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ABSTRACT:

Bacterial genome diversity is largely due to prophages, which are viral genomes integrated into
the genomes of bacteria. Most prophage genes are silent, but those that are expressed can
provide unexpected properties to their host. Using as a model E. coli K-12, that carries 9
defective prophages in its genome, we aimed at highlighting the impact of viral genes on host
physiology. We focused our work on AppY, a transcriptional regulator encoded on the DLP12
prophage. By performing RNA-Seq experiments, we showed that AppY production modulates
the expression of more than 200 genes; among them, 13 were identified by ChIP-Seq as direct
AppY targets. AppY directly and positively regulates several genes involved in the acid stress
response including the master regulator gene gadE, but also nhaR and gadY, two genes involved
in biofilm formation. Moreover, AppY indirectly and negatively impacts bacterial motility by
favouring the degradation of FIhDC, the master regulator of the flagella biosynthesis. As a
consequence of these regulatory effects, AppY increased acid stress resistance and biofilm
formation while also causing a strong defect in motility. We therefore demonstrate here that
AppY is a central regulator from phage origin that controls the expression of bacterial master
regulators to provide benefits to E. coli under stress conditions. Our research shed light on the
importance to consider the genetic dialogue occurring between prophages and bacteria to fully

understand bacterial physiology.


https://doi.org/10.1101/2022.02.28.482378

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.28.482378; this version posted February 28, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

N. Derdouri et al. / AppY, a prophage-encoded pleiotropic regulator in E. coli

INTRODUCTION:

Metagenomic studies have revealed that viruses infecting bacteria, called bacteriophages or
phages, are the most abundant and diverse biological entities on the planet (1,2). They are found
in various environments such as ocean, soil or air and more recently, they have been shown to
be ubiquitously present in the human body as the major constituents of the “virome” (2-4).
Phages can be classified according to their life cycles (1). Virulent phages only perform a lytic
cycle: after host recognition and genome injection, they hijack the host machineries to produce
new virions, leading to host lysis when released. Temperate phages can adopt a lytic cycle or
alternatively and, depending on the host physiology, a lysogenic cycle. In the lysogenic cycle,
the viral genetic material can be integrated into the host chromosome as a prophage and be
vertically transferred to the host progeny (5). Once integrated, prophage encoded genes can be
silenced by viral or bacterial regulators to avoid detrimental effects on host physiology. During
evolution, some of these prophage genes are lost due to mutation acquisition, deletion and
recombination events (6). As a consequence, some prophages become defective, i. e. they lose
their ability to resume a lytic cycle. However, these defective prophages should not only be
considered as genetic material in decay since they still contain intact genes that retain some
functions and can be expressed under specific conditions. Some of these genes, called morons,
do not participate in the phage cycle but provide benefits to their host (7). Although the
contribution of these morons to bacterial pathogenicity has been studied, considerably less data
are available to explain their impact on bacterial fitness or stress resistance (8-10). However,
having a full picture of functional interactions linking prophages to their host is essential to
fully understand bacterial physiology and assess the contribution of horizontally transferred
functions.

Transcriptional regulators drive gene expression and consequently can have a major impact on

bacterial physiology. Out of the roughly 300 transcriptional regulators encoded in the E. coli
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strain MG1655 genome, only 185 have been experimentally characterized (11-13). This strain
contains 9 defective prophages in which 9 transcriptional regulators unrelated to classical
regulators of phage cycle such as C1 or Cro have been identified (14). Although the regulon of
each of these prophage-encoded regulators has not been characterized in detail, data obtained
so far suggest that a majority of them regulates the expression of prophage genes (14). One
notable exception is the transcriptional regulator AppY.

appY is located in the defective lambdoid prophage DLP12 integrated into the arguU tRNA gene
(15,16). DLP12 is the most prevalent prophage in E. coli strains and is also found in Shigella
genomes (17). appY expression is induced under anaerobiosis, phosphate and carbon starvations
as well as during entry into stationary phase. Depending on the environmental conditions, its
expression relies on the global regulators ArcA, H-NS, RpoS or the two-component system
DpiA/B (18-21). AppY is a transcriptional regulator from the AraC/XylIS family, which is one
of the most represented family of transcriptional regulators in bacteria (22). Regulators from
this family contain a characteristic DNA binding domain composed of two helix-turn-helix
motifs. Most of them also contain a second domain involved in dimerization and/or effector
binding. Members of this family are usually involved in general metabolism, virulence or stress
responses (22-24). To date, the exact role of AppY in cell physiology remains elusive and only
a few AppY targets have been identified. Indeed, AppY has been shown to induce the
expression of two operons located on the host chromosome: the hya operon coding for the
hydrogenase 1 and the app operon coding for the cytochrome bd-I1 oxidase (15,18,19,25-28).
More recently, it has been shown that AppY overproduction leads to the stabilization of RpoS,
the main sigma factor in stationary phase and the master regulator of the general stress response
by a mechanism that has not been elucidated thus far (29,30). Finally, a qualitative study has
shown that AppY overproduction affects positively or negatively the level of more than 30

proteins in E. coli although none of these proteins were identified in that work (15).
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88  Here, we aim to determine the contribution of AppY, a regulator acquired by horizontal gene
89 transfer, to host physiology. By using global approaches (RNA-Seq and ChIP-Seq) as well as
90 forward genetics, we identified genes directly and indirectly regulated by AppY. We showed
91 that AppY contributes to bacterial survival under low pH conditions, biofilm formation and
92  repression of bacterial motility. We identified and characterized the regulatory pathways
93 leading to each of these adaptive responses triggered by AppY. Therefore, our study provides
94  molecular insights into AppY integration into the E. coli regulatory network. It also highlights
95 how a prophage-encoded transcriptional regulator integrates in a complex manner in to the host
96  regulatory network and how it benefits its host, allowing it to cope with changing environmental

97 conditions.

98

99

100


https://doi.org/10.1101/2022.02.28.482378

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.28.482378; this version posted February 28, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

N. Derdouri et al. / AppY, a prophage-encoded pleiotropic regulator in E. coli

101 RESULTS
102

103  Global picture of the AppY regulon.

104  As mentioned above, AppY overproduction stabilizes the master regulator RpoS, which itself
105  regulates more than 500 genes in E. coli (30,31). Therefore, to define the AppY regulon and
106  avoid the identification of genes under RpoS control, we overproduced AppY from an inducible
107  plasmid in a strain deleted for rpoS. Variations in RNA expression were measured by RNA-
108  Seq experiments. Using this approach, we identified more than 200 genes whose expression
109  was significantly (5-Fold) modulated upon AppY overproduction (Supplementary Table 1). 65
110  genes, whose expression varied by 10-fold or more when AppY was overproduced, were
111  classified based on their biological functions according to Ecocyc (Figure 1A). Up-regulated
112 genes fell into 5 distinct functional groups: metabolism, regulation, transport, respiration, and
113  stress adaptation (Figure 1A). We observed a massive induction of the two known AppY targets
114 involved in respiration, the hya and app operons (containing 6 and 4 genes respectively),
115 therefore validating our strategy to identify the AppY regulon (Figure 1B, blue bars) (32).
116  Among the 21 genes involved in stress adaptation, 19 genes are involved in acid stress
117  resistance; 17 genes out of the 19 genes code for proteins belonging to the glutamate-dependent
118  acid resistance system 2 (AR2), the major acid resistance pathway in E. coli (33) (Figure 1B,
119  pink bars). Down-regulated genes were also identified in these experiments and divided into
120  two categories: metabolism and motility. All of the 4 down-regulated metabolism genes were
121  part of diverse metabolic pathways with no obvious link between them while the 13 genes
122 linked to motility all code for proteins involved in flagella synthesis. In addition, 11 other genes
123 involved in flagella synthesis were also down-regulated between 3 to 10 times (Figures 1B,
124  light green bars). Overall, these data suggest two unexpected roles for AppY': it contributes to
125  Dbacterial adaptation under low pH by inducing the glutamate-dependent response and it

126 negatively regulates bacterial motility by down-regulating flagellar genes.
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127  ldentification of genes directly regulated by AppY.

128  RNA-Seq experiments gave a global overview of the physiological changes occurring in the
129  cell when AppY was overproduced for an hour but did not provide information on AppY direct
130 targets. To identify the genes that are directly regulated by AppY, ChIP-Seq experiments were
131 performed. Briefly, the AppY protein with a 3Flag-tag at its C-terminal end was produced from
132 an inducible plasmid in the rpoS::tet strain. Note that the 3Flag-tag did not affect AppY
133 functionality (Figure S1A). After stabilization of the AppY-3Flag/DNA complexes using
134  formaldehyde, chromosomal DNA was fragmented and cells lysed by sonication. AppY-
135  3Flag/IDNA complexes were then recovered by affinity purification using the 3Flag-tag, and
136  bound DNA was sequenced. To get rid of false positive results, the experiment was performed
137  in parallel with an AppY-3Flag mutant unable to bind DNA. Such mutants affected in their
138  DNA binding function have been well-characterized in other AraC-transcriptional regulators
139  (34). Based on sequence alignments, we identified a lysine residue at position 170 as potentially
140 involved in AppY DNA-binding (Figure S1B). We used site-directed mutagenesis to generate
141  the AppYkizoe mutant and checked that its production was similar to that of the wild-type
142  protein (Figure S1C). We then confirmed that the K170 residue was critical for AppY function,
143  since the AppYkaroe did not allow the expression of the two transcriptional fusions used as
144  positive controls Pappc-gfp and Phryaa-gfp (Figure S1A).

145  Using ChIP-Seq, 13 AppY binding-sites were identified (Figure 2A). The detection of such
146  sites in the promoter regions of hyaA and appC was in accordance with the RNA-Seq data and
147  demonstrated for the first time, to our knowledge, that AppY directly regulated these operons
148  (Figure 2B). Strikingly, no AppY binding site was identified in the promoter region of the genes
149 involved in flagella synthesis that were heavily repressed in RNA-Seq experiments (Figure 1B),
150  suggesting an indirect regulation of these genes by AppY (Figure 2A). In contrast, AppY was

151  clearly able to bind upstream of six genes that are involved in acid stress resistance (slp, gadE,
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152  gady, adiC, glsA and yiiS). Among them, 3 genes are located in the acid fitness island and
153  involved in the AR2 pathway: slp, gadY and gadE (Figures 2A and C). GadE is the master
154  regulator of the AR2 pathway, suggesting that its gene expression regulation by AppY can have
155  broad consequences on the AR2-dependent acid response (35-37). In addition to its role in acid
156  stress, GadY is a non-coding RNA also involved in biofilm formation (38-40). We identified
157  another AppY target, nhaR, also involved in biofilm synthesis, suggesting a regulatory role of
158  AppY in this pathway (41). Finally, for the 5 remaining genes that we identified by the ChIP-
159  Seq approach (groSL, acrZ, prc, uspD and rrsG), we did not find any obvious physiological
160 links with the other targets; therefore, additional experiments are needed to confirm these
161 targets and to understand the consequences of their induction when AppY is overproduced.
162  Overall, the Chip-Seq results combined with those of the RNA-Seq suggest that AppY is
163  involved in acid stress adaptation, biofilm formation and motility inhibition. Hence, we
164  explored the role of AppY in each of these pathways.

165

166  AppY directly and indirectly induces the expression of genes from the AR2 system.

167  The identification of gadE as a direct AppY target suggests that the induction of several genes
168  from the AR2 pathway observed in the RNA-Seq experiment was probably GadE-dependent.
169  To test this hypothesis, we used gfp-transcriptional fusions in strains deleted of rpoS only or
170  both rpoS and gadE (Figure 3A). For genes organized in an operon, we used fusions containing
171  the promoter region in front of the first gene of the operon (Figure 2C, deep pink genes in the
172 genetic loci). Background levels of fluorescence were measured in strains containing the control
173 plasmid (no promoter upstream of gfp) (Figure 3A, “cont” bars), or containing the fusions of
174  interest in the absence of AppY overproduction (Figure 3A, hatched bars). The appC fusion
175  was used as a positive control since we observed a direct AppY binding in its promoter region

176  (Figures 2B and 3A). When AppY was overproduced in the strain deleted of rpoS, fluorescence
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177  levels were considerably increased for most of the fusions (from 4 to 34-fold; Figure 3A, grey
178  bars). These results are consistent with the RNA-Seq data showing induction of these genes in
179  the presence of AppY (Figure 1B). Only a mild effect was seen for hdeA and gadX (1.6 and
180  1.3-fold increase, respectively). One possible explanation is that the increased level of hdeA
181  and gadX mRNA measured with the RNA-Seq experiment in the presence of AppY is not due
182  toan increase in transcription but to a post-transcriptional regulation. For gadX, this regulation
183  could be dependent on the small RNA gadY that is known to stabilize gadX mRNA and that we
184  identified as a direct AppY target (38) (Figure 2A and 2C). In the strain deleted of rpoS and
185  gadE, AppY overproduction led to the induction of appC, slp, gadE and gadY, the direct AppY
186  targets we identified by ChIP-Seq (Figure 3A). However, AppY overproduction failed to induce
187  the expression of hdeD, gadB and gadA in this genetic background. These results confirm that
188  AppY directly induces gadE expression which in turn activates its own regulon including hdeD,
189 gadB and gadA. Altogether, these experiments identify AppY as a new player leading both
190 directly and indirectly to the activation of the AR2 pathway.

191

192  appY induction contributes to E. coli survival in acidic environment

193  Since AppY directly regulates gadE leading to the activation of the AR2 pathway, we could
194  expect that appY itself is expressed under acidic conditions. Looking at the literature, we found
195  two global studies reporting an induction of appY expression during a shift from pH=8.5 to
196  pH=5.7; appY expression was further increased in the absence of oxygen (42,43). Using a strain
197  containing a chromosomal appY-lacZ translational fusion, we followed appY expression
198 through beta-galactosidase assays under the growth conditions used in these studies. We
199 measured a 2.8-fold increase in the activity of the fusion when the strain was grown at pH=5.7
200 compared to pH=8.5, validating the fact that appY expression was induced in acidic

201  environment (Figure 3B). However, we did not detect a higher induction in the absence of
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202  oxygen (Figure S2A). The two-component system EvgA/EvgS has been shown to be involved
203 in the sensing of acidic environment and activation of the AR2 system (44). To determine if
204  EvgA/S and AppY belonged to the same regulatory circuit, we measured the activity of the
205 appY-lacZ fusion at pH=5.7 or 8.5 in a strain deleted of evgA (Figure S2B). The absence of
206  evgA did not affect appY induction at pH=5.7, leading to the conclusion that appY is part of a
207  regulatory pathway independent of the two-component system EvVgA/S.

208  We then assessed the contribution of AppY to acid resistance under conditions known to
209 activate the AR2 system. This system requires glutamate to function: in the absence of
210 glutamate, the AR2 system is not active and the cell cannot survive at pH=2.2 (35,45,46). As
211  a control, we used a strain deleted of gadC that codes for the transporter allowing glutamate
212 entry inthe cells. As expected, a strain deleted of gadC did not grow with or without glutamate
213 (Figure S2C). The WT and the AappY strains were unable to grow in the absence of glutamate
214  but grew when glutamate was added without any significant difference (Figure S2C), indicating
215  that in this experimental setup AppY is not essential for AR2 system activation. We then
216  postulated that if AppY was indeed involved in acid stress management, the benefit of AppY
217  overproduction for the host could be an increased cell survival at low pH. To test this
218  hypothesis, AppY wild-type or the K170E mutant were overproduced in the wild-type MG1655
219  strain; the cultures were then shifted from pH=7 to pH=2.5 for one hour and cell survival
220 assayed by plating. Acid stress severely affected survival of the wild-type strain containing an
221  empty vector after one hour at pH=2.5 (Figures 3C, blue bars and S2D). Strikingly, AppY
222 overproduction massively increased cell survival by at least 100-fold under the same conditions.
223 The increase in acid stress resistance was not observed with the AppYki7oe mutant that does
224  not bind DNA (Figures 3C (hatched blue bar) and S2D). These results confirm that AppY
225  confers acid resistance and that this effect depends on its transcriptional regulator function. The

226  effect of AppY overproduction was also tested in a ArpoS genetic background. In this context,

10
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227  we found that AppY overproduction still increased cell survival but 10-fold less than ina WT
228  background (Fig. 3C, compare WT (blue bars) and ArpoS (grey bars)). This difference can be
229  attributed to a higher sensitivity to acid stress of the strain lacking rpoS. To definitively link the
230  positive effect of AppY on survival to the induction of the AR2 system, we repeated the same
231  experiments in strains deleted of gadE. As expected, AppY overproduction did not increase
232 bacterial survival in this genetic context (Figures 3C (pink and brown bars) and S2D). Overall,
233 the data presented here demonstrate that AppY is involved in E. coli survival to acid stress,

234  mainly by inducing gadE expression, hence the AR2 system.

235  AppY overproduction increases biofilm formation via the simultaneous induction of

236 gadY and nhaR

237  Out of the 13 direct AppY targets identified by ChIP-Seq, gadY and nhaR have been shown to
238 be involved in biofilm formation through the up-regulation of the pgaABCD operon,
239  responsible for the synthesis of the adhesin poly-3-1,6-N-acetyl-D-glucosamine (40,41). In
240  order to test if AppY overproduction leads to biofilm formation, MG1655 rpoS::tet strain was
241  transformed either with the pQE80OL empty vector or with the same vector containing appY WT
242 or the mutant affected in DNA-binding. Cells were grown for 24 hours at 30°C and biofilm
243  formation was quantified with crystal violet staining and ODsso measurement. This
244  quantification clearly showed that AppY overproduction led to a 3-fold increase in biofilm
245  formation (Figures 4A, grey bars and S3A). AppY k17oe overproduction had no effect on biofilm
246  showing that the observed phenotype is linked to the regulatory function of AppY (Figures 4A,
247  grey hatched bars and S3A). To confirm that AppY acted on biofilm through GadY and NhaR,
248  we deleted the corresponding genes in the MG1655 ArpoS background. AppY overproduction
249  in ArpoS AgadY or in ArpoS AnhaR strains, did not lead to biofilm formation suggesting that
250 GadY and NhaR are both essential in this pathway (Figures 5A pink and purple bars

251  respectively and S3A). In order to quantify the contribution of these two regulators for biofilm

11
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252  formation, we cloned gadY and nhaR under their own promoter and co-transformed them with
253  either pQE8OL, pQE8OL-appYwr or pQE8OL-appYkizoe in strains deleted of gadY or nhaR. In
254  the presence of AppY, nhaR and gadY should be expressed from the plasmids and complement
255  the biofilm formation defect of these two strains. In the MG1655 ArpoS AgadY strain, the
256  plasmid expressing gadY showed no effect on biofilm when co-transformed with the control
257  vector (Figure 4B, pink dotted bar and S3B). However, the production of AppY led to the
258  expression of gadY and restored biofilm formation (Figure 4B, plain pink bar and S3B). As
259  expected, no biofilm was observed with AppYki7oe. Interestingly, in this genetic background,
260 we did not observe an increase in biofilm with the plasmid expressing nhaR, even in the
261  presence of AppY (Figure 4B, purple bars and S3B). Altogether, this first set of experiments
262  shows that NhaR alone is not sufficient to induce biofilm formation and that AppY contributes
263  to biofilm formation through gadY induction. We then performed the same experiments in a
264  MG1655 ArpoS AnhaR strain. In this background, GadY alone was not sufficient to induce
265  biofilm formation, even with AppY (Figure 4C, pink bars and S3C). In the presence of nhaR
266  and the control vector we observed a slight increase in biofilm formation; the same result was
267  obtained with AppYki7oe (Figure 4C and S3C). However, biofilm was fully restored only when
268  both AppY and NhaR were produced at the same time (Figure 4C, plain purple bar). Overall,
269 these data confirm that AppY favors biofilm formation by activating simultaneously the

270  expression of the transcriptional regulator gene nhaR and the small RNA GadY.

271  AppY promotes the degradation of the master regulator FIhC, leading to a strong defect

272 in bacterial motility

273 According to the RNA-Seq experiments, AppY overproduction strongly down-regulates
274  several genes involved in flagellar formation and motility (Figure 1). However, the ChIP-Seq
275  data showed no AppY binding site upstream of these genes suggesting that this regulation was

276  indirect (Figure 2A). To confirm the negative effect of AppY on the expression of flagellar

12
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277  genes, we quantified the level of expression of the first gene of each operon when AppY was
278  overproduced using gRT-PCR (Figure 5A; plain arrows). appC was used as a positive control
279  since we have demonstrated that it is directly and positively regulated by AppY (Figures 2B
280 and 5A). In agreement with the RNA-Seq data, expression of all of the fli and flg genes tested
281  was reduced between 2.5 and 16-fold in the presence of AppY. This decrease in gene expression
282  was not observed with AppYkaizoe confirming that an intact DNA binding domain is needed to
283  exert this repression (Figure 5A). We then assayed the consequences of this repression on E.
284  coli motility. We transformed pQE80L-appY, pQE8OL-appYki7oe or the control vector pQE80L
285  into the MG1655 ArposS strain and performed a classical swimming test on soft-agar plates. In
286  the absence of inducer, all strains were equally motile (Figure 5B, light green bars). In contrast,
287 in the presence of IPTG, AppY overproduction inhibited cell motility (Figure 5B, dark green

288  bars). Here again, motility inhibition was not observed with the AppY ki170e mutant (Figure 5B).

289  The global downregulation of a large number of genes involved in flagella synthesis suggests
290 that FIhDC, the master regulator of this pathway, could itself be affected by AppY
291  overproduction. However, neither the RNA-Seq nor the gRT-PCR experiments showed any
292  significant decrease in flhnDC expression when AppY was overproduced (Fig 5A, blue bars and
293  Table S1). Therefore, the repression of the fli and flg operons cannot be attributed to a direct
294  AppY effect on fInDC transcription or mRNA stability. Interestingly, FIhD and FInC have been
295  previously shown to be actively turned-over by the Lon and ClpXP proteases in Proteus
296  mirabilis and Salmonella enterica Typhimurium, respectively (47,48). In order to follow the
297  level of FIhDC in the presence of AppY, we fused a SPA-tag to FIhD and FIhC C-terminal
298  extremities; for unknown reasons, this tag only led to FIhC detection. This absence of detection
299  of FIhD has already been described (48). In the presence of the empty vector, we observed a
300 constant level of FIhC with or without IPTG (Figure 5C). When AppY was overproduced, a

301 decrease in FINC amount was visualized; this decrease did not occur with the AppY k170oe mutant
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302  (Figure 5C). This result shows that AppY production favors FIhC degradation. Looking at our
303 RNA-Seq experiments, we noticed that the expression of the hslUV protease was greatly
304 enhanced in the presence of AppY (4.7 and 6-fold respectively). In order to determine if this
305 protease was responsible for FIhC degradation, we looked at the FIhC level in strains deleted
306  for hslU. This deletion led to FIhC-SPA stabilization even in the presence of AppY (Figure 5C).
307 Overall, the data presented here suggest that AppY production results in the degradation of
308 FIhC, which is at least partially dependent on HsIUV. This active degradation leads to a severe

309  motility defect in E. coli.

310 DISCUSSION

311  Inthis paper, we have characterized AppY, a transcriptional regulator whose gene is carried by
312  the DLP12 prophage. After identifying AppY direct and indirect targets, we have dissected the
313  regulatory cascade leading to the modulation of three major processes, i.e. acid stress resistance,
314  biofilm formation and motility. Our results, summarized in Figure 6, provide evidence for the
315  first time for how, at the molecular level, a transcriptional regulator acquired by horizontal gene
316 transfer integrates into the host regulatory network at several entry points to influence bacterial
317  physiology.

318 A large number of the newly identified AppY-regulated genes are involved in the acid
319  stress response (Figures 1-3 and 6). Pathogenic as well as commensal E. coli strains have
320 developed a great resistance to acid stress, certainly to cope with the acidic environment of the
321  stomach in order to reach the mammalian gut. Five distinct acid resistant systems, named AR1
322  to ARD, contribute to acid resistance in E. coli (49-51). These systems are not equally effective
323  indealing with acid stress; their efficacy varies depending on the medium composition and pH,
324  aswell as on the physiological state of the bacteria (33). The majority of AppY regulated genes
325 are part of the acid fitness island and contribute to the AR2 pathway (Figures 1 and 2)

326  (36,37,52). The regulation of this pathway is complex and involves a large number of
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327  regulators, including three transcriptional regulators from the AraC/XylS family: GadW, GadX
328 and YdeO (33,36,53,54). In this study, we identify a fourth member of this family, namely
329  AppY from prophage origin, which is also involved in the regulation of the AR2 pathway. The
330 redundancy between the genes under the control of these 4 transcriptional regulators could
331 explain why a strain deleted of appY still survived under acid stress conditions specific of the
332  AR2 system (Figure S2C). Such functional redundancy has been previously shown for other
333  AraC/XylS transcriptional regulators such as MarA, SoxS and Rob that can functionally
334  substitute for one another (24).

335 The similarity between the AppY and the YdeO regulons is particularly striking and
336 reinforces the idea that these two proteins could have similar functions (36,54). One major
337  difference between these two regulators is that ydeO expression depends on the two-component
338  system EvgS/EvgA, whereas appY expression does not rely on this system (Figure S2B) (55).
339  This suggests that each of these regulators is involved in distinct responses triggered by specific
340 signals. The EvgA-YdeO regulatory circuit is active in exponential phase, in a minimal medium
341 containing glucose but is not responsible for AR2 induction in stationary phase or in rich
342  medium, suggesting a possible role for AppY under these conditions (44). AppY has also been
343 shown to be active under several other conditions such as carbon starvation, phosphate
344  starvation or anaerobiosis (18,25). However, in our experimental conditions, appY was not
345 induced under anaerobiosis as previously described; the reason for this discrepancy is not
346  known (Figure S2A). In this study, we identified low pH as an additional signal triggering appY
347  expression (Figure 3B). Performing RNA-Seq experiments under AppY-overproducing
348  conditions was a necessary step to fully appraise the AppY regulon. It is now appealing to
349  follow the dynamic of this regulon under the different environmental conditions leading to appY

350 expression. This will allow us to determine if all AppY target genes are regulated under all
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351 conditions, if their expression varies depending on the encountered stress or if several
352 simultaneous stresses are needed.

353 AppY is not the only transcriptional regulator from the AraC/XylS family from
354  prophage origin that confers a selective advantage to its host under low pH. Indeed, in the
355 enterohemorrhagic E. coli O157:H7 strain, two transcriptional regulators from this family
356 located on a prophage, PsrB and PatE, also regulate genes from the AR2 system and enhance
357  bacterial resistance to acidic conditions (56,57). In addition, PsrB and PatE also indirectly
358 down-regulate the expression of genes coding for the type 3 secretion system, possibly in order
359 to save energy (56-58). More generally, other transcriptional regulators acquired by horizontal
360 gene transfer are involved in the regulation of ancestral genes. For example, some of them have
361 been shown to antagonize the transcriptional silencing exerted by H-NS or, more recently, to
362 activate the PhoP/PhoQ two component system, favoring here again the growth of their host
363  under acidic pH (59,60)

364 In addition to its role in acid stress tolerance, our results also identify a role for AppY
365 in biofilm formation (Figures 4, 6 and S3). Biofilm formation is a complex process in which
366  many cellular components are involved and act depending on the environmental conditions
367 (61). These cellular components include flagella, curli, exopolysaccharides and colonic acid.
368 We have demonstrated that the increased biofilm formation observed when AppY is
369  overproduced is due to the simultaneous and direct positive regulation of nhaR and gadY
370  expression. nhaR codes for a transcriptional regulator belonging to the LysR family and gadY
371  for a small regulatory RNA. These two factors have been shown to regulate the pgaABCD
372  operon which is responsible for the synthesis and export of the exopolysaccharide 3-1.6-poly-
373 N glucosamine (PGA) involved in biofilm formation (40,41,62). NhaR regulates this operon by
374  directly binding to the pgaABCD promoter region, whereas GadY has been shown to titrate

375  CsrA, a negative regulator of this operon. The concomitant activation of the AR2 system and
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376  of biofilm formation clearly shows that AppY activates different pathways to protect the cell
377  from unfavorable environmental conditions.

378 AppY overproduction also caused a decrease in motility. Indeed, AppY overproduction
379  massively represses the expression of genes coding for proteins involved in flagella synthesis.
380 We demonstrated that this down-regulation is not due to the direct binding of AppY on the
381 promoter regions of the flagellar genes but rather to an indirect effect on the master regulator
382  of the flagella synthesis FIhDC (Figures 5 and 6). Our data showed that AppY overproduction
383  increases the expression of the hslUV genes (4.7 and 6-fold respectively), which code for
384  HslUV, one of the five energy-dependent proteases in E. coli, initially identified as a member
385 of the heat shock regulon (63,64). HsIUV increase in the cell leads to a partial FIhDC
386  degradation (Figure 5C). However, according to the ChIP-Seq data, AppY does not directly
387  regulate the hslUV operon (Figure 2A). This suggests that an additional factor regulated by
388  AppY and controlling hslUV expression still remains to be identified. FIhDC degradation has
389 already been observed in Proteus mirabilis and Salmonella enterica Typhimurium (47,48,65).
390 In these organisms the degradation depends on the Lon and CIlpXP proteases respectively.
391  According to our data, AppY overproduction led to a mild increase in lon expression (2.5-fold)
392  whereas clpP level remained constant in all tested conditions (Table S1). This suggests that in
393 E. coli, CIpXP does not play any role in FIhDC degradation whereas Lon may still contribute
394 (Table S1). This would be in accordance with the redundant role of HsIUV and Lon already
395  described for other substrates (64) The regulatory cascades leading to FIhDC degradation in
396  Proteus mirabilis and Salmonella enterica Typhimurium have not been described; it would be
397 interesting to investigate if a protein from prophage origin could be involved as well. Indeed,
398 theregulation of the master regulator FInDC by a protein from prophage origin is not an isolated
399 example. For instance, the Sp5 prophage inhibits the motility of the E. coli MG1655 strain by

400 repressing fInDC expression, but also by decreasing FIhDC amount in the cell. To date, the
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401  protein encoded by Sp5 and responsible for this regulation has not been identified (66). Motility
402  regulation by morons is not restricted to swimming motility since twitching motility as well as
403  swarming motility have all been described to be under the control of prophage genes (67—70)
404  This down-regulation of the flagella synthesis is relevant with biofilm formation and could also
405 Dbe a way to save energy under unfavorable growth conditions. This fits, once again, with an
406  overall involvement of AppY in bacterial survival.

407 Prior to this study, the app and hya operons were the only characterized AppY targets
408  (18,19,25-28). ldentifying these genes in the ChIP-Seq experiments both validates our
409  approach and shows for the first time a direct AppY binding to the promoter regions of both
410 operons (Figures 2B and 6). These two operons encode the cytochrome bd-1l oxidase and the
411 hydrogenase-l which are part of the respiratory machinery suggesting that AppY has also a
412  direct role in regulating bacterial respiration. Interestingly, in addition to anaerobiosis,
413  expression of the hya operon is also induced under acidic conditions (pH=5.5) and this is
414  partially dependent on AppY (71). In another connection, a strain deleted for cydB, which codes
415  for a subunit of the cytochrome bd-l oxidase, undergoes respiratory stress and displays a
416  significant up-regulation of the app and hya operons as well as of the AR2 system and a down-
417  regulation of flagellar genes (72). The major overlap between these transcriptomic data and the
418  AppY regulon described here suggests a strong interaction between respiratory stress and acid
419  stress that probably needs to be investigated in more detail to fully understand AppY
420  contribution to bacterial physiology.

421 One striking observation from our ChIP-Seq data is that most of the AppY targets are
422  also part of the RpoS regulon (73). This raises the question of the functional link between these
423  two regulators. Further experiments are needed to determine if RpoS and AppY work together
424  or regulate the same pool of genes under different physiological conditions. RpoS is a sigma

425  subunit of the RNA-polymerase allowing the transcription of an important number of genes
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426  (29). When bacteria are growing in favorable conditions, RpoS is actively degraded by the
427  ClpXP protease in the presence of the adaptor protein RssB (74—-77). Under stressful conditions
428  however, different members of a family of proteins called Ira block RpoS degradation by
429  sequestering RssB. So far, three Ira proteins have been identified in E. coli: IraP, IraD and IraM
430  (30,78). A previous study has shown that AppY also regulates this RpoS degradation pathway,
431  independently of the known Ira proteins (30). Our data confirm that AppY production does not
432  up-regulate the expression of iraP, iraD or iraM (Table S1). Since AppY regulates RpoS and
433  RpoS has a huge impact on gene expression profiles, almost all the experiments presented here
434  were performed in strains deleted of rpoS. Given the overlapping regulon between RpoS and
435  AppY, these conditions were undoubtably necessary to unveil the full AppY regulon. The
436  stabilization of RpoS along with induction of the AR2 system suggest that AppY can induce
437  both a specific and a general stress response. Several questions remain concerning the
438  chronology of these responses: is there a hierarchy, with first a specific response followed by
439  the general stress response if the applied stress persists? Does the activation of one or the other
440 depend on different “state” of AppY or of the encountered stress? Do they occur
441  simultaneously?

442  The work presented here highlights the significant impact that a viral regulator can have on its
443  bacterial host. However, we can predict that it represents only a small portion of the huge
444  regulatory network existing between ancestral bacterial genes and genes from viral origin or,
445  more widely, genes horizontally acquired. Consequently, studying the dialogue between phage
446  and bacteria is key to fully understanding bacterial physiology and how it influences bacterial
447  evolution, environment and human health.

448

449 MATERIALS AND METHODS

450 Media and Growth conditions
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451  Cells were grown in Luria-Bertani (LB) broth. For acid stress experiments, we used E medium:
452 (10 g/L MgSO0s, 100 g/L citric acid, 500 g/L KH2PO4 and 175 g/L NaNHsHPO4 4H,0), EG
453  medium (E plus 0.4% D-Glucose) or potassium-modified LB (LBK; 10 g/L tryptone, 5 g/L of
454  yeast extract, 7.45 g/L KCI)(79,80).

455  Liquid cultures were grown in aerobic conditions at 37°C under shaking (180 rpm) and plates
456  were incubated at 37°C unless otherwise stated. The usual agar concentration for solid media
457 is 1.5 %. When required, antibiotics were added at the following concentrations: 100 pg/mL
458  ampicillin (Amp), 25 pg/mL chloramphenicol (Cam), 50 pg/mL kanamycin (Kan), 10 pg/mL

459  tetracycline (Tet) and 25 pg/mL zeocin (Zeo).

460  Bacterial strains, plasmids and primers

461  Bacterial strains are listed in Table S2, plasmids in Table S3 and primers in Table S4. All strains
462  are derivatives of E. coli str. K-12 substr. MG1655, constructed by P1 transduction, selected on
463  the appropriate antibiotic and verified by PCR. To construct the flnC-SPA-kan strain (where
464  SPA is a Sequential Peptide Affinity tag) or the deletion/insertion mutants of gadE, gadY and
465 nhaR, we used the X red recombination system (81,82) (see more details in Supplemental
466  Materials and Methods). The P-appY translational fusion was constructed using the NM580
467  strain, which contains the mini-A prophage and has been engineered to construct chromosomal
468  lacZ fusions using a selection/counter-selection method (83) (see more details in Supplemental
469  Materials and Methods). This fusion contains a fragment ranging from -615 bp to +24 bp
470 relative to the ATG start codon of appY Open Reading Frame (ORF). Site-specific mutagenesis
471  was performed to introduce the K170E mutation into pQE-AppY (primers BA®184/BA®185;
472  codon AAA changed to AGA) (84). Plasmids pND-671, pND-677 and pND-678 contain DNA
473  fragments ranging from -598 pb to +14 pb relative to the gadE ATG start codon, from -245 bp
474  to +14 bp relative to the beginning of the gadY sequence and from -210 bp to +15 bp relative

475  tothe ATG start codon for gadA. Plasmid pND-665 contains the full length gadY sequence and
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476 245 nucleotides upstream. As we wanted to express nhaR from its own promoter region to keep
477  the AppY-dependent induction and since it is in operon with nhaA, we amplified both genes
478  plus a region of 482 nucleotides upstream nhaA ATG. PCR fragments were then digested with
479  Clal/BamHI for gadY and EcoRV/Sall for nhaR and cloned into pACY C184 digested with the
480 same enzymes. The resulting plasmid is pND-692. All constructs were confirmed by Sanger
481  sequencing.

482  Chromatin Immunoprecipitation Sequencing (ChlP-Seq)

483  The ChIP-Seq protocol was adapted from (54,85). ND3 strain transformed with the pQE80L
484  empty vector or containing untagged appY, appY-3FLAG or appYki7oe-3FLAG, was grown in
485  LB/Amp medium to an ODego Of 0.2. Cultures were then induced with 0.05 mM IPTG and
486  further grown for 1 h. This experiment was performed with 3 independent cultures (replicates
487 R1, R2 and R3) for each condition. Cells were fixed with 1 % formaldehyde; the crosslinking
488  reaction was stopped by adding 250 mM glycine to the cultures. After being washed with PBS,
489  the pellets were flash-frozen in liquid nitrogen and stored at -80°C. Cellular pellets were re-
490  suspended in 1 mL of cold lysis buffer (50 mM Tris-HCL pH 7.5, 150 mM NaCl, 1 mM EDTA,
491 1% Triton-X100, protease inhibitor cocktail) plus 3.5 units of lysozyme (Novagen). Samples
492  were then incubated at room temperature for 10 min on a rotating wheel (20 rpm) before
493  shearing the crosslinked DNA by sonication using a Bioruptor Standard Waterbath Sonicator
494  (Diagenode). After centrifugation, 900 uL of the supernatant were incubated with 40 pL of
495  Agarose Anti-FLAG M2 gel beads (Sigma-Aldrich) and incubated overnight (ON) on a rotating
496  wheel (20 rpm). After a gentle centrifugation step, the beads were washed sequentially with
497  Low salt washing buffer, High salt washing buffer, LiCl washing buffer and twice with TBS
498  buffer (see detailed composition in Supplemental Materials and Methods). Two elution steps
499  of the FLAG-tagged protein-DNA complexes were performed with 200 uL of FLAG buffer

500 (TBS buffer plus 100 pg/ml of 3XFLAG peptide from Sigma-Aldrich) and the samples were
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501 incubated 30 min at RT on a rotating wheel (20 rpm). After centrifugation, the protein-DNA
502  crosslink was reversed by adding 25 puL of 5 M NaCl to the eluate and incubating ON at 65 °C.
503 Proteins and RNA were removed by adding sequentially proteinase K and RNAse A (0.2
504  mg/ml). DNA was extracted with phenol/chloroform/isoamyl alcohol (25:24:1, Sigma-Aldrich)
505 and ethanol precipitated. The DNA was finally resuspended in 30 ul of DNAse-free water,
506  quantified with the Qubit™ dsDNA HS Assay kit (Invitrogen). DNA profiles were recorded
507 with the TapeStation 4200 System (Agilent) in combination with the D5000 ScreenTape
508 (Agilent). Libraries for high throughput DNA sequencing were prepared using the
509  TruSeq®ChlIP Sample Preparation kit (Illumina) according to the manufacturer's protocol
510 starting with 10 ng dsDNA from the previous step. High throughput DNA sequencing was
511  performed as described below.

512  RNA sequencing (RNA-Seq)

513  The ND3 strain transformed with pQE8OL or the pQE80L-appY was grown in LB/Amp
514  medium to ODeoo = 0.6 at 37°C under shaking (180 rpm). 1 mM IPTG was then added and cells
515 grown for one additional hour. Total RNAs were then purified as described above. This
516  experiment was performed with 3 independent cultures (replicates R1, R2 and R3) for each
517  condition. Total RNAs samples (3 ug) were depleted from ribosomal RNA using the bacteria
518 Ribo-Zero® rRNA Removal kit (Illumina) according to the manufacturer's protocol. The cDNA
519 libraries were then prepared from the depleted RNA samples obtained during the previous step
520  using the GoScript™ Reverse transcriptase (Promega) to synthesize the first strand cDNA and
521 the TruSeq® Stranded mRNA Library Prep kit (Illumina) according to the manufacturers'
522  protocols. High throughput DNA sequencing was performed as described below.

523  RNA preparation and Reverse Transcription

524  For RNA-Seq and RT-qPCR experiments, cellular pellets (5.10° cells) were flash-frozen in

525 liquid nitrogen and stored at -80°C. The cells were harvested and frost at -80°C. Total RNAS
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526  were isolated from the pellet using the Maxwell® 16 LEV miRNA Tissue Kit (Promega)
527  according to the manufacturer’s instructions and an extra TURBO DNase (Invitrogen) digestion
528  step to eliminate the contaminating DNA. The RNA quality was assessed by TapeStation 4200
529 system (Agilent). RNA was quantified spectrophotometrically at 260 nm (NanoDrop 1000;
530 Thermo Fisher Scientific). For cDNA synthesis, 1 pg total RNA and 0.5 pg random primers
531 (Promega) were used with the GoScript™ Reverse transcriptase (Promega) according to the
532 manufacturer instruction.

533  High throughput DNA sequencing

534  Priorto sequencing, RNA-Seq and ChlP-Seq libraries were quantified with the Qubit™ dsDNA
535 HS Assay kit and their size distribution profiles recorded with the TapeStation 4200 System
536  (Agilent) in combination with the D5000 DNA ScreenTape System (Agilent). Libraries were
537  then diluted at 4 nM. Paired-end (2 x 75 bp) DNA sequencing was performed on the in-lab
538  MiSeq sequencer hosted at the Institute Transcriptomic and Genomic facility with a MiSeq v3
539  (150-cycles) flow cell according to Illumina's protocol. Table S5 summarizes the different
540  sequencing runs performed during this study and the corresponding data yield for each sample.
541  Raw sequencing reads (FASTQ files trimmed from their lllumina adaptors) were submitted to

542  the NCBI Sequence Read Archive under the BioProject accession number PRINA751735.

543  High throughput sequencing data analysis

544  The FASTQ files generated by the MiSeq sequencer were trimmed and clipped for quality
545  control with Trimmomatic (86) using the following parameters: ILLUMINACLIP:TruSeq3-
546  SE:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36. For
547  subsequent analyses we retained only the paired-reads FASTQ files generated by
548  Trimmomatics.

549 RNA-Seq analysis
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550  Trimmed paired-reads were mapped on the E. coli MG1655 reference genome (NC_000913.3)
551  and the raw read count per genomic feature computed with Rockhopper (87) using the following
552  parameters: Orientation of mate-pair reads = rf, Max bases between paired reads = 500, Allowed
553  mismatches = 0.15, Minimum seed length = 0.33, Min reads mapping to transcript = 10, Min
554  transcript length = 50, Min count to seed a transcript = 50, Min count to extend a transcript =
555 5. Rockhopper mapping statistics are summarized in Table S6. We observed fairly high
556  variations in the efficiency of the ribo-depletion with as much as 36% of the reads mapping to
557 rRNA in one sample. In order to obtain a proper data normalization in downstream analyses,
558  we manually cured the read count matrix generated by Rockhopper from remaining rRNA read
559  counts (16S-, 23S- and 5S- rRNA); the resulting trimmed matrix was then use as input for the
560 differential gene expression analysis performed with Voom/Limma method. The latter is
561 embedded in DEGUST (https://degust.erc.monash.edu/), an interactive web-tool for RNA-Seq
562  analysis (https://doi.org/10.5281/zenodo.3258932), that allows to compare 3 different methods
563  for differential gene expression analysis as well as easy data visualization, browsing and export.
564  All the RNA-Seq results are accessible on NCBI Sequence Read Archive under the BioProject
565  accession number PRINA751735. The RNA-Seq data are summarized in Table S1.

566  ChlP-Seq analysis

567  Trimmed paired-end reads were mapped back onto the E. coli MG1655 reference genome
568 (NC_000913.3) using Bowtie2 (88). The alignments were visualized and compared with IGV
569  (89). Normalization and peak calling to identify enriched loci along the genome were done with

570 the SegMonk software (https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/).

571  Measure of expression with transcriptional gfp fusions
572  Strains ND3 or BAPHIO089 were co-transformed with a plasmid carrying a gfpmut2
573  transcriptional fusion and the pQES8OL vector producing AppY wild-type (WT) or AppY ki70€.

574  ON cultures were diluted 60-fold into fresh LB medium supplemented with Amp, Kan and
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575 IPTG (0.05 mM) into a black 96-well plate with transparent bottom (Greiner). The plate was
576  incubated into a Tecan Spark plate reader at 37 °C with shaking (180 rpm) during 10 h. Every
577 10 min, the optical density at 600 nm as well as the fluorescence intensity (excitation: 480 nm;
578  emission: 535 nm) were measured. The transcriptional gfp fusion expression levels were
579 standardized by dividing the fluorescence intensity by the ODsoo. Mean values and Standard
580 deviation (SD) were computed on a minimum of three independent experiments.

581 appY induction under acid conditions

582  This assay was carried out as previously described (42,43,79). Overnight cultures of the
583  BAPHIO018 strain carrying the appY translational fusion were diluted 1:1000 in LBK medium
584  buffered with 100 mM piperazine-N, N’-bis-2-(ethanesulfonic acid) and adjusted at pH 5.7 or
585 8.5 using KOH.

586  Anaerobic cultures were performed in screw-caped test tubes with a slow agitation on a rotating
587  wheel (8 rpm); aerobic cultures were performed in 14 ml aerated polypropylene tubes in an
588  orbital water bath (200 rpm). At ODeoo = 0.4, samples were taken for B-galactosidase assay
589  using the method described by Miller (90). The pH of the cultures was verified at the end of the
590 experiment to ensure that the values were maintained.

591  Acid resistance assay

592  Acid resistance assays were performed as described previously (36). Briefly, overnight cultures
593  were diluted 1:200 in 20 mL of LB at pH 7 with Amp and IPTG (1 mM) and grown at 37°C
594  with aeration (180 rpm). At ODeoo around one, 50 puL samples of culture were serially diluted
595 in PBS and spotted on LB plates to count the colony forming cells (expressed in Colony
596  Forming Unit or CFU). The resulting CFU represents the initial number of live cells before
597  stress. In parallel, 50 pL of culture were transferred into 2 ml of preheated LB pH 2.5 (pH
598 adjusted with HCI) and incubated for one hour at 37°C. 50 pL samples were serially diluted in

599 PBS and 10 pL were spotted on LB plate. The CFU obtained here represents the cells having
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600  survived to the acid stress. The survival percentages were calculated by dividing the final CFU
601  number by the initial CFU number. Each experiment was performed at least three times.

602  Acid stress assay specific to the AR2 system

603  This assay was performed according to (35). Strains were grown for 22 hours at 37°C with
604  aeration in LB medium with 0.4 % glucose at pH 7. These cultures were then diluted 1:1000 in
605 5 mL of EG medium at pH 2.2 (pH adjusted with HCL) supplemented with 1.5 mM sodium
606  glutamate. As a control of the AR2 system induction, we used a medium corresponding to the
607 EG medium at pH 2.2 without any additives. 100 pL samples of each culture were collected
608 after 0, 2 and 4 hours of aerobic growth at 37°C. These samples were serially diluted in EG
609 medium at pH 7, 10 pL were spotted on LB plate and incubated at 37°C.

610 Quantitative Real-Time-PCR for Transcriptional analysis

611  Quantitative real-time PCR (qPCR) and the corresponding analysis were performed on a
612 CFX96 Real-Time System (Bio-Rad). The reaction volume was 15 uL and the final
613  concentration of each primer was 0.5 uM. The cycling parameters of the qRT-PCR were 98°C
614  for 2 min, followed by 45 cycles of 98°C for 5 s, 55 °C for 10 s, 72°C for 1s. A final melting
615  curve from 65°C to 95°C was performed to determine the specificity of the amplification. To
616  determine the amplification kinetics of each product, the fluorescence derived from the
617  incorporation of EvaGreen into the double-stranded PCR products was measured at the end of
618 each cycle using the SsoFast EvaGreen Supermix 2X Kit (Bio-Rad, France). The results were
619 analyzed using the Bio-Rad CFX Manager software, version 3.0 (Bio-Rad, France). The
620 RNALGS gene was used as a reference for normalization. For each point a technical duplicate
621  was performed. The amplification efficiencies for each primer pairs were comprised between
622 80 and 100%. All of the primer pairs used for qRT-PCR are reported in the Table S4.

623  Motility assays
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624  Motility assays were performed as described previously (36). Motility was tested on 0.5 %
625  Tryptone and 0.5 % NaCl plates supplemented with 0.3% agar. Strains were grown overnight
626  in LB with or without 0.5 mM IPTG. Overnight cultures were standardized to an ODsoo = 1 and
627 1 pl of each culture were spotted on plates. Amp was added to the plates and to the cultures for
628  plasmid maintenance when needed. Plates were incubated at 30 °C and after 15 to 20 h, the
629  diameter of the swimming zone was measured using the ImageJ software (91). All strains were
630 tested in triplicate and each experiment was independently performed three time.

631  Biofilm quantification assay

632  Biofilm quantification was performed according to (92). Overnight cultures were diluted
633  1:1000 in fresh medium plus 0.5 mM IPTG in 24-well plate and incubated at 30°C without
634  agitation for 24 h. Cultures were removed and the plate was washed two times with water before
635 adding 0.1 % crystal violet (Sigma-Aldrich) for 10 min. The plate was washed three times with
636  water, let dry overnight and samples were solubilized by using glacial acetic acid at 30 % (Carlo
637  Erba). After an incubation of 15 min, the ODsso was measured to quantify biofilm formation.
638  Standard deviations are based on a minimum of three independent experiments.

639  Protein electrophoresis and Western blotting

640  Samples were analyzed using 12% lab-made standard SDS-polyacrylamide gels for AppY
641  detection and using Precast Hepes-Tris gels 12% (WSHT) for other proteins. Semidry
642  electrophoretic transfer into nitrocellulose membranes was performed using Trans-Blot Turbo
643  Transfer System (BioRad). Membranes were probed with an anti-AppY antiserum (GenScript
644 - 4.4:10000), or a Flag antibody (SIGMA - 1:10000) for FIhC-SPA detection and with HtpG
645  antibody ((93)- 1:100000) as a loading control. The blots were developed with Immobilon®
646  Western (Millipore) using a chemiluminescence image analyzer (ImageQuant Las 4000).

647  Acknowledgments
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Figure 1 : Identification of AppY regulon by RNA-Seq experiments.

MG1655 rposS::tet strain transformed with plasmids pQESOL or pQE8SOL-appY were grown to an ODgg,
~0.6 and appY expression was induced with 1 mM IPTG for 1 hour. RNA were purified, reverse-
transcribed and sequenced. The data shown are representative of three independent experiments. A.
Global overview of the function of genes regulated by AppY. Genes up-regulated (dark red) and down-
regulated (light green) at least 10 times when AppY was overproduced were classified according to their
biological functions using Ecocyc. B. AppY mainly regulates genes involved in respiration, acid
resistance and flagellar synthesis. Genes in blue are involved in aerobic respiration and are known AppY
targets, genes in pink belong to the AR2 system and genes in green are involved in flagella synthesis. The
dashed lines indicate 10-fold induction or repression.
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Figure 2 : Identification of AppY binding sites by ChlP-Seq experiments.

A. AppY direct targets. Name, function, peak localization of AppY binding on E. coli chromosome and the log, fold
change (FC) obtained in RNA-Seq experiments are summarized. B. Regulation of the hya and app operons.
MG1655 rpoS::tet strain containing the plasmids pQE8OL, pQE80L-appY-3FLAG or appY;70e-3FLAG were grown
at 37°C to an ODgy,~0.2 and appY expression was induced with 0.05 mM IPTG for 1 hour. The genetic loci, the
ChIP-Seq data obtained with AppY-3FLAG and AppY «i170e-3FLAG and the gene expression profiles obtained by
RNA-Seq with AppY or the vector control are shown from the top to the bottom. The black peaks observed in ChIP-
Seq experiments correspond to AppY binding to the DNA; the intensity of the blue color in RNA-Seq panels
represents the number of raw counts per gene. The data are representative of three independent experiments. C.
Regulation of the acid fitness island. Experiments were performed and presented as described in B.
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Figure 3: AppY contributes to acid stress response.

A. gadE-dependent AppY targets. MG1655 strains deleted of rpoS (ArpoS ,grey) or both rpoS and gadE (ArpoSAgadE,
pink) and containing the pQE8OL empty vector (pCont, hatched) or pQE8OL-appY (pAppY, plain) were transformed
with the indicated transcriptional gfp fusions (94). Relative fluorescence intensities were measured after overnight
growth at 37°C in LB plus 0.05 mM IPTG to induce appY expression. Data are means +/- standard deviation (n=3).
A.U., arbitrary units B. Induction of appY expression under acid stress conditions. An MG1655 strain carrying a
chromosomal appY-lacZ translational fusion was cultured overnight in LBK pH=7, diluted 1:1000 into LB at pH 8.5
(light blue) or 5.7 (dark blue) and incubated at 37 °C under aerobic conditions until ODgy, ~0.4. The activity of the appY
fusion was determined using the Miller assay (90). The mean from three replicates is presented; the error bars represent
the standard deviation (SD). C. AppY overproduction confers resistance to acid stress. WT (blue), ArpoS (grey), AgadE
(pink) or AgadEArpoS (brown) strains transformed with pQESOL (dotted), pQE-appYy (plain) or pQE-appYxizoe
(hatched) were grown to ODgy,=1 in LB (pH 7.0) with 1 mM IPTG. Cells were diluted 1:200 into LB (pH 2.5) and
incubated for 1 h at 37 °C. Cells were spotted on plates to evaluate the number of cells that survive acid stress compared
to the initial number of cells. Data are means +/- standard deviation (n=3).
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Figure 4: AppY favors biofilm formation through nhaR and gadY induction.

The indicated strains were grown in LB with 0.5 mM IPTG at 30°C without shaking for 24 hours. Biofilm
formation was visualized using crystal violet staining and quantified by measuring the optical density at 550 nm
(ODggp). The mean from three replicates is presented; the error bars represent the standard deviation (SD).

A. Biofilm formation dependent on AppY, GadY and NhaR. MG1655 ArpoS (grey), MG1655 ArpoS AgadY
(pink) or MG1655 ArpoS AnhaR (purple) were transformed with the pQE8OL empty vector (-, dotted) or
containing appY (WT, plain) or mutant (K170E, hatched). B. Complementation of MG1655 ArpoS AgadY with
gadY and nhaR expressed under their own promoters. MG1655 ArpoS AgadY strain was co-transformed with the
following plasmids: pQES80OL (-, dotted), containing appY (WT, plain) or mutant (K170E, hatched) and a
pACYC184 construct (empty vector, -, grey), containing gadY (pink) or nhaR (purple). C. Complementation of
MG1655 ArpoS AnhaR with gadY and nhaR expressed under their own promoters. MG1655 ArpoS AnhaR strain
was co-transformed with a pQE8OL construct (empty vector (-, dotted line), containing appY (WT, plain) or
mutant (K170E, hatched)) and a pACYC184 construct (empty vector (-, grey), containing gadY (pink) or nhaR
(purple)).
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Figure 5: AppY indirectly reduces bacterial motility.

A. Expression of flagellar genes is down-regulated by AppY overproduction. MG1655 ArpoS strain was
transformed with the pQE80L empty vector (-) or containing appY (WT) or mutant (K170E). Cultures were
grown to ODg,~0.5 and induced with 1 mM IPTG for 1 hour. RNA were extracted from 10° cells and qRT-PCR
experiments were performed. The genetic organization of flagellar genes is shown above the graph according to
Ecocyc. Expression of the first gene of each operon was tested (fliALF in green, flgB in dark green, flhD in blue);
appC (grey) is a control. Data are means +/- standard deviation (n=3). B. AppY overproduction affects motility.
Overnight cultures were adjusted to ODg,,=1 and 1pl was spotted on plates without (light green) or with IPTG
(green). Plates were incubated at 30°C during 15 to 20 h and swimming diameters were measured. A
representative picture of swimming is shown below the graph. C. AppY favors FIhC degradation by the HsIUV
protease. MG1655 ArpoS (yellow) and MG1655 ArpoS AhslU (blue) strains containing flhC-SPA on the
chromosome were transformed with the pQE8OL empty vector (-, hatched) or containing appY (WT, plain) or
mutant (K170E, dotted). Cultures were grown to an ODgy,~0.6 and induced with 1 mM IPTG for 1 hour. FIhC
levels were analyzed by Western blotting using anti-Flag antibody. HtpG was detected as a loading control.
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Figure 6 : Pleiotropic effects of AppY on E. coli physiology.

AppY activates several regulatory cascades leading to acid stress resistance, biofilm
formation and motility repression. AppY also directly activates the expression of
two operons involved in respiration but the consequences of these regulations on
host physiology still have to be clarified. appY expression is induced by acid stress
and probably by other environmental signals. AppY also leads to the stabilization of
the sigma factor RpoS by an unknown mechanism. Under certain conditions, RpoS
contributes to the expression of several genes under AppY control. The blue arrows
indicate the regulations discovered in this work. The dotted arrows represent the
unknown regulation.
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