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ARTICLE INFO ABSTRACT

Keywords:

The type VI secretion system (T6SS) is a versatile molecular machinery widely distributed in Gram-negative

RelA bacteria. The activity of the T6SS is tightly regulated by various mechanisms, including quorum sensing (QS),

Stringent response

Type VI secretion system
RovM

RovA

iron concentration, and transcriptional regulators. Here we demonstrated that the stringent response regulator,
RelA, contributes to bacterial resistance to multiple environmental stresses in Yersinia pseudotuberculosis. We also
revealed that the stress resistance function of stringent response (SR) was partially mediated by the general stress

response T6SS4 system. RelA positively regulates the expression of T6SS4 to combat various stresses in response
to nutrition starvation collectively mediated by the RovM and RovA regulators. These findings revealed not only
the important role of T6SS4 in SR induced stress resistance, but also a new pathway to regulate T6SS4 expression

in response to starvation stress.

1. Introduction

The type VI secretion system (T6SS) is a versatile bacterial protein
secretion machinery widely distributed in one quarter of the sequenced
Gram-negative bacterial genomes (Ho et al., 2014; Russell et al., 2014;
Hachani et al., 2016). The best-characterized function of T6SSs is de-
livery of antibacterial toxins, such as nucleases, cell wall-degrading
enzymes, and membrane-targeting enzymes, into prokaryotic cells to
facilitate inter-species competition (Russell et al., 2011; Dong et al.,
2013; Russell et al., 2013; Ma et al., 2014; Yang et al., 2018). Some
T6SSs associated with pathogens are necessary for full virulence by
injecting effectors into target eukaryotic cells to modulate host im-
munity and inflammation (Aubert et al., 2016; Jiang et al., 2016).
Recently, several T6SSs have also been reported to be involved in ac-
quisition of essential micronutrients such as iron, manganese and zinc
(Wang et al., 2015; Lin et al., 2017; Si et al., 2017a, 2017b). In addition,
accumulating data indicate that T6SS is involved in stress resistance in
various bacteria (Weber et al., 2009; Goldova et al., 2011; Gueguen
et al., 2013; Zhang et al., 2013; Song et al., 2015; Wang et al., 2015).

Whereas many bacteria possess one to two T6SS gene clusters, the
enteric pathogen Yersinia pseudotuberculosis possesses four T6SS gene

clusters which are believed to confer distinct functions for specific ni-
ches in the lifecycle of the bacterium (Zhang et al., 2011; Yang et al.,
2018). Among the four T6SS clusters, T6SS4 was reported to be es-
sential for bacterial survival under oxidative, acidic, heat and osmotic
stress and for resistance to deoxycholate (Gueguen et al., 2013; Zhang
et al., 2013; Wang et al., 2017). Accordingly, the expression of T6SS4 is
regulated by various stress response regulators such as the stationary
growth phase stress o factor RpoS (Guan et al., 2015), the global oxi-
dative stress regulator OxyR (Wang et al.,, 2015), and the osmotic
regulator OmpR (Gueguen et al., 2013; Zhang et al., 2013). In addition,
the expression of T6SS4 is nutrient status-dependently regulated by a
LysR-type regulator, RovM (Song et al., 2015). RovM is a nutrient de-
pendent regulator and it’s expression responds to the availability of
nutrients, regulated by the carbon storage regulator (Csr) system, in-
cluding the RNA-binding protein CsrA and the two regulatory RNAs
CsrB and CsrC (Heroven et al., 2008). As a central regulator of the Crp-
CsrABC-RovM regulatory cascade, RovM conversely regulates the ex-
pression of T6SS4 and AR3 acid resistance systems in response to the
availability of nutrients, possibly mediated by CsrABC (Song et al.,
2015).

Similar to the CsrABC system, the stringent response (SR) defines
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another global regulatory network of bacteria for sensing nutrient
availability (Edwards et al., 2011). The stringent response is triggered
by the deprivation of intracellular amino acids and is characterized by
upregulation of genes required for amino acid biosynthesis, and
downregulation of genes associated with cell growth (Potrykus and
Cashel, 2008; Hauryliuk et al., 2015). The core molecules of stringent
response are the nucleotide secondary messenger guanosine tetrapho-
sphate and guanosine pentaphosphate (collectively referred to as (p)
ppGpp), which help the bacteria adapt to starving conditions chiefly via
binding to RNA polymerase to affect transcription (Potrykus and
Cashel, 2008; Hauryliuk et al., 2015). As the main bacterial ppGpp
synthetase, RelA produces ppGpp in response to the presence of un-
charged tRNA in the ribosomal A-site. While the stringent response was
originally identified as an adaptation to amino acid starvation, it was
also reported to play a broad role in bacterial adaptation to environ-
mental stress (Okada et al., 2002; Yan et al., 2009; Vercruysse et al.,
2011; Gaca et al., 2013; Khakimova et al., 2013; Hauryliuk et al., 2015)
and virulence (Dahl et al., 2003; Nakanishi et al., 2006; Hesketh et al.,
2007). However, although our understanding of the stringent response
is becoming deeper, the mechanisms underlying stress resistance of
stringent response remain largely unknown.

We report here that the stringent response regulator, RelA, activates
the expression of the stress-resistant T6SS4 in Y. pseudotuberculosis
mediated by the global transcriptional regulators RovM/RovA colla-
borately. We reveal that the stress resistance function of stringent re-
sponse was partially mediated by the stress-resistant T6SS4.

2. Methods and materials
2.1. Bacterial strains and growth conditions

Bacterial strains and plasmids used in this study are listed in Table
S1. Escherichia coli were cultured in Luria-Bertani (LB) medium at 37 °C
with appropriate antibiotics. Y. pseudotuberculosis strains were cultured
in Yersinia-Luria-Bertani (YLB) broth (0.5% NaCl, 1% tryptone, 0.5%
yeast extract, pH 7.0), or M9 minimal medium (Na,HPO,, 6g/L;
KH,PO,, 3g/L; NaCl, 0.5g/L; NH,Cl, 1g/L; MgSO,, 1mM; CaCl,,
0.1 mM; glucose 0.2%, pH 7.0) at 26 °C with appropriate antibiotics
when necessary. The Y. pseudotuberculosis strain YPIII was the parent of
all derivatives used in this study. In-frame deletions were generated as
described previously (Xu et al., 2014). Cellular growth was monitored
based on the optical density (OD) at 600 nm. Antibiotics were added at
the following concentrations: nalidixic acid, 20 pg/mL; ampicillin,
100 pg/mL; kanamycin, 50 pg/mL; chloramphenicol, 20 pg/mL.

2.2. Plasmid construction

Primers used in this study were listed in Table S2. The lacZ fusion
reporter vector pDM4-Prgss4::lacZ was made previously (Zhang et al.,
2011). The reporter vector pDM4-P,,,p::lacZ and pDM4-P,,,4::lacZ was
constructed in a similar manner using primers P,,,-F-Sall/P,,,-R-Xbal
and Py,,4-F-Sall/P,,,4-R-Xbal, respectively. The plasmid pDM4-ArovM
(ypk_1559) was made in our previous work (Song et al., 2015). The
knockout plasmid pDM4-ArelA (ypk_3449) and pDM4-ArovA (ypk_1876)
were constructed in a similar manner using primer pairs relA-1F-Sall/
relA-1R, relA-2F/relA-2R-Bglll and rovA-1F-Sall/rovA-1R, rovA-2E/
rovA-2R-Bglll, respectively. The complementation plasmids pKT100-
relA and pKT100-rovA were constructed using the primers relAcom-F-
BamHI/relAcom-R-Sall and rovAcom-F-BamHI/rovAcom-R-Sall, respec-
tively. To express Hisg-tagged RovA, plasmid pET15b-rovA was con-
structed. Briefly, primers rovA-F-Ndel and rovA-R-BamHI were used to
PCR amplify the rovA gene fragment from the Y. pseudotuberculosis
genome. The PCR products of rovA were digested with Ndel/BamHI and
inserted into the Ndel/BamHI sites of pET15b to generate pET15b-rovA.

Site-directed mutagenesis of RelAg,s1r and RelAyssqy were carried
out by overlap PCR. Briefly, DNA of mutant relAgss;r and relAgszsqy
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were amplified by two rounds of PCR. Take example of relAg2sig,
primer pairs relAcom-F-BamHI/relAg,s5;-M1R and relAgas;-M2F/
relAcom-R-Sall were used to amplify segments 1 and 2 respectively. The
second round of PCR was carried out by using relAcom-F-BamHI/
relAcom-R-Sall as primer pair, while fragment 1 and fragment 2 as
templates to obtain the relAszs;r fragment. The relAgos;r DNA fragment
was digested by BamHI/Sall and cloned into similar digested pKT100 to
produce pKT100-relAgss;p. The pKT100-relApssqy plasmid was con-
structed with similar methods.

2.3. Construction of chromosomal fusion reporter strains and -
galactosidase assays

The lacZ fusion reporter vectors pDM4-PrgssqiilacZ, pDM4-
ProsilacZ and pDM4-P,,,4::lacZ were transformed into E. coli S17-
1Apir and mated with Y. pseudotuberculosis strains as described pre-
viously (Zhang et al., 2013). The lacZ fusion reporter strains were
grown to stationary phase in YLB broth or M9 medium at pH 7.0 under
26°C, and [3-galactosidase activity was assayed using ONPG (o-ni-
trophenyl-p-p-galactopyranoside) as the substrate. These assays were
performed in triplicate at least three times, and error bars represent
standard deviations.

2.4. Survival assays

Mid-exponential phase Y. pseudotuberculosis strains grown in YLB
medium were collected, washed, and diluted 50-fold into M9 medium
containing NacCl (0.5 M), or HCI (pH 4.5) and incubated at 26 °C for 1 h,
or 1.5mM H,0, for 30 min. After treatment, the cultures were serially
diluted 1000-fold and plated onto YLB agar plates, and colonies were
counted after 20 h growth at 26 °C. Percentage survival was calculated
by dividing number of CFU of stressed cells by number of CFU of cells
without stress (Si et al., 2014; Wang et al., 2015). The assays were
performed in triplicate at least three times, and error bars represent
standard deviation.

2.5. Fluorescence dye-based intracellular ROS detection

To detect intracellular total ROS, the fluorescent reporter dye 5-
(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate,
acetylester (CM-H,DCFDA, Life Technologies) was used as previously
described (Si et al., 2014; Dong et al., 2015). Briefly, 1 ml bacterial
samples (ODggo = 1.6) were collected and resuspended in 1 ml PBS
with 5mM H,0,, treated for 30 min at 26 °C, 100 rpm. After washed
twice, the samples were resuspended in 1ml of PBS containing
10 uM CM-H,DCFDA and incubated in dark for 20 min. The cells were
then pelleted, the supernatant removed, and were resuspended in 1 ml
filter-sterilized PBS. Two hundred microliters of the resultant cell sus-
pension were transferred to a black 96-well plate in dark. Fluorescence
signals were measured using a SpectraMax M2 Plate Reader (Molecular
Devices) with excitation/emission wavelengths of 502/521 nm. The
results shown represented the mean of one representative assay per-
formed in triplicate, and error bars represent standard deviations.

2.6. Transcriptomics analysis

RNA-Seq-based comparative transcriptomics analysis of WT and
ArelA mutant was performed to detect the differentially expressed genes
(DEGs). Single colonies of two strains were picked and cultured in YLB
medium till stationary phase, after then bacteria were transferred to M9
medium by 1:100 and grown to logarithmic period (ODggg = 0.5). The
bacteria were harvested for RNA extraction and cDNA synthesis. The
transcriptomics sequencing was performed by BGI-tech (Shenzhen,
China). Based on the alignment with reference gene and genome file in
KEGG database, we got the expression level of the two bacteria strains,
showing by RPKM (Reads per kilobase transcriptome per million
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mapped reads). The fold changes of DEGs between ArelA mutant and
WT strain were calculated according to log>(RPKM of ArelA/WT).

2.7. Quantitative real time (qQRT)-PCR analysis

Total RNA was isolated from exponentially growing Y. pseudotu-
berculosis strains using the RNeasy Mini Kit (Qiagen, Hilden, Germany).
RNA was converted to cDNA using M-MLV Reverse Transcriptase
(TaKaRa, Dalian, China) following the manufacturer's instructions.
qRT-PCR analysis was performed using the 7500 Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA) with 20 pl volume of PCR
mixture containing 10pl 2XTransStart green qPCR supermix
(TransGen, China), 0.5 pl each primer and 1 pl cDNA. After 15s of de-
naturation at 95 °C, 40 cycles of 95 °C for 15s and 55 °C for 30 s were
performed. The qRT-PCR primers were listed in Table S2. To standar-
dise the results, the relative abundance of 16S rRNA was used as an
internal standard and each reaction was performed in triplicate. The
expression of target genes was calculated as relative fold values using
the 27 AACT method. These assays were performed in triplicate at least
three times, and error bars represent standard deviations of the mean.

2.8. Electrophoretic mobility shift assay (EMSA)

DNA probes (279 bp T6SS4 promoter fragments) were amplified
from the T6SS4 promoter region using primers Prgsss-F/Prgssa-R. As
negative control, a 300 bp fragment amplified from ypk 3566 (impA)
coding region using primers control-F/control-R was included in the
binding assay. Increasing concentrations of purified Hiss-RovA (0.75,
1.5 and 3 uM) were incubated with 20 nM DNA probes in EMSA buffer
(20 mM Tris-HCl, pH 7.4, 4mM MgCI2, 100 mM NaCl, 1 mM dithio-
threitol, 10% glycerol). After incubation for 30 min at room tempera-
ture, the binding reaction mixture was subjected to electrophoresis on a
6% native polyacrylamide gel containing 5% glycerol in 0.5 X TBE
(Tris-borate-EDTA) electrophoresis buffer, and the DNA probe was de-
tected using SYBR Green (Zhang et al., 2013; Si et al., 2015).

2.9. DNase I footprinting assay

DNase I footprinting assays were performed according to (Wang
et al., 2015) with minor modifications. Briefly, the promoter region of
T6SS4 was PCR amplified with Dpx DNA polymerase (TOLO Biotech,
China) using primer pair Prgsss-F/Prsss4-R, and the fragment was
cloned into the pMD-18 T vector (TaKaRa), which was further used as a
template for the preparation of fluorescent FAM-labelled probes with
primers M13R(FAM labelled) and M13F(—47). The FAM-labelled
probes were purified using the Wizard SV Gel and PCR Clean-Up System
(Promega, USA) and quantified using the NanoDrop 2000C (Thermo,
USA). For the DNase I footprinting assay, 400 ng probes was incubated
with different amounts of Hisg-RovA in a total volume of 40 pl in the
same buffer. After incubation for 30 min at 30 °C, 10 pl solution con-
taining about 0.010 U DNase I (Promega, USA), and 100 nmol freshly
prepared CaCl, was added and further incubated for 1 min at 25 °C. The
reaction was stopped by adding 140 pl DNase I stop solution (200 mM
unbuffered sodium acetate, 30 mM ethylenediaminetetraacetic acid and
0.15% SDS). Samples were then extracted using phenol/chloroform,
precipitated with ethanol and the pellets were dissolved in 35 pl MiliQ
water. The preparation of the DNA ladder, electrophoresis and data
analysis was the same as described previously (Wang et al., 2012),
except that the GeneScan-LIZ500 size standard (Applied Biosystems)
was used.

2.10. Western blot analysis
Western blot analysis was performed as described previously (Xu

et al., 2014). Briefly, samples were resolved by SDS-PAGE and trans-
ferred onto polyvinylidene fluoride membranes (Millipore). The
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membrane was blocked in 5% (w/v) non-fat milk for 4h at room
temperature and incubated with primary antibodies at 4 °C overnight:
anti-VSVG (Santa Cruz Biotechnology, USA), 1:500; anti-RNA pol 3
(Santa Cruz Biotechnology, USA), 1:500. Then the membrane was wa-
shed three times in TBST buffer (50 mM Tris, 150 mM NacCl, 0.05%
Tween 20, pH 7.4) and incubated with a 1:5000 dilution of horseradish
peroxidase-conjugated secondary antibodies (Shanghai Genomics) for
1 h. Signals were detected using the ECL plus kit (GE Healthcare) fol-
lowing the manufacturer’s protocol.

2.11. Statistical analysis

Statistical analyses were performed using GraphPad Prism software
(GraphPad Software, San Diego, CA, USA). Survival assay, ROS de-
termination, LacZ activity, and gene expression data were performed
using an analysis of variance with a subsequent multiple comparison by
using paired two-tailed Student’s t-test.

3. Results

3.1. RelA contributes to bacterial resistance to multiple environmental
stresses

As the stringent response factor, RelA was reported to be involved in
the resistance to multiple environmental stresses such as oxidative
stress, osmotic stress and antibiotics (Okada et al., 2002; Yan et al.,
2009; Khakimova et al., 2013). Similarly, the ArelA mutant showed
decreased resistance to osmotic, acid, and H,0, stresses compared to
the Y. pseudotuberculosis wild-type, and complementation with the
pKT100-relA plasmid restored the stress resistance to wild-type level
(Fig. 1A-C). Note that deletion of the relA gene did not affect the growth
rate of Y. pseudotuberculosis under nutrient-rich conditions (Data not
shown). Moreover, the ArelA mutant exhibited increased intracellular
ROS levels, which was restored to the wild-type level by providing the
pKT100-relA plasmid (Fig. 1D). These results confirm that RelA con-
tributes to bacterial resistance to multiple environmental stresses in Y.
pseudotuberculosis.

3.2. Genome-wide analysis of genes regulated by RelA in Y.
pseudotuberculosis

To systematically identify genes regulated by RelA, we performed
RNA sequencing (RNA-seq)-based comparative transcriptomic analysis
of the Y. pseudotuberculosis wild-type and the ArelA mutant. Bacteria in
the mid-logarithmic growth phase were harvested for RNA extraction
and transcriptomic sequencing. The expression of a total of 712 genes
was up- or down-regulated greater than 1.0-fold (Table S3). The tran-
scriptomic data were verified by qRT-PCR analysis of 10 random chosen
genes. As shown in Fig. 2A, the log,-transformed mean values of 3
biological replicates for each gene were in good consistency with the
log,-transformed fold changes observed in the RNA-seq data (Fig. 2A).
The functions of the differentially expressed genes (DEGs) were iden-
tified using Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis, and the major pathways regulated by RelA were
summarized. As shown in Fig. 2B, the DEGs were involved in multiple
KEGG pathways, including those related to amino acids and nucleotide
biosynthesis, lipid metabolism, cell motility, bacterial secretion sys-
tems, transport activities, transcription and translation processes, and
responses to stress. Bacteria that undergo the SR in response to stresses
(including starvation) have lower stable RNA, ribosomal protein, and
DNA replication rates (Traxler et al., 2008). Similarly, we found the
ribosomal protein-associated genes (ypk 0283-0299) and purine meta-
bolism genes were upregulated in the ArelA mutant, reflecting negative
regulation by RelA. Moreover, genes encoding ATP-binding cassette
(ABC) transporters for carbohydrate uptake (ypk 0431) and amino acid
transport (ypk_0377-0378, 1094-1096) were upregulated. Interestingly,
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the response regulator RpoS (ypk 2078) and a glycosidase-encoding
gene (ypk 0379) were also upregulated, indicating increased sensitivity
to environmental factors. In contrast, genes related to the cold-shock
response (ypk_0442-0444) were downregulated in ArelA, as were genes
encoding flagellum components, suggesting a lower resistance to cold
stress and reduced motility. Moreover, the expression level of type VI
secretion system-related genes (ypk 0383-0401 and ypk 3549-3566) was
also downregulated in ArelA, which indicated the dysfunction related to
T6SS.

3.3. RelA positively regulates T6SS4 expression in Y. pseudotuberculosis

T6SS is a widely distributed bacterial protein export apparatus
found in one quarter of Gram-negative bacteria (Ho et al., 2014; Russell
et al., 2014; Hachani et al., 2016). Our transcriptome data revealed that
most of the genes in the T6SS4 operon (ypk 3549-3566) were down-
regulated to below 10% in the ArelA mutant compare to the wild-type
strain, except for ypk 3549 (13.4%) and ypk_3563 (40.59%) (Table 1).
For example, VgrG, which forms the spike complex for the T6SS needle
structure, was down-regulated to 3.69%. IcmF, a periplasmic domain
protein, was down-regulated to 5.3%. Similar results were observed for
other T6SS4 component genes. These data suggest that T6SS4 is posi-
tively regulated by RelA.

To further investigate the role of RelA in T6554 expression, we in-
troduced a single copy of the transcriptional fusion T6SS4p::lacZ into
the chromosomes of Y. pseudotuberculosis wild-type, ArelA and the
complementary strain. The activity of LacZ was quantified as described
(Miller, 1992). As shown in Fig. 3A, the [3-galactosidase activity in the
ArelA mutant decreased to 26.2% compared with the wild-type; more-
over, the decrease was almost completely restored to the wild-type level
by introducing a plasmid expressing RelA (pKT100-relA) into the ArelA
mutant. qRT-PCR also showed that the expression of T6SS4 component
genes clpV4 (ypk_3559) and hcp4 (ypk_3563) required RelA (Fig. 3B). In
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addition, deletion of relA resulted in a significant decrease in Hcp4-
VSVG secretion (Fig. 3C), further supporting the regulating effect of
RelA on T6SS4.

The main function of RelA is to synthesize (p)ppGpp. The function
of RelA in (p)ppGpp synthesis is essential for activating T6SS4 expres-
sion, as complementation with relAgss:g and relAgssqy, two (p)ppGpp
null mutants, failed to recover the T6SS4 promoter activity in the ArelA
mutant (Fig. 3A). These results demonstrate that RelA positively reg-
ulates T6SS4 expression by catalyzing the synthesis of (p)ppGpp.

3.4. RelA activates RovM expression

Because RovM, a LysR-type regulatory protein, activates T6SS4
expression by directly binding to the T6SS4 promoter (Song et al.,
2015), and the expression of RovM is in response to the availability of
nutrients (Heroven et al., 2008), we speculated that RelA may regulate
T6SS4 expression by the mediation of RovM. To test this hypothesis, we
first investigated the role of RelA in RovM expression by chromosomal
P,ori:lacZ fusion reporter analysis. As shown in Fig. 4A, the activity of
the rovM promoter in ArelA was significantly lower than that in the
wild-type, and the promoter activity was restored to the wild-type level
by introducing the complementary plasmid pKT100-relA. However,
complementation with (p)ppGpp null mutants relAgzs:¢ and relAgszsqy
failed to restore the rovM promoter activity. The reduced expression of
rovM in ArelA was also confirmed by qRT-PCR analysis (Fig. 4B). These
results indicate that the nutrient-dependent expression of RovM is de-
pendent on RelA.

To determine whether the regulation of RelA on T6SS4 was medi-
ated by RovM, we constructed a ArelAArovM double mutant.
Unexpectedly, introducing the complementary plasmid pKT100-relA to
the ArelAArovM double mutant still fully restored the T6SS4 promoter
activity to the wild-type level as in the ArelA single mutant (Fig. 4C).
That RelA can regulate T6SS4 expression in the absence of RovM
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suggesting that the RelA-regulated T6SS4 expression was also mediated
by other regulators besides RovM.

3.5. RovA directly activates T6SS4 expression

RovA, a transcriptional activator of the SlyA/Hor family repressed
by RovM, was previously reported to regulate T6SS4 expression in Y.
pestis (Cathelyn et al., 2006). To investigate whether RovA is one of the
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other regulators that mediate the RelA-regulated T6SS4 expression, we
examined the role of RovA in T6SS4 expression in Y. pseudotuberculosis.
T6SS4 expression was determined by chromosomal Pyesss::lacZ fusion
reporter analysis. As shown in Fig. 5A, deletion of rovA moderately but
significantly reduced the activity of the T6SS4 promoter, which was
fully restored by introducing a complementary plasmid expressing
RovA (pKT100-rovA).

Next, EMSA assay was performed to investigate whether RovA
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Table 1
Differentially expressed genes of T6SS4 in Y. pseudotuberculosis.
Gene ID Product Description loga(ArelA/WT) Percentile Probability
ypk 3549 Conserved hypothetical protein —2.8994 13.40 0.9458
ypk_3550 IcmF Type VI secretion system protein ImpL —3.3809 9.60 0.9199
ypk 3551 ImpK Type VI secretion system protein ImpK —4.0827 5.90 0.9459
ypk_3552 ImpL Type VI secretion system protein ImpJ —4.6288 4.04 0.9496
ypk_3553 VasD type VI secretion system protein VasD —4.9940 3.14 0.9490
ypk 3554 Conserved hypothetical protein —4.6565 3.97 0.9588
ypk_3555 Conserved hypothetical protein —4.7694 3.67 0.9543
ypk_3556 Pentapeptide repeat protein —4.0070 6.22 0.9370
ypk_3557 Pentapeptide repeat protein —4.0874 5.88 0.9247
ypk 3558 vgrG T6SS secreted protein VgrG —4.7616 3.69 0.9578
ypk 3559 VasG Type VI secretion system protein VasG —4.8447 3.48 0.9419
ypk 3560 ImpH Type VI secretion system protein ImpH —3.8719 6.83 0.9341
ypk 3561 ImpG Type VI secretion system protein ImpG —4.7125 3.81 0.9407
ypk_3562 ImpF Type VI secretion system protein ImpF —4.2390 5.30 0.9377
ypk 3563 Hcp T6SS secreted protein Hep —1.3009 40.59 0.9720
ypk 3564 ImpC Type VI secretion system protein ImpC —4.1080 5.80 0.9578
ypk 3565 TssB Type VI secretion system protein TssB —5.0273 3.07 0.9428
ypk_3566 TssC Type VI secretion system protein TssC —5.8827 1.69 0.9476

Percentile: (ArelA/WT)*100%; Probability: the coefficient to evaluate differential expression.

regulates T6SS4 expression in a direct manner. Incubation of a probe
harbouring the T6SS4 promoter (Prgss4) sequence (-133 to -411 relative
to the ATG start codon of the first ORF of the T6SS4 operon) with Hise-
RovA led to the formation of DNA-protein complexes, and the abun-
dance of such complexes depended on the amount of RovA. However,
no retarded mobility was observed when the control DNA fragments
were added (Fig. 5B).

To further identify the precise RovA-binding site, DNase I foot-
printing analysis was performed (Fig. 5C). Two RovA-protected DNA
regions extended from -320 to -229 bp and -156 to -98 bp upstream of
the initiation codon of the first T6SS4 ORF were identified (Fig. 5D). In
Y. pseudotuberculosis, RovA activated its own expression and that of the
virulence factor invasin in response to a moderate growth temperature
(Heroven et al., 2004). Both of the inv and rovA promoter regions
contain two AT-rich RovA-binding sites located upstream of the -35
element of the promoters. Similar AT-rich RovA-binding sites located
upstream of the -35 element, “TAAATTTAATAAAT” and “ATTATAAA
ATATA”, were also identified from the two RovA-protected DNA re-
gions in the T6SS4 promoter, respectively (Fig. 5D). Together, these
results demonstrate that RovA positively regulates T6SS4 expression by
recognizing two conserved AT-rich RovA-binding sites in the T6SS4
promoter.
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3.6. Both RovM and RovA are required to mediate RelA-regulated T6554
expression

To investigate the role of RovA in the mediation of RelA-regulated
T6SS4 expression, we constructed the ArelAArovA double mutant and
the ArelAArovAArovM triple mutant. While introducing the com-
plementary plasmid pKT100-relA to the ArelAArovA double mutant still
restored the T6SS4 promoter activity to the wild-type level, it failed to
recover the promoter activity in the ArelAArovAArovM triple mutant
(Fig. 6A). These results suggest that the RelA-regulated T6SS4 expres-
sion was mediated by RovM and RovA together, and both regulators are
necessary to mediate the regulation. This conclusion was further cor-
roborated by overexpressing relA in different Y. pseudotuberculosis
strains. As shown in Fig. 6B, while overexpression of relA greatly im-
proved the T6SS4 promoter activities in the wild-type and even in the
ArovM and ArovA single mutants, it failed to improve the T6SS4 pro-
moter activity in the ArovAArovM double mutant. Altogether, these data
indicate that RelA functions upstream of RovM and RovA to regulate
T6SS4 expression.

3.7. RovM suppresses the expression of RovA in Y. pseudotuberculosis

Disruption of rovM resulted in a significant increase in RovA and
invasin production and enhanced internalization of Y. pseudotubercu-
losis into host cells (Heroven and Dersch, 2006; Heroven et al., 2008).

a-VSV-G
a-VSV-G

a-RNA pol B
a-RNA pol B

Fig. 3. RelA positively regulates T65SS4 expression. (A) B-galactosidase analyses of T6SS4 promoter activities in the Y. pseudotuberculosis wild-type, ArelA mutant,
and the complemented strain ArelA(relA), ArelA(relAG251E) and ArelA(relAH354Y) grown to stationary phase in M9 medium. (B) qRT-PCR analysis of mRNA levels

of clpV and hep in indicated strains. Data represent the mean +

SD of three biological replicates, each of which was performed with three technical replicates. ***:

p < 0.001. (C) The wild-type, ArelA and its complemented strain ArelA(relA) expressing C-terminal VSV-G-tagged Hcp4 were grown in M9 media to the logarithmic
phase at 26 °C. Expression (cell) and secretion (sup) of Hcp4-VSV-G was detected by immunoblotting using anti-VSV-G antibodies. The loading control detected by

anti-RNA pol-B was shown for total protein lysate.
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Fig. 4. RelA positively regulates RovM expression. (A) -galactosidase analyses of rovM promoter activities in the Y. pseudotuberculosis wild-type, ArelA mutant,
and the complemented strain ArelA(relA), ArelA(relAG251E) and ArelA(relAH354Y) grown to stationary phase in M9 medium. (B) qRT-PCR analysis of mRNA levels
of rovM in the Y. pseudotuberculosis wild-type, ArelA mutant, and the complemented strain ArelA(relA). (C) B-galactosidase analyses of T6SS4 promoter activities in the
Y. pseudotuberculosis wild-type, ArovMArelA mutant, and the complemented strains ArovMArelA(relA). Data represent the mean + SD of three biological replicates,
each of which was performed with three technical replicates. ***, p < 0.001, **, p < 0.01.
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Fig. 5. RovA directly regulates T6SS4 expression. (A) B—galactosidase analyses of T6SS4 promoter activities in the Y. pseudotuberculosis wild-type, ArovA mutant,
and the complemented strain ArovA(rovA). Data represent the mean =+ SD of three biological replicates, each of which was performed with three technical replicates.
**% p < 0.001. (B) EMSA was performed to analyse the interactions between Hiss-RovA and the T6SS4 promoter (Prsss4). Increasing amounts of RovA (0.75, 1.5
and 3 pM) and 20 nM DNA fragment were used. (C) Identification of the RovA-binding site within the T6SS4 promoter using the DNase I footprinting assay. (D) The
RovA binding sites detected in (C) were shown in the T6SS4 promoter region. (3-galactosidase analyses of T6SS4 promoter activities in the Y. pseudotuberculosis wild-

type, ArovAArelA mutant, and the complemented strains ArovAArelA(relA), ArovAArelA(rovA).
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Fig. 7. (A) B-galactosidase analyses of rovA promoter activities in the Y. pseu-
dotuberculosis wild-type, ArovM mutant and the complemented strain ArovM
(rovM) grown to stationary phase in M9 medium. (B) 3-galactosidase analyses
of rovA promoter activities in the Y. pseudotuberculosis wild-type, ArelA mutant
and the complemented strain ArelA(relA) grown to logarithmic phase in M9
medium. Data represent the mean * SD of three biological replicates, each of
which was performed with three technical replicates. ***: p < 0.001, **:
p < 0.01.

Consistent with this report, the rovA promoter activity was significantly
increased in ArovM compared to the WT (Fig. 7A). rovA expression was
decreased in ArelA according to the transcriptomics result (ArelA/
WT*100% = 51.63%, logs(ArelA/WT)=-0.9537), and this was further
confirmed by [3-galactosidase assay. Deletion of relA markedly reduced
rovA promoter activity, and which was restored in the ArelA(relA)
complemented strain (Fig. 7B).

4. Discussion

The stringent response (SR), which is controlled by the alarmone (p)
ppGpp, is a global regulatory mechanism induced by nutrient starvation
and multiple stresses (Gaca et al., 2013), and is crucial for bacterial
virulence induction, differentiation, and persistence (Dahl et al., 2003;
Nakanishi et al., 2006; Hesketh et al., 2007). In Gram-negative bacteria,
synthesis of (p)ppGpp is catalyzed by the RelA/SpoT homologs, and
RelA is the primary enzyme responsible for (p)ppGpp synthesis upon
nutrient starvation (Potrykus and Cashel, 2008; Hauryliuk et al., 2015).
Although SR was recognized as a central stress response system, only a
few studies have explored the underlying protection mechanisms. Re-
cently, Nguyen et al. reported that inactivation of the SR in P. aerugi-
nosa causes increased endogenous ROS, and this excessive oxidative
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(Weber et al., 2009; Goldova et al., 2011; Records, 2011; Zhang et al.,
2013). For example, a T6SS regulated by the general stress response
regulator RpoS in Vibrio anguillarum was found to be involved in re-
sistance to hydrogen peroxide, ethanol and low pH, though the un-
derlying mechanism has not yet been revealed (Weber et al., 2009).
Recently, we showed that the Y. pseudotuberculosis T6SS4 is required for
the resistance to diverse stress conditions such as oxidative stress, acid
stress, osmotic stress and heat stress, by importing Zn?* from the en-
vironment to reduce intracellular ROS levels induced by these stresses
(Wang et al., 2015). The T6SS4 in Burkholderia thailandensis has also
been shown to be involved in the resistance to multiple stresses by
reducing intracellular ROS levels via importing antioxidative ions of
Mn?* (Si et al., 2017a) and Zn®* (Si et al.,, 2017b). These findings
support the notion that SR contributes to bacterial resistance to mul-
tiple adverse stresses by increasing the expression of various anti-
oxidant systems to mitigate the toxicity effects of ROS produced under
these unfavourable conditions.

Consistent with the finding that the Y. pseudotuberculosis T6SS-4
functions to combat a broad range of adverse stresses, its expression is
regulated by multiple regulators responding to various environmental
stimuli, including the general stress response regulator RpoS (Weber
et al., 2009; Guan et al., 2015), the osmotic/acid stress regulator OmpR
(Gueguen et al., 2013; Zhang et al., 2013), the global oxidative stress
regulator OxyR (Wang et al., 2015), and the zinc-responsive tran-
scriptional regulator ZntR (Wang et al., 2017). These overlapping reg-
ulatory networks allow immediately adaptation of bacteria to ever-
changing environments through activating the expression of T6SS4.
Recently, RovM, a LysR-type global regulator sensing nutrition status,
was found acts as both an activator and a repressor fine-tuning the
expression of various acid survival systems such as T6SS4, AR3 and
urease in Y. pseudotuberculosis in response to the availability of nu-
trients (Song et al., 2015; Dai et al., 2018). RovM also acts as a motile-
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Fig. 8. Model of RelA regulation of T6SS4 mediated by RovM/RovA.

sessile state switch, regulates motility and biofilm formation based on
nutrient availability (Zhao et al., 2017). Since T6SS4 is positively
regulated by RovM, it is possible that the SR controls T6SS4 through
this intermediary regulator involved in nutrition sensing. Notably, the
SR controls RovM expression in Y. pseudotuberculosis. However, RovM is
not the only regulator to mediate the regulation of T6SS4 by RelA, since
RelA can still activate T6SS4 expression in the ArovM mutant, unless
RovA, a RovM controlled regulator was further deleted in the ArovM
mutant (Fig. 6). Thus, the (p)ppGpp synthase RelA regulates T6SS4
expression by the mediation of the RovM and RovA regulators. This is
consistent with previous findings that (p)ppGpp synthases influences
bacterial phenotypes by controlling the expression of many other reg-
ulators such as the cAMP receptor protein CRP, the flagellar master
regulator FIhDC, and the integration host factor IHF (Aviv et al., 1994;
Johansson et al., 2000; Lemke et al., 2009).

The MarR-type global regulator RovA of Yersinia has been shown to
control the expression of multiple metabolic, stress and virulence genes
that are required for environmental adaptation and pathogenesis (Nagel
et al., 2001; Ellison et al., 2004; Cathelyn et al., 2006). Expression of
Yersinia RovA is directly repressed by RovM, which itself is controlled
by the Csr system in response to nutrition status (Heroven and Dersch,
2006). Previously it was reported that RovA indirectly regulates T6SS4
in Y. pestis CO92 (Cathelyn et al., 2006). However, in this study we
found that RovA regulates T6SS4 expression in a direct manner in Y.
pseudotuberculosis, and identified two RovA-binding sites with AT-rich
sequences on the T6SS4 promoter (Fig. 5). Recently, RovA was re-
cognized to be a proteinaceous thermometer that senses temperature
shifts directly through alterations in protein conformation thereby
modulating its DNA-binding capacity (Herbst et al., 2009). Since the
expression of T6SS4 is also temperature dependent and significantly
induced at 26 versus 37 °C (Zhang et al., 2011), it’s interesting to in-
vestigate whether the temperature dependent T6SS4 expression was
mediated by RovA in the future.

As a nutrient response regulator, the expression of RovM itself is
nutrient-dependent and was shown to be controlled by the carbon
storage regulator system CsrABC (Heroven et al., 2008). Under nutrient
limited condition, CsrA activates RovM expression, leading to repres-
sion of RovA. The RNA-binding protein CsrA activates expression of the
RovM protein, which in turn leads to a significant reduction in RovA
levels. In contrast, the small regulatory RNAs CsrB and CsrC sequester
CsrA and prevent it from activating RovM expression (Heroven et al.,
2008). Both Csr system and SR system are the key global regulatory
networks of bacteria for sensing nutrient availability (Edwards et al.,
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2011). Interestingly, in this study we observed that T6SS4 expression
was not only regulated by the Csr system, but also regulated by the SR
factor RelA. Thus, RovM acts as a central regulator to integrate the
starvation signals sensed by the Csr system and SR system, and activate
the general stress response system T6SS4 to adapt bacterial cells to
adverse environments. Although RovA is dispensable for activation
T6SS4 expression under nutrition limited conditions, it may play crucial
roles in mediation of the temperature dependent expression of T6SS4
under nutrient rich conditions.

Although SR has been well-known to be a conserved regulatory
mechanism that coordinates physiological adaptations to nutrient
starvation and multiple stresses, the underlying mechanisms remain
poorly understood. Based on our results, we propose a model whereby
RelA positively regulates the expression of the general stress response
T6SS4 system to combat various stresses in response to nutrition star-
vation, coordinately mediated by the RovM/RovA regulators (Fig. 8).
These findings revealed not only the important role of T6SS4 in SR
induced stress resistance, but also a new pathway to regulate T6SS4
expression in response to starvation stress.
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