, the
AgriR and Ahns single mutants and the double AgrlRAhns mutant
showed increased secretion in contrast to the WT strain (Figure 4B).
Finally, the phenotype of the AgrIRAler mutant confirmed that Ler is
essential to antagonizing the repression exerted by H-NS regardless
of the growth condition (Figures 4A, B).

The inclusion of the Aler Ahns double and the Aler AhnsAgriRA
quadruple mutant in this assay was cumbersome due to the poor
growth shown by these strains. To overcome this limitation, we
expressed ectopically H-NSG!13D, a dominant negative version of
H-NS that carries a mutation affecting its DNA binding capacity
without altering the oligomerization domain (Ueguchi et al., 1996),
to inhibit H-NS activity. WT EPEC and its mutant derivatives
Aler, Ahns, AgrIR, AgrlA, AgrlRA, AlerAgriR, AlerAgrlA,
AlerAgrlRA and AescN carrying plasmid pT6-HNS/G113D,
expressing H-NSS!3D under the control of an arabinose inducible
promoter (Bustamante et al,, 2008; Jimenez et al, 2010), were
grown under repressing conditions with and without arabinose. We
collected samples from these cultures to analyze the secreted proteins
by PAGE and the expression of Tir and EscJ in total cell extracts by
western blotting. In the absence of arabinose, we did not observed
T3S of EspA, EspB and EspD nor Tir and Esc] expression in the WT
or any strain carrying the Aler or AgrlA deletions (Figures 5A, B).
In contrast, upon induction of H-NSG113D de-repression of T3S
was evident even in the absence of Ler and/or GrlA, while the AgriIR

10.3389/fmicb.2023.1063368

mutant showed protein secretion and Tir and Esc] expression both
without or with H-NSG13D jnduction (Figures 5A, B). The AescN
strain, a mutant defective in T3S, was used as a control that did not
secrete virulence proteins even upon H-NSG!13D induction, except
for EspC, a non-T3 secreted protein, whose gene is also repressed by
H-NS and derepressed by Ler (Figure 5A). In contrast, Tir and Esc]
were observed in total cell extracts of this strain when H-NSG!13D
was induced (Figure 5B).

Taken together, these results indicate that GrlR and H-NS
negatively regulate the expression of LEE operons at two independent
levels that are indirectly cooperative (see Section “Discussion”).

GrlA counteracts the repressor effect of
GrlR through protein-protein interactions

We previously observed that under inducing conditions, the
negative effect of GrlR is counteracted when co-expressed with
GrlA in C. rodentium (Deng et al., 2004). A possible explanation
of this phenotype is that the co-expression of both proteins
prevents the titration effect that overexpressing only GrlR from
a plasmid has on the native levels of GrlA. However, there is
also the possibility that under these conditions, the interaction
between GrlR and GrlA also plays a role in preventing the GrlR-
mediated independent repression described above (Figure 2 and
Supplementary Figure 1).
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FIGURE 5

Protein secretion profile in the presence of a dominant negative H-NS mutant. (A) Secreted proteins from WT enteropathogenic Escherichia coli (EPEC)
and its Aler, AgrlR, Ahns, AgrlA, AgriRA, AgrlRAler, AlerAgrlA, AlerAgrlRA, and AescN derivative mutants, carrying plasmid pT6-HNS/G113D expressing

H-NSSH3P grown in 50 ml Lysogeny Broth (LB) with (+) and without (-) 0.
supernatants by precipitation with trichloroacetic acid (TCA), separated by
were prepared from the corresponding bacterial pellets and separated by 1

1% arabinose at 37°C with shaking, were concentrated from culture
12% SDS-PAGE and stained with Coomassie brilliant blue. (B) Total extracts
2% SDS-PAGE. Tir and EscJ expression was analyzed by western blotting using

an anti-Tir monoclonal antibody and anti-EscJ polyclonal antibodies. As a control for protein loading, GroEL expression was also analyzed using an

anti-GroEL monoclonal antibody.
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To evaluate this possibility, we transformed plasmids
pT3GrIRA, pT3GrlIR, pTEPGrlAl and the empty vector pMPM-T3
(Supplementary Table 1) into WT EPEC and grew the resulting
strains under inducing and repressing conditions to analyze the
secretion profile. As shown in Figure 2, GrlR overexpression
repressed the LEE genes and inhibited T3S even under inducing
conditions, while overexpression of GrlA overcame the repressing
effect of growth in LB (Figure 6A). In turn, as observed in
C. rodentium (Deng et al., 2004), GrIR-GrlA co-expression prevented
the negative effect of GrlR, even under repressing conditions, but to
alesser extent (Figure 6A).

To further explore this notion, we took advantage of the
phenotype of two GrlA mutants, GrlA/I144A and GrlA/R54A, that
cannot activate the LEEI operon because they no longer bind
to the ler regulatory region due to a single amino acid change
in the HTH domain. Additionally, the GrlA/I44A mutant cannot
interact with GrlR (Jimenez et al,, 2010; Padavannil et al., 2013).
The genes encoding these mutants were cloned into pT3GrlR
to co-express them with WT grIR. WT EPEC containing the
resulting plasmids pT3GrlRA/I44A or pT3GrlRA/R54A were then
grown under inducing and repressing conditions to examine their
T3S profile. Under inducing conditions, T3S in the presence of
pT3GrlRA/144A was similar to the secretion profile seen with
pT3GrlR, as in both cases protein secretion was significantly reduced
(Figure 6A). In contrast, in the presence of GrlR-GrlA/R54A, T3S
was unaltered (Figure 6A), suggesting that GrlA/R54A probably
prevented GrlR-mediated repression by interacting with it and not
because it was over inducing Ler expression. Moreover, in LB
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medium, where the WT strain does not secrete T3S substrates,
we observed a clear de-repression of virulence protein secretion
in the presence of GrlR-GrlA/R54A, but not with GrlR-GrlA/144A,
suggesting that GrlA/R54A titrated away both the endogenous GrlR
expressed from the chromosomal gene and that expressed from
the plasmid (Figure 6A). To confirm the above observations, we
performed a similar experiment with the EPEC AgriR strain but
grown under repressing conditions (LB medium). Co-expression of
GrlR with GrlA/I44A did not prevent GrIR from complementing the
repression phenotype and the effect was similar to that observed for
the strain with pT3GrlR (Figure 6B); however, this was not the case
when GrlR was co-expressed with GrlA/R54A, as protein secretion
was still observed (Figure 6B). Western blotting to detect intimin,
Tir and EspA in total cell extracts of the same strains, showed similar
results (Figure 6C).

These results are consistent with the notion that GrlA, in addition
to its activating effect on the ler promoter as a DNA binding
protein, could also counteract the alternative GrlR repression effect
by interacting with it.

GrlR and GrlA are expressed and interact
under inducing and repressing conditions

The results described above further indicated that GrIR has a
critical role as a repressor under non-permissive growth conditions
for LEE expression, thus implying that EPEC expresses it in
both LB and DMEM. To analyze GrlR and GrlA expression and
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GrlA antagonizes GrlR-mediated repression. (A) Profile of secreted proteins from WT enteropathogenic Escherichia coli (EPEC) carrying the empty vector
pMPM-T3 or its derivatives pT3GrlR, pTEPGrlAL, and pT3GrlRA, pT3GrlRA/I144A and pT3GrlRA/R54A grown in 50 ml Dulbecco’s modified Eagle’s medium
(DMEM) or Lysogeny Broth (LB) to an ODggg of 1. Secreted proteins were concentrated from culture supernatants by precipitation with trichloroacetic
acid (TCA), separated by 12% SDS-PAGE and stained with Coomassie brilliant blue. (B) Secreted proteins from EPEC Agrl(R carrying the same plasmids as
in panel (A) grown in 50 ml of LB with shaking at 37°C. (C) Total extracts were prepared from bacterial samples of the same cultures described in panel
(B). Proteins were separated by 12% SDS-PAGE and expression of intimin, Tir and EspA was analyzed by western blotting using anti-intimin, anti-Tir and
anti-EspA antibodies. As a control for protein loading, DnaK expression was also analyzed using anti-DnaK antibodies.
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their interaction in more detail, we grew the EPEC grIR:3xFLAG,
grlA:3xFLAG, AgrlA-grIR:3xFLAG and AgriR-grlA:3xFLAG strains,
as well as the AgrlA-grIR:3xFLAG strain carrying the plasmids
encoding the GrlA/I44A and GrlA/R54A mutants (Supplementary
Table 1), under inducing and repressing conditions and analyzed
total cell extracts by native PAGE and western blotting from samples
taken from each culture. As shown in Figure 7, the formation of
the GrlR-GrlA complex occurred under both growth conditions
(Figure 7A, lanes 1, 2, 7, and 8, upper band). The EPEC grIR:3xFLAG
strain also showed the GrlR dimer and monomer (Figure 7A, lanes 1
and 7), while the banding pattern of the AgrlA-grIR:3xFLAG strain,
where the upper band is not present due to the absence of GrlA
(Figure 7A, lines 3 and 9), confirmed the nature of the second
and third bands. The EPEC grlA:3xFLAG strain only showed a
band corresponding to the GrlR-GrlA complex (Figure 7A, lines 2
and 8), while in the absence of GrlR, GrlA-3xFLAG did not enter
the gel (Figure 7A, lines 4 and 10), likely due to its isoelectric
point (theoretical pI: 9.71), which changes when in complex with
GrlR. Moreover, the expression of the plasmid-encoded GrlA/I144A
and GrlA/R54A mutants in the AgrlA-grIR:3xFLAG strain further
confirmed these observations as the GrlA/I44A mutant, which does
not interact with GrlR, did not form the GrlR;-GrlA complex
(Figure 7A, lines 5 and 11) seen with the GrlA/R54A mutant
(Figure 7A, lines 6 and 12). Interestingly, the GrlA/R54A mutant
drove GrlR to mainly form the complex with GrlA since the
dimeric and monomeric forms were not visible. In part, this may be
why overexpression of GrlA in the EPEC WT strain overrode the
repression in LB (Figure 6A). SDS-PAGE and anti-FLAG western
blot with the same cell extracts showed the presence of the tagged
proteins (Figure 7B).

Native PAGE analysis also suggested, based on the banding
pattern shown by GrIR and GrlA (as discussed above), that GrIR and
GrlA are expressed and interact, although not to the same extent,
independently of the growth conditions. To analyze this observation
in more detail, we took samples from LB and DMEM cultures of

10.3389/fmicb.2023.1063368

the EPEC grIR:3xFLAG and grlA:3xFLAG strains at different growth
stages and analyzed them by SDS-PAGE and native PAGE followed
by western blot. The qualitative analysis showed that GrIR and GrlA
were expressed at moderately higher levels in DMEM than in LB;
however, although enriched in DMEM, heterotrimers formed under
both growth conditions independently of the expression levels of
these proteins (Figures 8A, B, upper panels).

These data allowed us to hypothesize that heterotrimer formation
plays a bidirectional role, on the one hand, preventing the activation
of ler by reducing the levels of free GrlA and, on the other,
antagonizing the independent repressor function of GrlR. A future
more quantitative analysis of the relative concentrations of GrlA
under both growth conditions, as well as the effect of these conditions
on the ability of GrlA to activate the ler promoter and on the kinetics
of GrlR-GrlA interaction, will allow a better understanding of the
mechanism that regulates the expression of LEE genes in response
to environmental cues.

Together, these results further supported the notion that GrlA
counteracts the repressor effect of GrlR by interacting with it and
showed that the GrlR;-GrlA heterotrimeric complex, the GrlR-GrIR
dimer and the GrlR monomer are present in EPEC under both
growth conditions.

GrlR represses the expression of LEE
promoters in a non-EPEC background

To further explore the notion that GrlR can repress the
constitutive expression of LEE promoters independently of its
interaction with GrlA, we assessed the activity of the LEEI and LEE2
promoters in a background lacking not only H-NS, but also GrlA and
Ler. We then transformed the empty vector pMPM-T3 or plasmids
pT3GrIR, pTEPGrlA1l o pT3GrIRA into the Ahns mutant of the LEE-
negative lab strain E. coli MC4100 (JPMC1) containing the LEEI-cat
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FIGURE 7

Analysis of GrlR,-GrlA complex formation by native gel electrophoresis. (A) GrlR,-GrlA protein complex formation in the enteropathogenic Escherichia
coli (EPEC) strains griR:3xFLAG, grlA:3xFLAG, AgriR_grlA:3xFLAG, griR:3xFLAG_AgrlA, as well as in the grlR:3xFLAG_AgrlA strain carrying plasmids
pTEPGrlAL/144A or pTEPGrIAL/R54A, was analyzed from samples taken from cultures grown in Dulbecco’s modified Eagle’s medium (DMEM) or Lysogeny
Broth (LB) at an ODggg of 1. Total extracts were obtained from bacterial pellets and separated by 12% native PAGE. The GrlR,-GrlA and GrlR-GrlR
complexes and the GrlR monomer (indicated by arrows) were identified by western blotting using anti-FLAG monoclonal antibodies. (B) The same cell
extracts were also separated by 12% SDS-PAGE and transferred to a PVDF membrane for western blotting to confirm GrlR-3xFLAG and GrlA-3xFLAG

expression in the different strains using anti-FLAG antibodies.
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FIGURE 8

GrlR and GrlA are expressed under both repressing and inducing conditions and interact to form the GrlR,-GrlA heterotrimer. The enteropathogenic
Escherichia coli (EPEC) grlR:3xFLAG (A) and grlA:3xFLAG (B) strains were grown in 50 ml of Dulbecco’s modified Eagle’s medium (DMEM) or Lysogeny
Broth (LB) with shaking at 37°C. Total cell extracts were collected at ODggg of 0.3, 0.6, 0.8, and 1.0 and separated by 12% native PAGE. GrlR,-GrlA and

GrlR-GrlR complexes and GrlR monomer are indicated by arrows and were

identified by western blotting using anti-FLAG monoclonal antibodies. The

same cell extracts were also separated by 12% SDS-PAGE to evaluate the expression of GrlR-FLAG and GrlA-FLAG by western blotting using anti-FLAG
antibodies. As a control for protein loading, GroEL expression was also analyzed using anti-GroEL antibodies.

or LEE2-cat fusion. The WT strain was the control, where the LEEI-
cat fusion, but not the LEE2-cat fusion, was active in the presence
of pTEPGrlAl (Figure 9A), as previously shown (Bustamante et al,,
2011). Interestingly, GrlR also repressed the constitutive expression
of the LEEI-cat and LEE2-cat fusions in the Ahns background but
not when co-expressed with GrlA (Figure 9B). This result supported
the proposal that GrlR also negatively regulates LEE gene expression
independently of its interaction with GrlA. Also, GrlA had a dual
role as a positive regulator by, in addition to its function as a ler
activator, preventing GrlR’s negative effect, most likely by trapping
it in the heterotrimer. Defining the underlying mechanism by which
GrlR represses the constitutive expression of the LEE promoters will
require further investigation.

Discussion

In this study, we further investigated the role of GrlR as a
repressor and the function of its interaction with GrlA in modulating
LEE gene expression. Our results revealed a novel feature of its
mechanism of action as GrlR also seems to act as a repressor
independently of its interaction with GrlA; however, it remains to
be seen if GrlR exerts this function by directly interacting with Ler-
dependent promoters or with Ler-derived transcripts recognizing a
common motif or indirectly by interacting with or modulating the
function of a conserved element that is also present in E. coli K12.

A summary of the events leading to the control of LEE gene
expression in response to the growth conditions is shown in Figure 10
and described below. GrlR and H-NS act independently to negatively
regulate the LEE at two different levels, establishing an indirect
cooperative repressive effect on the expression of LEE operons
when EPEC is grown under repressing conditions (Figures 10A, F,
red dotted lines). In the WT strain, H-NS silences Ler-dependent
promoters (Figure 10A), while GrlR inactivates GrlA by forming
GrlR;-GrlA heterotrimers previously shown to prevent GrlA binding
to the ler promoter (Jimenez et al., 2010; Padavannil et al., 2013;
Figure 10F). When GrlR is not present, free GrlA efficiently activates
ler expression (Figure 10C), leading to Ler-dependent elimination
of H-NS-mediated repression of LEE promoters (Figure 10B), thus
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resembling the phenotype shown by the double AgriRAhns mutant;
however, mutants lacking grIR but also ler or grlA, cannot activate
LEE gene expression because H-NS is still present and there is no Ler
to overcome this repression.

In addition to identifying the role of GrlIR as a negative regulator
independent of its interaction with GrlA, our findings show that GrlA
plays a dual role in the positive regulation of LEE genes by binding
to the ler regulatory region and activating its expression (Jimenez
et al, 2010; Islam et al, 2011), and antagonizing the independent
repressor activity of GrlR through the formation of the GrlR,-GrlA
heterotrimer (Figures 10C, D, respectively); thus establishing an
indirect coherent-positive feedforward loop (Shoval and Alon, 2010).

How the growth conditions determine whether EPEC induces
or represses the LEE genes when both proteins are present and
interact needs to be clearly understood; however, current knowledge
and the results described here open up interesting possibilities for
future investigation. For example, GrlR, in addition to reciprocally
antagonizing GrlA through their interaction, may also interact with
other proteins to modulate the transcriptional activity of LEE genes or
directly with DNA promoter regions or the RNA transcripts derived
from Ler-regulated genes. Along with our results, reports showing
that GrlA activity in EHEC is mechanoresponsive and modulated
by its membrane-bound state (Sirisaengtaksin et al, 2020), that
Hfq differentially regulates GrlR and GrlA synthesis (Hansen and
Kaper, 2009; Bhatt et al., 2017; Sudo et al.,, 2022) and that ClpXP
posttranslationally regulates GrlR at the stationary phase (Iyoda and
Watanabe, 2005), illustrate that there is more to learn about the
mechanism of action of the GrIR and GrlA duet. How the growth
conditions impact the GrlR and GrlA ratio in the cell, which seems
to have a profound effect on the function and interaction between
GrlR and GrlA, and thus in LEE gene expression, warrants future
investigation.

The presence of the GrlR;-GrlA complex, GrlR dimer and
its monomer under both growth conditions, which is consistent
with previous observations indicating that the basal activity of the
grIRA promoter is higher than most of the LEE promoters under
non-inducing conditions (Yerushalmi et al., 2014), indicate that
certain levels of free GrlA are also present at any given moment
during growth. Thus, the growth conditions must also play a role
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Schematic representation of the locus of enterocyte effacement (LEE) regulatory network. (A—H) Represent the primary regulatory circuits controlling
LEE gene expression, as described in detail in the discussion. Green and red dashed lines indicate positive and negative regulatory pathways; black arrows
indicate protein interactions. Thick arrows show a simplified representation of the seven operons previously reviewed in detail (Gaytan et al., 2016). Single
genes are not illustrated. The first gene of the polycistronic LEE1 operon encodes Ler, while the bicistronic LEE7 operon codes for GrlR and GrlA. The
light blue box represents several other global, ancestral and pathotype-specific regulators that modulate LEE gene expression, mainly by acting, but not
exclusively, on Ler expression. Other colleagues have extensively and elegantly reviewed the regulatory elements known to modulate the regulation of
the LEE (Furniss and Clements, 2018; Platenkamp and Mellies, 2018; Turner et al.,, 2019; Serapio-Palacios and Finlay, 2020). Created with BioRender.com.

in determining GrIR and GrlA competency to repress or activate,
respectively, when the complex is disrupted, either due to its
natural dissociation or by the influence of additional environmental
factors. GrlR can displace GrlA from the ler promoter (Padavannil
et al,, 2013) and here we showed that overexpression of GrlR or
GrlA drives the other protein to predominantly form the GrlR,-
GrlA complex (Figures 10D, E). In this complex, they reciprocally
antagonize each other and, consequently, free GrlR or GrlA would
act without competition with the other protein to either strongly

Frontiers in Microbiology

repress (Figure 10F) or activate (Figure 10C) LEE gene expression,
respectively. Thus, this dynamic behavior is likely modulating the
activation or repression state of the LEE, whose expression has,
unsurprisingly, been shown to be bimodal and render a fitness
advantage to the cell (Leh et al., 2017; Ronin et al., 2017).

The acquisition of a pathogenicity island imposes on bacteria
the need to adopt and adapt pre-existent and horizontally acquired
regulatory mechanisms to prevent the deleterious expression of
recently incorporated genes (Navarre, 2016). Although LEE gene
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expression is modulated by a complex assortment of global regulatory
proteins, its specific activation relies on the LEE-encoded regulators
Ler and GrlA. In contrast, its negative control is mediated at two
levels by a global regulator (H-NS) and an EPEC-specific regulator
(GrlR). In this context, self-regulation of gene expression mediated
by GrIR and GrlA may have provided a fitness advantage during the
acquisition of the LEE, where GrlR down-regulated its uncontrolled
expression preventing detrimental effects on bacterial fitness, while
GrlA counteracted this self-encoded sentinel function. It is tempting
to speculate that the incorporation of pre-existing or ancestral
regulatory mechanisms, such as the repression exerted by H-NS to
finetune LEE gene expression further, led to the incorporation of
additional regulatory proteins, such as Ler, as well as other regulators
that are known to modulate Ler expression in response to various
environmental, stress or metabolic signals (Furniss and Clements,
2018; Platenkamp and Mellies, 2018; Turner et al., 2019).

In line with the diversification and opposing effects of GrlR
and GrlA functions, a AgrIR mutant showed reduced levels of
flagellin (FliC) expression and motility, while overexpression of
GrlA had the opposite effect suggesting that GrlA may be acting
directly as a repressor on flagellar genes (Iyoda et al., 2006; Kitagawa
et al, 2011). Iyoda’s work also indicated that GrlA represses the
expression of flhD, which encodes a master regulator of flagellar gene
expression; consistently, GrlA binds to the flhiDC regulatory region,
while GrlR outcompetes this interaction (Padavannil et al., 2013),
further supporting the notion that GrlA can also act as a repressor.
Although details of the underlying mechanism remain undescribed,
in the context of our work, the previously cited papers support the
notion that the GrlR,:GrlA interaction plays a reciprocal modulatory
role in GrlR and GrlA activities.

Overall, LEE regulation is a fine example of the integration of
ancestral and horizontally acquired regulators that now comprise
a complex and coordinated set of network motifs (Shoval and
Alon, 2010), orchestrating a consensus response to a myriad of
signals concurring to regulate the expression of the LEE genes. For
example, Ler negatively regulates its own expression, establishing a
checkpoint that prevents the overexpression of the LEE (Figure 10G;
Berdichevsky et al,, 2005), while Ler and GrlA represent a positive
feedback loop (Figures 10C, H; Barba et al, 2005); however,
depending on the growth conditions, activation of the griRA
operon by Ler may also lead to an indirect coherent-negative
feedforward loop where GrlR inactivates GrlA through the formation
of heterotrimers and independently represses the ler and other
LEE promoters (Figures 10E, F; Jimenez et al,, 2010; Padavannil
et al,, 2013). In contrast, GrlA controls an indirect coherent-positive
feedforward loop by activating ler expression and antagonizing
GrlR (Figures 10C, D; Jimenez et al, 2010; Islam et al., 2011;
Padavannil et al., 2013; this work). Deciphering the unknown nuances
of this intertwined regulatory network and the implications for
virulence gene regulation during the transit of the pathogen from the
environment to the host or within the host during the colonization
process is an exciting challenge for future research.
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