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of the Salmonella Pathogenicity Island 1 Type Ill Secretion
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ABSTRACT Salmonella enterica serovar Typhimurium induces inflammatory diarrhea
and bacterial uptake into intestinal epithelial cells using the Salmonella pathogenic-
ity island 1 (SPI1) type Il secretion system (T3SS). HilA activates transcription of the
SPIT structural components and effector proteins. Expression of hilA is activated by
HilD, HilC, and RtsA, which act in a complex feed-forward regulatory loop. Many en-
vironmental signals and other regulators are integrated into this regulatory loop, pri-
marily via HilD. After the invasion of Salmonella into host intestinal epithelial cells or
during systemic replication in macrophages, the SPI T3SS is no longer required or
expressed. We have shown that the two-component regulatory system PhoPQ, re-
quired for intracellular survival, represses the SPI1T T3SS mostly by controlling the
transcription of hilA and hilD. Here we show that PinT, one of the PhoPQ-regulated
small RNAs (sRNAs), contributes to this regulation by repressing hilA and rtsA transla-
tion. PinT base pairs with both the hilA and rtsA mRNAs, resulting in translational in-
hibition of hilA, but also induces degradation of the rts transcript. PinT also indirectly
represses expression of FliZ, a posttranslational regulator of HilD, and directly re-
presses translation of ssrB, encoding the primary regulator of the SPI2 T3SS. Our in
vivo mouse competition assays support the concept that PinT controls a series of
virulence genes at the posttranscriptional level in order to adapt Salmonella from
the invasion stage to intracellular survival.

IMPORTANCE Salmonella is one of the most important food-borne pathogens, in-
fecting over one million people in the United States every year. These bacteria use a
needle-like device to interact with intestinal epithelial cells, leading to invasion of
the cells and induction of inflammatory diarrhea. A complex regulatory network con-
trols expression of the invasion system in response to numerous environmental sig-
nals. Here we explore the molecular mechanisms by which the small RNA PinT con-
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FIG 1 SPI1 T3SS regulatory circuit and the Rts-PinT locus. (A) Simplified regulatory model of the SPIT T3SS
and related regulators. Blue lines indicate transcriptional regulation, green lines indicate regulation at the
protein level, and red lines indicate regulation at posttranscriptional level. Dotted lines indicate that the
exact mechanism of regulation is not known and is likely indirect. (B) The pinT gene and rts operon
are located within a 15-kb insert located near tRNA-PheR. Gray arrows represent the genes within the
genomic island, and white arrows are the surrounding chromosomal genes. Not all genes are shown. The
illustration was created from the strain 14028 genome sequence (100).

The bacteria integrate environmental signals and input from a variety of global
regulatory systems to precisely control transcription and translation of the SPI1 T3SS
genes (5, 9, 11). HilA (hyperinvasion locus A), encoded in the SPI1 locus, directly
activates transcription of the SPI1 T3SS structural and primary effector genes (8, 12-14).
Three AraC-like proteins, HilD, HilC, and RtsA, activate transcription of hilA by binding
the promoter (15). In addition, HilD, HilC, and RtsA regulate their own transcription and
the transcription of each other, forming a complex feed-forward regulatory loop
(15-18) (Fig. 1). Environmental signals and regulatory systems are integrated into the
SPI1 regulatory circuit primarily at the level of HilD activity or hilD translation (11), while
HilC and RtsA amplify these inducing signals for efficient system activation (11, 15, 19)
(Fig. 1). Several regulatory systems have been implicated in controlling hilD mRNA
stability or translation, acting at either the 5’ untranslated region (UTR) or 3’ UTR of the
hilD mRNA (20-25). Other systems directly control hilA expression or more globally
affect the entire system (12, 26-28). We previously showed that small regulatory RNAs
(sRNAs) play a pivotal role in the regulation of SPI1 T3SS in response to oxygen, a key
environmental signal controlling Salmonella virulence (21).

sRNAs are abundant posttranscriptional regulators of gene expression in bacteria.
Induction of a given sRNA is often affected by environmental or stress conditions, and
sRNAs play roles in many aspects of bacterial physiology, including metabolism, metal
homeostasis, stress responses and pathogenesis (29-33). sSRNAs typically base pair with
target mRNAs to negatively or positively control translation and/or stability of the
mRNA (30, 31, 34-37). Hfg and ProQ are involved as RNA chaperones that mediate
stability of the sRNAs and/or facilitate SRNA-mRNA interaction (35, 38-42). In Salmo-
nella, both experimental and bioinformatic approaches have been used to identify
more than 325 sRNAs, and the functional roles of several sRNAs in regulating physiol-
ogy and pathogenesis have been studied (21, 43-47).

The PhoPQ two-component system is a key virulence regulator in Salmonella,
controlling myriad factors required for intracellular survival and growth (48-55). PhoQ
is the sensor kinase and phosphorylates its cognate response regulator, PhoP, in
response to antimicrobial peptides, low levels of divalent cations, and low pH (56-58).
Either impairing or constitutively activating the PhoPQ two-component system confers
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defects in Salmonella virulence, suggesting that precise control of the two-component
system is crucial for adaptation to various niches in the host (1, 52, 59). The PhoPQ
two-component system regulates SPI1 gene expression by repressing hilA transcription
(11), but the mechanism of action was not clear. We have shown that the PhoP
represses hilA transcription by blocking activation of the promoter and also indirectly
affects hilD and rtsA transcription, providing mechanistic insight into how the SPI1
system is shut off after invasion (60). PhoPQ also induces two sRNAs: MgrR and PinT (33,
61, 62). MgrR regulates genes involved in lipopolysaccharide modification and phos-
phate import in response to intracellular magnesium levels (61-63). The 80-nucleo-
tide (nt) SRNA PinT is produced as a primary transcript, is induced in intracellular
Salmonella, and regulates virulence-associated genes (33, 44). PinT was suggested to
function as a modulator of SPIT and SPI2 gene expression in response to the intracel-
lular environment, but little of the molecular mechanisms was revealed (33).

Here we show that PinT posttranscriptionally affects SPI1 gene expression by
directly regulating hilA and rtsA translation and indirectly affecting fliZ expression. PinT
inhibits translation of hilA and promotes degradation of the rts transcript. Thus, PinT
contributes additional posttranscriptional regulation of the SPI1 T3SS to the transcrip-
tional repression governed by PhoPQ, ensuring efficient downregulation in the niches
where the SPI1 T3SS is no longer required. The data support a model in which PinT
directly and indirectly controls SPI1, flagellar biosynthesis, and SPI2 gene expression to
facilitate intracellular survival within the host.

RESULTS

PinT, a PhoPQ-activated sRNA, regulates hilA and rtsA translation. The PhoPQ
two-component system regulates expression of the SPI1 genes primarily by repressing
hilA and hilD transcription (11, 60) (Fig. 1A). The PhoPQ two-component system also
controls expression of two sRNAs, MgrR and PinT (33, 61). We hypothesized that these
sRNAs could contribute to the PhoPQ-mediated regulation of the SPI1 T3SS at the
posttranscriptional level. To test this hypothesis, both MgrR and PinT from Salmonella
enterica serovar Typhimurium strain 14028 were cloned into the pBRpLac vector (64).
We then tested the effect of overproduction of each sRNA on expression of an in-locus
hilA’-'lacZ translational fusion, which contains the 350-nt 5" UTR and the first 31 codons
of hilA fused in frame with LacZ under the control of the native hilA promoter. When
MgrR was overexpressed from the plasmid, expression increased ~1.5-fold. However,
overexpression of PinT caused significant repression of the hilA'-'lacZ fusion activity
(~5-fold) (Fig. 2A). We focused our analysis on PinT.

Based on the feed-forward loop model of hilA activation, it is possible that PinT
represses the hilA’-'lacZ fusion directly and/or by controlling the upstream regulators
HilD, HilC, and/or RtsA (15). To elucidate the regulatory mechanism of PinT in hilA
expression, we tested the effect of PinT on a Pgap-hilA’-'lacZ fusion in Escherichia coli.
Using the E. coli fusions reduces the complications imposed by the complex feed-
forward loop controlling SPIT gene expression in Salmonella (11, 15). Overexpression of
PinT significantly repressed expression of the Pgap-hilA’-'lacZ fusion (Fig. 2D), showing
that PinT directly represses hilA translation. To test whether PinT also regulates expres-
sion of the upstream regulators, we tested the effect of overexpression of PinT on an
hilD'-"lacZ fusion in Salmonella (Fig. 2B). There was no effect on expression of this
fusion. To test the possible involvement of PinT in regulation of rtsA or hilC expression,
we tested the overexpression of PinT in a Pgap-rtsA’-'lacZ or Pg,p-hilC'-'lacZ transla-
tional fusion in E. coli. Overexpression of PinT did not affect the hilC'-"lacZ fusion (Fig.
2E) but caused significant repression of the rtsA’-'lacZ fusion (Fig. 2F). This repression
is also reproduced in an rtsA’-'lacZ fusion in Salmonella (Fig. 2C), suggesting that PinT
also directly represses rtsA translation in Salmonella. Lastly, we addressed whether
overexpression of PinT affects hilD expression via the 3’ UTR, which is known to affect
the stability of the hilD mRNA (24, 25). It is possible that PinT binding to the 3’ UTR
could lead to degradation of the mRNA, contributing to decreased expression of hilA.
We created an hilD’-lacZ* fusion where transcriptional lacZ is fused at the end of hilD
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FIG 2 PinT downregulates SPIT expression by repressing hilA and rtsA translation. (A to Q)
B-Galactosidase activity in Salmonella strains containing an hilA’-'lacZ (A), hilD'-"lacZ (B), or rtsA’-'lacZ (C)
translational fusion and plasmids overexpressing PinT grown under SPI1-inducing conditions. (D to F)
B-Galactosidase activity in E. coli strains containing a Pgap-hilA’-'lacZ (D), Pgap-hilC'-'lacZ (E), or Pgap-rtsA’-'lacZ
(F) translational fusion and plasmids overexpressing PinT grown in the presence of 100 uM IPTG and 0.001%
arabinose to induce sRNA expression and fusion expression, respectively. B-Galactosidase activity units are
defined as (umol of ONP formed min—") X 105/(0ODy,, X ml of cell suspension) and are reported as mean *+
standard deviation, where n = 3. P values (unpaired t test) are indicated as follows: **, P < 0.01; ***, P < 0.001;
n.s., not significant. The strains used were JS892, J52333, JS2334, JMS6503, JMS6504, and JMS6505, each with
plasmid pBRplac or pPinT.

3’ UTR (see Fig. STA in the supplemental material). In the absence of rtsA, the
hilD'-lacZ*+ 3" UTR fusion is not regulated by overproducing PinT, showing that PinT
does not regulate hilD at posttranscriptional level (Fig. S1B). Thus, we identified that
PinT represses hilA expression by regulating both hilA and rtsA translation.

PinT base pairs directly with the hilA and rtsA mRNAs. We hypothesized that PinT
regulates SPI1 via base-pairing interactions with the hilA and rtsA mRNAs. Bioinformatic
predictions (65) suggested that PinT binds near the AUG start codon of the hilA mRNA
and near the ribosome binding site (RBS) of the rtsA mRNA (Fig. 3B and C). To test these
predictions, we performed mutational analyses using the Pgap-hilA'-'lacZ or Pgp-rtsA’-
'lacZ fusion in E. coli. PinT nt 7 to 29 are predicted to base pair with the hilA mRNA from
nt +1 to +23 relative to the initiation AUG (Fig. 3A and B). Consistent with this
prediction, the PinT-mt1, in which the boxed PinT nuncleotides were mutated, was
reduced in its ability to regulate the wild-type hilA’-'lacZ fusion (Fig. 3D). Introducing
compensatory mutations at positions 18 to 23 in the hilA fusion largely restored the
regulation by the mutant PinT (Fig. 3D). These genetic data support the model that PinT
requires this base-pairing interaction to regulate hilA translation.

PinT nt 9 to 23 are predicted to interact with rtsA nt —9 to —27 relative to the AUG
(Fig. 3A and C). Mutating the boxed PinT nucleotides (PinT-mt2) largely disrupted the
interaction with the rtsA mRNA (Fig. 3E). Introduction of compensatory mutations in the
rtsA fusion restored the regulation by the mutant PinT, suggesting that PinT requires
this base-pairing interaction to regulate rtsA translation. Altogether, we concluded that
PinT directly base pairs with both hilA and rtsA mRNAs to regulate expression.
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FIG 3 PinT regulates hilA and rtsA translation by direct base-pairing interaction. (A) The structure of PinT
based on the study by Westermann et al. (33). The regions of base pairing with hilA and rtsA are indicated.
Mutated base pairs are indicated in blue and orange. (B and C) Predicted base-pairing interactions
between PinT and hilA (B) or rtsA (C) mRNA are shown. For hilA and rtsA, nucleotides are numbered from
the translational start site. The ribosome binding site of rtsA mRNA is highlighted in green, and the
translational start site of hilA is highlighted in red. Boxes mark nucleotides for which complementary
mutations were created in hilA or rtsA and PinT. (D and E) Relative B-galactosidase activity in E. coli strains
containing the wild-type or mutated hilA’-'lacZ (D) or rtsA’-'lacZ (E) translational fusion and plasmids
overexpressing either the wild-type (pPinT) or mutated (pPinT-mts) SRNA grown as indicated in Fig. 2D
to F. B-Galactosidase activity units are defined as (umol of ONP formed min—") X 10%/(ODg,, X ml of cell
suspension) and are reported as mean = standard deviation, where n = 3. P values (unpaired t test) are
indicated as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., not significant. The strains used are
JMS6505, JIMS6506, JIMS6504, and JMS6507, each with plasmid pBRplac, pPinT, pPinT-mt1, or pPinT-mt2.

Mechanism of PinT-mediated regulation of hilA and rtsA translation. The above
data suggest that PinT independently regulates translation of rtsA and hilA. RtsA,
however, contributes to the transcription of hilA. Overexpression of PinT led to an
~3-fold repression of the hilA’-'lacZ fusion in Salmonella (Fig. 4A). This regulation is a
sum of the regulation of PinT on rtsA translation and hilA translation. When we tested
the overexpression of PinT on hilA’-"lacZ in an rtsA null background, PinT caused only
a 2-fold repression of hilA expression (Fig. 4A), consistent with the contribution of RtsA
in activation of hilA transcription (15). When we introduced an hilC deletion mutation
into the hilA’-'lacZ fusion strain, the overexpression of PinT still repressed hilA trans-
lation ~3-fold, similar to the level of repression that we observed in the wild-type
background, showing that the effect is specific to RtsA (see Fig. S2 in the supplemental
material).

When an sRNA base pairs with its target mRNA near the ribosome binding site (RBS)
and AUG start codon, the base-pairing interaction either can induce simple translational
inhibition or, additionally, can initiate RNA degradosome-dependent mRNA degrada-
tion (37). The rne131 mutation truncates RNase E, maintaining enzymatic activity, but
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FIG 4 Mechanism of PinT regulation of hilA or rtsA mRNA translation. Shown is B-galactosidase activity
in Salmonella strains containing the hilA’-'lacZ translational fusion (A and B), rtsA’-'lacZ translational
fusion (C), or rtsB’-lacZ* transcriptional fusion (D) in the indicated genetic backgrounds with either the
empty vector or plasmids overexpressing PinT. B-Galactosidase activity units are defined as (umol of ONP
formed min=7) X 10%/(0ODg,, X ml of cell suspension) and are reported as mean = standard deviation,
where n = 3. Pvalues (unpaired t test) are indicated as follows: ***, P < 0.001. The strains used are J52333,
JS2337, JS2336, JS2338, JS2334, JS2336, JS325, and JS2339, each with plasmid pBRplac or pPinT.

preventing assembly of the degradosome, which in many cases also eliminates sRNA-
dependent mRNA turnover (21, 37, 66, 67). To elucidate the mechanism of PinT-
mediated regulation of hilA and rtsA translation, we introduced the rne7137 mutation of
RNase E into either the hilA’-'lacZ or rtsA’-'lacZ Salmonella strains. Introduction of the
rne131 mutation partially relieved repression of hilA expression from 3-fold to ~2-fold
(Fig. 4A and B). However, in the absence of RtsA, overexpression of PinT decreased hilA
translation to the same level in both the wild-type and rne1317 backgrounds. These data
suggest that PinT directly blocks translation of the hilA mRNA and this repression does
not require mRNA degradation.

We also compared the PinT effects on the rtsA’-'lacZ fusion in either the wild-type
or rnel131 background. In the wild-type background, the overexpression of PinT caused
approximately a 10-fold repression of rtsA expression (Fig. 4C). However, the overex-
pression of PinT repressed less than 2-fold in the rne131 background (Fig. 4C). Thus,
initiation of MRNA degradation is apparently important for PinT to regulate rtsA. In the
absence of this degradation, regulation of hilA results from only the direct effect of PinT
on hilA translation, explaining the fact that RtsA plays no role in hilA expression in the
strain lacking a functional degradosome (Fig. 4B). The rts operon contains four genes
(Fig. 1B). We tested the effects on expression of the downstream genes by monitoring
an rtsB’-lacZ™ transcriptional fusion. Overexpression of PinT decreased expression of
the rtsB’-lacZ+ fusion ~3-fold (Fig. 4D). Introduction of the rne137 allele into this
background resulted in an almost 4-fold increase in lac activity, and in this background,
overexpression of PinT had barely any effect on rtsB expression. These data suggest that
the major consequence of the PinT-mediated regulation of rtsA translation is the
degradation of the polycistronic mRNA by the RNA degradosome, regulating expres-
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FIG 5 PinT contributes posttranscriptional regulation to PhoP-mediated repression of SPI1 T3SS expres-
sion by regulating hilA and rtsA translation. Shown is B-galactosidase activity in Salmonella strains
containing an hilA’-'lacZ (A) or rtsA’-'lacZ (B) translational fusion in the indicated mutant background
grown under SPI1-inducing conditions. B-Galactosidase activity units are defined as (uwmol of ONP
formed min—7) X 10%/(0ODg,, X ml of cell suspension) and are reported as mean = standard deviation,
where n = 3. P values (unpaired t test) are indicated as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001;
n.s., not significant. The strains used are JS2333, JS2341, JS2342, JS2343, JS2334, JS2344, JS2345, and
JS2346.

sion of all the genes in the operon. Thus, PinT represses both hilA and rtsA translation,
but the mechanisms of regulation are distinct.

PhoPQ-mediated regulation of SPI1 T3SS involves PinT acting posttranscrip-
tionally. PinT expression is activated by the PhoPQ two-component system and is
highly induced in infected host cells (33). To confirm that PinT is controlled by PhoPQ,
we created a transcriptional fusion to pinT and measured expression after growth in
N-minimal medium with either a low (10 wM) or high (10 mM) concentration of Mg2™*.
As shown in Fig. S3, the transcription of pinT is induced under low-Mg?* conditions.
Deletion of phoPQ led to strongly reduced expression, whereas introduction of the
phoQ24 allele (68, 69) resulted in high-level constitutive expression of pinT (Fig. S3).
These data confirm that PinT is regulated by the PhoPQ two-component system.

PhoPQ represses SPI1 expression primarily by blocking activation of the hilA pro-
moter and indirectly repressing hilD and rtsA transcription (60). Given the effects of PinT
on hilA and rtsA translation, we tested how PinT contributes to the PhoPQ-mediated
regulation of the SPI1 T3SS. We deleted pinT in the wild-type and phoQ24 backgrounds
and measured hilA and rtsA expression. As shown in Fig. 5, deletion of pinT in the
wild-type background slightly increased hilA expression, but had no effect on rtsA
expression when these strains were cultured under SPI1-inducing conditions. As ex-
pected, constitutive activation of PhoP in the phoQ24 background led to significant
repression of both hilA and rtsA (and hilD) (60). Deletion of pinT in the phoQ24
background conferred significant increases in both hilA (~4-fold) and rtsA (~2-fold)
expression. However, the major effect of phoQ24 on the expression of SPI1 is via
transcriptional regulation of hilD, rtsA, and hilA (60). Thus, regulation of hilA and rtsA by
PinT is an additional layer on top of the transcriptional repression of the SPIT T3SS
mediated by the PhoPQ two-component system to effect complete and rapid shutoff
of the system.

October 2019 Volume 201 Issue 19 e00312-19

Journal of Bacteriology

jb.asm.org 7


https://jb.asm.org

Kim et al.

flhD-lacZ*
crp+ Acrp
250 pores NS
| mu— Lo
200
2
=
S 150 A
©
5
& 100 4
50
0 4
pBR pPinT pBR pPinT
c fliz-lacz* D hilAlacZ
fliZ+ AfliZ
350 —E=E 700 * kK *kk 60
600 -
280 A T 50
2 500 +
= N 40
B 210 1 400 -
© u 30
i 140 4 300 +
H 20
200 A
70 +
100 - H 10
0 - 0 A - | L= . 0
pBR  pPinT pBR pPinT pBR pPinT pBR pPinT

FIG 6 PinT regulates motility and flagellar genes in Salmonella. (A) The strains containing pBRpLac or
pPinT were applied as spots in motility plates with 0.3% agar. (B to D) p-Galactosidase activity in
Salmonella strains containing the flhD'-lacZ* transcriptional fusion (B), fliZ’-lacZ* transcriptional fusion
(Q), or hilA’-"lacZ translational fusion (D) in the indicated background and either the empty vector or
plasmids overexpressing PinT. Cells were subcultured 1:100 into 2 ml of HSLB in a 13-mm tube and grown
on a roller drum for 4 h. B-Galactosidase activity units are defined as (umol of ONP formed min—7) X
10%/(0Dgq, X ml of cell suspension) and are reported as mean * standard deviation, where n = 3. P
values (unpaired t test) are indicated as follows: ***, P < 0.001; n.s., not significant. The strains used are
14028, JS2347, JS2349, JS696, JS2333, and JS2350, each with plasmid pBRplac or pPinT.

PinT represses motility and fliZ expression in Salmonella. As shown in Fig. 4D,
overexpression of PinT represses rtsB expression as part of the rts operon. We have
previously shown that RtsB regulates flagellar gene expression by repressing the
transcription of fIhDC, encoding the master regulator of the flagellar regulon (19, 70,
71). We hypothesized that overexpression of PinT could lead to increased flagellar gene
expression by alleviating the repression by RtsB. To test this possibility, we monitored
motility in a strain overexpressing PinT compared to the control strain containing the
pBRpLac empty vector. In contrast to our initial hypothesis, overexpression of PinT
caused an observable motility defect compared to the empty vector control (Fig. 6A).
To further investigate the effects of PinT on flagellar genes, we measured expression of
flhDC, encoding a master regulator of flagellar genes (72, 73). As shown in Fig. 6B,
overexpression of PinT led to decreased flhDC expression. It was shown that PinT
represses crp expression presumably via direct base-pairing interaction (33). cAMP
receptor protein (CRP) also directly activates flhDC transcription (74-76). We tested
whether PinT represses flhDC expression via CRP. Deletion of crp significantly decreased
flhDC expression, as expected. Moreover, overexpression of PinT no longer had an
effect in this background (Fig. 6B). Thus, we conclude that PinT represses flagellar gene
expression through regulation of crp expression.

Given the effect on flagellar gene expression, we then hypothesized that PinT could
also control hilA by affecting expression of the FIhDC-activated flagellar gene fliZ,
encoding a major regulator of HilD protein activity (72, 73, 77). We measured the effect
of PinT on an fliZ'-lacZ* fusion in Salmonella (Fig. 6D). As expected, PinT repressed fliZ
expression (Fig. 6D). We then compared expression of the hilA’-lacZ* fusion in wild-
type and AfliZ backgrounds (Fig. 6E). As shown previously, loss of fliZ resulted in
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TABLE 1 PinT affects systemic infection of Salmonella in mice

Infection No. of
Strain A Strain B route® Organ® Clc P value? mice
ApinT mutant WT i.p. Sp 293 0.02 6
Oral S| 1.28 NS 5
Sp 2.34 0.03 5
ApinT Aspil mutant Aspil i.p. Sp 7.29 0.01 5
Oral S| 1.32 NS 5
Sp 4.19 0.09 5

9The strains used were JS749, JS2358, J52359, and JS2360.

bBacteria were recovered from the spleen (Sp) after intraperitoneal (i.p.) infections or from the small intestine
(S) and spleen after oral infection.

<The competitive index (Cl) was calculated as described in Materials and Methods.

dStudent’s t test was used to compare the Cls to the inocula. NS, not significant (P >> 0.05).

decreased expression of hilA (77). Moreover, the effect of PinT overproduction was
reduced from 15-fold in the wild-type background to 3-fold in the AfliZ background
(Fig. 6E). Thus, PinT-mediated regulation of fliZ expression has a significant role in
regulating hilA expression under these conditions.

Impact of PinT on Salmonella virulence in mice. Westermann et al. suggested that
PinT plays a role in timing the transition between SPI1 and SPI2 expression based on
global transcriptomic data (33). They noted that the biggest regulatory role for PinT was
to decrease SPI2 gene expression and suggested that PinT acts upstream of the primary
transcriptional regulator SsrB. PinT regulates the expression of CRP, which could have
an indirect regulatory effect on SPI2 T3SS expression (33). However, we observed that
the overexpression of PinT also represses a Pgap-ssrB’-'lacZ fusion in E. coli, suggesting
that PinT directly regulates SPI2 T3SS expression (see Fig. S4 in the supplemental
material). Westermann et al. (33) provided evidence that PinT negatively regulates
expression of the SPI1 effectors SopE and SopE2. (Strain 14028 does not encode SopE
[78].) However, they did not detect PinT-mediated regulation of the SPI1 apparatus
per se. PinT was also previously identified in a large-scale TraDIS screen as being
important for intestinal infection in pigs and cattle, but there was no apparent
effect of insertions in the sRNA from the same mutational library during systemic
infection in mice (79).

To more carefully examine the potential role of PinT during infection, we used oral
mouse competition assays (dependent on the SPIT T3SS) and intraperitoneal (i.p.)
infection (bypassing the need for SPI1). To determine whether any observed effects
were due to changes in SPI1 expression, we also performed competition assays in an
spi1 null background (AspiT ArtsA). In oral infection, the ApinT strain competed equally
with the wild-type strain in both the spi7* and spil null backgrounds in the intestine,
suggesting that any effects on SPI1 expression are too subtle to be detected in this
assay (Table 1). However, the ApinT mutant significantly outcompeted the wild type
during systemic infections based on competitive index (Cl) values in spleen samples
after either oral or i.p. infections. This effect was SPI1 independent, as expected. This is
perhaps due to increased expression of SPI2 genes in the mutant background (33).

DISCUSSION

Salmonella strains sense various environmental niches in the host and adjust their
gene expression accordingly during the course of infection. The SPI1 T3SS is induced to
initiate intestinal invasion and inflammatory diarrhea (1-4), but once the bacteria are
inside the phagosome of epithelial cells or in macrophages during systemic stages of
disease, the SPI1 T3SS is no longer required or expressed (80-82). The PhoPQ two-
component system, induced and required for survival in the phagosome, appears to be
primarily responsible for turning off SPI1 (11, 60, 83). Here we show that the sSRNA PinT,
transcriptionally induced by PhoP, contributes to this regulatory control of SPI1 and the
coordinate regulation of both the flagellar regulon and the SPI2 T3SS.
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The PinT sRNA affects SPI1 T3SS expression through three mechanisms. First, PinT
directly downregulates hilA translation. Second, PinT represses rtsA translation and
induces degradation of the rts mRNA. Third, PinT regulates the expression of flagellar
genes via CRP. The cross talk between the SPI1 T3SS and the flagellar regulon affects
the dynamics and the expression level of each system (19, 71). The result is decreased
expression of FliZ, which leads to decreased HilD activity. PinT also directly blocks
translation of SopE (not found in strain 14028 [78]) and SopE2, primary SPIT T3SS
effectors that promote invasion.

The 5’ region of PinT is predicted to fold into a stem-loop with two bulges; the 3’
end also forms a terminator stem-loop structure (33) (Fig. 3). Nucleotides in the 5’
stem-loop of PinT are crucial for base pairing with its target mRNAs (33) (Fig. 3). PinT
downregulates both hilA and rtsA, but the mechanisms of regulation are distinct. PinT
base pairs near the initiation AUG codon of hilA, leading to direct inhibition of ribosome
binding; RNase E degradosome activity is not required for the regulation of hilA
translation. On the other hand, PinT base pairs near the ribosome binding site of the
rtsA mRNA, causing both translational inhibition and degradation of the entire rts
mRNA in an RNase E degradosome-dependent manner. This results in coordinated
downregulation of all genes in the rts operon.

Both flagella and the SPI T3SS are expressed in the intestine and then shut off after
invasion (15, 80-82, 84-86). The two systems are coordinately regulated via several
factors (5, 11, 72, 73). The second gene in the rts operon, rtsB, encodes a negative
regulator of flhDC transcription (70). Thus, both PinT and RtsB negatively regulate
flagellar gene expression, but PinT negatively regulates RtsB. Loss of RtsB affects the
relative timing of flagellar and SPI1 gene expression, but the effect is subtle (71).
Certainly, under the conditions used in this study, the negative effect of PinT on flhDC
transcription via CRP seems to outweigh the repression of RtsB.

Loss of PinT did not confer any phenotype in the intestine after oral infection. This
is presumably due to the subtle posttranscriptional regulatory effect of ApinT on hilA
expression (Fig. 5A). Moreover, we think that the PhoPQ-mediated transcriptional
regulation and PinT-mediated posttranscriptional regulation on the SPI1 T3SS are
primarily exerted after the invasion of Salmonella into the host intestinal epithelium,
where the PhoPQ becomes active (48, 49, 51, 52). The ApinT mutant did outcompete
the wild-type strain during systemic stages of infection (Table 1). The advantage in
systemic infection is presumably due to increased SPI2 expression in ApinT background.
Westermann et al. (33) showed that PinT regulates CRP and provided data suggesting
that PinT affects the expression of SPI2 in a CRP-dependent manner. In addition, we
have shown that PinT directly affects ssrB translation (Fig. S4). Therefore, PinT also
regulates the expression of SPI2 via multiple mechanisms.

PinT is encoded immediately downstream of the rtsABCD operon in Salmonella
Typhimurium. These genes are located on a horizontally acquired locus near tRNA-PheR
(annotated tRNA-PheU in E. coli). This locus in many Salmonella serovars also encodes
the acid phosphatase PhoN, which is regulated by PhoPQ, explaining the “Pho”
nomenclature (87). The gene repertoire between ydiH (dcuS) and tRNA-PheR is highly
variable in various serovars of Salmonella and other Enterobacteriaceae (88-90). Table
S1 shows the relative conservation of various genes in some representative Salmonella
strains. RtsA and RtsB are highly conserved in all S. enterica serovars as well as the
Salmonella bongori species. The genes coding for RtsC and RtsD, for which we do not
know the function, are pseudogenes in many serovars. PinT is not found in S. enterica
serovar Gallinarum or S. bongori but is 100% conserved in the other serovars.

In summary, the SRNA PinT is a posttranscriptional regulator of three major systems
critical for Salmonella virulence: the SPI1 and SPI2 type Ill secretion systems and the
flagellar regulon. PhoPQ is a primary regulator of all of these systems, with PinT adding
an additional layer of control to the timing of expression of these factors, allowing for
efficient adaptation between niches in the host.
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MATERIALS AND METHODS

Strain construction. Bacterial strains and plasmids are listed in Table S2 in the supplemental
material. All Salmonella enterica serovar Typhimurium strains created for this study are isogenic deriva-
tives of strain 14028 (American Type Culture Collection) and were constructed using P22 HT105/1 int-201
(P22)-mediated transduction (91). Deletion of various genes and concomitant insertion of an antibiotic
resistance cassette were performed using lambda Red-mediated recombination (92-94). The endpoints
of each deletion are indicated in Table S2. In all cases, the appropriate insertion of the antibiotic
resistance marker was confirmed by PCR analysis. In each case, the constructs resulting from this
procedure were moved into an unmutagenized background by P22 transduction. When appropriate,
antibiotic resistance cassettes were removed using the temperature-sensitive plasmid pCP20 carrying the
FLP recombinase (95). To create transcriptional lacZ fusions to pinT, the insertion mutation in pinT was
converted to a transcriptional lac fusion using FLP/FLP recombination target (FRT)-mediated site-specific
recombination, as previously described (94). The translational lacZ reporter fusions were constructed
using lambda Red-mediated recombination in E. coli strain PM1205, as described previously (21, 64). To
create translational fusions with mutations in the hilA and rtsA 5" UTR, the nucleotide changes were
introduced in the amplifying primers (see Table S3 in the supplemental material). After electroporation
of the PCR fragment into PM1205, the recombinants were selected on sucrose minimal plates (M63 salts,
0.2% glycerol, 5% sucrose) containing 40 ug ml~' 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside
(X-Gal).

Plasmid construction and site-directed mutagenesis of SRNA constructs. The pPinT plasmid was
constructed by PCR amplifying pinT (STnc440) from strain 14028 using primers F-Aatll-PinT and R-EcoRI-
PinT (Table S3). The PCR product was subsequently cloned into the pBR-plac vector after digestion with
Aatll and EcoRlI (64). Various bioinformatics tools (65, 96, 97) were used to predict the region of PinT base
pairing with hilA or rtsA mRNA. The QuikChange Lightning site-directed mutagenesis kit (Stratagene) was
used to create the corresponding mutant PinT constructs with the primers listed in Table S3.

Media, reagents, and enzymatic assays. Lysogeny broth medium containing 10g tryptone, 59
yeast extract, and 0 g NaCl per liter (designated no-salt LB [NSLB]), 5 g NaCl per liter (low-salt LB [LSLB]),
or 10 g NaCl per liter (high-salt LB [HSLB]) was used as indicated. Modified N-minimal medium (pH 5.8)
was supplemented with either 10 mM or 10 uM MgCl, (98). Superoptimal broth with catabolite repres-
sion (SOC) was used for the recovery of transformants (91). Bacterial strains were normally grown at 37°C,
except for the strains containing the temperature-sensitive plasmid pCP20 or pKD46, which were grown
at 30°C. When required, antibiotics were used at the following concentrations: 100 ug ml~' ampicillin,
20 pug ml—" chloramphenicol, 50 wg mI—" kanamycin, 25 ug ml~" tetracycline, and 50 ug ml—' apramy-
cin. Primers were purchased from IDT. Enzymes were purchased from New England Biolabs or Invitrogen.

B-Galactosidase assays were performed using a microtiter plate assay as previously described (99) on
strains grown under the indicated conditions. B-Galactosidase activity units are defined as (umol of
ortho-nitrophenol [ONP] formed min—") X 10¢/(optical density at 600 nm [ODg,,] X ml of cell suspen-
sion) and are reported as mean =* standard deviation with three biological replicates (n = 3) and
analyzed statistically using an unpaired t test. Cultures used to measure B-galactosidase activity in
Salmonella were grown overnight in NSLB and subcultured 1/100 in 3 ml of HSLB in a 13- by 100-mm
tube and grown statically overnight to induce expression of SPI1. Cultures used to measure
B-galactosidase activity in E. coli were initially inoculated into LSLB, grown overnight, and subcultured
1/100 in LSLB and grown to an ODy,, of 0.5 with 100 uM IPTG (isopropyl-B-p-thiogalactopyranoside) and
0.001% arabinose.

Virulence assays. Bacteria were initially grown overnight in NSLB and then subcultured 1/35 in 4 ml
HSLB in 125-ml flasks and grown for 4 h with aeration at 200 rpm. BALB/c mice (Harlan) (10 to 13 weeks
old) were inoculated either orally or intraperitoneally (i.p.) with 0.2 ml of a bacterial suspension. For oral
infections, the bacteria were washed and suspended at 5 X 108 CFU (wild-type background) or 10° CFU
(spi1 background) per 0.2 ml in sterile 0.1 M sodium phosphate buffer, pH 8.0. Before infection, food and
water were withheld for 4 h, and mice were orally inoculated with the indicated number of bacteria, after
which the food and water were provided immediately. For intraperitoneal infections, the cells were
diluted to 103 CFU per 0.2ml in sterile phosphate-buffered saline (PBS). For oral infections, mice
were sacrificed by CO, asphyxiation at 3.5 days after infection, and the spleens and small intestines were
harvested. For i.p. infection, the mice were sacrificed by CO, asphyxiation 4.5 days after infection, and
spleens were harvested. These organs were homogenized, and serial dilutions of the homogenates were
plated on the HSLB plates with appropriate antibiotics to determine the number of CFU per organ.
The relative percentage of each strain recovered was determined by replica plating to the appro-
priate antibiotic-containing HSLB plates. In all competition assays, the inoculum consisted of a 1:1
mixture of two bacterial strains. The actual CFU and relative percentage represented by each strain
were determined by direct plating of the inoculum. The competitive index (Cl) was calculated as (%
strain A recovered/% strain B recovered)/(% strain A inoculated/% strain B inoculated), and Student’s
t test was used to determine whether the output ratio was significantly different from the input ratio
(21).

Ethics statement. All animal work was reviewed and approved by the University of Illinois Institu-
tional Animal Care and Use Committee (IACUC). Procedures were performed in our AAALAC-accredited
facility in accordance with University and PHS guidelines under protocol 18204. All efforts were made to
minimize animal suffering.
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