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In Escherichia coliand Salmonella, many genes silenced by the nucleoid structuring pro-
tein H-NS are activated upon inhibiting Rho-dependent transcription termination.
This response is poorly understood and difficult to reconcile with the view that H-NS
acts mainly by blocking transcription initiation. Here we have analyzed the basis for
the up-regulation of H-NS-silenced Salmonella pathogenicity island 1 (SPI-1) in cells
depleted of Rho-cofactor NusG. Evidence from genetic experiments, semiquantitative
5’ rapid amplification of complementary DNA ends sequencing (5° RACE-Seq), and
chromatin immunoprecipitation sequencing (ChIP-Seq) shows that transcription origi-
nating from spurious antisense promoters, when not stopped by Rho, elongates into a
H-NS-bound regulatory region of SPI-1, displacing H-NS and rendering the DNA
accessible to the master regulator HilD. In turn, HilD’s ability to activate its own tran-
scription triggers a positive feedback loop that results in transcriptional activation of the
entire SPI-1. Significantly, single-cell analyses revealed that this mechanism is largely
responsible for the coexistence of two subpopulations of cells that either express or do
not express SPI-1 genes. We propose that cell-to-cell differences produced by stochastic
spurious transcription, combined with feedback loops that perpetuate the activated
state, can generate bimodal gene expression patterns in bacterial populations.
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Transcriptomic analyses of Escherichia coli bacteria exposed to an inhibitor of transcrip-
tion termination factor Rho have led to the recognition that a major activity of Rho
and its cofactor NusG in growing cells is devoted to genome-wide suppression of ubiq-
uitous antisense transcription genome-wide (1, 2). Thus, indirectly, these findings are
also pertinent to transcription initiation, as they unveil the existence of a high-level
spurious transcriptional noise apparently curbed by the termination activity of Rho.
This notion gained momentum with the demonstration that E. co/i genes contain a
multitude of intragenic promoters in both sense and antisense orientations (3—5). The
phenomenon is particularly dramatic in genomic regions thought to originate from
horizontal transfer whose typically higher adenine and thymine (AT) content matches
the sequence composition of the average bacterial promoter (6). The disproportionally
high number of promoter-like sequences in AT-rich DNA can actually be a source of
toxicity by causing RNA polymerase titration (7). The above studies have an additional
common denominator: They implicate the nucleoid structuring protein H-NS. On the
one hand, the sites of intragenic Rho-dependent termination colocalized with the
regions bound by H-NS (1); on the other hand, H-NS was shown to play the major role
of silencing the spurious intragenic promoters (5). These findings renewed the interest in
understanding the hidden complexity of H-NS-RNA polymerase interactions (8).

A small abundant protein, H-NS oligomerizes along the DNA upon binding to
high-affinity AT-rich nucleation sites and spreading cooperatively to adjacent sequences
through lower-affinity interactions (9—11). The oligomerization process generates a
higher-order superhelical structure thought to contribute to DNA condensation (12).
The resulting nucleoprotein filaments effectively coat the DNA and thereby hamper
promoter recognition by RNA polymerase (13). In addition, H-NS can repress tran-
scription through the formation of bridged or looped DNA structures that trap RNA
polymerase in the open complex (14, 15) or act as roadblocks against transcript elonga-
tion (16, 17). In particular, bridged but not linear H-NS filaments have been shown to
promote Rho-dependent transcription termination by increasing transcriptional paus-
ing in vitro (17). H-NS has gained considerable attention since the discovery of its role
as a xenogeneic silencer. Due to its affinity for AT-rich DNA, H-NS preferentially
binds to and prevents the expression of sequences acquired through horizontal transfer
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transcriptional noise originates
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bacteria.
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(18, 19). In doing so, H-NS protects the bacterium against the
toxicity of foreign DNA (7, 20, 21) and allows the evolution of
mechanisms for coopting newly acquired functions and regulat-
ing their expression (22, 23). Indeed, the vast majority of
H-NS-silenced genes are tightly regulated and expressed only
under a limited set of conditions. Activation of H-NS—silenced
genes typically results from the binding or the action of regula-
tors able to displace H-NS (24-26). Unlike classical gene acti-
vation, H-NS countersilencing exhibits considerable flexibility
in the spatial arrangement of the regulator protein relative to
the promoter (27).

In Salmonella enterica, H-NS silences most of the genes that
contribute to virulence, including Salmonella pathogenicity
islands (SPIs) that are specifically activated in the environment
of the infected host (18, 19). SPI activation occurs in the form
of a hierarchical and temporal regulatory cascade that begins
with the expression of SPI-1, a 44-kb island encoding a type III
secretion system (T3SS) that delivers effector proteins promot-
ing intestinal colonization and epithelial cell invasion (28, 29).
Several lines of evidence suggest that the process is initiated by
HilD, an SPI-1-encoded AraC-type transcriptional regulator
that activates the expression of a second master regulator, HilA,
which in turns activates the T3SS along with the product of a
third regulatory gene, invF (30). Acting as a hub integrating
diverse environmental and physiological signals, HilD is itself
regulated at multiple levels including messenger RNA (mRNA)
stability (31), mRNA translation (32, 33), and protein activity
(33, 34). However, central to the regulatory cascade is the abil-
ity of HilD to activate its own synthesis. HilD binds to an
extended region upstream of the 4i/D promoter in vitro (35)
and in vivo (36). The presence of this region among the DNA
fragments bound by H-NS in chromatin immunoprecipitation
(ChIP) experiments suggests that HilD stimulates transcription of
its own gene by antagonizing H-NS (37). Interestingly, SPI-1
exhibits a bistable expression pattern characterized by the presence
of two subpopulations of cells that either express or do not express
SPI-1 genes (38-43). In laboratory cultures, the SPI-1°%F popula-
tion vastly predominates; however, SPI-1°™ cells are continuously
produced and persist for several generations (42, 44) despite the
fitness cost associated with the synthesis and assembly of the
T3SS, which results in growth retardation (45). Retarded growth,
however, makes the SPI-1°™ subpopulation tolerant to antibiotics
(46). SPI-1°" cells also benefit from bistability: Inflammation
triggered by the T3SS of SPI-1°N cells leads to the production of
reactive oxygen species in phagocytes. Such chemicals produce tet-
rathionate upon oxidation of endogenous sulfur compounds, and
tetrathionate respiration confers a growth advantage to Salmonella
over competing species of the intestinal microbiota (47). Further-
more, SPI-19FF cells can invade the intestinal epithelium, a capac-
ity that may benefit the population as a whole by countering
invasion by avirulent mutants (38, 39, 42).

We recently found that inhibiting Rho-dependent transcrip-
tion termination, by mutation or through the depletion of Rho
cofactor NusG, causes massive up-regulation of many Salmonella
virulence genes including all major SPIs (16). The magnitude
and the span of these effects suggested that they were not pro-
duced locally but reflected the activation of a global regulatory
response. This led us to turn our attention to HilD. The work
described below confirmed the HilD involvement and pro-
vided new insight on the interplay between transcription elon-
gation and bacterial chromatin. In particular, our data suggest
that H-NS-bound regions are not completely impermeable to
RNA polymerase. Occasional spurious transcription initiation
events within these regions trigger a relay cascade whereby

20of9 https://doi.org/10.1073/pnas.2203011119

elongating transcription complexes, if not stopped by Rho,
dislodge H-NS oligomers, making more promoters accessible
to RNA polymerase and regulatory proteins. In addition, these
findings support a model for the mechanism underlying SPI-1
bistability.

Results

Most of the Salmonella Response to NusG Depletion Is HilD-
Mediated. In all analyses described below, NusG depletion is
achieved in strains with the sole copy of the 7usG gene fused to
a phage promoter under the control of an arabinose-inducible
repressor (16). In the presence of arabinose (ARA), activation
of the repressor gene causes the 7usG gene to be turned off and
its product to be progressively depleted. Although NusG is
essential for Salmonella viability (48), the treatment is not lethal
since residual NusG synthesis is sufficient to support growth.
In fact, growth is nearly unaffected by ARA until bacteria enter
early stationary phase. At this point the growth rate becomes
significantly reduced, apparently as a side effect of the strong
activation of SPIs (45).

To assess the possible role of HilD in the response to NusG
depletion, we measured the expression of /acZ translational
fusions to three SPI genes: invB (SPI-1) sseE (SPI-2), and sopB
(SPI-5) in a /ilD" strain and in a strain in which the 4ilD gene
is replaced by a retRA cassette. ARA exposure elicited a sharp
increase in the expression of all three fusions in both 4i/D* and
hilD™ backgrounds; however, the changes in the bilDT strain
occurred within a range between 10- to 50-fold higher than in
the AbilD::retRA mutant (SI Appendix, Fig. S1), pointing to
the HilD involvement in the ARA-mediated activation of SPIs.
To examine this response at the single-cell level, we constructed
in-frame fusions of superfolder green fluorescent protein (GFPF)
to HilD-regulated genes. Two fusions, in 4iA and invB, were
obtained by inserting the gfp°" open reading frame in the target
gene; a third fusion, also in Aild, was made by concomitantly
deleting a 28,266-bp segment spanning nearly the entire SPI-1
portion on the 3’ side of the fusion boundary. As initial experi-
ments showed no significant differences in the behaviors of the
three strains, only the strain with the 28-kb SPI-1 deletion (/ilA::
g°FAK28) was used for subsequent analyses.

NusG Depletion Promotes SPI-1 Bistability. Cells carrying
hilA::gfp™F AK28 display a typical bistable phenotype character-
ized by the presence of two subpopulations of bacterial cells, of
which only one subpopulation shows GFP fluorescence (Fig.
14). Significantly, growth in the presence of ARA causes the
ratio between hilA°N and hilA®*F cells to increase dramatically
in early stationary phase (Fig. 1A4). Flow cytometric measure-
ments show the increase to be more than 10-fold (Fig. 15 and
SI Appendix, Fig. S2). SPI-1 bistability has been linked to the
self-activating nature of A#/D expression and it is thought to
reflect cell-to-cell variability in HilD levels (32, 33, 41). In line
with this model, #iA°Y cells are no longer detected in a strain
carrying a 309-bp in-frame deletion removing the DNA bind-
ing motif in the carboxyl-terminal domain of HilD (Fig. 1C
and SI Appendix, Fig. S2). These results suggest that NusG
depletion allows a larger fraction of cells to reach the HilD
autoactivation threshold. Consistent with this conclusion, RNA
quantification by RT-qPCR shows that the ARA treatment
causes a large increase in 4i/D transcription when HilD is func-
tional but a smaller increase in the 4#/[DA309 mutant (Fig. 2A4).
The analysis reveals that HilD is also needed for the expression
of the adjacent prgH gene (Fig. 2B). At first sight, this may
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Fig. 1. NusG depletion enhances HilD-dependent SPI-1 bistability. The strains
used, MA14302 (hilD*) and MA14561 (hilDA309), carry a hilA—gfpSF translational
gene fusion (hilA:gfp°" AK28) and a chromosomal P™ promoter-mCherry gene
fusion in the ARA-inducible-NusG depletion background. (A) Representative
image of MA14302 cells grown at 37 °C to early stationary phase visualized by
fluorescence microscopy under 100x magnification. (B and C) Representative
flow cytometry analysis of cells from strains MA14302 (B) and MA14561 (C)
grown as in A. The GFP fluorescence intensity distribution was examined in
strains carrying gfp translational fusions. The full genotypes of MA14302 and
MA14561 are shown in S/ Appendix, Table S1. For the construction of hilA:
gio°"AK28 and hilDA309 by A red recombineering, DNA primers (listed in S/
Appendix, Table S2) were used as detailed in S/ Appendix, Table S3.

seem surprising since prgH is thought to be activated by HilA,
not by HilD (37, 49), and the strain used in Fig. 2B carries
the bilA::gﬂJSFAK28 allele which removes over two-thirds of
the hilA sequence. However, we note that the fusion retains the
N-terminal 112 amino acids domain of HilA previously impli-
cated in prgH promoter recognition (50), suggesting that the
HilA-GFP chimera retains the ability to activate prgH.

Pervasive Transcription Activates the hilD Promoter. The cen-
tral role of HilD in the response to NusG depletion was further
corroborated by the observation that ARA treatment stimulates
HilD binding to the 47D promoter region (Fig. 2C), a response
that correlates with the activation of the 4i/D and prgH promoters
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(Fig. 2D and E). This last set of data was obtained performing
semiquantitative 5 rapid amplification of complementary DNA
(cDNA) ends (5" RACE) generated by template switching reverse
transcription (51). In this method, reverse transcription is primed
by a gene-specific primer and carried out in the presence of a
template-switching oligonucleotide (TSO). The 5" ends of RNAs
are defined by the position the deoxycytidine repeats (typically 3
or 4) that are added by reverse transcriptase when it reaches the
end of the RNA and switches to the TSO (51). Use of primers
carrying [llumina adaptors for the PCR step allows for the analy-
sis to be performed by high-throughput sequencing (RACE-Seq).
Here, primers were designed to detect transcription initiation tak-
ing place at the primary 4ilD and prgH promoters as well as at
three secondary promoters previously identified by Kroger et al.
(52) (SI Appendix, Fig. S3). Read summarization at each of the
transcription start sites (TSSs) showed that ARA exposure causes
the number of transcripts initiating at A#/D and prgH primary
TSSs to increase 7-fold and 13-fold, respectively (Fig. 2D and E).
The most likely explanation of this effect is that NusG depletion
allows transcription complexes formed outside the prgH-4ilD pro-
moter region to invade this region, displacing H-NS and trigger-
ing HilD autogenous activation. Prime suspects for this effect are
the secondary 4i/D promoters whose activity contributes to the
hilD mRNA increase (SI Appendix, Fig. S4A). However, the
experiment does not distinguish whether the increase in the num-
ber of reads associated with the secondary TSSs is due to a larger
proportion of transcripts reaching the RT primer site (and thus
susceptible to reverse transcription) in ARA-treated cells or reflects
an increase in promoter activity. If the latter were true, the impli-
cation would be that the secondary promoters are themselves acti-
vated by transcription initiating elsewhere, presumably further
upstream, and they relay the effect to the AilD promoter. To
address this point, we performed parallel qPCR measurements
using primers pairs annealing at proximal and distal positions rel-
ative to the RT priming site. Results showed that a significant
fraction of transcripts entering the 47D coding sequence in ARA-
treated cells initiate as far as over 1,400 bp upstream from the
hilD promoter (compare red bars between PCR-1 and PCR-2 in
Fig. 2F), thus considerably upstream relative to the secondary
promoters. It is therefore conceivable that the elongation of these
overlapping transcripts may activate the secondary promoters.
Interestingly, this class of transcripts is also detectable in untreated
cells (green bars in Fig. 2F) albeit at a very low level. A similar
trend is observed in the opposite strand where a fraction of prgH
RNAs originates from anti-sense 4i/D transcription (Fig. 2G).

To further assess the contribution of upstream transcription
to hilD promoter activity, the SPI-1 segment extending from
the left boundary of the island up to a position 610 bp
upstream of the 4i/D main TSS was deleted and replaced by a
cassette comprising the #eR gene and the TetR-repressed P
promoter (Fig. 34). The transcriptional responses to ARA and
to the P“** inducer, anhydrotetracycline (AHTc), alone or
combined, were analyzed by RT-qPCR and 5'RACE-Seq. ARA
was still able to activate transcription of 4i/D and prgH in the
new background (Fig. 3B and (); however, activation was
more moderate than seen above with the parental strain (com-
pare to Fig. 24 and B, respectively); furthermore, no significant
changes were observed at the level of the 4i/D and prgH pri-
mary TSSs (Fig. 3D and E). These findings corroborate the
idea that the region deleted in the new construct contributes to
the amplitude of the ARA effects. Activating P*“** with AHTc
stimulates 4i/D and prgH transcription (Fig. 3B and C); here
too, however, the effect remains limited and undetectable by

5'RACE-Seq at the primary TSSs (Fig. 3D and E). In contrast,
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Fig. 2. NusG depletion induces HilD-dependent activation of hilD and prgH promoters. (A and B) Quantification of hilD mRNA (A) and prgH mRNA (B) from
strains MA14302 (hilD*) and MA14561 (hilDA309) grown to early stationary phase in the absence or in the presence of 0.1% ARA. RNA was quantified by
two-step RT-qPCR. Ct values were normalized to the Ct values determined for ompA mRNA. Transcript levels are shown relative to those of untreated
MA14302, set as 1. (C) Measurement of HilD protein binding to the hilD promoter. HilD-bound DNA was isolated by ChIP from strain MA14363 (carrying a
chromosomal hilD-3xFLAG fusion) and quantified by real-time PCR (ChIP-qPCR). Ct values were normalized to the values of a katE gene reference. Results
are presented as ratios between the values measured in cells grown in ARA-supplemented medium and the values from untreated cells. (D and E) The 5’
RACE-Seq analysis of hilD and prgH promoter activity, respectively. RNA from strain MA14302 was reverse-transcribed in the presence of a TSO. The resulting
cDNA was used as template for semiquantitative PCR with primers carrying lllumina adapter sequences at their 5’ ends. Amplified DNA was subjected to
high-throughput sequencing. Read counts were normalized to those measured at the ompA promoter. Results shown represent the ratios between the nor-
malized counts from ARA-treated cells and those from untreated cells. (F and G) Contribution of distal transcription to hilD and prgH RNA levels, respectively.
RNA was reverse-transcribed with primers annealing inside the promoter-proximal portion of hilD or prgH (predicted transcripts are depicted as wavy lines).
The resulting cDNAs (straight lines) were used for gPCR amplification with primers annealing close to (QPCR-1) or farther away from (qPCR-2) the RT priming
site. Ct values were normalized to the Ct values determined for ompA mRNA. Transcript levels are shown relative to those of untreated MA14302 cells, set
as 1. All the data in this figure originate from three or more independent experiments (with error bars indicating SDs). Statistical significance was deter-
mined by unpaired two-tailed Student ¢ tests with Welch’s correction for unequal variances (*P < 0.05; **P < 0.01; ***P < 0.001). In F and G, the calculated
P values for the differences between untreated samples (green bars) were 0.0002 (F) and <0.0001 (G). The P values for the ARA-treated samples (red bars)
were 0.0108 (F) and 0.0025 (G). The oligonucleotides used as primers in the above experiments are listed in S/ Appendix, Table S4. Further experimental
details are provided in Materials and Methods.

when AHTc and ARA are used conjointly, transcription of In the background of the hilz‘l—gﬁ»SF fusion (which deletes
both 4ilD and prgH genes is strongly activated (Fig. 3Band C)  the right two-thirds of SPI -1), the deletion generated by the
and an initiation burst is observed at the level of both primary ~ #sRP*“™ insertion constitutes a minimal system with only two

promoters (Fig. 3D and E). Significantly, this burst correlates SPI-1 genes, hilD and pphB, remaining intact. Significantly,
with increased occupancy of the 4i/D promoter by the HilD  this strain still exhibits the HilD-dependent bistable phenotype,
protein (Fig. 3F). The secondary promoters exhibit a similar  suggesting that HilD is not only required but also sufficient for
overall response, which is, however, characterized by pronounced  bistability (Fig. 44 and B). Growth in a medium supplemented
scatter in the individual Ara/AHTCc treatments (ST Appendix, Fig. ~ with AHTc affects the basal /ilA°™/hilA°*F ratio only margin-
S4B). The overall strength of the 4#/D response can be correlated  ally unless ARA is also present, in which case the vast majority
with the detection of higher levels of prea transcription in the of the cell population switches to the hilA°N status (Fig. 44
presence of ARA (S Appendix, Fig. S4C). and B and SI Appendix, Fig. S5). To confirm that the ARA
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Fig. 3. Overlapping transcription triggers HilD-dependent activation of hilD and prgH promoters in NusG-depleted cells. (A) Schematic diagram showing
the gene organization on the 5' side of hilD in strains MA14358 (hilD*) and MA14569 (hilDA309). Both strains contain a tetR-P*™ cassette that replaces a
10,828-bp segment of SPI-1 and places the P** promoter 610 bp upstream of the main hilD TSS. (B and C) Quantification of hilD mRNA (B) and prgH mRNA
(C) in cells grown to early stationary phase in the presence or absence of either ARA or AHT, or in the presence of both. RNA was quantified by two-step
RT-gqPCR. Ct values were normalized to the Ct values determined for ompA mRNA. Transcript levels are shown relative to those of untreated MA14358, set
as 1. (D and E) The 5’ RACE-Seq analysis of hilD and prgH promoter activity, respectively. RNA from strain MA14358 grown under the different conditions was
processed as described in the legend of Fig. 2 D and E. Results shown represent the ratios between the normalized read counts from treated cells and those
from untreated cells. (F) Measurement of HilD protein binding to the hi/D promoter. HilD-bound DNA was isolated by ChIP from strain MA14505 (carrying a
chromosomal hilD-3xFLAG fusion) and quantified by real-time PCR (ChIP-qPCR). Ct values were normalized to the values of a katE gene reference. Results
are presented as ratios between the values measured in cells grown in a medium supplemented with ARA and AHTc and those from untreated cells. All the
data in this figure originate from three or more independent experiments (with error bars indicating SDs). Statistical significance was determined by
unpaired two-tailed Student’s t tests with Welch's correction for unequal variances (ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001). The oligonucleotides
used as primers in the above experiments are listed in S/ Appendix, Table S4.

effects depend on transcription originating upstream of /ilD,  secondary promoters are all located downstream from Term"*",
and not by an alternative, unidentified mechanism stimulating  these data also support the idea that they play no direct role in
hilD expression when NusG is depleted, we constructed a strain ~ the ARA-induced activation of the primary promoter.

carrying the strong Rho-independent transcription terminator

from the histidine operon attenuator region (Term"™") imme-  Viewing SPI-1 Up-Regulation at the Chromatin Level. In paral-
diately downstream from P in the hild:gfp" AK28 back-  lel with the above studies, we sought to determine whether NusG
ground (S Appendix, Fig. S6A and B). During construction, a  depletion affected the binding of H-NS to SPI-1 and other geno-
clone displaying strong green fluorescence on a plate supple-  mic islands. For this purpose, ChIP coupled with high-throughput

mented with ARA and AHTc was identified. Sequence analysis ~ sequencing (ChIP-Seq) was performed in strains carrying the
revealed that this isolate harbors a deletion removing six out of =~ NusG-repressible allele and an epitope-tagged version of H-NS.
the nine repeated Us at the 3’ end of Term"*". Both the strain ~ Examination of the ChIP-Seq profiles in the SPI-1 section of the
with the wild-type Term™*" insert and the AGU derivative were ~ genome showed a succession of peaks and valleys consistent with
used for bistability assays. Results showed that Term™ " abol- ~ the presence of multiple contiguous patches of oligomerized
ishes all effects of ARA on hilA OFF/ON ratios both in the =~ H-NS separated by segments with little or no H-NS bound (Fig.
absence and in the presence of AHTc (SI Appendix, Fig. S6C  5A). Superimposing the profiles from cells growing in the absence
and E). Interestingly, the AGU deletion reverses this pattern, or in the presence of ARA reveals small but nonetheless apprecia-
causing about half of the cell population to switch to the #i/A  ble differences in the levels of DNA fragments bound by H-NS.
ON status in the presence of ARA alone and virtually the entire One can see that a number of peaks shrink as a result of the ARA
population to switch ON in the presence of ARA and AHTc  treatment (Fig. 5A4). Interestingly, the most conspicuous changes
combined (87 Appendix, Fig. S6D and F). These results provide  are detected in the AilD-hilA and invF-invH sections of SPI-1,
conclusive evidence that transcription originating more than corresponding to the locations of main regulatory hubs (30). In
600 bp upstream of 4i/D’s primary T'SS is solely responsible for ~ contrast, no changes are observed at the far-right end of SPI-1
the effects of NusG depletion on Ai/D expression. Since hilD [pigA-pphB segment (53)] or in the central portion of the island.
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Fig. 4. Overlapping transcription promotes HilD-dependent bistability of SPI-1 expression. Strains MA14358 (hilD*) and MA14569 (hil[DA309) carry the
tetR-P°™ cassette (Fig. 34) combined with hilA::gfp>" AK28 and the chromosomal P'“-mCherry in the ARA-inducible-NusG depletion background. Cells grown
to early stationary phase under the indicated conditions were used for single-cell analysis by flow cytometry. GFP fluorescence was measured and the distri-
bution of hilA°F and hilA°N cells is shown in heat maps. (4) MA14358. (B) MA14569.

Read depth quantification confirmed the profile changes. ARA
treatment lowers H-NS binding in the A#D-hilA and invF-invH
intervals by 34% and 47%, respectively, while having no effect
in the pigA-pphB region (Fig. 5B). Likewise, no appreciable differ-
ences are observed at the proV locus (54) (Fig. 5B). ChIP-Seq
analysis was also performed in the strain carrying the rerR-P“*-
and hilA:gfp** AK28-associated deletions, comparing unchallenged
cells to cells grown in the presence of both ARA and AHT¢ (Fig.
50). Somewhat surprisingly, the double treatment caused only
a 20% reduction of H-NS binding in the A#/D-hilA interval (Fig.
5D). In both above analyses, visual inspection of the profiles
around other H-NS-bound loci known to be up-regulated in
NusG-depleted cells (16) failed to reveal appreciable differences.

Finding that transcriptional changes produce comparatively small

or undetectable alterations in H-NS binding is not novel (24, 26)
and suggests that H-NS-DNA complexes exist dynamically and rap-
idly reform after the passage of transcription elongation complexes.

Discussion

This study was aimed at understanding why impairing Rho-
dependent transcription termination by depletion of Rho-
cofactor NusG relieves H-NS silencing of SPIs. We show that
NusG depletion triggers a positive feedback loop that generates
and maintains HilD, the master regulator of the Salmonella vir-
ulence regulatory cascade. Accumulation of HilD is primarily
responsible for H-NS countersilencing in NusG-depleted cells.
This is directly demonstrated for SPI-1, SPI-2, and SPI-5
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Fig. 5. NusG depletion affects H-NS binding to specific portions of SPI-1. (A) Representative ChIP-Seq profiles from NusG-depletable strain MA13748 (hns-
3XFLAG) grown to early stationary phase in the presence or absence of 0.1% ARA. (B) Read depth quantification in the sections framed by the dashed rectan-
gles in A and in the nrdF-proV intergenic region. Read depth values (determined by the bedcov tool of the Samtools suite) were normalized to the values
from the entire genome. The results shown represent the ratios between the normalized values from IP samples and those from input DNA. (C) Representa-
tive ChIP-Seq profiles from NusG-depletable strain MA14513 (Al[sitA-prgH]::tetR-P*™, hilA::gfo°" AK28, hns-3xFLAG) grown to early stationary phase in the
presence or absence of ARA + AHTc. (D) Read depth quantification in the intervals framed by the dashed rectangles in C. Read depth was calculated and
normalized as in B. The data in B and C represent the means from three independent ChIP-Seq experiments (with error bars indicating SDs).
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genes, but it seems likely that the HilD involvement may extend
to most, if not all, islands and islets up-regulated in NusG-
depleted cells (16). Note that although SPI-1 and SPI-2 are
generally activated in response to sharply different cues, HilD-
mediated cross-talk allows expression of SPI-2 genes under condi-
tions unusual for this island, notably in rich medium (55, 56).

By oligomerizing along the DNA, H-NS silences not only
bona fide promoters at the 5" end of genes but also a plethora of
spurious intragenic promoters that “infest” A/T-rich horizontally
acquired DNA (5-7). Finding that the inhibition of Rho or
NusG causes widespread sense and antisense transcription of
H-NS-silenced genes (1, 16) suggests that H-NS-bound DNA is
susceptible to transcriptional invasion and that Rho (recruited by
NusG) acts to prevent elongation of invading transcription com-
plexes. Various lines of evidence suggest that H-NS-bound
regions are not totally impermeable to RNA polymerase. Exis-
tence of several very short transcripts initating from within
H-NS-associated loci was previously inferred from a genome-
wide analysis of TSSs in E. coli (4). More recently, parallel ChIP-
Seq TSS mapping experiments showed a clear TSS being used
upstream of the E. coli ydbCD operon, even when H-NS was
present, but no full-length mRNA (6). Finally, in our previous
work, we found that a rerR-P** cassette placed only 57 bp away
from the H-NS nucleation site in the /evO promoter region of
Salmonella normally responds to AHTc induction (although lead-
ing to LeuO synthesis only when NusG is depleted) (16). Elon-
gating through a patch of oligomerized H-NS, RNA polymerase
can dislodge H-NS and allow other RNA polymerase molecules
to gain access to normally silenced promoters, thus further con-
tributing to transcriptional noise (57, 58). The data presented
here show that transcriptional “noise” can be converted into a
true regulatory “melody” if the activated promoter directs the
synthesis of a positive autoregulator. In the model schematized in
Fig. 6, we posit that a transcription complex formed at a spurious
promoter (“Px”), if not stopped by Rho, “unzips” the H-NS
nucleoprotein filament in the 4#/D promoter region, triggering a
positive feedback loop that results in HilD accumulation and
concomitant derepression of both 4ilD and prgH. Antisense tran-
scription from inside 4ilD (not shown for simplicity in Fig. 6)
may contribute to destabilization of the H-NS-DNA complex.
Note that transcription may not need to travel all the way to the
promoter sequence in order to cause H-NS dissociation. Due to
the multicontact nature of the H-NS-DNA interaction (54),
disruption of contacts at the edge of the oligomerization patch
could be sufficient to destabilize the entire region. By linking
hilD activation to a stochastic and likely infrequent transcription
event—i.e., initiation at a spurious promoter or readthrough of a
Rho-dependent terminator by a spurious transcript—the model
can explain the bistability in the expression of HilD-regulated
loci and suggests that the frequency of these events may set SPI-1
ON/OFF subpopulation ratios during normal growth. The
HilD/H-NS interplay in the regulation of SPI-1 bears analogy
with the mechanism regulating the expression of the locus of
enterocytes effacement (LEE) of enteropathogenic E. coli. Here
too, expression is characterized by a bistable response (59), sug-
gesting that the interplay between H-NS and regulatory proteins
(Ler in this case) may constitute an elemental premise for bistabil-
ity. Whether LEE regulation responds to pervasive transcription
is currently unknown.

Eukaryotic genomes, including the predominant noncoding
fraction of human genomes, are pervasively transcribed and this
process strongly impacts gene regulation and chromatin structure
(60, 61). In prokaryotes, various potential roles of pervasive anti-
sense transcription in gene regulation and genome evolution were
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o O 0

Rho H-NS RNA Polymerase HilD

Fig. 6. Model for activation of hilD and prgH promoters by overlapping
transcription. (A) A spurious transcription initiation event occurs at the
edge of a patch of oligomerized H-NS (orange circles). Transcript elongation
through bound H-NS is prevented by NusG-mediated recruitment of Rho
factor (stop sign). (B) Occasionally, the transcript eludes Rho termination
and progresses along the DNA dislodging H-NS in front of its path. This
action opens a kinetic window during which RNA polymerase (green ovals)
can bind to promoters that become exposed, including hilD secondary pro-
moters (not shown) and the primary hilD promoter. (C) Activation of the
hilD promoter leads to an increase in the levels of HilD protein (blue double
ovals), which, upon binding to the hilD regulatory region, further stimulates
hilD transcription and protein production. (D) This locks the system in a
positive feedback loop: Accumulation of HilD leads to more hilD transcrip-
tion and more HilD protein made. Through HilA (not shown) it also results
in high-level transcription of the prgH gene. Divergent transcription further
enhances the accessibility of additional spurious promoter sequences, fur-
ther contributing to runaway transcription activation.

considered (62), but to date such roles have remained hypotheti-
cal. Data presented here show that the elongation of pervasive
transcripts into H-NS-DNA complexes can act as a counter
silencing mechanism modulating a regulatory response. Although
most of the effects were observed under conditions of impaired
transcription termination, low-level readthrough transcripts were
detected in unchallenged cells, suggesting that their effects (e.g.,
bistability) are exerted during normal growth. This study adds
elongation of pervasive transcripts to the set of mechanisms that
produce transcriptional noise (63) and provides a model to
understand the molecular basis of SPI-1 bistability, which has
remained a long-standing mystery in Salmonella biology. The
model fits well in the view that stochastic cell-to-cell differences
perpetuated by feedback loops can generate phenotypic lineages
(64, 65).

Materials and Methods

Strains and Culture Conditions. All strains used in this work are derived
from S. enterica serovar Typhimurium strain LT2 (66). Strains and their genotypes
are listed in S/ Appendix, Table S1. Bacteria were routinely cultured in lysogeny
broth (LB: tryptone 10 g/L, yeast extract 5 g/L, NaCl, 5 g/L) at 37 °C or, occasion-
ally, at 30 °C when carrying temperature-sensitive plasmid replicons. Typically,
bacteria were grown overnight in static 2-mL cultures (14-mm-diameter tubes),
subcultured by 1:200 dilution the next day (20 mL culture in 125 mL Erlen-
meyer flasks) and grown with 170 rpm shaking. For growth on plates, LB was
solidified by the addition of 1.5% Difco agar. When needed, antibiotics (Sigma-
Aldrich) were included in growth media at the following final concentrations:
chloramphenicol, 10 pg/mL; kanamycin monosulfate, 50 pg/mL; sodium ampi-
cillin, 100 pug/mL; spectinomycin dihydrochloride, 80 pg/ml; tetracycline hydro-
chloride, 25 pg/mL Strains were constructed by generalized transduction using
the high-frequency transducing mutant of phage P22, HT 105/1 int-207 (67) or
by the A-red recombineering technique implemented previously (68); 3xFLAG
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epitope fusions were constructed as described (69) or by two-step scarless recom-
bineering. The latter procedure involved the use of tripartite selectable counter
selectable cassettes (conditionally expressing the ccdB toxin gene) amplified
from in-house-developed plasmid templates. Oligonucleotide used as primers
for amplification (obtained from Sigma-Aldrich or Eurofins) are listed in S/
Appendix, Table S2. Their assortment for the construction of the relevant alleles
used in this study is shown in S/ Appendix, Table S3. PCR-amplified fragments
to be used for recombineering were produced with high-fidelity Phusion poly-
merase (New England Biolabs). Constructs were verified by colony-PCR using Taq
polymerase followed by DNA sequencing (performed by Eurofins-GATC Biotech).

Fluorescence Microscopy. Bacterial cultures grown overnight in LB at 37 °C
were diluted 1:200 into 2 mL of the same medium with or without 0.1% ARA
and/or 0.4 pg/mL AHTC (in 14-mm-diameter tubes) and grown for 4 h at 37 °C
with shaking (170 rpm). Cells were then harvested by centrifugation (2 min at
12,000 x g), washed once in phosphate-buffered saline (PBS), and used imme-
diately for microscopic examination. Images were captured with a Leica DM
6000 B microscope (CTR 6500 drive control unit) equipped with a EBQ 100
lamp power unit and filters for phase contrast, GFP, and mCherry detection
(100 oil immersion objective). Pictures were taken with a Hamamatsu C11440
digital camera and processed with Metamorph software.

Flow Cytometry. Flow cytometry was used to monitor expression of transla-
tional GFP fusions. Data acquisition was performed using a Cytomics FC500-MPL
cytometer (Beckman Coulter) and data were analyzed with FlowJo X version
10.0.7r software (Tree Star, Inc.). S. enterica cultures were washed and resus-
pended in PBS for fluorescence measurement. Fluorescence values for 100,000
events were compared with the data from the reporterless control strain, thus
yielding the fraction of ON and OFF cells.

RNA Extraction and Quantification by RT-qPCR. Ovemight bacterial cul-
tures in LB were diluted 1:200 in the same medium-or in LB supplemented
with 0.1% ARA or 0.4 pug/mL AHTc, or both drugs where appropriate-and grown
with shaking at 37 °C to optical density at 600 nm (OD4q0) = 0.7 to 0.8. Cul-
tures (4 mL) were rapidly spun down and resuspended in 0.6 mL ice-cold REB
buffer (20 mM sodium acetate, pH 5.0, and 10% sucrose). RNA was purified by
sequential extraction with hot acid phenol, phenol-chloroform 1:1 mixture and
chloroform. Following overnight ethanol precipitation at —20 °C and centrifuga-
tion, the RNA pellet was resuspended in 20 pl of H,0. Three samples were pre-
pared from independent biological replicates for each strain and condition. RNA
yields, measured by Nanodrop reading, typically ranged between 2 and 3 pg/pL.
The RNA preparations were used for first-strand DNA synthesis with the New
England Biolabs ProtoScript Il First Strand DNA synthesis kit, following the manu-
facturer's specifications. Briefly, RNA (1 pg) was combined with 2 pl of a mixture
of two primers (5 uM each), one annealing in the promoter proximal portion of
the RNA to be quantified (primer Al41 for hilD or primer A48 for prgH), the other
annealing to a similar position in the reference RNA (primer AJ33 for ompA) in
an 8 pl final volume. After 5 min at 65 °C and a quick cooling step on ice, vol-
umes were brought to 20 pL by the addition of 10 uL of ProtoScript Il Reaction
Mix (2x) and 2 pL of ProtoScript Il Enzyme Mix (10x). Mixes were incubated for
one hour at 42 °C followed by a 5-min enzyme inactivation step at 80 °C.
Samples were then used for realtime gPCR as described in SI' Appendix,
Supplementary Materials and Methods.

5' RACE-Seq Analysis. RNA 5'-end analysis was carried out by template-
switching reverse transcription (51) coupled to PCR. Initially, we applied this
technique on RNA pretreated with Vaccinia virus capping enzyme as reported
previously (70). However, these initial tests indicated that the capping step is
unnecessary; therefore, this step was subsequently omitted. From that point on,
we followed the protocol described by the Template Switching RT Enzyme
Mix provider (New England Biolabs) with a few modifications (S/ Appendix,
Supplementary Materials and Methods). The synthesized cDNA was amplified by
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Proc. Natl. Acad. Sci. U.S.A. 106, 15406-15411(2009).

3. L Ettwiller, J. Buswell, E. Yigit, I. Schildkraut, A novel enrichment strategy reveals unprecedented
number of novel transcription start sites at single base resolution in a model prokaryote and the
gut microbiome. BMC Genomics 17, 199 (2016).
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PCR with primers carrying lllumina adapters at their 5 ends. Several PCRs were
carried out in parallel with a common forward primer (AJ38, annealing to the
TS0) and a reverse primer specific for the region being analyzed and carrying a
treatment-specific index sequence (see example in S/ Appendix, Fig. S3). Reac-
tions were set up according to New England Biolabs PCR protocol for Q5 Hot
Start High-Fidelity DNA polymerase in a final volume of 50 pL (using 1 pL of the
above DNA preparation per reaction). The number of amplification cycles
needed for reproducible semiquantitative measurements, determined in trial
experiments, was chosen to be 25 for the ompA reference, 30 for the primary
hilD and prgH promoters, and 35 for the secondary hilD promoters and the P**"
promoter. The PCR program was as follows: activation: 98 °C for 30 s; amplifica-
tion (25 or 30 or 35 cycles): 98°C for 10's; 65 °C for 15's; 72 °C for 30 s; final
stage: 72 °C for 5 min. Products from parallel PCRs were mixed in equal vol-
umes; mixes originating from the amplification of separate regions were pooled
and the pools subjected to high-throughput sequencing. The procedure was
implemented at least once, occasionally twice, with each of the independent
RNA preparations. The counts of reads containing the TSO sequence positioned
at the TSSs analyzed here, each normalized to the counts of reads containing the
TSO positioned at the ompA TSS, were used to calculate the ratios between the
activity of a promoter under a given treatment relative and its activity in
untreated cells. The raw data from RACE-Seq experiments were deposited into
ArrayExpress under the accession number E-MTAB-11419.

ChIP-Seq Analysis. Overnight bacterial cultures were diluted 1:100 in LB or in
LB supplemented with 0.1% ARA or 0.1% ARA + 0.4 pug/mL AHTc and grown at
37°C to an ODgqp of 0.7 to 0.8. At this point 1.6 mL of 37% formaldehyde (Alfa
Aesar) were added to 30 mL of culture and the culture was incubated for 30 min
at room temperature with gentle agitation. This was followed by the addition of
6.8 mL of a 2.5 M glycine solution and further 15-min incubation with gentle
agitation at room temperature. Cells were centrifuged and the pellet resus-
pended in 24 mL of TBS buffer (50 mM Tris-HCl, pH 7.4, and 150 mM NaCl).
These steps were repeated once and the cells centrifuged again. Cells were then
processed for ChiP as previously described (71) and adapted here to Salmonella
(see SI Appendix, Supplementary Materials and Methods). The raw data from all
ChIP-Seq experiments were deposited into ArrayExpress under the accession
number E-MTAB-11386.

Statistics, Reproducibility, and Bioinformatic Analyses. See S/ Appendix,
Supplementary Materials and Methods.

Data Availability. ChIP-Seq data (72) and RACE-Seq data (73) have been
deposited in ArrayExpress.
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