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ABSTRACT

Pseudomonas aeruginosa is a multidrug-resistant opportunistic human pathogen. Chronic
infections are associated with biofilms, conferring resistance to antibiotics and complicating
treatment strategies. This study focuses on understanding the role of the uncharacterized gene
PA3049, upregulated under biofilm conditions. In the context of P aeruginosa biofilms,
PA3049 plays a role in withstanding antimicrobial challenges both in vitro and in clinically
validated infection models. Under sub-inhibitory concentrations of antibiotic, the deletion of
PA3049 resulted in reduced pyocyanin production and altered abundance of enzymes
controlling denitrification, pyoverdine, and hydrogen cyanide biosynthesis. Notably, PA3049
directly interacts with two kinases implicated in stress response, inactivating their active sites.
Renamed as the Biofilm antibiotic tolerance Regulator (BatR), PA3049 is a key player in P,
aeruginosa biofilm maintenance and antimicrobial tolerance. These findings contribute to
understanding the complex bacterial lifestyle in biofilms, shedding light on a previously
uncharacterized gene with significant implications for combating multidrug-resistant
infections.

IMPORTANCE

P aeruginosa is a multidrug-resistant ESKAPE pathogen that causes chronic biofilm-based
infections and is a leading cause of mortality in cystic fibrosis (CF) patients. Understanding
the molecular mechanisms underlying P. aeruginosa biofilm resilience and antimicrobial
resistance is crucial for developing effective therapeutic interventions. This study focuses on
characterizing the gene PA3049, now known as the biofilm antibiotic tolerance Regulator
(batR). BatR plays a central role within P. aeruginosa biofilms, orchestrating adaptive
responses to antimicrobial challenges. Our work sheds light on the contribution of batR to
biofilm biology and its relevance in lung infections, where subinhibitory antibiotic

concentrations make BatR pivotal for bacterial survival. By advancing our understanding of P
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aeruginosa biofilm regulation, this study holds significant promise for the development of
innovative approaches against biofilm-associated infections to mitigate the growing threat of
antimicrobial resistance.

INTRODUCTION

Pseudomonas aeruginosa is a virulent, opportunistic human pathogen and one of the ESKAPE
group of bacteria (1) that are leading causes of multidrug-resistant, nosocomial bacterial
infections. P. aeruginosa presents a significant challenge in healthcare settings where it causes
highly persistent, chronic infections, primarily affecting catheter and cannula implants (2), burn
or other major injury victims (3), chronic wounds (4), and immunocompromised patients (5).
In 2015, multidrug-resistant P. aeruginosa led to an estimated 4,500 attributable deaths and
68,000 infections in the EEA (6), while over 30% of P. aeruginosa isolates reported to EARS-
Net in 2018 were resistant to at least one regularly monitored group of antimicrobials (7). P.
aeruginosa is also a major respiratory pathogen, causing both acute and chronic lung infections.
Pulmonary infections caused by P. aeruginosa are a major cause of mortality and morbidity in
people with the genetic disorder cystic fibrosis (8, 9).

Chronic P. aeruginosa infections are frequently associated with biofilms, which enable it to
evade host immune responses and confer broad resistance/tolerance to antimicrobial agents,
complicating treatment strategies. Bacterial biofilms exhibit common traits and phenotypic
characteristics, including cell-to-cell communication (quorum sensing), the production and
deployment of extracellular polymeric substances and extracellular DNA (eDNA), and the
spatially structured control of motility, adhesins and c-di-GMP levels (10).

The upregulation of genes linked to stationary phase adaptation, environmental stress and
anaerobiosis further underscores the distinct features associated with biofilm growth (11, 12).
Additionally, the spatial arrangement of cells within the biofilm community, exposed to

multiple resource gradients, introduces heterogeneity in cell physiology and metabolism that
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plays an important role in antibiotic tolerance. This diversity includes significant
subpopulations of less metabolically active (dormant) cells, which contribute to the notable
tolerance of biofilms to antibiotics designed to target active metabolic processes (13). For
example, dormant cells within oxygen-depleted zones of P. aeruginosa biofilms exhibit lower
overall mRNA transcript abundance and increased tolerance to ciprofloxacin and tobramycin
(13).

Increased antimicrobial tolerance has also been associated with the global metabolic
adaptations that arise in response to the biofilm environment (14). P. aeruginosa showcases
this adaptability through its ability to grow anaerobically using nitrate as an alternative electron
acceptor (15). The relevance of metabolic adaptions in response to antibiotics was underscored
by an in vitro screen for tobramycin-resistant P. aeruginosa PA14 mutants that revealed a
significant proportion of resistant mutants with transposon insertions in energy metabolism
genes (16).

Although a consensus has emerged on the role of many biofilm-associated traits, the large
number of uncharacterized genes reported as differentially expressed under biofilm conditions
highlights the substantial gaps that remain in our understanding of this complex bacterial
lifestyle (17). Among the minority of upregulated loci in dormant, biofilm-dwelling P.
aeruginosa cells is the small, uncharacterised gene P43049 (13). PA3049 is predicted to encode
a 70-residue cytoplasmic hydrophilin; part of a family of small, extremely hydrophilic, glycine-
rich proteins that contribute to desiccation/osmotic stress tolerance in plants and yeast, but
whose role in bacteria is less well understood (18).

PA3049 is annotated as a homolog of the Escherichia coli ribosome modulator factor (RMF)
(13). RMF, a ribosomally associated protein, facilitates ribosome hibernation by associating
with 100S ribosome dimers and modulates E. coli translation during the stationary phase (19).

Unlike other ribosome components or associated proteins, rmf expression is inversely
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94  dependent on growth rate, indicating its potential involvement in the bacterial stress response
95 (19). Classified as a hydrophilin, RMF accumulates under hyperosmotic stress conditions (18).
96 RMF deletion in E. coli is linked to decreased aminoglycoside tolerance, potentially due to the
97 location of its ribosome binding site (20). However, while RMF is crucial for ribosome
98 hibernation in E. coli (21), PA3049 apparently does not fulfil a similar function in P. aeruginosa
99  (22). Deleting PA3049 in P. aeruginosa compromises membrane integrity in biofilm-forming
100 cells, suggesting a potential role in maintaining cell viability for the dormant subpopulation
101  (13). Nonetheless, despite its conservation in sequenced P. aeruginosa strains and likely
102  functionality in biofilms, the precise role of P43049 in P. aeruginosa biofilm formation remains
103  unknown (22).
104  Here, we used a combination of bioinformatics, infection biology and molecular microbiology
105 to determine the distribution of PA3049 across bacterial genomes, its importance for host
106 infection and biofilm formation, its contribution to antimicrobial tolerance and its mechanism
107  of action in P. aeruginosa. PA3049-like genes are widespread in y-proteobacteria, with a
108  substantial degree of sequence and structural divergence predicted between the
109  Pseudomonadales and Enterobacterales.
110  PA3049 plays an important role in the formation of biofilm architecture and enabling
111  established biofilms to withstand antimicrobial challenge. These global traits were traced to a
112 narrow set of phenotypic and protein abundance shifts, with P43049 deletion leading to reduced
113 pyocyanin production and altered abundance of enzymes controlling denitrification,
114  pyoverdine and hydrogen cyanide biosynthesis. Finally, we showed that PA3049 interacts
115  directly with two different kinases; SrkA and GIpK that have recently been linked to antibiotic
116  tolerance, suggesting an in vivo mechanism of action. Given the importance of P43049 for P.
117  aeruginosa antimicrobial tolerance and biofilm maintenance, we renamed this gene Biofilm

118  antibiotic tolerance Regulator (BatR).
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119 RESULTS

120  PA3049 homologs are widespread in y-proteobacteria.

121  To uncover the role of P43049 (batR) in P. aeruginosa, we first compared its predicted structure
122 with that of E. coli RMF and assessed the wider distribution of batR-like genes in bacterial
123 genomes. An alignment of BatR and RMF sequences, sharing 49.09% identity, shows a 15-
124 residue C-terminal extension on BatR that is absent from RMF (Fig. 1a). AlphaFold three-
125  dimensional protein structure prediction of BatR highlighted a marked difference in the fold of
126  the protein C-terminus compared to its £. coli homolog. BatR contains a predicted a-helix of
127 12 residues at the C terminus (red boxed) in addition to the two a helices connected by a 13-
128  amino acid linker region that comprise E. coli RMF (Fig. 1b).

129 A phylogenetic tree of RMF homologs revealed that they are confined to the y-proteobacteria
130 class (Fig. 1c), with genes associated with RMF showing distinct evolutionary paths across
131  diverse bacterial orders. Notably, batR in Pseudomonadales forms a distinct cluster that
132 diverges significantly from other bacterial orders. This divergence is particularly evident for
133 the Enterobacterales, including E. coli and Yersinia pestis; and Vibrionales including Vibrio
134 cholerae, where RMF homologs have been shown to play roles in ribosome hibernation (23).
135  While rmf and batR appear to share an ancestral root, their divergent structure and phylogeny,
136  supported by the existing literature (22) are consistent with an alternative functional role for
137  BatR.

138  batR protects P. aeruginosa biofilms from sub-inhibitory concentrations (SIC) of
139  antibiotics in vitro.

140  Given the heightened abundance of batR transcripts in dormant P. aeruginosa cells within
141  biofilms (13), we assessed the importance of bhatR in biofilm formation and its effects on
142  antimicrobial tolerance. To do this, we generated a non-polar deletion mutant (AbatR) in PAO1

143  and examined the response of the mutant to antimicrobial agents when grown in liquid and on
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144 solid agar. Assays were conducted using several different antibiotic classes, targeting distinct
145  metabolic processes: aminoglycosides (gentamicin, GENT), B-lactams (piperacillin, PIP) and
146  quinolones (ciprofloxacin, CIP).

147  Consistent with previous findings (22), the deletion of batR did not impact bacterial viability
148  orresult in growth impairment in shaking cultures exposed to SIC of tested antimicrobials (see
149  Fig. S1). Additionally, the minimal inhibitory concentration (24) of all three tested antibiotics
150  was unaffected in AbatR (Table 1). Interestingly however, AbatR showed a small but significant
151  increase in sensitivity to PIP and CIP (12-17%), when grown on a solid surface (Fig 2a).

152  The comparison of PAO1 WT and AbatR cultures grown in liquid medium (24) under static
153  conditions revealed no measurable effect on biofilm formation (Fig. 2b). However, the addition
154  of SIC of CIP led to a significant reduction in biofilm formation for the AbatR strain compared
155  to WT PAOI1 (Fig. 2b). Given the initial observation that sensitivity to both PIP and CIP was
156  affected on solid surfaces (Fig. 2a), we used an alternative, glass bead biofilm model (25), to
157  assess the survival of cells within established biofilms challenged with PIP. This model
158 revealed a substantial reduction in the survival of established AbatR biofilms compared to WT
159  PAOI, for samples exposed to SIC of PIP (Fig. 2¢). Notably, the AbatR phenotype could be
160  fully rescued by the heterologous expression of batR (Fig. 2d). Considering the different mode
161  of action of the antibiotics tested in this study, our results suggest that the contribution of BatR
162  to P. aeruginosa antimicrobial tolerance may occur through a general, rather than a drug-
163  specific mechanism. A simple explanation for these phenotypes could be a nonspecific change
164  in membrane permeability. However, we discarded this hypothesis after quantifying the
165 intracellular concentration of resazurin, a fluorescent dye used as a permeability and efflux
166  marker (Fig. S2), where little difference was seen in the response of WT and AbatR strains.
167 BatR affects the ability of P aeruginosa to withstand antimicrobial challenge in

168  established biofilms and clinically validated infection models.
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169  To assess the clinical significance of BatR in P. aeruginosa, we employed the established ex
170  vivo pig lung (EVPL) model (26) to simulate P. aeruginosa biofilm infections in CF
171  bronchioles. This model comprises two environments: the bronchiolar lung tissue surface and
172 the SCFM (Synthetic Cystic Fibrosis Medium) to mimic the luminal mucus in the human CF
173  lung (27). We first determined the efficiencies of the antibiotics PIP, CIP, and GENT to clear
174  EVPL infections. Under our test conditions, PAO1 biofilms were highly tolerant to PIP
175  treatment (Fig. S3), precluding its use in these assays. Therefore, we assessed survival of the
176  biofilms challenged with CIP at a SIC of 16 pg/ml. We recovered the biofilms at 2 d and 7 d
177  postinfection (PI) to determine CFU per EVPL section. Our results show that BatR not only
178  contributes to CIP tolerance, but also plays a key role in biofilm establishment within the EVPL
179  model at 2 d PI (Fig. 3a). However, by 7 d PI, while P. aeruginosa remained viable on the lung
180 tissue, batR did not appear to contribute significantly to biofilm formation or CIP tolerance,
181  although there was a decrease in tolerance to CIP treatment in the WT strain (Fig. 3a). These
182  findings suggest a role for BatR in biofilm establishment and antibiotic tolerance in P.
183  aeruginosa infections, particularly in early stages of CF. We further explored these phenotypes
184  in an in vitro biofilm model designed to mimic the conditions found in chronic wounds (28).
185  Survival comparisons in biofilms without CIP challenge revealed no differences between WT
186  and AbatR strains. However, significant differences were observed for PAO1 AbatR biofilms
187  treated with different concentrations of CIP, compared to WT PAOI1 in this model (Fig. 3b).
188  Next, we examined the biofilm architecture in infected lung pieces, with and without SIC of
189  CIP in the EVPL + SCFM. Replica sets of infected lung pieces were fixed at both 2 d and 7 d
190 Pl and sections stained with H & E (Haematoxylin & Eosin) to visualise the total biofilm mass
191  and tissue architecture. At 7 d PI, the EVPL biofilms show the typical “sponge”-like appearance
192  consisting of extracellular matrix punctuated by gaps, resembling CF biofilms observed in vivo

193  (29-31). However, there were clear qualitative differences in the biofilm observed between the
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194  AbatR and WT strains, as shown in Fig. 4. The matrix covering the biofilm structure appeared
195  thicker in the WT biofilm when challenged with SIC of CIP, something that is not observed in
196 the biofilm formed by the AbatR strain (Fig. 4). These observations suggest that hatR may play
197  arole in influencing biofilm architecture, particularly in response to SIC of antibiotics.

198 BatR induces the production of specific virulence factors in the EVPL model under CIP
199  challenge.

200  To understand the impact of BatR on P. aeruginosa biology in the EVPL model, we quantified
201  the production of key virulence-associated exoproducts (27). After washing the lung tissues
202  twice in PBS to remove planktonic cells, we measured virulence factor production by biofilms
203  growing on the lung tissue surface. Despite non-significant changes in siderophore abundance
204  (pyoverdine and pyochelin, Fig. S4), a notable increase in blue colouration, indicative of
205 pyocyanin production, was evident in the WT strain compared to AbatR when treated with CIP
206  onday 2 (Fig. 5 a,b).

207  BatR induces specific changes in the PAO1 proteome under antimicrobial challenge.

208  Next, to investigate the physiological changes associated with BatR during antibiotic challenge
209 in P aeruginosa biofilms, we conducted a comparative proteomic analysis between the WT
210 and AbatR PAOL1 strains, in the presence and absence of SIC of the antibiotic PIP. High-
211  resolution mass spectrometry following TMT labelling detected an average of 4,581 individual
212 proteins in each sample (S1 Data), representing ~80% of the predicted total P. aeruginosa
213 PAOI proteome (32). BatR was exclusively detected in the WT PAO1 strain. Surprisingly,
214  limited differences were detected between the proteomes of the two strains (Fig. S5, S1 Data),
215  suggesting that the impact of batR deletion is quite specific under the conditions tested.

216  Of 21 proteins decreased in the AbatR strain in the absence of PIP challenge (Table 2), seven
217  (PA0617-PA0633) are components of a predicted bacteriophage. In addition, we saw reduced

218 abundance of proteins involved in transport & metabolism; two heat shock proteins and four
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219  proteins of unknown function in the AbatR strain. Conversely, 14 proteins were increased in
220 the AbatR strain, including Rubredoxin-1, Type VI secretion system components and the
221  Phenazine-1-carboxylate N-methyltransferase PhzM (Table 3).

222 For cells subjected to PIP challenge (S1 Data), batR deletion is associated with significantly
223 decreased abundance of 11 proteins (Table 4), including components of the Hydrogen cyanide
224 (HCN) and Pyoverdine (PVD) synthesis pathways, quorum sensing and transcriptional
225  regulators, and iron transport proteins. Deletion of batR significantly increased abundance of
226  only twelve proteins under PIP challenge. These proteins play roles in energy production and
227  conversion, especially nitrate respiration, primary metabolism, and Type VI secretion (Table
228 5).

229  To further explore the suggested connection between BatR and PVD and HCN production, we
230 grew WT and AbatR strains in the presence of SIC of the antibiotics PIP, CIP, and GENT, and
231  quantified PVD and HCN production. Contrary to expectations, PVD production was
232 significantly increased in the AbatR strain under PIP challenge in liquid media (Fig. 6a).
233  Likewise, exposure of WT and AbatR strains to Feigl Anger solution, showed enhanced HCN
234 production in the AbatR strain when challenged with PIP (Fig. 6d). These results confirm the
235 link between BatR and both phenotypes but suggest that the association may be highly
236  dependent on growth conditions. Consistent with results from the EVPL assays, we did not
237  observe a significant increase in siderophore production under CIP or GENT challenge
238  conditions in the AbatR strain (Fig. 6 b,c). These findings suggest that, while batR deletion
239 leads to a general antibiotic/biofilm tolerance phenotype, some of the specific proteomic
240  changes observed are antibiotic-specific.

241  BatR interacts with two kinase enzymes.

242 To understand the molecular basis of BatR function, we next investigated its interactions with

243 other PAO1 proteins by performing a co-immunoprecipitation (Co-IP) analysis (S2 Data). M2-
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244  tagged BatR pulled down several cytoplasmic proteins, indicating potential direct regulatory
245  mechanisms (Table 6). Independent validation of strongly co-precipitating proteins was
246  conducted using Bacterial Two-Hybrid (B2H) analysis. This confirmed specific interactions
247  between BatR and two structurally diverse kinase enzymes: Glycerol phosphate kinase (GlpK)
248  and Stress response kinase A (SrkA) (Fig. 7a). These interactions are noteworthy given the
249  recently established roles of both proteins in antimicrobial tolerance and stress response (33,
250 LiuY, 2022 #12, 34).

251  To gain additional insight into the potential interaction between BatR and GIpK / SrkA, we
252  used AlphaFold 2 (35) to create three dimensional models of all three proteins. These models
253  allowed us to dock BatR onto GlpK and SrkA, predicting potential interaction residues and
254  providing valuable structural information. Interestingly, the BatR residue Ws> was common to
255  both predicted interaction interfaces (Fig. 7 b,c). This residue is highly conserved among
256  Pseudomonas BatR homologs but is missing from E. coli RMF (Fig. S6).

257  GIpK (PA3582) is an ATP-dependent glycerol kinase that catalyses the first step in the
258 metabolism of glycerol, producing glycerol 3-phosphate (G3P) during aerobic microbial
259  metabolism in P. aeruginosa (36). G3P accumulation is associated with reduced cell growth,
260 diminished pyocyanin production, lowered tolerance to oxidative stress and increased
261  kanamycin susceptibility in P. aeruginosa (34). The observed phenotypes in the AbatR strain
262  align with those linked to G3P accumulation (Figures 2, 3 & 5), suggesting a potential role for
263 BatR in suppressing GlpK activity. The interaction between BatR and GlpK is predicted to be
264  clectrostatic, with the amino acids from BatR (Wa4, E46 and Ws2) and GIpK (V326, N32g and
265  Ya3s) being involved (Fig. 7b). We propose that BatR’s binding suppresses GIpK activity as the
266  binding may interfere with the ATP/ADP predicted binding site (residues 314 & 318, Table 7).

267  Consistent with the expected consequences of G3P accumulation, batR deletion significantly
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268  affected PAOI1 growth and survival when cultured in M9 containing succinate & glycerol, as
269  previously described (34) (Fig. 8a).

270  SrkA (PA0486) is a eukaryotic-like serine-threonine protein kinase, whose protective role in
271  antimicrobial and environmental stress has been characterised in E. coli (33, 37). This protein
272 s linked to areactive oxygen species (ROS) cascade, and a deficiency of s7kA stimulates stress-
273  induced programmed cell death (PCD) even after stress dissipated. The deletion of batR in P.
274  aeruginosa strain PAO1 leads to reduced survival rates following antibiotic treatment in
275  biofilms (Figure 2&3), despite no observed changes in MIC values (Table 1), consistent with
276  SrkA dysregulation in E. coli (33). Additionally, BatR exhibits a protective role against
277  hydrogen peroxide (H20,) stress in PAO1 (Fig. 8b), like SrkA in E. coli, supporting a potential
278  connection between BatR and StkA in stress response pathways. The interaction between BatR
279  and SrkA is also predicted to be electrostatic, involving specific amino acid residues from both
280  BatR (Ras, Was, E46 and Ws2) and SrkA (N32, Y3a, P113, A234, G23s, Y276 and Fao3) (Fig. 7¢). We
281  propose that the binding of BatR suppresses the kinase activity of SrkA, possibly impacting its
282  role in ATP binding (residue 33 predicted to bind ATP, see Table 8). This interaction might
283  enhance cellular resistance to stress. To test this hypothesis, we overexpressed srkA4 in the WT
284  and AbatR strains. The overproduction of SrkA in both strains resulted in increased lethality
285 and enhanced pyocyanin production in pellicle biofilms grown in liquid medium (Figure 8c).
286 It is noteworthy that pyocyanin production occurs underneath growing pellicles when srkA is
287  overexpressed. Given the lack of characterisation of srk4 in P. aeruginosa so far, we propose
288  a potential role in regulating antimicrobial stress and pyocyanin production, two phenotypes
289  associated with batR in this study.

290 DISCUSSION

291 In this study, we characterise the P. aeruginosa hydrophilin BatR and determine its role in

292  antimicrobial tolerance and biofilm formation, and its potential clinical significance. batR
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293  homologs exhibit a high degree of conservation within diverse bacteria, particularly in y-
294  proteobacterial species (23). The identification of a well-supported clade of Pseudomonadales
295  carrying batR homologs that is both genetically and structurally distinct from the characterised
296  Enterobacterales/Vibrionales rmf clade suggests a divergent evolutionary path for these genes,
297  and a distinct cellular function for BatR. The well characterised hatR homolog in E. coli; rmf,
298  contributes to ribosome hibernation and tolerance to the aminoglycoside antibiotics gentamicin
299  and netilmicin (20, 38). Consistent with this, the binding site of this hibernation factor is near
300 tothose described for these antibiotics, thus potentially interfering with its mechanism of action
301 (23). Conversely, the contribution of batR to antimicrobial tolerance is not linked to
302 antimicrobial mode-of-action, making it highly unlikely that BatR functions solely via
303 ribosomal inhibition, as previously suggested.

304 BatR contributes to both biofilm formation and antibiotic tolerance in conditions like those in
305 CF infections. Our data suggest that BatR is particularly important during the early stages of P
306 aeruginosa lung tissue infection at sub-inhibitory concentrations of antibiotics. This is relevant
307 in CF patients since they are typically subject to extended antibiotic regimes, but the drugs do
308 not necessarily reach the entire lung at inhibitory concentrations (39). Both WT and AbatR
309 strains formed sponge-like biofilm structures, characteristic of CF infections after 7 days PI in
310 the EVPL model. However, upon challenge with CIP the AbatR strain formed a less resistant
311  biofilm structure on the surface of the EVPL bronchiolar tissue compared to the WT strain.
312  Interestingly, whilst these differences were visually obvious, similar CFU were recovered from
313  tissue infected by both genotypes at 7 days. This is consistent with a large fraction of dead or
314  unculturable cells in WT biofilms, as previously observed for P. aeruginosa PA14 biofilms
315 (27). Noteworthy, transcriptomic analysis of P. aeruginosa strain PA14 in EVPL model
316 revealed significant differential expression of batR at 7 days compared with 1 day PI (40). BatR

317  is also involved in P. aeruginosa biofilm tolerance in the synthetic chronic wound model of
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318  diabetic foot infections. This is consistent with the finding that batR expression is differentially
319 increased in burn wound infections (41), and underscores the versatility of hatR in mediating
320 P aeruginosa pathogenesis across various infection settings.

321  BatR function appears to be consistently associated with pyocyanin production. This molecule
322  was notably reduced in AbatR following exposure to CIP in the EVPL model (Figure 5). Acting
323  as a potent electron acceptor, pyocyanin influences cellular redox balance, inducing oxidative
324  stress in host cells and ultimately leading to cell damage and lysis (42). Within the oxygen-
325 limited environment of P. aeruginosa biofilms, pyocyanin is crucial for metabolic continuity
326  and significantly impacts the biofilm's response to antibiotic treatments (43-45). Our proteomic
327  results align with previous research demonstrating the induction of denitrification enzymes by
328 phenazine deficiency in P. aeruginosa biofilms (46). Additionally, upregulation of the
329 permease FeoB (Table X) by batR facilitates efficient iron uptake in biofilms, highlighting the
330 intricate interplay between BatR, phenazine metabolism and iron homeostasis (47). Consistent
331  with our H&E staining results (Figure 4), pyocyanin production has been linked to biofilm
332  architecture and eDNA production in P. aeruginosa (48), contributing to the observed
333  differences in biofilm structure.

334  Finally, to understand the molecular basis of BatR function we investigated its protein
335 interaction partners within the cell. Through screening, two proteins; SrkA and GlpK, were
336 identified. BatR interaction with SrkA and GlpK control antimicrobial tolerance and virulence
337  factor production of P. aeruginosa PAO1 biofilms. Thus, BatR may have potential therapeutic
338 utility as a target for the control of P. aeruginosa infections. Similarly to E. coli, StkA in P
339  aeruginosa may have a regulatory role in stress mediated PCD, mediated by BatR interaction.
340  E.coli StkA is partially regulated by the Cpx envelope stress-response system, which has both
341 protective and destructive roles that help bacteria make a live-or-die decision in response to

342  stress (33). Interestingly, transcription of rmf is also induced by the Cpx system in E. coli,
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343  suggesting a link between them (49). Our results also suggest the involvement of SrkA in
344  regulating pyocyanin production in P. aeruginosa, although further research is necessary to
345  fully understand this link.

346  G3P metabolism has been characterized in P. aeruginosa due to its relevance to CF infections
347  (34): glycerol is released from the cleavage of phosphatidylcholine, the major lung surfactant
348 in CF patients (50). G3P is involved in maintaining cellular homeostasis, and increased levels
349  of G3P lead to reduced pyocyanin production and resistance to kanamycin (34). This represents
350 a clear example of bacterial antibiotic resistance closely correlated with physiological
351  metabolism (51, 52). However, the specific mechanism by which G3P accumulation induces
352  phenotypic alterations in P. aeruginosa PAO1 remains unclear.

353  Our current view of the mechanism of action of this novel post-transcriptional regulator, BatR,
354  expressed under biofilm conditions that plays a role under antimicrobial stress in the
355  opportunistic human pathogen P. aeruginosa, is sketched in Fig. 9.

356 In conclusion, our findings expand the understanding of molecular mechanisms contributing
357  to antimicrobial tolerance in P. aeruginosa biofilms. These results have broad implications for
358 the functions of uncharacterised proteins induced under biofilm conditions, shedding light on
359 their pivotal role in orchestrating multifaceted processes. This deeper insight enhances our
360 ability to develop targeted therapeutic interventions to combat biofilm-associated challenges.
361

362 MATERIALS AND METHODS

363 Bioinformatic analysis.

364 A phylogenetic tree of RMF proteins was constructed using 765 publicly available protein
365 sequences from the NCBI database. The dataset was curated based on a criterion of 50%
366  sequence identity and 40% query cover to ensure the representation of diverse homologs while

367 maintaining a reasonable level of similarity. The multiple sequence alignment was performed
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368 using Clustal Omega (v1.2.4), generating an alignment matrix with 137 columns and 135
369  distinct patterns. Phylogenetic signal analysis revealed 82 parsimony-informative sites, 33
370 singleton sites, and 22 constant sites. Manual curation was done to remove the repetitive
371  sequences and false hits. The phylogeny estimation was done using IQ-TREE, (multicore
372 vl1.6.12), employing the maximum likelihood (ML) criterion. The tree visualization was done
373 using iTOL (v6.8.1), representation chosen was an unrooted tree with branch lengths
374  proportional to the inferred evolutionary distances between sequences. The clade colours were
375  assigned at order level of the taxonomy.

376  Bacterial strains and growth media.

377  Bacterial strains and plasmids used in this study are listed in Table 9. Unless otherwise stated,
378 P aeruginosa PAOI and E. coli DH5a strains were routinely cultured in lysogeny broth (LB
379  (JH, 1972 #6)) at 37°°C solidified with 1.5% w/v agar where appropriate. For Gly + Succinate
380 growth curves, PAO1 strains were grown in M9 salts supplemented with 1 mM MgSOs, 1 mM
381 CaClz (53), adding 20 mM succinate and 20 mM glycerol as the carbon sources. For growth
382  curves, measurements were taken every 30 min for up to 48 h on a FLUOstar nano plate reader
383 (BMGQG) with the plate being incubated at 37°°C under static or planktonic conditions, as
384 indicated.

385  Carbenicillin (Carb) was used at 100 pg/ml, Kanamycin (Kan) at 50 pg/ml, Tetracycline (Tet)
386 at 12.5 pg/ml for E. coli and 100 pg/ml for P. aeruginosa, IPTG at 0.5 mM, and X-gal at 40
387  ug/ml. The antibiotics Piperacillin (PIP), Gentamicin (GENT), and Ciprofloxacin (CIP) were
388 employed at concentrations optimized for each experiment, with details provided accordingly.
389  Molecular biology techniques and Genetic manipulation of PAO1.

390 These procedures were performed as previously described (54). All pTS1 plasmid inserts were

391  synthesised and cloned into pTS1 by Twist Bioscience.
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392  The ORF of batR and srkA were amplified by PCR with primers batR _EcoRI F/batR Xhol R
393  and stkA EcoRI F / stkA Xhol R (Table 10), respectively, and ligated between the EcoRI
394  and Xhol sites of pME6032. For the flag-tagged batR construction in pME6032, primers
395 batR EcoRI F and 3xflag batR Xhol (Table 10) were used. Bacterial-2-hybrid plasmids were
396 made by Gibson assembly (g/pK) and restriction cloning (batR, acpP, srkA, psiC, pilG, and
397  ribA) into the Xbal and Kpnl sites of pKNT25 and pUT18C using the primers indicated in
398 Table 10.

399 MIC determination.

400 Minimum inhibition concentrations of antibiotics were determined by the broth microdilution
401 method (24) following the EUCAST guidelines, using Mueller-Hinton broth. The Sub
402  Inhibitory Concentration (SIC) was defined as being 1/4 of the lowest antibiotic concentration
403  that inhibited visible growth after overnight incubation at 37°C.

404  Inhibition disc assay.

405  Bacterial cultures were grown in LB medium at 37°C to mid-log phase, Asoonm=0.5, and 150
406  pl were spread on each plate. Discs containing the antibiotics/H2O> were gently placed on the
407  agar and plates were incubated inverted overnight. The normalized width of the antimicrobial
408  “halo” (NWhaio) of each disk was determined after (55).

409  Glass beads biofilms and Crystal Violet (CV) assays.

410  These assays were performed as described elsewhere (25) with the following modifications.
411  Ten independent biological replicates were included: five PIP-exposed biofilm lineages
412  (challenged with 0.25x MIC of PIP for 90 min) and five unexposed control lineages. Cells
413  recovered from the beads were serial diluted and spotted onto LB plates for CFU counting.
414  For the CV assay, the Asoonm Was measured at using a SPECTROstar nano plate reader (BMG
415  Labtech).

416  Membrane permeability assays.
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417  These assays were performed as described elsewhere (56).

418 EVPL infection model.

419 EVPL was prepared as previously described (27, 57). Porcine lungs were obtained from two
420  local butchers (Quigley and Sons, Cubbington; and Taylor’s Butcher, Earlsdon) and dissected
421  onthe day of delivery under sterile conditions. Following infection of bronchiolar tissue pieces,
422 500 ul of SCFM =+ 16 pg/ml CIP was added to each well. Tissue pieces were incubated at 37°C
423  for 2 and 7 d. Uninfected controls were included. EVPL biofilm recovery and assessment of
424  bacterial load and virulence factors production were determined as described elsewhere (27).
425  Haematoxylin & eosin staining.

426 H & E staining was assayed as previously described (27). The infected/uninfected EVPL tissue
427  pieces were fixed and sent to the University of Manchester Histology Core Facility for paraffin
428 wax embedding, sectioning, and mounting. Samples were de-paraffinized and stained in
429  Mayer’s hemalum solution (Merck Millipore) and counterstained in eosin Y solution (Merck
430  Millipore). Images were taken using a Zeiss Axio Imager Z2 light microscope with the Zeiss
431  AxioCam 506 and Zeiss Zen Blue v2.3 pro software.

432  Synthetic chronic wound infection model.

433  These assays were performed as previously described (28).

434  Quantitative Proteomics (TMT) for expression analysis.

435  The detailed protocol is presented in the supplemental materials section (S3 Data). The mass
436  spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via
437 the PRIDE (58) partner repository with the dataset identifier PXDO050997 and
438  10.6019/PXD050997.

439  Hydrogen cyanide (HCN) production.

440  The Feigl-Anger assay was employed to detect HCN production. These assays were performed

441  as described elsewhere (59).
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442  Co-Immunoprecipitation and mass spectrometry analysis.

443 The detailed protocol is presented in the supplemental materials section (S4 Data). Data are
444  available via ProteomeXchange with identifier PXD050995.

445  Bacterial 2 hybrid assays.

446  These assays were performed as described elsewhere (60) with some modifications. The ORFs
447  of batR, acpP, pilG, psiIC, ribA, srkA and gipK were cloned into pKT25 and pUT18C using
448  either conventional restriction enzyme cloning or Gibson assembly, as indicated in Table 10.
449  Data presentation and statistical analyses.

450  All graphs and one-way ANOVA followed by post-hoc Tukey's Multiple Comparison Test,
451  where appropriate, were performed using GraphPad Prism version 5.04 for Windows,

452  www.graphpad.com.

453
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460 FIGURE LEGENDS

461  FIG 1. a. Sequence alignment of BatR and RMF. The amino acid sequences were aligned
462  using ClustalW and black asterisks mark conserved residues in both proteins. b. AlphaFold
463 model of BatR (magenta), overlaid onto the structure of E. coli RMF (cyan). Note the
464  additional alpha-helix predicted for BatR (red boxed) at the C-terminus of the predicted
465  structure. c. The phylogenetic relationship between BatR/RMF homologs. The tree is based

466  on 765 proteins homologous to BatR/RMF from y-proteobacteria.
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467  FIG 2. a. Antibiotic disk diffusion assay. Results are represented as the normalized width of
468  the antimicrobial halo (NW halo), calculated as described in (55). Differences in inhibition
469  were significant between WT and AbatR strains (Fss50=52.52, P<0.0001) and post hoc analysis
470  showed significant differences between WT and AbatR strain under PIP and CIP treatments
471  (p<0.0001 ***) and non-significant (ns) effect with GENT. b. Biofilm formation. Crystal
472  Violet absorbance (Asoonm) after 24-h static growth in LB medium. Treated samples were
473  incubated in the presence of SIC of antibiotics PIP, GENT, and CIP. NT=not treated. ANOVA
474  F73,=49.35; p<0.0001, post hoc analysis showed this was only significant for CIP treatment
475  (p<0.0001 ***) ¢. Glass Beads Biofilm survival. Bacterial recovery (CFU/bead) from
476  established biofilms grown on glass beads for 24h following treatment with SIC of PIP for 90
477  min. d. Glass Beads Biofilm survival complementation. Strains: WT PAO1 strain carrying
478  the empty vector pME6032 (WT-pMEG6032) and AbatR either carrying the empty vector
479 pMEG6032 (AbatR-pME6032) or overexpressing batR (AbatR-pME-batR). ANOVA
480  F2,12=6.414; p=0.0127, post hoc analysis showed this was significant for WT-pME6032 (PIP)
481  vs AbatR-pME6032 (PIP) and for AbatR-pME6032 (PIP) vs AbatR-pME-batR (PIP) (p<0.05%).
482  FIG 3. a. Ex Vivo Pig Lung (EVPL) Model. Growth of P. aeruginosa PAO1 strain (WT) and
483  AbatR, on 15 pieces of EVPL bronchiole (five replicate pieces of tissue infected per strain from
484  five independent lungs) plus Synthetic Cystic Fibrosis Medium (SCFM), with and without 16
485  pg/ml CIP treatment. Colony forming units (CFU) were retrieved from biofilms after 2 d and
486 7 d growth at 37°C. Bars denote mean for each genotype across all five lungs, and asterisks
487  denote a significant difference under that condition. ANOVA F7,112=19.90; p<0.0001, post hoc
488  analysis showed significant differences for WT 2d vs AbatR 2d; WT 2d vs AbatR +CIP 2d;
489  AbatR 2d vs WT+CIP 2d, (p<0.0001 ***); and for WT 7d vs WT+CIP 7d; WT 7d vs
490 DbatR+CIP 7d (p<0.05 *). b. Synthetic Chronic Wound (SCW) Model. Viability of P

491  aeruginosa PAO1 (WT) and the AbatR strain living in established biofilms (24 h), treated with
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492  different concentrations of CIP in the cell suspension on top of the matrices. Dots represent the
493  average from three biological replicates and error bars indicate the standard deviation. ANOVA
494  found a significant difference in biofilm survival between WT and AbatR under 64 ng/ml CIP
495  treatment.

496  FIG 4. Haematoxylin and eosin (H & E) stained sections of EVPL bronchiolar tissue with
497  SCFM medium infected with P. aeruginosa at 7 d post infection. EVPL was infected with
498 P aeruginosa PAO1 WT and AbatR, with uninfected tissue as a negative control. The x20
499  magnification images from the sections are shown here for non-treated tissues (SCFM) and
500 treated with CIP (SCFM + CIP). The cartilage and tissue surface (lower half of each image)
501 stain pink and the bacterial biofilm stain purple, including the bacterial cells and biofilm matrix.
502  Representative images of phenotypes at day 7 PI are shown here, but the same results were
503  observed for all biological replicates analysed.

504  FIG 5. a. Production of pyocyanin (Ae9s) by P. aeruginosa WT and AbatR in the EVPL
505 model. Significant differences in pyocyanin production between WT and AbatR under CIP
506 treatment (ANOVA Fs3 = 16.10, p<0.0001***), post hoc analysis showed significant
507 differences (p<0.0001***) for WT vs WT (CIP), WT vs AbatR (CIP); AbatR vs WT (CIP) and
508  AbatR vs AbatR (CIP). b. P. aeruginosa biofilms on squares of bronchiolar tissue. The blue
509 pigmentation is typical of P. aeruginosa and is a mixture of the exoproducts pyoverdine and
510 pyocyanin; note the increased intensity of blue colour in the WT strain grown in SCFM exposed
511 to CIP.

512 FIG 6. a, b, c. Pyoverdine production. Fluorescence (PVD) relative to growth (Agoo) of WT
513  and AbatR PAOI cells in liquid medium with and without PIP (a), CIP (b) and GENT (c). PVD:
514  relative fluorescence measured at 460 nm (excitation: 400 nm) for the strains at 65 h. d. HCN
515 production. Feigl-Anger assay showing release of HCN from WT and AbatR PAO1 strains.

516  Three independent biological replicates are shown. The blue pigmentation corresponds to HCN
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517 release; note the increased intensity of blue colour in the AbatR PAO1 strain when challenged
518  with PIP (blue boxed).

519 FIG 7. BatR interacts with two Kinase-like proteins. a. Representative image of qualitative
520 [-galactosidase assays on agar plates. pKT25 and pUTI18C fusions are shown in rows and
521  columns, with the indicated protein/empty vector present in each case. Positive control (+):
522  pKT25-zip and pUT18C-zip encoding the two adenylate cyclase fragments, T25 and T18, each
523  fused to the leucine zipper domain of the yeast transcriptional activator GCN4. b and ¢ are
524  cartoon representations of BatR (magenta) modelled onto the proteins GIpK of SrkA (35),
525  respectively. The interacting residues are shown in yellow and the Ws; residue is labelled.

526  FIG 8. BatR interacts with Glycerol phosphate kinase (GlpK) and Stress response Kinase
527 A (SrkA). a. Growth of P. aeruginosa PAQO1 strains with 20 mM succinate and 20 mM
528 glycerol as the carbon sources. The mean growth for 3 biological replicates for strains WT
529  (35) and AbatR (blue) is shown as a solid line and standard deviation shown as dotted lines.
530 Cells were grown for 48 h at 37°C under static conditions. b. Hydrogen peroxide (H203)
531  sensitivity assay. Photographs of the bacterial culture plates 1 d after incubation at 37°C
532 showing halos corresponding to inhibition zones of bacterial growth around the H>O; disks,
533 indicating bacterial sensitivity. Phenotypes of the WT and AbarR (highly sensitive) strains are
534  shown. The concentration of H>O; on each disk is shown (0.35-6.0 %). c. Biofilm pellicle assay
535 showing 1 d biofilm and pyocyanin production. Photograph of static cultures of the WT and
536 the AbatR strains overexpressing srkA grown without (-) and with (+) 0.05 mM IPTG
537 demonstrating mature biofilm at air-liquid interface. Two biofilm characteristics were
538  observed: pellicle (arrowed) and pyocyanin production (blue coloration; red boxed).

539  FIG9. Schematic representation of BatR mechanism of action. a. BatR-GlpK interaction
540 and its impact on G3P metabolism in P. aeruginosa PAO1. G3P, crucial for various cellular

541  processes, can be imported from the extracellular environment or derived from glycerol
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542  phosphorylation via GlpK activity. The accumulation of G3P reduces antibiotic resistance,
543  pyocyanin production, oxidative stress tolerance, and twitching motility. GlpK activity is
544  suppressed upon interaction with BatR, potentially resulting in decreased G3P levels and
545 increased pyocyanin and antimicrobial resistance. b. BatR-SrkA interaction and its
546  implications in stress-mediated bacterial PCD and pyocyanin production: SrkA, plays a
547  protective role against stressors such as H>O, and antibiotics, controls pyocyanin production,
548 and interacts with BatR. This interaction is hypothesised to be crucial for SrkA’s protective
549  function and suggests a novel mechanism for stress response modulation in P. aeruginosa.
550

551 SUPPLEMENTAL MATERIAL

552  FIG S1. Growth curves are shown for strains WT (35), AbatR (blue) in LB medium and WT
553  (35), AbatR (black) in LB medium supplemented with SIC of CIP, GENT or PIP. The mean
554  growth for 3 biological replicates is shown as a solid line and standard deviation shown as
555  dotted lines. Cells were grown for 24 h at 37°C under shaking conditions.

556 FIG S2. Membrane permeability assays. Drug accumulation as measured by resazurin
557  fluorescence at excitation 544 nm and emission of 590 nm (544,590) is shown. Lines indicate
558 average from 3 biological replicates, with 4 technical replicates for each.

559  FIG S3. Log of total CFU of P. aeruginosa strain PAO1 WT recovered from the EVPL model
560 following treatment with antibiotics. Each strain was grown on EVPL tissue for 48 h then
561 transferred to antibiotic or PBS as a control for 18 h and the CFU/lung determined.

562  FIG S4. Production of siderophores by P. aeruginosa WT and AbatR biofilms in the EVPL
563  model. Units are as follows: for pyoverdine (PVD), fluorescence with excitation/emission of
564  400+20/460+20 nm per CFU and pyochelin (PCH), fluorescence with excitation/emission of

565  360+35/460+20 nm per CFU of P. aeruginosa. Graphs a and ¢ show PVD production at 2 d
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566 and 7 d PI, respectively. Graphs b and d show PCH production at 2 d and 7 d PI, respectively.
567  The bars denote means and an ANOVA test shows non-significant differences.

568 FIG S5. Proteomic analysis: Scatterplot representing pairwise comparison of mean log2
569  protein abundance values for P. aeruginosa WT and AbatR, with and without PIP challenge. A
570 complete list of genes and information on their predicted functions are given in Table 2 and
571  Table 3.

572  FIG S6. Multiple sequence alignment of selected BatR homologs. Clustal W was used to align
573 RMF of E. coli and BatR homologs of different Pseudomonas species. The sequence alignment
574  was visualized using Geneious software. The conserved tryptophan residue at position 52 in
575  Pseudomonas spp. is shown (arrowed).

576  S1 Data. Integrated proteomic data comparing PAOl WT and AbatR (+PIP). Contains
577  underlying data for Fig S5. (XLSX).

578 S2 Data. Co-IP data comparing PAO1 WT-pME-batR and pME-3xFLAG-batR. Contains
579  underlying data for Table 6. (XLSX).

580 S3 Data. Protocol used for Quantitative Proteomics (TMT) for expression analysis. (DOCX)
581  S4 Data. Protocol used for Co-Immunoprecipitation and mass spectrometry analysis. (DOCX)

582
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769  TABLES
770  Table 1. Minimal inhibitory concentration (MIC)

771
MIC*?
Antimicrobial WT PAO1 AbatR PAO1
Piperacillin 64 64
Gentamycin 8 8
Ciprofloxacin 0.5 0.5
772 * Expressed in pg/mL unless indicated otherwise.
773
774  Table 2. COG pathway analysis of proteins decreased in the AbatR strain.
Locus Gene Product Cog
tag
General function prediction only
PA0617 Probable bacteriophage General function prediction only
protein
PA0618 Probable bacteriophage General function prediction only
protein
PA0619 Probable bacteriophage General function prediction only
protein
PA0620 Probable bacteriophage General function prediction only
protein
PA0623 Probable bacteriophage General function prediction only
protein
PA0626 Phage tail protein General function prediction only
PA0633 Phage tail protein General function prediction only
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protein

PA0803 VOC domain-containing | Function unknown

protein

PA2853 Major outer membrane Function unknown

lipoprotein (Outer
membrane lipoprotein I)

PA3796 DUF937 domain- Function unknown

containing protein

PA1625 AI-2E family transporter | General function prediction only

Transport & Metabolism

PA3224 3-phosphoglycerate metabolism

kinase

PA3280 | oprO Porin O Inorganic ion transport and
metabolism

PA3113 | trpF N-(5'-phosphoribosyl) Amino acid transport and metabolism

anthranilate isomerase
(PRAI)

PA1906 HIT family protein Nucleotide transport and metabolism
Carbohydrate transport and
metabolism

PA2594 PBPb domain-containing | Inorganic ion transport and

protein metabolism

PA2941 VWFA domain-containing | Coenzyme metabolism

Translation, Posttranslational modification, protein turnover, chaperones

protein

PA3049 | rmf/batR | Ribosome modulation Translation, ribosomal structure, and
factor biogenesis

PA5195 | yrfH Heat shock protein 15 Translation, ribosomal structure, and

biogenesis

PA4762 | grpE Protein GrpE (HSP-70 Posttranslational modification, protein
cofactor) turnover, chaperones

Membrane

PA1041 Probable outer membrane | Cell envelope biogenesis, outer

membrane —

Cell motility and secretion

Table 3. COG pathway analysis of proteins increased in the AbatR strain.

Locus
tag

Gene

Product

Cog

Energy production

and conversion

PA5351

rubA
1

Rubredoxin-1 (Rdxs)

Energy production and conversion

Lipid Metabolism

contractile sheath large
subunit

PA0286 | desA | Delta-9 fatty acid desaturase | Lipid metabolism

PA3157 wbpC | Probable acetyltransferase Lipid metabolism

Type VI secretion system

PA1658 | hsiC2 | Type VI secretion system Intracellular trafficking, secretion, and

vesicular transport
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PA2366 hsiC3 | Uricase PuuD Intracellular trafficking, secretion, and
vesicular transport

PA2367 | hcp Type VI secretion system Intracellular trafficking, secretion, and
tube protein vesicular transport

PAO071 | tagR1 | FGE-sulfatase domain- Hcp secretion island | (HSI-1) type VI
containing protein secretion system

PA2361 icmF3 | IcmF-related_N domain- Intracellular trafficking, secretion, and
containing protein vesicular transport

Secondary metabolites biosynthesis, transport, a

nd catabolism

PA4209 | phzM | Phenazine-1-carboxylate N- | phenazine biosynthetic process
methyltransferase
PA4143 | cyaB | Probable toxin transporter transmembrane transport

Inorganic ion transport and metabolism

PA1436

Probable Resistance-
Nodulation-Cell Division
(RND) efflux transporter

Signal transduction mechanisms

PA4154 | ygiM | SH3b domain-containing Signal transduction mechanisms
protein

Unknown function

PA4297 tadG | TadG Function unknown

PA2030 Transmembrane protein Function unknown

Table 4. COG pathway analysis of proteins decreased in the AbatR strain under PIP

challenge.

Locus
tag

Gene

Product

Cog

Quorum sensing

subunit HcnB

PA0998 | pgsC 2-heptyl-4(1H)-quinolone | acyl-carrier-protein - Secondary
synthase subunit metabolites biosynthesis, transport,
and catabolism - Lipid metabolism
PA4341 Probable transcriptional Transcription
regulator
HCN production
PA2193 | henA Hydrogen cyanide synthase | Energy production and conversion -
subunit HcnA General function prediction only
PA2194 | henB Hydrogen cyanide synthase | General function prediction only

pyoverdine synthesis

PA2386 | pvdA L-ornithine N(5)- Secondary metabolites biosynthesis,
monooxygenase transport, and catabolism

PA2402 | pvdl Pyoverdine peptide Secondary metabolites biosynthesis,
synthetase transport, and catabolism - Lipid

metabolism - Secondary metabolites
biosynthesis, transport, and
catabolism
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PA2413 | pvdH L-2,4-diaminobutyrate:2- Amino acid transport and metabolism
ketoglutarate 4- - Coenzyme metabolism
aminotransferase

Transcription/Translation

PA2511 | antR Probable transcriptional Transcription
regulator

PA3049 | rmf/bat | Ribosome modulation Translation, ribosomal structure, and

R factor biogenesis

Transport

PA2512 | antd Anthranilate dioxygenase Inorganic ion transport and
large subunit metabolism

PA4358 | feoB Ferrous iron transport Inorganic ion transport and
protein B metabolism

Table 5. COG pathway analysis of proteins increased in the AbatR strain under PIP
challenge.

Locus Gene Product Cog

tag

Type VI Secretion System Proteins

PA0263; | Hep Major exported protein | Intracellular trafficking, secretion, and

PA1512; vesicular transport

PA5267

PA2367 | hep3 Type VI secretion Intracellular trafficking, secretion, and

system tube protein Hcp | vesicular transport

Metabolism

PA1897 Fatty acid hydroxylase Lipid metabolism

domain-containing
protein

Energy production - Nitrate Respiration Proteins

precursor

PA0520 | nirQ Denitrification General function prediction only
regulatory protein
PA0524 | norB Nitric oxide reductase Posttranslational modification, protein
subunit B turnover, chaperones - Inorganic ion
transport and metabolism
PA3391 | nosR Regulatory protein Transcription - Energy production and
conversion
PA3392 | nosZ Nitrous-oxide reductase | Energy production and conversion

Energy production

PA5351 | rubAl

| Rubredoxin-1

‘ Energy production and conversion

Transport

PA1436 Probable Resistance- Defence mechanisms —
Nodulation-Cell Inorganic ion transport and metabolism
Division (RND) efflux
transporter

General function pre

diction only

PA0633 |

‘ Phage tail protein

Table 6. BatR interactin

g proteins.
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785
Accession | Gene log fold apv Product
change
Q51390 qlpk2 6.643856 2.28E-15 | Glycerol kinase 2
Q9HZF9 rmf 6.643856 2.28E-15 | Ribosome modulation factor
054439 acpP1 6.643856 2.28E-15 | Acyl carrier protein 1
Q9I1N6 psIC 6.150153 1.05E-10 | PsIC
P46384 pilG 5.064366 2.47E-07 | Protein PilG
Q9HWX6 | nusB 4.297705 2.28E-04 | Transcription antitermination protein
NusB
Q9HWY1 | ribA 3.912171 6.89E-04 | GTP cyclohydrolase-2
Q9HZG2 PA3046 3.722466 0.00102 Uncharacterized protein
Q914Q5 PA1069 3.65581 5.92E-04 | Uncharacterized protein
Q9HXI8 iscS 3.505764 0.00102 Cysteine desulfurase IscS
Q9I0X9 PA2503 3.199751 0.006032 | Uncharacterized protein
P42810 PA4667 3.114367 0.009501 | TPR repeat-containing protein PA4667
Q9HZVO PA2897 3.068155 0.006658 | Probable transcriptional regulator
Q9HXI7 iscR 3.02556 0.014421 | IscR
Q9I5R6 coq7 3.015605 0.007976 | 3-demethoxyubiquinol 3-hydroxylase
Q9HVX2 PA4445 3.013998 0.01486 GTP cyclohydrolase 1 type 2 homolog
Q9HYZ5 minE 2.710614 0.04354 Cell division topological specificity
factor
Q91513 purM 2.709291 0.021917 | Phosphoribosylformylglycinamidine
cyclo-ligase
052761 rplQ 2.704429 0.021917 | 50S ribosomal protein L17
Q9HV50 glmMm 2.571677 0.034564 | Phosphoglucosamine mutase
Q9I0H4 hmp 2.564622 0.04354 Flavohemoproteinl
Q9HWEQ | rplV 2.561937 0.034689 | 50S ribosomal protein L22
QI16G3 PA0328 2.541515 0.046616 | Autotransporter domain-containing
protein
Q9HUGYS | hidE 2.540275 0.04354 Bifunctional protein HIdE
Q91632 srkA 2.486714 0.04354 Stress response kinase A
Q9HWF1 | rplR 2.447844 0.04354 50S ribosomal protein L18
786
787  Table 7. Predicted GlpK (PA3582) active and binding sites (source www.uniprot.org)
Type POSITION(S) DESCRIPTION
Binding site 12 ADP
Binding site 12 ATP
Binding site 12 sn-glycerol 3-phosphate
Binding site 13 ATP
Binding site 14 ATP
Binding site 16 ADP
Binding site 82 Glycerol
Binding site 82 sn-glycerol 3-phosphate
Binding site 83 glycerol
Binding site 83 sn-glycerol 3-phosphate
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Binding site 134 glycerol
Binding site 134 sn-glycerol 3-phosphate
Binding site 243 glycerol
Binding site 243 sn-glycerol 3-phosphate
Binding site 244 glycerol
Binding site 265 ADP
Binding site 265 ATP
Binding site 308 ADP
Binding site 308 ATP
Binding site 312 ATP
Binding site 408 ADP
Binding site 408 ATP
Binding site 412 ADP
788
789  Table 8. Predicted SrkA (PA0486) active and binding sites (source www.uniprot.org)
Type POSITION(S) DESCRIPTION
Site 33 ATP
Active site 199 Proton acceptor
Binding site 204 Mg2+
Active site 216
Binding site 216 Mg2+
790
791  Table 9. Strains and plasmids used in this study.
Strain Description Reference
P. aeruginosa
WT PAO1 Wild-type Pseudomonas aeruginosa PAO1 1
AbatR PAOI Non-polar deletion of PA3049 (batR) This study
E. coli
DH5a endAl, hsdR17(rx-mk+), supE44, recAl, gyrd 2
(Nal"), relA1, A(laclZYA-argF) U169, deoR,
O80dlacA(lacZ)M15
BTHI101 F-, cya-99, araD139, galE15, galK16, rpsL1 (Strr), 3
hsdR2, mcrAl, mcrBl.
Plasmids
pTS1 Tet®, suicide vector; ColEI-replicon, IncP-1, Mob, 4
lacZ
pTS1-batR vector pTS1 with AbatR constructs as BamHI-HindIII This study
inserts
pME6032 Tet®, Pk, 9.8 kb pVS1 derived shuttle vector 5
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pME-batR pMEG6032 containing the ORF of batR between the  This study
EcoRI-Xhol restriction sites

pME-3xFLAG-batR pMEG6032 containing the 3x-Flag-tagged BatR ORF
using EcoRI-Xhol restriction sites encoded in the
outer primers (used in Co-IP assay)

pKT25 Plasmid for constructing N-terminal fusions to T25, 3
Kan®

pKT25-BatR pKT25 with the ORF of batR cloned within the This study
Xbal/Kpnl sites (used in B2H assay)

pKT25-AcpP pKT25 with the ORF of acpP (PA2966) cloned This study
within the Xbal/Kpnl sites (used in B2H assay)

pKT25-PsIC pKT25 with the ORF of ps/C (PA2233) cloned This study
within the Xbal/Kpnl sites (used in B2H assay)

pKT25-PilG pKT25 with the ORF of pilG (PA0408) cloned This study
within the Xbal/Kpnl sites (used in B2H assay)

pKT25-RibA pKT25 with the ORF of ribA (PA4047) cloned This study
within the Xbal/Kpnl sites (used in B2H assay)

pKT25-SrkA pKT25 with the ORF of srk4 (PA0486) cloned This study
within the Xbal/Kpnl sites (used in B2H assay)

pKT25-GlpK pKT25 with the ORF of glpK (P43582) cloned This study
within the Xbal/Kpnl sites using Gibson assembly
(B2H assay)

pUT18C Plasmid for constructing C-terminal fusions to T18, 3
Carb®

pUT18C-BatR pUTI18C with the ORF of batR cloned within the This study
Xbal/Kpnl sites (used in B2H assay)

pUT18C-AcpP pUT18C with the ORF of acpPI (PA2966) cloned This study
within the Xbal/Kpnl sites (used in B2H assay)

pUT18C-PsIC pUT18C with the ORF of ps/C (PA2233) cloned This study
within the Xbal/Kpnl sites (used in B2H assay)

pUTI18C-PilG pUTI8C with the ORF of pilG (PA0408) cloned This study
within the Xbal/Kpnl sites (used in B2H assay)

pUT18C-RibA pUTI18C with the ORF of ribA (PA4047) cloned This study
within the Xbal/Kpnl sites (used in B2H assay)

pUTI18C-SrkA pUTI18C with the ORF of srkA (PA0486) cloned This study

within the Xbal/Kpnl sites (used in B2H assay)
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pUTI18C-GlpK pUTI18C with the ORF of glpK (PA3582) cloned

within the Xbal/Kpnl sites using Gibson assembly

This study

(B2H assay)
pKT25-Zip pKT25 carrying the leucine zipper of GCN4, Kan® 3
(used as positive control in B2H assay)
pUT18-zip pUT18 carrying the leucine zipper of GCN4, Kan® 3
(used as positive control in B2H assay)
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Table 10. Primers used in this study.

Primer name Primer sequence Use Plasmid
cloned into
Cloning

batR_EcoRI F TATGAATTCATGAGAAGACTTAAG | Restriction pME6032
CGTGATCC Digest (EcoRI)

batR Xhol R TATCTCGAGTTACACGTGCTGGAG | Restriction pMEG6032
TTGATTGAG Digest (Xhol)

stkA_EcoRI F TATGAATTCATGTCCCATCCCTTCG | Restriction pMEG6032
ACC Digest (EcoRI)

stkA Xhol R TATCTCGAGTCAGAACAGCCGCA | Restriction pME6032
GCG Digest (Xhol)

3xflag_batR_Xhol | TATCTCGAGttaCTTGTCATCGTCGT | Restriction pME6032
CCTTGTAATCCTTGTCATCGTCGTC | Digest (Xhol)
CTTGTAATCCTTGTCATCGTCGTCC | C Flag tag
TTGTAATCgccgecgccCACGTGCTGG | Co IP assay
AGTTGATTGAG

Bacterial two hybrid

batR_Xbal F CAGATCTAGAATGAGAAGACTTA | Restriction pKT25 &

AGCGTGATCC Digest pUTI18C
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GCTCGGTACCCGTCACAGTTCGCC
GTCGTC

batR_Kpnl R ATATGGTACCTTACACGTGCTGGA | Restriction pKT25 &
GTTGATTGAG Digest pUTI18C
acpP_Xbal F CAGATCTAGACATGAGCACCATCG | Restriction pKT25 &
AAGAACG Digest pUTI18C
acpPl Kpnl R ATATGGTACCTTATTGCTGGTGAG | Restriction pKT25 &
CAACGATG Digest pUTI18C
pilG_Xbal F CAGATCTAGACATGGAACAGCAAT | Restriction pKT25 &
CCGACG Digest pUTI18C
pilG_Kpnl R ATATGGTACCTCAGGAAACGGCGT | Restriction pKT25 &
CCAC Digest pUTI18C
pslC_Xbal F CAGATCTAGACATGCGCTGCGCCC | Restriction pKT25 &
TG Digest pUTI18C
pslC_Kpnl R ATATGGTACCTCACTTCCAGTAGC | Restriction pKT25 &
CTGGAAAc Digest pUTI18C
ribA Xbal F CAGATCTAGACGTGTCCGTCGTGT | Restriction pKT25 &
TCGTC Digest pUTI18C
ribA Kpnl R ATATGGTACCTCACGTGGTTTCCG | Restriction pKT25 &
CCTC Digest pUTI18C
stkA Xbal F CAGATCTAGACATGTCCCATCCCT | Restriction pKT25 &
TCGACC Digest pUTI18C
stkA Kpnl R ATATGGTACCTCAGAACAGCCGCA | Restriction pKT25 &
GCG Digest pUTI&C
glpK pKT25 F ACGCGGCGGGCTGCAGGGTCGAC | Gibson pKT25
TCTAGACATGACCGACAAGCACA
ACAAGAA
glpK pKT25 R ACGACGGCCAGTGAATTCTTACTT | Gibson pKT25
ACTTAGGTACCCGTCACAGTTCGC
CGTCGTC
glpK pUTI18 F CGCAGTGGAACGCCACTGCAGGT | Gibson pUTI18C
CGACTCTAGAAATGACCGACAAG
CACAACAAGAA
glpK pUTI18 R TACTTAGTTATATCGATGAATTCGA | Gibson pUTI18C
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