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Abstract

Major antibiotic groups are losing effectiveness due to the uncontrollable spread of
antimicrobial resistance (AMR) genes. Among these, B-lactam resistance genes —encoding
B-lactamases— stand as the most common resistance mechanism in Enterobacterales due to
their frequent association with mobile genetic elements. In this context, novel approaches
that counter mobile AMR are urgently needed. Collateral sensitivity (CS) occurs when the
acquisition of resistance to one antibiotic increases susceptibility to another antibiotic and
can be exploited to selectively eliminate AMR. However, most CS networks described so far
emerge as a consequence of chromosomal mutations and cannot be leveraged to tackle
mobile AMR. Here, we dissected the CS response elicited by the acquisition of a prevalent
antibiotic resistance plasmid to reveal that the expression of the B-lactamase blaoxaus
induces CS to colistin and azithromycin. We next showed that expression of other clinically
relevant mobile B-lactamases produces similar CS responses in multiple, phylogenetically
unrelated E. coli strains. Finally, by combining experiments with surveillance data comprising
thousands of antibiotic susceptibility tests, we showed that B-lactamase-induced CS is
pervasive within Enterobacterales. These results highlight that the physiological side-effects
of B-lactamases can be leveraged therapeutically, paving the way for the rational design of
specific therapies to block mobile AMR or at least counteract their effects.
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36 Introduction

37 The continuous evolution of antimicrobial resistance (AMR) is outpacing human efforts to
38 control bacterial infections. Antibiotic-resistant bacteria are a severe threat to public health,
39 leading to more than one million deaths yearly'. Due to the lack of new antibiotics in the
40 development pipeline, new strategies are urgently needed to block or reduce the
41 dissemination of AMR. One promising strategy is the exploitation of collateral sensitivity
42 (CS), a phenomenon by which the acquisition of resistance to one antibiotic renders bacteria
43 more sensitive to a second antibiotic>®. Rationally designed treatments that combine
44 antibiotics with reciprocal CS promise to eradicate bacterial infections and constrain the

45 evolution of AMR3#,

46 Multiple studies have uncovered CS networks associated with mutations in chromosomal
47 genes across various bacterial species. For example, certain mutations conferring
48 aminoglycoside resistance in E. coli collaterally increase susceptibility to B-lactams,
29 fluoroquinolones, chloramphenicol, and tetracyclines®. Mecillinam-resistant and tigecycline-
50 resistant E. coli strains often show CS to nitrofurantoin®. In addition, mutations in horizontally
51 transferred AMR genes (such as blacrxm-1s and blaoxa4s) that increase resistance towards
52 modern B-lactams also produce CS to other, less modern B-lactams’®. The emergence of
53 CS is contingent on bacterial lifestyle®, and it can be transiently induced using chemical
54 compounds, suggesting that the physiological responses leading to CS can be exploited to

55 tackle antibiotic-resistant infections®.

56 We recently reported that the acquisition of plasmids isolated from clinical strains elicits
57 CS™. Plasmids are arguably one of the most critical vehicles for AMR, as they readily spread
58 through bacterial communities and typically carry multiple resistance determinants'"°. We
59 found that plasmid-induced CS is robust and can be exploited to selectively eliminate
60 plasmid-containing clinical strains. Interestingly, most plasmids tested in our previous study
61 induced varying degrees of CS to azithromycin (AZI) and colistin (COL). This suggests that
62 plasmid acquisition produces common physiological alterations that increase susceptibility to
63 AZl and COL.

64 Here, we sought to identify the genetic determinants driving plasmid-associated CS. As a
65 model, we first focus on the pOXA-48 plasmid. pOXA-48 is an enterobacterial, broad-host
66 range, conjugative plasmid belonging to the plasmid taxonomic unit L/M that readily spreads
67 in clinical settings13. Using a collection of clinically isolated pOXA-48 mutants, we first
68 determine that the expression of blaOXA-48 is solely responsible for inducing CS to AZIl and

69 COL. We next show that expression of other clinically relevant plasmid-encoded f-
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70 lactamases produces similar CS responses in multiple, phylogenetically unrelated E. coli
71 strains. Finally, by analysing resistance data comprising thousands of bacteria-antibiotic
72 pairs, we demonstrate that p-lactamase-induced CS is a conserved phenomenon across
73 different Enterobacterales. Altogether, our results pave the way for treatments that exploit -

74 lactam resistance as the Achilles’ heel of multidrug-resistant enterobacteria.

75 Results
76 The B-lactamase blaoxa-ss is responsible for pOXA-48-mediated CS.

77 We first focused on the pOXA-48 plasmid, whose acquisition elicits CS to AZI and COL™".
78  The pOXA-48 plasmid (~65 kb) encodes the B-lactamase blaoxa.4s together with nearly 90
79 genes of diverse functions, all potentially contributing to the CS phenotype. To uncover the
80 genetic determinant(s) responsible for plasmid-mediated CS, we took advantage of a well-
81 characterised collection of seven pOXA-48 natural variants'. These plasmid variants carry
g2 diverse genetic mutations (deletions, insertions, and single nucleotide polymorphisms
83 (SNPs)). These mutations affect critical plasmid functions such as conjugation, antibiotic
g4 resistance, or replication control and have been extensively characterised™ (see
85 Supplementary Fig. 1 and Supplementary Table 1). We introduced these plasmid variants
g6 in E. coli K12 strain J53 and determined their effect on the minimal inhibitory concentration
87 (MIC) of four antibiotics: amoxicillin-clavulanic acid (AMC), ertapenem (ERT), azithromycin,
gg and colistin (Fig. 1a). As expected, most plasmid variants conferred resistance to AMC and
89 ERT (i.e. pOXA-48wr, pPOXA-48pv.e, pPOXA-48pyv.k, pPOXA-48pv.0, pPOXA-48pv.8, and pOXA-48py.
90 o). All these six variants showed a reduced MIC of AZI and COL compared to the plasmid-
91 free strain, confirming that the acquisition of pOXA-48 induces CS. Crucially, the pOXA-48pe.
92 variant, which carries a 199 bp deletion that abolishes blaoxa4s €xpression’™
93 (Supplementary Fig. 1 and Supplementary Table 1), neither conferred resistance to AMC

94 and ERT nor showed increased susceptibility to AZI and COL (Fig. 1a).

95 To confirm the abolition of the CS phenotype, we quantified the number of viable cells for the

96 pOXA-48wr and pOXA-48pe. carrying strains after exposure to different concentrations of

97 COL and AZI. While the viability of the pOXA-48wr-carrying strain significantly dropped at

98 low concentrations of AZI and COL (Mann-Whitney U test p < 0.04), the pOXA-48pe.-

99 carrying strain showed almost the same viability as the plasmid-free strain (Mann-Whitney U
100 test p > 0.33 for all concentrations and both antibiotics; Fig.s 1b and c¢). These results
101 cannot be explained by differences in plasmid stability or fitness cost across plasmid variants
102 (Supplementary Fig. 2) and confirm that the pOXA-48pg. variant, unlike pOXA-48wr, does
103 not produce CS to AZl or COL.
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105 Figure 1 | A collection of pOXA-48 derivatives highlights that blaoxa4s expression is the most
106 likely cause behind CS. a) MIC values of four antibiotics for E. coli J53 carrying the pOXA-48
107 variants. Horizontal lines indicate the median values of six biological replicates, represented as
108 individual points. Asterisks denote statistical significance (p < 0.05). Strains carrying non-functional
109 variants of the blaoxa4s gene are represented in red, strains with fully functional blaoxa4s gene versions
110 in blue, and the plasmid-free wild-type strain in dark grey. Data points have been slightly jittered to
111 avoid overlapping. AMC: amoxicillin-clavulanic acid, ERT: ertapenem, COL: colistin, and AZI:
112 azithromycin. b) Surviving viable cells after treatment with different concentrations of COL (upper
113 panels) and AZI (lower panels). Error bars represent the standard deviation of three biological
114 replicates. The antibiotic and its concentration, in mg/L, are indicated on the right-hand side of each
115 panel. The dashed vertical line depicts the detection limit of the experiment. ¢) Spot test showing the
116 survival at different antibiotic concentrations of E. coli J53 and its plasmid-carrying derivatives. After
117 treatment with either AZI or COL at the indicated concentrations, appropriate dilutions of the surviving
118 bacteria were plated on LB. Genotypes are shown in panel b.

119 Expression of the blaoxa-4s gene is necessary and sufficient to induce CS to AZI and COL.

120 The above results suggested that a fully functional blaoxa4s gene might be required to induce
121 CS to AZI and COL. To test this hypothesis, we followed two complementary strategies.
122 First, we used the pOXA-48er plasmid, a pOXA-48 version in which the blacxa4s gene is
123 replaced with a tetracycline resistance gene (tetC) (Fig. 2a and Supplementary Table 1).
124 As expected, the pOXA-48+er plasmid did not confer resistance to B-lactam antibiotics (ERT
125 and AMC; Fig. 2b) and conferred resistance to tetracycline (Supplementary Fig. 3). In

126 addition, pOXA-48+er did not increase the susceptibility to AZI and COL, indicating that none
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127 of the genes in the plasmid backbone (nor the tetC gene) is responsible for the CS

128 phenotype (Fig. 2b).
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130 Figure 2 | The expression of blaoxa4s induces collateral sensitivity. a) Scheme depicting the
131 design and construction of the pUN4 derivative vectors and the pOXA-48+er. Left branch: the region
132 encoding the blaoxass gene was amplified from the pOXA-48wr plasmid and cloned into the pUN4
133 backbone, obtaining the pUN-OXA-48yr vector. A parallel procedure was carried out for the pOXA-
134 48pe. plasmid, leading to the pUN-OXA-48pe. vector. Right branch: the region encoding the tetC gene
135 was amplified and cloned into the backbone of the pOXA-48wr plasmid, replacing blaoxass and
136 resulting in the pOXA-48+r plasmid. b) MIC determination for E. coli J53 carrying the pOXA-48+&r
137 plasmid and the pUN4 derivatives in four antibiotics: AMC: amoxicillin-clavulanic acid, ERT:
138 ertapenem, COL: colistin, and AZI: azithromycin. Horizontal lines indicate the median values of six
139 biological replicates, represented as individual points. Asterisks denote statistical significance (p <
140 0.02). Strains carrying non-functional variants of the blaoxass gene are represented in red, strains with
141 fully functional blaoxa4s gene versions in blue, and [-lactamase-free strains in dark grey. Data points
142 have been slightly jittered to avoid overlapping

143

144 Second, we cloned the wild-type blaoxa4s gene under the control of its own promoter into the
145 pUN4 plasmid", giving rise to the pUN-OXA-48wr plasmid (Fig. 2a). As a control, we also
146 cloned the same plasmid region amplified from the pOXA-48pe. plasmid (pUN-OXA-48pg;
147 Fig. 2a). We independently transformed these plasmids and the empty vector (pUN4) into E.
148 coli and assessed the antibiotic susceptibility of the derivative strains (Fig. 2b). The empty
149 pUN4 or the pUN-OXA-48pe. plasmids did not significantly alter the susceptibility patterns

150 compared to plasmid-free E. coli (Mann-Whitney U test p > 0.26). The expression of blaoxa-4s

10 4-
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151 from the pUN4 plasmid (pUN-OXA-48wr), however, conferred high resistance levels to AMC
152 and ERT (Mann-Whitney U test p < 0.002) and increased susceptibility to AZI and COL
153  (Mann-Whitney U test p < 0.024, Fig. 2b), recapitulating the susceptibility patterns of pOXA-
154 48wr. Together, these results indicate that the expression of a fully functional blaoxa4s gene is

155 necessary and sufficient to induce CS to AZI and COL.

156 CSto AZI and COL is a general side-effect of 3-lactamase expression.

157 The above results, together with our previous data showing that several B-lactamase-
158 producing plasmids elicit varying degrees of CS to AZlI and COLY, prompted us to
159 investigate whether the expression of other B-lactamases induces CS. To this end, we
160 selected seven clinically relevant B-lactamases frequently encoded on mobile genetic
161 elements. Specifically, we chose penicillinases (i.e. TEM-1), oxacillinases (OXA-1),
162 extended-spectrum B-lactamases (CTX-M-15, CTX-M-14), metallo-p-lactamases (NDM-1),
163 and other different carbapenemases (OXA-48, KPC-2) (Fig. 3a)'®?". We cloned these B-
164 lactamases into the pBAD18 plasmid under the control of the arabinose-inducible Pgap
165 promoter (Fig. 3a)*2. We introduced these plasmids into E. coli K12 BW25113, a strain
166 unable to metabolise arabinose that shows comparable resistance levels to J53
167 (Supplementary Fig. 4). We then fine-tuned expression levels to match those found in
168 natural plasmids using blaoxa4s as a reference (Supplementary Fig. 5) and then measured

169 the susceptibility patterns to 14 antibiotics from nine drug families.

170 Under arabinose induction, all plasmids produced the expected B-lactam resistance profile
171 according to their respective B-lactamases (Fig. 3b). Notably, expression of all B-lactamases
172 increased susceptibility to COL (albeit non-significantly; two-way ANOVA adjusted using
173 Dunnett’s test, p > 0.12 in all cases) and produced a substantial reduction in AZI resistance
174 (two-way ANOVA adjusted using Dunnett’'s test, p < 0.003 in all cases). Importantly,
175 heterologous expression of other genes (i.e. gfp, cat, and tetA) did not produce any
176 significant increase in susceptibility to AZI or COL (Supplementary Fig. 6), indicating that
177 the expression of different B-lactamases (and not other genes) induce CS to AZI and, to

178 some extent, to COL.

12 -5-
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180 Figure 3 | B-lactamase expression induces CS to AZl and, to some extent, COL. a) The
181 molecular class and distinctive substrate of each (-lactamase are listed in the table. B-lactamases
182 were cloned under the control of the Pgap promoter in the pBAD18 plasmid. b) Heat map representing
183 collateral responses to antibiotics associated with (3-lactamase acquisition (median of six biological
184 replicates). The colour code represents the fold change in MIC of each antibiotic for the 3-lactamase-
185 carrying derivatives relative to E. coli BW25113 strain carrying pBAD18 without [-lactamase.
186 Asterisks denote statistically significant differences (p < 0.047 in all cases). CTX, cefotaxime; AMC,
187 amoxicillin-clavulanic acid; AZM, aztreonam; IMP, imipenem; MER, meropenem; ERT, ertapenem;
188 TET, tetracycline; TMP, trimethoprim; RIF, rifampicin; CIP, ciprofloxacin; FOS, fosfomycin, CHL,
189 chloramphenicol; COL, colistin; and AZI, azithromycin.

190 f-lactamase acquisition induces CS in diverse E. coli strains.

191  We then decided to test whether the CS response elicited by -lactamase expression is a
192 general phenomenon that can be extrapolated to other E. coli strains. To assess the degree
193 of conservation of B-lactamase-induced CS, we selected nine genetically diverse E. coli
194 strains isolated from various hosts and geographical locations from the ECOR collection?*2.
195 We chose these strains because they lack known mobile B-lactamases, colistin and
196 macrolide resistance genes and span all major E. coli phylogroups (Fig. 4a and
197 Supplementary Table 2)*?°. E. coli wild-type strains are typically able to metabolise
198 arabinose and are unsuitable for Pgap-driven expression. We thus transformed these strains
199 with the pUN4 empty vector and the pUN-OXA-48wr or pUN-CTX-M-15 plasmids. Analogous
200 to the pUN-OXA-48r, the pUN-CTX-M-15 expresses the B-lactamase blacrxw-1s under the

201 control of its native promoter (Supplementary Table 1).

202 As expected, the expression of blaoxass Or blacrxm-1s provided resistance to ERT or
203 cefotaxime (CTX), regardless of the initial resistance profile of the strain (Supplementary
204 Fig. 7). Moreover, the expression of both B-lactamases produced a generalised increase in
205 susceptibility to AZI and COL. Specifically, blacrx-u-1s expression led to significant CS to AZI

206 and COL in five and four strains, respectively. Expression of blaoxa4s significantly reduced

14 -6-
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207 the MIC of AZI and COL in five and four strains, respectively (Fig. 4b; Mann-Whitney U test
208 p < 0.038). Although only two strains showed significant CS to both AZI and COL (ECOR27
209 and ECORA49), virtually all strains (8 out of 9) showed CS to at least one of the antibiotics,

210 indicating that B-lactamase-induced CS is a common phenomenon in E. coli.
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212 Figure 4 | Collateral sensitivity induced by B-lactamases is conserved across phylogenetically
213 distant E. coli strains. a) Phylogenetic tree depicting the relationships of 1,573 representative E. coli
214 genomes and highlighting the strains used in this study. Colours at the tip of tree branches represent
215 different phylogroups, as indicated in the legend. b) Collateral sensitivity response to azithromycin
216 (AZl) and colistin (COL) associated with §-lactamase expression in E. coli. Relative MIC is determined
217 as the MIC of the B-lactamase-carrying E. coli relative to the B-lactamase-free strain carrying the
218 empty vector. Black points represent the median values of six biological replicates, shown as
219 individual blue points. The horizontal line represents no change in MIC relative to the control strain.
220 Asterisks denote a significant decrease in MIC (Mann-Whitney U test; p < 0.03). The data points have
221 been slightly jittered to avoid overlapping.

222 Detection of CS patterns in clinical MIC surveillance data.

223 Given that the expression of horizontally acquired B-lactamases is the primary mechanism of
224 B-lactam resistance in E. coli®®, we then hypothesised that a negative correlation between -
225 lactam resistance and resistance to COL or AZl would be consistent with B-lactamase-
226 induced CS. To test the validity of this assumption, we searched for significant
227 anticorrelations in our experimental dataset. We combined all experimental data from Fig.s
228 1, 2,3, and 4 and found that resistance to 3-lactam antibiotics (AMC, AZM, CTX, ERT, IMP,
229 and MER) is indeed significantly anti-correlated with COL and AZl resistance

230 (Supplementary Fig. 8 and Supplementary Table 3; Spearman rho < -0.27; p < 0.04),
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231 indicating that correlation analysis can detect CS signatures across different strains and

232 mechanisms of resistance.
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235 Figure 5 | Antibiotic resistance surveillance data show patterns consistent with B-lactamase-
236 induced CS. a) The plot displays negative correlations between AZI or COL and B-lactam antibiotics
237 using experimental data or data from ATLAS. The strength of the colours is proportional to the
238 strength of the correlation (Spearman’s rho). Only statistically significant correlations are plotted
239 (Spearman correlation p < 0.05). b) MICs for COL and the three antibiotics (imipenem, doripenem,
240 meropenem, in mg/L) showing significant anticorrelations in ATLAS data. Each dot within the plots
241 represents an isolate, and the red dotted line represents the best linear fit with 95% confidence
242 intervals in light grey. Spearman’s rho is also indicated within each plot. ¢) Hierarchical heatmap
243 revealing negative correlations between [-lactam resistance and COL in different species belonging
244 to the Enterobacterales order. Only statistically significant negative correlations were included. The
245 strength of the colours is proportional to the strength of the correlation (Spearman’s rho). Antibiotic
246 pairs with no significant correlation are denoted by white, and negative correlation between antibiotics
247 by blue colour as shown in the legend. MER: meropenem, AMC: amoxicillin-clavulanic acid, CAZ +
248 AVI: ceftazidime + avibactam, AZM: aztreonam, AZM + AVI: aztreonam + avibactam, CTO + TAZ:
249 ceftolozane + tazobactam, AMP: ampicillin, PIP + TAZ: piperacillin + tazobactam, DOR: doripenem,
250 IMI: imipenem.
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252 To further investigate the signature of B-lactamase-associated CS in clinical enterobacteria,
253 we analysed the Antimicrobial Testing Leadership and Surveillance (ATLAS) database.
254  ATLAS comprises antibiotic susceptibility data for 44 antimicrobials and more than 600,000
255 pathogens belonging to more than 200 bacterial species isolated from over 70 countries® %,
256 For each bacterial isolate, ATLAS stores MIC data of multiple antibiotics (mode: 11, range:
257 11-34), which allows the detection of associations of resistance patterns between antibiotic

258  pairs?,

259 We computed all possible pairwise correlations between the MIC data of 23 antibiotics for
260 the ~80,000 E. coli isolates stored in ATLAS. Analysis of ~500 antibiotic pairs revealed three
261 weak yet significant negative associations. All of them occurred between -lactam antibiotics
262 and COL. Specifically, strains showing higher resistance levels to carbapenem antibiotics
263 doripenem (DOR), meropenem (MER), and imipenem (IMP) tend to show higher
264 susceptibility to COL (i.e. are negatively correlated; Spearman’s rho -0.12, -0.14, -0.19,
265 respectively, and p < 0.027 in all cases; Fig. 5a, 5b and Supplementary Table 3). Our
266 experimental dataset further supports this result, as both analyses identified significant
267 anticorrelations between IMP and MER resistance and COL (we did not measure DOR

268 resistance experimentally), highlighting that carbapenem resistance elicits CS to COL.

269 To gain a deeper insight into this result, we analysed the MIC distributions of COL, grouping
270 the bacteria based on their respective carbapenem resistance levels. As expected, strains
271 with higher levels of carbapenem resistance tend to show significantly higher COL
272 susceptibility (Supplementary Fig. 9), supporting the idea that the observed anticorrelations
273 are a signature of B-lactamase-induced CS rather than a result of other potential
274 confounding factors. It is important to note that despite being increasingly used to treat
275 Gram-negative infections®', AZI susceptibility is rarely tested in E. coli, and thus, the low

276 number of AZI susceptibility determinations in ATLAS restricted our analysis to COL.

277 We then decided to test if the signature of B-lactamase-induced CS was detectable in other
278 enterobacteria. To this end, we analysed MIC data for the most abundant species within the
279 order Enterobacterales in the ATLAS database. We found negative correlations between
280 COL and B-lactam antibiotics for 13 out of 16 pathogens in a species- and antibiotic-specific
281 pattern (Fig. 5¢ and Supplementary Fig. 10). The specificity of the CS signature agrees
282 with previous reports showing that the effect of antibiotic combinations is species-specific
283 and that B-lactamase expression produces host-specific physiological effects®***. Altogether,

284 these results suggest that p-lactamase-induced CS might be pervasive across
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284 enterobacteria despite the vast diversity of intrinsic susceptibility patterns and resistance

285 mechanisms.

286

287 Discussion

288 In this study, we uncovered that the expression of different, clinically relevant B-lactamases
289 increases bacterial susceptibility to AZI and COL. By taking a classical genetics approach,
290 we first demonstrated that the blaoxa4s carbapenemase is solely responsible for the CS
291 response to COL and AZI induced by the acquisition of the broadly disseminated pOXA-48
292 plasmid (Fig.s 1 and 2). Given that all B-lactamases share a common mechanism of action
293 (i.e. hydrolysis of the B-lactam ring in the periplasm), we tested whether this result could be
294 generalised to other B-lactamases and strains. Using heterologous expression systems, we
295 discovered that most B-lactamases induce CS to AZI and COL and that this phenomenon is
296 conserved in phylogenetically diverse E. coli strains (Fig.s 3 and 4). We then searched for
297 signatures of B-lactamase-induced CS in a clinical surveillance database containing millions
298 of MIC data for different pathogens. We found significant negative correlations between
299 MICs to different B-lactam antibiotics and COL resistance in E. coli and other
300 Enterobacterales, a result that strongly supports the notion of B-lactamase-induced CS (Fig.
301 5).

302 Our results indicate that acquiring B-lactamases of different families and classes induces a
303 common pleiotropic response that increases susceptibility to AZI and COL in E. coli. But
304 what is the molecular mechanism underlying this phenotype? A compelling hypothesis might
305 come from the observation that B-lactamase expression affects bacterial physiology,
306 reducing fitness in different species'®?**="_ In some cases, this effect has been traced to the
307 [B-lactamase signal peptide, suggesting that protein translocation or accumulation in the
308 periplasm perturbs cellular homeostasis??%%3%3  Supporting this idea, the expression of
309 some B-lactamases has been shown to induce the cellular envelope stress response®*=. In
310 other cases, the biological cost occurs as a byproduct of residual dd-peptidase activity of
311 certain B-lactamases. This ancestral activity may decrease cross-linked muropeptides,
312 affecting peptidoglycan composition and producing structural changes in the cell wall®*“°.
313 Altogether, this evidence suggests that B-lactamase expression may destabilise the bacterial
314 envelope, facilitating AZI and COL activity. Accordingly, AZI permeability and COL activity
315 have been shown to increase when the envelope integrity is compromised*'~*4. Future work

316 addressing this hypothesis will shed light on the molecular mechanisms driving B-lactamase-
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317 induced CS, with the potential reward of uncovering the ultimate mechanisms responsible for

318 [B-lactamase fitness costs, which have remained elusive for over 20 years.

319 [B-lactams are the most prescribed antibiotics, and resistance rates are skyrocketing among
320 clinical pathogens*. The Centers for Disease Control and Prevention (CDC) and the World
321 Health Organization (WHO) consider B-lactamase-producing Gram-negative bacteria among
322 the world's most serious threats*®*’. This has led to a worldwide effort to potentiate the
323 activity of existing B-lactam antibiotics by developing new B-lactamase inhibitors, among
324 other strategies**®". In this regard, our results pave the way for novel therapies that exploit
325 CS using COL and AZI in combination with B-lactam antibiotics to eliminate B-lactamase-
326 producing bacteria. We note, however, that the magnitude of the CS response in our
327 experiments is moderate (2-8-fold reductions in MIC). While this result is similar to the CS
328 responses found elsewhere*5?5, more research is needed before B-lactamase-induced CS
329 can be exploited therapeutically. The rational design of novel derivatives of macrolides and
330 polymyxins®~¢ or novel antibiotic combinations®*” hold promise for increasing the efficacy of
331 treatments against B-lactamase-producing bacteria. In summary, future work will be needed
332 to understand the molecular mechanism(s) behind B-lactamase-induced CS and to find or

333 design compounds that exploit it efficiently.
334

335 Materials and methods
336 Bacterial strains and culture conditions

337 E. coli strains were routinely grown in Lennox lysogeny broth (LB) at 37 °C with shaking (225
338 rpm) or in agar plates (15 g/L). When needed, kanamycin (50 mg/L, Nzytech), carbenicillin
339 (100 mg/L, Nzytech), cefotaxime (50mg/L, Normon), tetracycline (15 mg/L, Nzytech), or
340 chloramphenicol (30 mg/L, Nzytech) were added for plasmid selection. Supplementary
341 Table 4 lists all antibiotics used in this study. E. coli J53 (F- met pro Azi"; ref.®®) was used as
342 the recipient of the pOXA-48 plasmid variants in conjugation experiments'®. For consistency,
343 we used this strain in all experiments except those involving the induction of the Pgap
344 system. J53 readily metabolises L-arabinose, and therefore, for those experiments, we used
345 E. coli strain BW25113 (F° DE(araD-araB)567 lacZ4787(del)::rrnB-3 LAM™ rph-1 DE(rhaD-
346 rhaB)568 hsdR514; ref.>). Both strains (J53 and BW25113) are E. coli K12 derivative strains
347 and present similar levels of resistance and susceptibility to antibiotics (Supplementary Fig.
348 4). E. coli strains belonging to each major phylogroup were chosen from the ECOR
349  collection® to represent the genetic diversity of E. coli. The presence of known B-lactamases

350 other than the chromosomally-encoded ampC gene present in all E. coli strains was
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351 discarded using deposited genomic sequences (Bioproject PRJINA230969 and ref.?*) and

352 Resfinder® (Supplementary Table 2).

353 Construction of B-lactamase-carrying plasmids

354 A list of all plasmids and oligonucleotides used in the study are listed in Supplementary
355 Table 1 and Supplementary Table 5, respectively. To construct the B-lactamase-carrying
356 PUN4 plasmids, standard molecular biology techniques in combination with the Gibson
357 assembly method were used as previously described®®2. PCR primer pairs were designed to
358 amplify the pUN4 plasmid backbone (CS23-CS24, CS7-CS8 or CS41-CS42). PCR primer
359 pairs were also designed to amplify the blaoxa4s gene containing the upstream region from
360 POXA-48wr or pOXA-48pe. plasmids (CS25-CS25 and CS9-CS10) and the blacrxm-15 gene
361 from pBAD-CTX-M-15 (CS43 and CS44). The resulting DNA fragments were cloned using
362 the Gibson Assembly Cloning Kit (NEB) into plasmid backbone pUN4 to obtain pUN-
363 OXA48wr, pUN-OXA48pe, and pUN-CTX-M-15, respectively. The final plasmid constructs
364 were introduced into E. coli DH5a and were confirmed by PCR and whole plasmid

365 sequencing.

366 Prof. Linus Sandegren provided arabinose-inducible pBAD18 plasmids carrying the [-
367 lactamase genes used in this work. Non-B-lactamase genes used as controls were cloned
368 into the pBAD18 using the Gibson Assembly Cloning Kit (NEB). pBAD (RBS)_fwd/rev primer
369 pairs were used to amplify the plasmid backbone. Primer pairs (Supplementary Table 5)
370 were designed to amplify cat and gfp genes from pBGC vector® and the tetA gene from the
371 pCT plasmid®. The final plasmid constructs were introduced into E. coli DH5a and the

372 transconjugant strains were confirmed by PCR and whole plasmid sequencing.

373 Bacterial growth analysis

374 Single colonies of each bacterial population were inoculated in LB starter cultures and
375 incubated at 37 ‘C for 16 h at 225 rpm (six biological replicates). Each culture was diluted
376 1:2000 in LB, and 200 ul were added to a 96-well microtiter plate containing appropriate
377 antibiotic concentrations. When appropriate, L-arabinose (0, 0.005, 0.1, 0.2 or 0.5 % (w/v))
378 was added into the culture broth to induce gene expression in the pBAD18-carrying strains.
379 For checkerboard analysis, a matrix in 96-well plates was created with 2-fold serial dilutions
380 of arabinose and amoxicillin-clavulanic acid. Plates were incubated for 22 h at 37 °C with
381 strong orbital shaking before reading the optical density at 600 nm (OD600) every 15 min in
382 a Synergy HTX (BioTek) plate reader. The area under the growth curve (AUC) was obtained
383 using the ‘auc’ function from the ‘flux’ R package. AUC is used as it integrates all relevant

384 growth parameters (maximum growth rate, lag duration and carrying capacity). For GFP
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385 expression monitoring, after 22 h of incubation, the fluorescent emission was measured at
386 528 nm with excitation at 485 nm using a fluorescence spectrophotometer Synergy HTX
387 (BioTek). The result is shown as relative fluorescence to the optical density at 600 nm. Data

388 was represented using an R custom script and the ‘ggplot2’ package.

389 Plasmid stability

390 To test the stability of pOXA-48-like plasmids after each antibiotic treatment, the surviving
391 bacterial populations were collected from the well corresponding to 0.5x MIC of either COL
392 or AZI. Serial dilutions ranging from 107! to 10~7 were plated on both LB agar and LB agar
393 with carbenicillin to identify and count the pOXA-48wr-carrying colonies (including negative
394 controls of plasmid-free wild-type clones). For pOXA-48pe., PCR amplification with the
395 oligonucleotides OXA-F and OXA-R or AblaOXA-48F and AblaOXA-48R (Supplementary

396 Table 5) was used to assess plasmid stability of 100 independent colonies.

397 Antimicrobial susceptibility testing

398 The antibiotic minimal inhibitory concentration (MIC) was determined using broth
399 microdilution tests in LB medium'. Starter cultures were prepared and incubated as
200 described above. Each culture was diluted 1:2000 in LB, resulting in approximately ~5-10*
401 colony forming units, and 200 ul were added to a 96-well microtiter plate containing the
402 appropriate antibiotic concentration. Optical density at 600 nm (OD600) was measured after
403 22 h of incubation at 37 'C with strong orbital shaking every 10 min in a Synergy HTX
404 (BioTek) plate reader to determine MIC values. As previously reported, the MIC value is
405 reported as the lowest antibiotic concentration resulting in no visible growth (measured here
206 as OD600 < 0.2)". To ensure reproducibility, we performed parallel MIC determinations of

407 plasmid-free J53 control strain in every assay.

408 To perform disk-diffusion assays, sterile disks containing the antibiotic were placed on plates
409 of LB previously swabbed with a 0.5 McFarland matched bacterial suspension and then
410 incubated at 37 ‘C for 22 h. Inhibition halos were measured using Imaged software.
411 Antibiotic disk content used in the assays were cefotaxime 30 ug and amoxicillin + clavulanic

412 acid 30 ug (20 pg + 10 ug; all from Bio-Rad).

413 Plasmid sequencing

414 The pOXA-48ter plasmid was extracted using the Wizard genomic DNA purification kit
415 (Promega). The pUN4 and pBAD18 derivatives were isolated using the Plasmid Easypure
416 isolation kit (Macherey-Nagel) following the manufacturer's protocol. DNA was quantified

417 using the Qubit dsDNA Assay (ThermoFisher) following the manufacturer’s instructions.
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418 Genomic and plasmid DNA were sequenced with Oxford Nanopore technology at

419 Plasmidsaurus (https://www.plasmidsaurus.com/, Eugene, EEUU) using the V10 chemistry

420 library prep kit with the R10.4.1 flow cells. Sequences were annotated using the pLannotate

121 software® and analysed using the BLAST Ring Image Generator®.

422 Phylogenetic analysis of E. coli strains

423 To determine the distribution of the E. coli isolates across the phylogeny of the species, we
424 obtained a total of 1,573 E. coli genomes from the RefSeq database

425  (hitps://www.ncbi.nlm.nih.gov/assembly), including all isolates from the ECOR Collection® in

426 .fna format. Genomes were assigned to an E. coli phylogroup using the EzClermont tool

427 (https://github.com/nickp60/EzClermont)®’. Genomic distances were estimated using Mash®,

428 and a phylogenetic tree was constructed using the R package PATO
429  (https://github.com/irycisBioinfo/PATQO)%.

430 ATLAS data processing

431 To conduct our analysis, we gathered MIC data for all species belonging to the order

432 Enterobacterales in the ATLAS database (www.atlas-surveillance.com). To avoid possible

433 bias due to susceptibility testing heterogeneity, we discarded pathogen-antibiotic pairs with
434 less than 50 instances. We also updated the classification of Enterobacter aerogenes to
135 Klebsiella aerogenes to align with recent taxonomic changes™. In ATLAS, the actual MIC
436 is sometimes reported as below or equal (=) the detection limit of the
437 susceptibility test or exceeds (>) the highest antibiotic concentration tested. In
438 these cases, we made conservative approximations. If the MIC was lower or
439 equal to the lowest concentration tested, we recorded it as equal to that
440 concentration. Conversely, if the MIC exceeded the highest concentration tested,
441 we recorded it as double the detection limit. For instance, if ATLAS raw data
442 indicated ">64 mg/L", we used "128 mg/L" as the numerical value. We computed
443 pairwise correlations among the log2-transformed numerical MIC data for all
444 possible antibiotic pairs for each species. This analysis was performed using the
445 "corr.test" function from the "psych" package in R, with the Spearman method
446 applied. We specifically focused on identifying significant negative correlations in
447 our analysis. To visualise these correlations, we utilised the "circlize" package for
448 chord diagrams and the "pheatmap" package for heatmaps in R.
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449 Statistics

450 Data sets were analysed using R software. Normality was assessed by visual inspection and
451 the Shapiro-Wilk test. ANOVA tests were performed to ascertain the effect of the ‘B-
452 lactamase x antibiotic concentration’ interaction term in the analysis of minimal inhibitory
453 concentration. Plasmid stability was explored using the chi-square test. Associations
454 between antibiotic resistance were performed using a simple linear model. Mann-Whitney U
455 test was used to assess the significance of MIC determinations (n = 6) for the CS instances

456 in natural E. coli strains.
457

458 Data availability.

459 Datasets generated and/or analysed during the current study are available in the
460 Supplementary Data file. ATLAS data can be visualised through the ATLAS website
461 (https://atlas-surveillance.com) and was downloaded from the following dataset published in

462 ref?®

463 (https://s3-eu-west-1.amazonaws.com/amr-prototype-data/Open+Atlas_Reuse_Data.xls)
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