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Abstract

Antimicrobial peptides (AMPs) offer a promising solution to the antibiotic resistance crisis.
However, an unresolved serious concern is that the evolution of resistance to therapeutic
AMPs may generate cross-resistance to host AMPs, compromising a cornerstone of the innate
immune response. We systematically tested this hypothesis using globally disseminated
mobile colistin resistance (MCR) that has been selected by the use of colistin in agriculture
and medicine. Here we show that MCR provides a selective advantage to E. coli in the
presence of key AMPs from humans and agricultural animals by increasing AMP resistance.
Moreover, MCR promotes bacterial growth in human serum and increases virulence
in a Galleria mellonella infection model. Our study shows how the anthropogenic use of AMPs
can drive the accidental evolution of resistance to the innate immune system of humans and
animals. These findings have major implications for the design and use of therapeutic AMPs
and they suggest that MCR will be difficult to eradicate, even if colistin use is withdrawn.

Keywords: Antimicrobial peptide resistance, pathogen evolution, mobile colistin resistance
(MCR), host innate immunity, virulence
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Introduction

The spread of antibiotic resistance in pathogenic bacteria has created an urgent need
to develop novel antimicrobials to treat drug-resistant infections. Antimicrobial peptides
(AMPs) are multifunctional molecules found among all kingdoms of life that act as key
components of the innate immune system of metazoans by modulating immune responses
and defending against invading pathogens2. AMPs are potent antimicrobials with desirable
pharmacodynamic properties and a low rate of resistance evolution®>®. Given these benefits,
there is widespread interest in the development of natural and synthetic AMPs for
therapeutic use’™. However, a serious concern with the therapeutic use of AMPs is that they
share common physicochemical properties and mechanisms of action with AMPs of host
immune system, suggesting that the evolution of bacterial resistance to therapeutic AMPs
may generate cross-resistance to host AMPs'%13, Given that host AMPs play important roles
in mediating bacterial colonization and fighting infection*1%, cross-resistance to host AMPs

could increase pathogen transmission and virulence®t’,

Evolutionary microbiologists typically study the consequences of selection for
antimicrobial resistance using experimental evolution. In this approach, the pleiotropic
responses of bacterial populations that have been selected for increased resistance to an
antimicrobial are compared with the responses of unselected control populations'®2°, This is
a powerful and tractable approach that has provided important insights into cross-resistance
and collateral sensitivity, but the weakness of this approach is that the mechanisms of
resistance evolution in the lab do not always match with what occurs in pathogen
populations. For example, the evolution of resistance to antibiotics in many pathogens has
been largely driven by the acquisition of resistance genes via horizontal gene transfer?%22, but
conventional experimental evolution approaches focus on variation that is generated by
spontaneous mutation. In this paper, we use a different approach that is based on testing the
pleiotropic impacts of mobile colistin resistance genes that have become widely distributed
in E. coli due to selection mediated by the anthropogenic use of colistin agriculture and

medicine.

Colistin (polymyxin E) is an AMP produced by Bacillus polymyxa with similar
physicochemical properties and mechanisms of action to metazoan AMPs?324

(Supplementary Data 1). Colistin began to be used at a large scale in agriculture in the 1980s%°
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71  but it is being increasingly used as a “last-resort” antimicrobial to treat infections caused by
72 multidrug-resistant (MDR) Gram-negative pathogens?®. Colistin resistance has evolved in
73 many pathogens?’7%°, but the most concerning case of colistin resistance evolution comes
74  from mobile colistin resistance genes in E. coli, as exemplified by mcr-13°. Phylogenetic
75  analyses show that E. coli acquired a composite transposon carrying the MCR-1 in China at
76  some point in the 2000s3!. MCR-1 initially spread in populations of E. coli from farms, where
77  colistin was used as a growth promoter to increase the yield of chicken and pig production.
78  However, MCR-1 became widely distributed across agricultural, human and environmental
79  sources due to the combined effects of bacterial migration and rapid horizontal transfer of

80  MCR-1 between plasmid replicons and host strains of E. coli*>:3%33,

81 MCR-1 transfers phosphoethanolamine (pEtN) to lipid-A in the cell membrane,
82  resulting in decreased net negative cell surface charge and thus lower affinity to positively
83  charged colistin32. Crucially, loss of cell surface charge through membrane modification is a
84  common resistance mechanism against cationic AMPs across bacteria>!3, suggesting that
85 MCR-1 may provide cross-resistance to host AMPs. However, membrane alterations
86  produced by MCR-1 expression are associated with clear costs*, and it is equally possible that
87 membrane remodelling could generate collateral sensitivity to AMPs, as has been observed

88  with antibiotic resistance genes®®.

89 In this paper, we test the hypothesis that evolving colistin resistance via MCR genes
90 acquisition generates selection in bacteria against host AMPs by increasing AMP resistance.
91  MCR-1 is usually carried on conjugative plasmids from a diversity of plasmid incompatibility
92  types (such as IncX4, Incl2, IncHI2 and IncP1) that carry a large number of housekeeping and
93 cargo genes313%, We assessed the importance of this diversity by transferring a diversity of
94  naturally occurring plasmids and synthetic MCR-1 expression vectors to a single recipient
95  strain of E. coli. To assess the impact of MCR on resistance to host AMPs, we screened a panel
96  of strains carrying naturally occurring and synthetic MCR plasmids against a collection of
97  AMPs. Given the importance of agricultural animals as reservoirs of MCR-1, we tested AMPs
98 that play important roles in the innate immunity of humans, pigs and chickens (Table 1). Next,
99  we examined the role of MCR in complex host environments and bacterial virulence using
100 human serum resistance assays and in vivo virulence assays in the Galleria mellonella (G.

101  mellonella) infection model system. The key innovation in this study is that we have taken a
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102 systematic approach to testing the pleiotropic effects of the dominant mechanism of colistin

103 resistance evolution, including assessing the impact of AMP resistance on bacterial virulence.

104  Table 1. List of natural MCR plasmids and AMPs used in this study.

MCR plasmids AMPs
Name (type) Size mcr gene Name Abbrev Major cell and tissue sources
Epithelial cells of the testis, skin, gastrointestinal tract, respiratory
PN16 (Incl2) 60,488 bp mer-1 LL-37 cathelicidin LL37 tract, and in leukocytes, such as monocytes, neutrophils, T cells, NK
cells, and B cells
PN21 (Incl2) 60, 989 bp mer-1 Human beta- HBD3 Neutrophils and epithelial surfaces (e.g., skin, oral, mammary, lung,
defensin-3 urinary, eccrine ducts, and ocular)
Cecropin P1* CcP1 Small intestine N
PN23 (IncX4) | 33,858 bp mer-1 PR39 PR39 Mucosa and lymphatic tissue of the respiratory tract
Protegrin 1 PRO1 Bone marrow, leukocytes and neutrophils ’R
PN42 (IncX4) | 32,995 bp mcr-1 Prophenin-1 PROPH Bone marrow and leukocytes
PMAP-23 PMAP23 Myeloid tissue, bone marrow and liver
WIJ1 (IncHI2 266,119 b mcr-3 i i i i
( ) P Chicken cathelicidin-2l  CATH2 Bone marrow, resgwatory tracF, gastromte'stmal tract, normal intact
skin and multiple lymphoid organs *
Fowlicidin 3 FOwW3 Bone marrow, lung and spleen
481 (IncP1) 53,660 bp mcr-3 =
Colistin coL ]
1 05 *from pig intestinal parasitic nematode

106  Results
107  Host AMPs select for MCR-1

108 To assess the consequences of MCR-1 aquisitions without any confounding effects from
109  backbone and cargo genes found in naturally occurring MCR-1 plasmids, we cloned MCR-1
110  andits promoter into a non-conjugative expression vector (pSEVA121) that has a similar copy
111 number to naturally occurring MCR plasmids (approx. 5 copies per cell). As a first approach to
112 assess the impact of MCR-1 on resistance to host AMPs, we measured the competitive ability
113 of pSEVA:MCR-1 across a concentration gradient of a randomly selected representative set of

114 host AMPs and colistin, which acts as a positive control for mcr-1 selection (Figure 1).

115 Consistent with previous work®*, MCR-1 imposed a significant fitness burden in the
116  absence of AMPs, reducing competitive ability by 3% (P=1.174e-15, two-sided Mann—
117  Whitney U test, Supplementary Figure 1). However, MCR-1 provided a gain of a significant
118 competitive fitness advantage at concentrations of host AMPs between % and % of minimum
119 inhibitory concentration (MIC) (Figure 1, Supplementary Data 2). Although MCR-1 provided a
120  greater fitness advantage in the presence of colistin as compared to host AMPs, the minimal
121  selective concentration for colistin, % MIC, was only marginally lower (Figure 1). It is important

122 to note that the sub-MIC concentrations required for the selection of MCR-1 overlap with the
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123 range of physiological concentration of host AMPs. For example, the concentration of LL-37
124 required to select for MCR-1 (~3.4 uM) falls well within the reported physiological

125  concentration range (up to 10 uM)3¢37,
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127  Figure 1. Sub-MIC doses of AMPs generate selection for MCR. E. coli carrying MCR-1
128  expression vector (pSEVA:MCR-1) or an empty vector control (pSEVA:EV) were competed
129  against a tester strain carrying a chromosomally integrated GFP across a range of AMP
130  concentrations (n = 6 biological replicates per competition). Plotted points show the
131  competitive fitness of the MCR-1 expressing strain relative to the empty vector control (+/-
132 s.e). To facilitate comparisons across AMPs, fitness is plotted as a function of relative AMP
133 concentration, and the dashed line represents equal fitness.

134 MCR increases resistance to host defense AMPs

135 To test the hypothesis that MCR increases resistance to host AMPs more broadly, we
136  measured the resistance of MCR-E. coli to a panel of AMPs. Given the importance of
137  agricultural animals as reservoirs of MCR3°, we tested AMPs that are known to play important
138  roles in the innate immunity of chickens, pigs and humans. The panel of AMPs used in our
139  assay have diverse mechanistic and physicochemical properties, and include AMPs that are
140  known to have clinical relevance and play key roles in mediating innate immunity (Table 1 and
141  Supplementary Data 1). For example, the human cathelicidin LL-37 and defensin HBD-3 have

142  immunomodulatory activities in addition to their antimicrobial activity®3%3,
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143 We tested the AMP resistance of both E. coli carrying pSEVA:MCR-1, which provides a
144 clean test for the effect of the mcr gene, and transconjugants carrying diverse MCR-1 and
145  MCR-3 natural plasmids. These plasmids represent the dominant platforms for MCR found in
146  clinical and agricultural sources in South East Asia®!, and plasmid diversity may play an
147  important role in mediating the effect of mcr due to variation in plasmid copy number and
148  the effect of other plasmid genes on AMP resistance. AMP resistance genes typically give
149  much smaller increases in resistance than antibiotic resistance genes, typically on the order
150  of 1-2 fold increases in MIC*. To take the quantitative nature of AMP resistance into account,
151  we measured MIC using an established assay that had the sensitivity to capture small

152  differences in bacterial resistance*® (Figure 2).

153 On average, MCR plasmids provided increased resistance to host AMPs (mean
154  increase in logz MIC = 0.58; s.e = 0.075; t = 9.05; P<0.0001; Figure 2; Supplementary Data 3).
155 However, the average change in resistance conferred by MCR plasmids varied significantly
156  between AMPs (Fg40=7.85; P<0.0001), as MCR plasmids increased resistance to most AMPs,
157  but generated collateral sensitivities to both PROPH and PR39 (Figure 2b). These AMPs have
158  unique physicochemical properties (Supplementary Figure 2), including high proline content
159  (Supplementary Figure 2b), which has been shown to be a common property of intracellular-
160  targeting AMPs, as opposed to membrane-disrupting AMPs (Supplementary Data 1)*%42,
161  These results agree with recent work showing that collateral sensitivity interactions are

162  frequent between membrane-targeting and intracellular-targeting AMPs*°,
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164  Figure 2. MCR-mediated changes in bacterial susceptibility to host AMPs. Heatmaps depict
165 the effect of MCR plasmids on resistance to colistin (a) and host AMPs (b). Bacterial
166  susceptibility to AMPs was tested by measuring MICs and changes in resistance were assessed
167  relative to control strains lacking MCR (n = 3 biological replicates per MIC). Natural plasmids
168  carried either MCR-1 or MCR-3 are shown according to plasmid incompatibility group.
169  Resistance for these plasmids was measured relative to the E. coli J53 parental strain. The
170  impact of the synthetic pSEVA:MCR-1 plasmid on resistance was measured relative to a strain
171  with a pSEVA empty vector. Bar plots show average changes in MIC for natural MCR plasmids,
172 and did not include pSEVA:MCR1 (+/- s.e; n = 9 for host AMPs, n = 6 for plasmids).

173

174 The AMP resistance profile of MCR plasmids was comparable to pSEVA:MCR-1,
175  suggesting that changes in resistance observed in MCR plasmids were caused by MCR, and
176  not by other genes present on these plasmids. To further test this idea, we replaced the mcr-
177 1 gene on an IncX4 natural plasmid (PN23 IncX4) with an ampicillin resistance marker, which
178 is not known to have any effect on AMP resistance. As expected, deletion of mcr-1 gene
179  resulted in a wild-type level of resistance to AMPs (Supplementary Figure 3). Altogether,

180 these results suggest that the observed AMP resistance phenotype is largely due to the
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181  pleiotropic effects of MCR gene and is not distorted by other genes present on natural

182  plasmids.

183 The high level of colistin resistance provided by MCR-1 plasmids (Figure 2a, mean
184  change in log;MIC=3.98, range=3.5-4.5) in comparison to host AMPs is striking given the
185  broad mechanistic and physicochemical similarities between colistin and membrane-
186  targeting AMPs. To better understand the origins of the high colistin resistance phenotype
187  associated with mcr-1, we cloned the closest known homologue of MCR-1, from the pig
188  commensal Moraxella (MCR-MOR, ~62% identity with MCR-1) into pSEVA1213243, In line with
189  previous work, MCR-MOR expression provided a small increase (5.9-fold) in colistin resistance
190  as compared to MCR-1 (13.2-fold) #4#° (Figure 3a). In contrast, MCR-MOR expression did not
191 increase resistance to host AMPs tested with the exception of CP1, which is secreted in the
192  pig gut (Figure 3b-d). The increased CP1 resistance conferred by MCR-MOR is intriguing, and

193 it suggests that this AMP may impose a significant selective pressure in the pig gut.

194 Loss of negative membrane charge has been argued to play an important role in the
195  colistin resistance provided by MCR-1. The mcr-1 encodes for phosphoethanolamine (pEtN)
196  transferase enzyme that facilitates the addition of phosphoethanolamine (pEtN) to the lipid
197 A component of lipopolysaccharide (LPS), resulting in reduced binding of colistin. However,
198  MCR-1 and MCR-MOR have similar effects on cell surface charge (Figure 3e, P = 0.470, two-
199  sided Mann—Whitney U test), supporting the idea that MCR-1-mediated colistin resistance is
200 also attributable to other factors, such as the increased protection of the cytoplasmic
201  membrane from colisitin?. Given that MCR-MOR does not confer broad resistance to host
202  AMPs, our results suggest that MCR-1 was able to evolve to increase resistance to both
203  colistin and relevant host AMPs.

204
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Figure 3. Effect of Moraxella MCR (MCR-MOR) on bacterial susceptibility to AMPs (a-d) and
on cell surface charge (e). (a-d) AMP susceptibility of E. coli carrying pSEVA:MCR-1 and
Moraxella version of MCR (pSEVA:MCR-MOR). Growth was measured as OD of AMP-treated
cultures relative to AMP-free controls. Error bars indicate standard errors based on three
biological replicates. (e) Relative cell surface charge of E. coli strains expressing MCR-1 and
MCR-MOR compared to an empty vector control. Cell surface was determined by FITC-PLL
binding assay (n = 6 biological replicates/strain). Statistical significance was determined by
pairwise comparisons using the two-sided Mann—Whitney U tests, and double asterisks show
differences with a P value <0.01.
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216  MCR confers serum resistance and increases virulence

217  The above experiments focused on measuring the impact of MCR-1 on bacterial resistance to
218  individual host AMPs. To better understand the protective role of MCR-1 in a complex host
219  environment, we measured bacterial susceptibility to human serum, which contains a
220  complex mixture of antimicrobials. For this assay, we selected Incl2 and IncX4 plasmids as
221  they are the most dominant MCR-1 plasmid types3'32. Interestingly, these MCR plasmids
222 conferred high levels of resistance to human serum, showing that MCR-1 is effective at
223 providing protection against even complex mixtures of antimicrobials (Figure 4a). To rule out
224 that the observed serum resistance is due to MCR-1 and not because of pleiotropic effects of
225  other genes present on the plasmid, we tested serum susceptibility of a strain carrying MCR-
226 1 knockout IncX4 plasmid. We found no difference in serum resistance between wild-type
227  (carrying no plasmid) and strain with MCR-1 knockout plasmid, suggesting that indeed the

228  observed serum resistance phenotype was due to MCR-1 (Figure 4b).
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231  Figure 4. MCR confers resistance to human serum and increases bacterial virulence. (a and
232 b) Bacterial susceptibility to human serum was determined by measuring bacterial growth in
233 a medium containing human serum relative to serum-free controls (+/- s.e.m; n = 3 biological
234  replicates/strain). (a) Serum susceptibility of the wild-type (WT) parental strain and

10
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235  transconjugants carrying natural MCR plasmids. (b) Serum susceptibility of the WT parental
236  strain and transconjugant carrying a plasmid with a deletion of mcr-1. (c and d) Survival of G.
237  mellonella larvae following injection with 5x107 E. coli carrying pSEVA:MCR-1 or an empty
238  vector control compared to mock-treated larvae that were injected with PBS. In (d) larvae
239  were pre-treated with LPS for 24 hours prior to bacterial infection. Each experiment was
240  performed in triplicate with 10 animals per treatment per replicate and shaded areas show
241  95% confidence intervals in survival probability.

242

243 These results raised the intriguing possibility that increased AMP resistance provided
244 by MCR-1 could increase bacterial virulence by compromising host innate immunity. This is
245  plausible as AMP resistance in pathogens has been shown to be an important virulence
246  factor'®. In contrast to this expectation, previous work has shown that MCR-1 plasmids
247  actually decrease virulence in a G. mellonella model*. However, this study also showed that
248  plasmids with identical mcr-1 genes had differential effects on virulence, suggesting that
249  these plasmids had effects on virulence that were unrelated to MCR-1. To directly test the
250  impact of MCR-1 on virulence, we measured the impact of the pSEVA:MCR-1 on virulence in
251  the G.mellonella infection model. The key advantage of this system is that pSEVA makes it
252  possible to measure the impact of realistic levels of MCR-1 expression, while controlling for
253  any background plasmid effects using an empty vector control. Crucially, MCR-1 carrying
254 strain showed significantly increased killing of larvae as compared to the control strain with
255  an empty vector, in spite of the costs associated with MCR-1 expression (Figure 4c, log-rank

256  test, P=0.024, Supplementary Figure 1).

257 MCR-1-mediated modification of LPS can result in reduced stimulation of
258  macrophages and limited release of inflammatory molecules, suggesting that MCR-1 could
259 increase virulence by reducing host immunostimulation3?. If this is the case, then stimulating
260  host immunity should attenuate the effect of MCR-1 on virulence. To test this idea, we
261  measured the impact of MCR-1 on virulence in G. mellonella larvae that had been pre-treated
262  with LPS, stimulating innate immunity*’. However, MCR-1 continued to increase virulence in
263  LPS-treated larvae, suggesting that reduced host immunostimulation was not responsible for
264  the increased virulence associated with MCR-1 expression (Figure 4d, log-rank test P =

265 0.0074).

266
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267  Discussion

268 AMPs have been advocated as a potential therapeutic solution to the AMR crisis, and
269  colistin resistance provides a unique opportunity to study the evolutionary consequences of
270  large-scale anthropogenic AMP use. Our study shows that MCR increases bacterial fitness and
271  resistance in the presence of AMPs from humans and agricultural animals that act as
272  important sources of MCR carrying E. coli (Figure 1 and Figure 2). MCR-1 also increases
273  resistance to human serum and virulence in an insect infection model, highlighting the threat
274  of infections caused by MCR-E. coli*®. These findings suggest that MCR-1 provides effective
275 resistance against AMP cocktails that are found in host tissues, but it is important to
276  emphasize that MCR mediated protection against other antimicrobials, such as lysozyme®,

277  may also contribute to this protective phenotype.

278 One of the most important insights from this study is that anthropogenic use of AMPs
279  (e.g. colistin) can inadvertently drive the evolution of resistance to key components of innate
280  immunity!®*°. Numerous AMPs are currently in clinical trials, including AMPs of human
281  origin*®, and our results highlight the importance of assessing the impact of evolved
282  resistance to therapeutic AMP resistance on host innate immunity and bacterial virulence
283  during pre-clinical development using sensitive and quantitative assays. It is possible, of
284  course, that resistance to therapeutic AMPs will not be always associated with cross-
285  resistance to host AMPs, as we observed for PROPH and PR39 (Figure 2b). However, we argue
286  that cross-resistance to host AMPs is likely to be widespread, given that AMPs tend to share

287  broad cellular targets and physicochemical properties (Supplementary Data 1).

288 MCR-1 initially spread in agricultural settings in China, where colistin was heavily used
289 as a growth promoter. The Chinese government banned the use of colistin as a growth
290  promoter in 2016, and this was followed by a decline in the prevalence of MCR in human,
291  agricultural and environmental samples at a national level®>*2, Fitness costs associated with
292  MCR-13* are likely to have played an important role in the decline of colistin resistance, but it
293  is clear that AMPs from humans and agricultural animals provide a selective advantage for
294  MCR-1. The doses of AMPs required to generate selection for MCR-1 resistance (~1/2 MIC)
295  are high compared to those that are required to select for antibiotic resistance (typically

296  <1/10 MIC). However, AMPs achieve high concentrations in host tissues with acute or chronic
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297  inflammation®®3 and our results suggest that the selective benefits of AMP resistance may

298  help to maintain MCR-1 in humans and animals, even if colistin usage remains low.

299 Our approach to understanding the consequences of AMP resistance evolution
300 focused on testing the importance of the diversity of plasmid replicons that carry MCR-1. The
301 limitation of this approach is that we tested all of these plasmids types in a single wild-type
302  host strain. This is a limitation because the extensive genetic diversity of E. coli ensures that
303  a single strain can not be assumed to be the representative of this species. An interesting
304 avenue for further work will be to test for epistatic effects of MCR-1 across host strains. A
305  further limitation of our study is the challenge of linking AMP resistance and virulence. Whilst
306 the increased virulence associated with MCR carriage is consistent with the idea that MCR
307 compromises innate immunity, it is important to emphasize that virulence is complex and
308 multifactorial, and it is possible that increased virulence stems from changes to host tissue
309 invasion and growth stemming from cell membrane alterations mediated by MCR-1, and not

310 increased resistance to host immunity.
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357 Methods

358  Bacterial strains, MCR plasmids and growth medium

359  All the experiments were done in E. coli strain J53 genetic background. All bacterial strains
360  and MCR plasmids used in this study are listed in Supplementary Table 1 and Supplementary
361 Table 2. Experiments were conducted in Mueller-Hinton (MH) medium and Luria-Bertani (LB)
362  medium. All components were purchased from Sigma-Aldrich.

363 AMPs

364  AMPs were custom synthesized by BioServ UK Ltd, except for HBD-3 and colistin. HBD-3 was
365 custom synthesized by PeptideSynthetics UK, and colistin was purchased from Sigma-Aldrich.
366  AMP solutions were prepared in sterile water and stored at -80°C until further use.

367  Oligonucleotides

368 A full list of DNA oligonucleotides used in this work is provided in Supplementary Data 4. All

369 oligos were ordered with standard desalting from Thermo Scientific.

370  pSEVA:MCR-1 vector construction

371 A synthetic MCR-1 plasmid was constructed by cloning mcr-1 gene into pSEVA121 plasmid>*.
372  The mcr-1 gene along with its natural promoter was PCR-amplified from the natural PN16
373 (Incl2) plasmid using Q5® High-Fidelity DNA Polymerase (New England BioLabs). The amplified
374  and purified mcr-1 fragment was cloned into PCR-amplified pSEVA121 backbone using
375  NEBuilder® HiFi DNA Assembly Master Mix according to the manufacturer’s instructions.
376  Assembled products were then transformed into E. coli J53 strain using the standard
377  electroporation method. Briefly, pSEVA121:MCR-1 plasmid carrying cells were grown
378  overnight in MHB medium supplemented with 100 pug/ml ampicillin. Plasmid DNA isolation
379  was performed using GenelET Plasmid Miniprep Kit (Thermo Scientific) according to the
380  manufacturer’s instructions. 1pul of the purified plasmid DNA was transformed by
381  electroporation into 50 pl of electrocompetent E. coli J53 cells. Electroporation was carried
382  outwith astandard protocol for a 1 mm electroporation cuvette. Cells were recovered in 1 ml
383  SOC medium, followed by 1 h incubation at 37 °C. Different dilutions of transformant mixture
384  were made and were plated onto petri dishes containing LB agar supplemented with 100

385  ug/mlampicillin. The culture plates were incubated at 37°C for overnight.
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386  PCRand sequence verification by Sanger sequencing were performed to ensure the presence
387  of the correctly assembled recombinant plasmid. A full list of the primers used is given in
388  Supplementary Data 4.

389  Construction of Amcr-1 PN23 (IncX4) plasmid

390  Gibson assembly was used to construct Amcr-1 PN23 (IncX4) mutant where mcr-1 gene was
391  replaced by ampicillin resistance marker. The primers used for the Gibson assembly are listed
392  in Supplementary Data 4. The overlap between fragments to be assembled was in the range
393  of 20 to 40 bp. To avoid any mutation incorporation in the assembly, Q5® High-Fidelity 2X
394  Master Mix (New England Biolabs) was used for PCR amplification. Five PCR fragments
395  (leaving MCR-1 out) were generated using natural PN23 IncX4 plasmid as template DNA in
396  Q5° High-Fidelity 2X Master Mix with corresponding primer sets (Supplementary Data 4). An
397  ampicillin resistance marker was amplified separately.

398 To remove any plasmid DNA template contamination, the amplified PCR products
399  were digested with Dpnl (New England Biolabs) for 1 h at 37°C, followed by 20 min heat
400 inactivation at 80°C. The digested PCR products were subjected to gel purification using
401  GenelET Gel Extraction and DNA Cleanup Micro Kit (Thermo Scientific). The gel-purified PCR
402  products were assembled together with the ampicillin marker fragment using NEBuilder® HiFi
403 DNA Assembly Master Mix according to the manufacturer’s instructions. The resulting
404  assembled plasmid DNA was transformed into E. coli strain MG1655, rather transforming
405  directly into E. coli J53. This extra step was to ensure efficient transformation of the
406  assembled plasmid. E. coli MG1655 is well lab-adapted strain and shows high transformation
407  efficiency, especially for large plasmids. The transformants were selected on LB agar
408  containing ampicillin 100 pg/ml. The presence and right orientation of all six fragments were
409  confirmed by PCR amplification of fragments junction. Similarly, the absence of mcr-1 gene
410  was also confirmed by PCR. Following the confirmation of the Amcr-1 PN23 (IncX4) plasmid,
411  aconjugation experiment was carried out to transfer Amcr-1 PN23 (IncX4) plasmid into E. coli

412 J53.

413  Conjugation experiments
414  Conjugation experiments were carried out in LB broth medium at 37°C using E. coli strain J53
415  as the recipient and MCR-1-positive E. coli (MCRPEC) natural strains as the donor. The

416  overnight grown cultures of both the donor and recipient strain were washed with fresh LB
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417  medium and mixed at a 1:1 ratio. The mixed culture was incubated at 37°C for overnight
418  without shaking. Transconjugants were selected on LB agar containing 150 pg/ml sodium
419  azide and 2 pg/mlcolistin. In the case of mcr-knockout plasmid mutant (Amcr-1 PN23 IncX4),
420  E. coli MG1655 was used as the donor and the transconjugants were selected on 150 pg/ml
421  sodium azide and 100 pg/ml ampicillin. The presence of plasmids in transconjugants was

422  confirmed by PCR.

423  Construction of pSEVA:MCR-MOR plasmid

424  Moraxella species have been identified as potential sources of MCR-13243, To study the
425  Moraxella version of MCR (MCR-MOR), we custom synthesized (Twist Bioscience) MCR-MOR
426  gene (Moraxella osloensis, GenBank: AXE82_07515) and cloned this gene into pSEVA121
427  plasmid using Gibson assembly method. For cloning, the MCR-MOR fragment (insert DNA
428 1709 bp) and pSEVA backbone (vector DNA 4001 bp) containing ampicillin resistance marker
429  were amplified by PCR with corresponding primers (Supplementary Data 4) in Q5® High-
430  Fidelity 2X Master Mix (New England Biolabs). Both the insert (MCR-MOR) and vector
431  fragments were gel purified using GeneJET Gel Extraction and DNA Cleanup Micro Kit (Thermo
432  Scientific). The gel-purified PCR products were assembled together using NEBuilder® HiFi DNA
433  Assembly Master Mix (New England BiolLabs) according to the manufacturer’s instructions.
434  Following the assembly, 2ul of the assembly mixture was transformed into E. coli strain J53
435  and transformants were selected on LB agar containing 100 pug/ml ampicillin. The assembly
436  of pSEVA MCR-MOR plasmid was verified by PCR.

437  Physicochemical properties of AMPs

438  Protein amino acid frequencies and the fraction of polar and non-polar amino acids were
439  counted with an in-house R script. PepCalc (Innovagen) calculator was used to calculate the
440  netcharge. Isoelectric point and hydrophobicity were calculated using Peptide Analyzing Tool
441  (Thermo Scientific). Percentage of the disordered region, beta-strand region, coiled structure
442  and alpha-helical region was calculated with Pasta 2.0. The ExPasy ProtParam tool was used
443  for calculating aliphatic index and hydropathicity. Aggregation hotspots were calculated by
444  AggreScan.

445  Determination of minimum inhibitory concentration (MIC)
446  Minimum inhibitory concentrations (MICs) were determined with a standard serial broth

447  dilution technique with a minor modification that we previously optimized for AMPs*.
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448  Specifically, smaller AMP concentration steps were used (typically 1.2-1.5-fold) because AMPs
449  have steeper dose-response curves than standard antibiotics®>4, and therefore bigger
450  concentration steps (such as two-fold dilutions) can not capture 90% growth inhibitions (i.e.,
451  MIC). 10-steps serial dilution was prepared in fresh MHB medium in 96-well microtiter plates
452  where AMP was represented in 9 different concentrations. Three wells contained only
453  medium to monitor the growth in the absence of AMP. Bacterial strains were grown in MHB
454  medium supplemented with appropriate antibiotic (100 pug/ml ampicillin for E. coli pSEVA
455  MCR-1 and 1 ug/ml colistin for MCR natural plasmid) at 30°C for overnight. Following
456  overnight incubation, approximately 5x10° cells were inoculated into the wells of the 96-well
457  microtiter plate. We used three independent replicates for each strain and the corresponding
458  control. The top and bottom row in the 96-well plate were filled with MHB medium to obtain
459  the background OD value of the medium. Plates were incubated at 30 °C with continuous
460  shaking at 250 rpm. After 20—24 h of incubation, ODsgo values were measured in a microplate
461 reader (Biotek Synergy 2). After background subtraction, MIC was defined as the lowest
462  concentration of AMP where the ODesoo <0.05. Bacterial susceptibility to human serum was
463  also measured using the similar MIC assay described above. Human serum was purchased
464  from Sigma.

465 Membrane surface charge measurement

466  To measure bacterial membrane surface charge, we carried out a fluorescein isothiocyanate-
467  labelled poly-L-lysine (FITC-PLL) (Sigma) binding assay. FITC-PLL is a polycationic molecule that
468  binds to an anionic lipid membrane in a charge-dependent manner and is used to investigate
469  the interaction between cationic peptides and charged lipid bilayer membranes®. The assay
470  was performed as previously described>*°. Briefly, bacterial cells were grown overnight in
471  MHB medium, centrifuged and washed twice with 1X PBS buffer (pH 7.4). The washed
472  bacterial cells were re-suspended in 1x PBS buffer to a final ODsgo of 0.1. A freshly prepared
473  FITC-PLL solution was added to the bacterial suspension at a final concentration of 6.5 pug/ml.
474  The suspension was incubated at room temperature for 10 min, and pelleted by
475  centrifugation. The remaining amount of FITC-PLL in the supernatant was determined
476  fluorometrically (excitation at 500 nm and emission at 530 nm) with or without bacterial
477  exposure. The quantity of bound molecules was calculated from the difference between
478  these values. A lower binding of FITC-PLL indicates a less net negative surface charge of the

479  outer bacterial membrane.
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480  In vitro competition assay

481  To directly test the selective fitness benefits of MCR-1, we carried out in vitro competition
482  experiment using a flow cytometry-based sensitive and reproducible method developed in
483  ourlab***®>’ Flow cytometry was performed on an Accuri C6 (Becton Dickenson, Biosciences,
484  UK). We measured the competitive fitness of E. coli strain J53 harbouring pSEVA MCR-1 in the
485  absence and presence of an AMP. For this assay, we randomly selected five AMPs and colistin.
486  E. coli harbouring pSEVA plasmid without MCR-1 (called pSEVA empty vector (EV)) was used
487 as a control to calculate the relative fitness of E. coli pSEVA:MCR-1. These strains were
488 competed against a GFP-labelled E. coli strain J53 to measure the relative fitness (see
489  Supplementary Figure 4). All competitions were carried out in MHB medium with six biological
490 replicates per strain, as previously described3#°®, Briefly, the bacterial cells were grown in
491  MHB medium supplemented with 100 ug/ml ampicillin at 30°C for overnight. The overnight
492  grown cultures were washed with filtered PBS buffer to remove any antibiotic residues. The
493  washed cells were diluted into a fresh MHB medium and mixed approximately at 1:1 ratio
494  with GFP-labelled E. coli J53. Before starting the competition, the total cell density in the
495  competition mix was around half million cells, as we also used for MIC assay. The initial
496  density of fluorescent and non-fluorescent cells was estimated in the mix using medium flow
497  rate, recoding 10,000 events and discarding events with forward scatter (FSC) <10,000 and
498  side scatter (SSC) <8000. After confirming the actual ratio close to 1:1, the competition plates
499  were incubated at 30°C with shaking at 250rpm. After overnight incubation, the competition
500  mix was diluted in PBS buffer and cell densities were adjusted around 1000 per microlitre.
501  The final density of fluorescent and non-fluorescent cells was estimated in the competition
502  mix. Using the initial and final density of fluorescent and non-fluorescent cells, the relative
503  fitness was calculated as described below:

( dl(non—ﬂuorescent) )
log,

do(non-ﬂuorescent)

lo ( dl(ﬂuorescent) )
& do fluorescent
504 ( )

Relative fithess =

505  Where d0 and d1 represent cell density before and after the competition, respectively. Using
506  this formula, the fitness of E. coli pSEVA:MCR-1 and E. coli pSEVA EV control was calculated
507  (relative to GFP-labelled strain). In Figure 1, we expressed the fitness of E. coli pSEVA:MCR-1
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508 strain relative to the control strain (i.e., E. coli pSEVA EV), and followed the procedure of error

509  propagation to account for the uncertainty of the estimates:

510
SI:)mcrl 2 SDEV 2
SE = 7 + 7
511 merl EV
S12 where fand SD are a mean estimate and its standard deviation for each corresponding strain
313 pased on six biological replicates. MCR1 and EV represent E. coli J53 carrying pSEVA:MCR-1
514

and E. coli J53 carrying empty vector control strain, respectively.

515  Invivo virulence assay

516  Age and weight defined TruLarv™ Galleria mellonella caterpillars were obtained in bulk from
517  BioSystems Technology (Exeter, United Kingdom) and stored at 15°C in absence of food. E.
518  coli)53 pSEVA:MCR-1 and empty vector control strain was grown overnight in MHB broth and
519  washed twice with sterile PBS. In the case of every experiment, treatment solutions were
520 injected into the hemocoels of the larvae via the first right proleg using 10 pl Hamilton
521  syringes (Reno, Nevada, U.S.A.). Larvae were incubated in petri dishes lined with filter paper
522  at37°Cfor 48 h and survival was documented every 6 hours. Insects were considered dead if
523  they failed to respond to touch. Pretreatment was administered approximately 24 hours
524  before bacterial injection, and in this time period the survival of the animals was not recorded.
525 Before bacterial injection, the dead or sick animals were excluded from further experiments.
526 In order to establish the inoculum required to kill G. mellonella over 48 hours, 10
527 caterpillars were inoculated with 10 pl of bacterial suspensions containing 104, 10°, 108, 10’
528 and 108 CFU/larva of E. coli strain carrying pSEVA empty vector control in PBS (data not
529  shown). CFU number was verified by viable bacterial counts on MHB agar. Based on this
530 preliminary experiment 5*107 and 1*10% were determined as the ideal inoculum sizes to kill
531  G. mellonella larvae.

532 LPS from pathogenic bacterial strain Escherichia coli 0111:B4 was purchased from
533  Sigma Aldrich (Merck KGaA, Darmstadt, Germany) that has been shown to stimulate host
534 innate immunity®’. LPS solutions from powder were prepared fresh by dissolving the powder
535 in 1X PBS and the solution was sterilized by heating at 80°C for at least 30 minutes. LPS

536  pretreatment was administered similarly to bacterial treatment into the left first proleg
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537  approximately 24 hours before bacterial injection. In this time period the survival of the
538  animals was not continuously recorded. Before bacterial injection, the dead or sick animals
539  were excluded from further experiments. In order to establish an ideal treatment dose of LPS,
540  a dose-response experiment was performed with 1.25, 2.5, 5, 10 and 20 mg/ml LPS solution
541 used for pretreatment (data not shown). Larvae were injected with 10 pl of each dose of LPS
542 independently. In the case of animals injected with only LPS in the absence of bacteria, the
543  survival of the animals was not affected, proving that LPS in itself has no significant toxic
544  effects at the tested concentrations. In the case of injecting the animals with bacteria, LPS
545  caused a very severe reaction and swift animal death. Because of that, the relatively small
546  treatment dose of 2.5 mg/ml was chosen for the final experiment.

547 All experimental data were visualized with Kaplan-Meier survival curves, utilizing R
548  packages survival, survminer and ggsurvplot. P-values in comparison of treatment groups
549  within experiments were generated by these packages utilizing a standard Log-Rank test. P-
550  values comparing results between experiments were obtained by comparing hazard ratios
551  between the treatment lines based on the Cox proportional-hazards model.
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752  Supplementary Figure 1. MCR-1 imposes a significant fitness burden in the absence of an
753  AMP (P=1.174e-15, from two-sided Mann-Whitney U test, n = 36 for each genotype). This
754  figure shows the combined fitness data for colistin and five host AMPs used for in vitro
755  competition assay (see Figure 1). Fitness was calculated by competing the pSEVA plasmid
756  strains against GFP-labelled E. coli (see Methods).

757
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Supplementary Figure 2. PR39 and PROPH differ from other AMPs in their physicochemical
properties. (a) Principle component analysis (PCA) of the physicochemical properties of
AMPs. (b) PR39 and PROPH peptides can be distinguished from other AMPs based on their
higher proline content (significant differences from Welch Two Sample t-test, P = 0.0086, n =
2 and n = 8 for PR39 and PROPH, and others, respectively).
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Supplementary Figure 4. Gating strategy to analyse the selective fitness benefits of MCR-1.
Figures show cell density of fluorescent (GFP-labelled E. coli; gate - UR) and non-fluorescent
cells (E. coli pSEVA EV or E. coli pSEVA:MCR-1; gate - LR) before (a and b) and after the
competition (c and d) in the absence of an AMP. Cells were gated using FL1-H and forward
scatter properties. Data are provided in Supplementary Data 2.
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Strain

Description

Note

E. coli )53

Wild-type

. coli 53 GFP

E. coli J53 carrying chromosomal integrated GFP

Wild-type

E
E. coli MG1655
E. coli J53-PN16 (Incl2)

E. coli J53 transconjugant harbouring PN16 (Incl2)
MCR-1 plasmid

E. coli J53-PN21 (Incl2)

E. coli J53 transconjugant harbouring PN21 (Incl2)
MCR-1 plasmid

E. coli J53-PN23 (IncX4)

E. coli J53 transconjugant harbouring PN23 (IncX4)
MCR-1 plasmid

E. coliJ53-Amcr-1 PN23
(IncX4)

E. coli J53 transconjugant harbouring PN23 (IncX4)
plasmid without MCR-1

Ampicillin (100 pg/ml)
resistance marker

E. coli J53-PN42 (IncX4)

E. coli J53 transconjugant harbouring PN42 (IncX4)
MCR-1 plasmid

E. coli J53-WJ1 (IncHI2)

E. coli J53 transconjugant harbouring WJ1 (IncHI2)
MCR-3 plasmid

E. coli J53-481 (IncP1)

E. coli J53 transconjugant harbouring 481 (IncP1)
MCR-3 plasmid

E. coli J53-pSEVA121:
MCR-1

E. coli J53 harbouring pSEVA121 plasmid with MCR-1

Ampicillin (100 pg/ml)
resistance marker

E. coli J53-pSEVA121:EV

E. coli J53 harbouring pSEVA121 empty plasmid
control (without MCR-1)

Ampicillin (100 pg/ml)
resistance marker

E. coli J53-pSEVA121:
MCR-MOR

E. coli J53 harbouring pSEVA121 plasmid that carries
Moraxella version of MCR

Ampicillin (100 pg/ml)
resistance marker
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Supplementary Table 2. Plasmids used in this study.

Plasmid mcr gene | Size Marker Note Source
(bp) gene

PN16 (Incl2) mcr-1 60488 - MCR-1 natural plasmid Yang et al. Nat
belonging to Incl2 Commun 2017
incompatibility group

PN21 (Incl2) mcr-1 60989 - MCR-1 natural plasmid Yang et al. Nat
belonging to Incl2 Commun 2017
incompatibility group

PN23 (IncX4) mcr-1 33858 - MCR-1 natural plasmid Yang et al. Nat
belonging to IncX4 Commun 2017
incompatibility group

Amcr-1 PN23 - 33221 | Ampicillin | MCR-1 deletion mutant of This study

(IncX4) (100pg/ml) | PN23 (IncX4)

PN42 (IncX4) mcr-1 32995 - MCR-1 natural plasmid Yang et al. Nat
belonging to IncX4 Commun 2017
incompatibility group

WIJ1 (IncHI2) mcr-3 266119 - MCR-3 natural plasmid Yin et al. mBio
belonging to IncHI2 2017
incompatibility group

481 (IncP1) mcr-3 53660 - MCR-3 natural plasmid Wang et al.
belonging to IncP1 Veterinary
incompatibility group Microbiology

2019
pSEVA121:EV - 3924 Ampicillin | pSEVA121 synthetic Silva-Rocha et al.
(100pug/ml) | plasmid without MCR-1 NAR 2013
pSEVA121:MCR- | mcr-1 5659 Ampicillin | pSEVA121 synthetic This study

1 (100pg/ml) | plasmid carrying MCR-1 and
promoter

pSEVA121:MCR- | Moraxella | 5670 Ampicillin | pSEVA121 synthetic This study

MOR version of (100pg/ml) | plasmid carrying Moraxella

MCR version of MCR
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844  Supplementary Data files

845  Supplementary Data 1. List of the physicochemical and mechanistic properties of the AMPs
846  used in this study.

847  Provided in a separate Excel spreadsheet.

848  Supplementary Data 2. Competitive fitness data

849  Provided in a separate Excel spreadsheet.

850  Supplementary Data 3. Antimicrobial susceptibility of MCR-E. coli to AMPs

851  Provided in a separate Excel spreadsheet.

852  Supplementary Data 4. List of oligonucleotides used in this study.

853  Provided in a separate Excel spreadsheet.
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