Table S1. Characteristics of bacterial strains used in this study
	[bookmark: _Hlk236092931]Species
	Strains
	MICCLO(MICcombo), mg/L
	MICPMNB(MICcombo), mg/L
	FIC index
	Isolation year
	Origin
	mcr-1
	Antimicrobial susceptibility profile

	[bookmark: _Hlk236100282]Escherichia coli
	MG1655
	>64 (0.5)
	>256 (1)
	0.012 
	
	
	-
	-

	
	274
	>64 (0.5)
	>256 (1)
	0.012 
	2010
	Duck
	-
	CIP, OLA

	
	14
	>64 (0.5)
	>256 (2)
	0.016 
	2010
	Duck
	-
	AMP, GEN, TET, FOS, FFC, CIP, S/T

	
	167
	>64 (1)
	>256 (1)
	0.020 
	2010
	Duck
	-
	AMP, TET, DOX, FFC, CIP, S/T, OLA

	
	13
	>64 (1)
	>256 (4)
	0.031 
	2004
	Chicken
	-
	AMP, GEN, TET, DOX, FFC, CIP, S/T, OLA

	
	57
	>64 (1)
	>256 (4)
	0.031 
	2012
	Pig
	-
	AMP, CTX, TET, DOX, FFC, CIP, S/T, OLA

	
	18
	>64 (1)
	>256 (4)
	0.031 
	2015
	Chicken
	-
	AMP, TET, DOX, FFC, CIP, S/T, OLA

	
	119
	>64 (2)
	>256 (1)
	0.035 
	2010
	Duck
	-
	AMP, GEN, TET, DOX, CIP, S/T, OLA

	
	279
	>64 (2)
	>256 (2)
	0.039 
	2010
	Pig
	-
	AMP, GEN, TET, DOX, FFC, CIP, S/T, OLA

	
	26
	>64 (2)
	>256 (2)
	0.039 
	2004
	Duck
	-
	AMP, AMK, GEN, CIP, OLA

	
	47
	>64 (2)
	>256 (4)
	0.047 
	2019
	Chicken
	-
	AMP, CTX, TET, DOX, S/T

	
	23
	>64 (8)
	>256 (32)
	0.250 
	2016
	Pig
	+
	AMP, CTX, TET, DOX, FFC, CST, CIP, S/T, OLA

	
	34
	>64 (8)
	>256 (32)
	0.250 
	2019
	Duck
	+
	AMP, CTX, TET, DOX, FFC, CST, CIP, S/T, OLA

	
	67
	>64 (4)
	>256 (32)
	0.188 
	2019
	Duck
	+
	AMP, TET, DOX, FOS, FFC, CST, CIP, S/T, OLA

	
	11
	>64 (4)
	>256 (32)
	0.188 
	2012
	Pig
	+
	AMP, CTX, TET, DOX, FFC, CST, CIP, S/T, OLA

	
	85
	>64 (8)
	>256 (16)
	0.188 
	2003
	Chicken
	+
	AMP, CTX, TET, CST, S/T, OLA

	
	96
	>64 (8)
	>256 (16)
	0.188 
	2019
	Duck
	+
	AMP, TET, DOX, FOS, FFC, CST, CIP, S/T, OLA

	
	79
	>64 (8)
	>256 (16)
	0.188 
	2010
	Pig
	+
	AMP, TET, DOX, FFC, CST, CIP, S/T, OLA

	
	44
	>64 (8)
	>256 (16)
	0.188 
	2019
	Pig
	+
	AMP, CTX, GEN, TET, DOX, CST, CIP, S/T, OLA

	
	55
	>64 (8)
	>256 (16)
	0.188 
	2012
	Pig
	+
	AMP, CTX, AMK, GEN, TET, DOX, CST, CIP, S/T, OLA

	
	18
	>64 (4)
	>256 (16)
	0.125 
	2010
	Pig
	+
	AMP, TET, DOX, FFC, CST, CIP, S/T, OLA

	
	MG1655+pGEN-mcr-1
	>64 (4)
	>256 (8)
	0.094 
	
	
	+
	AMP

	
	
	
	
	
	
	
	
	

	Salmonella
	15S242
	>64 (1)
	>256 (4)
	0.031 
	2015
	Homo sapiens
	-
	AMP, TET, DOX, FFC, S/T

	
	18S009
	>64 (2)
	>256 (2)
	0.039 
	2018
	Homo sapiens
	-
	AMP, TET, DOX, FFC, S/T, OLA

	
	18S071
	>64 (2)
	>256 (2)
	0.039 
	2018
	Homo sapiens
	-
	AMP, TET, DOX, FFC, S/T

	
	13S0111
	>64 (2)
	>256 (4)
	0.047 
	2013
	Homo sapiens
	-
	AMP, TET, DOX, FFC, S/T

	
	14S1005
	>64 (8)
	>256 (32)
	0.250 
	2014
	Homo sapiens
	+
	AMP, TET, DOX, CST, S/T, OLA

	
	15S468
	>64 (4)
	>256 (32)
	0.188 
	2015
	Homo sapiens
	+
	AMP, TET, DOX, FFC, CST, CIP, S/T, OLA

	
	15S444
	>64 (8)
	>256 (16)
	0.188 
	2015
	Homo sapiens
	+
	AMP, TET, DOX, CST, CIP, S/T, OLA

	
	14S3411
	>64 (4)
	>256 (16)
	0.125 
	2012
	Homo sapiens
	+
	AMP, TET, DOX, CST, FFC, CIP, OLA


Abbreviations: CLO, closantel; PMBN, polymyxin B nonapeptide; AMP, ampicillin; CTX, cefotaxime; AMK, amikacin; GEN, gentamicin; TET, tetracycline; DOX, doxycycline; FOS, fosfomycin; FFC, florfenicol; CST, colistin; CIP, ciprofloxacin; S/T, trimethoprim-sulfamethoxazole; OLA, olaquindox; MEM, meropenem.



Table S2. Phenotypic and genotypic features of representative E. coli 44 and 47
	Strains
	Colistin MIC (mg/L)
	mcr-1
	Location of mcr-1
	Major resistance genes

	44
	4
	+
	IncI2 plasmid
	blaCTX-M-55, aadA5, tet(B), mph(A), sul

	47
	0.5
	−
	
	blaCTX-M-27, aadA2, tet(A), erm(B), sul




[bookmark: _Hlk234854403]Table S3. Closantel and PMBN concentrations used in mechanistic studies
	Strains
	MIC of combination (mg/L)
	Tested concentration (1/2 × MIC, mg/L)

	
	Closantel
	PMBN
	Closantel
	PMBN

	MG1655
	0.5
	1
	0.25
	0.5

	MG1655+pGEN-mcr-1
	4
	8
	2
	4

	47
	2
	4
	1
	2

	44
	8
	16
	4
	8




Table S4. Gradient elution program for LC-MS/MS analysis of Closantel
	Time (min)
	Flow rate (mL/min)
	Mobile phase A (%)
	Mobile phase B (%)

	0
	0.35
	90
	10

	0.5
	0.35
	90
	10

	0.6
	0.35
	5
	95

	6
	0.35
	5
	95

	6.1
	0.35
	90
	10

	12
	0.35
	90
	10


Abbreviations: A, 0.1% formic acid in water; B, 0.1% formic acid in acetonitrile


[bookmark: OLE_LINK8]Table S5. MRM parameters for quantification of CLO and CLO-D6 by LC-MS/MS
	Compounds
	Precursor ion [M+H]- (m/z)
	Product ion (m/z)
	DP (V)
	CE (eV)
	Time (ms)

	Closantel
	661.1
	344.8*
	-100
	53
	100

	
	
	315.2
	-100
	50
	100

	Closantel-D6
	667.0
	350.7
	-100
	53
	100


Abbreviations: DP, Declustering potential; CE, Collision energy; *, Quantifier ion.


Supplementary Methods
1. Bacterial strains, culture conditions and reagents
Detailed information of bacterial strains, including species, isolation year, origin, antimicrobial resistance profiles and mcr-1 status, is provided in Table S1. Genomic characteristics of representative strains used for mechanistic studies are summarized in Table S2. All strains were stored at -80°C in nutrient broth containing 30% glycerol and routinely cultured in Mueller-Hinton broth (MHB) or on MacConkey agar at 37°C. Closantel (CLO) and polymyxin B nonapeptide (PMBN) stock solutions were prepared using appropriate solvents, sterilized by filtration when required, and stored according to manufacturer recommendations.
2. Antimicrobial susceptibility, combination and stability assays
MICs were determined by broth microdilution using two-fold serial dilutions of antimicrobial compounds in MHB. Bacterial suspensions were adjusted to approximately 5 × 10⁵ CFU/mL and incubated at 37°C for 18-20 hours (h). Checkerboard assays were performed by serial dilution of CLO and PMBN along two axes in 96-well plates. The fractional inhibitory concentration index (FICI) was calculated as:
[bookmark: _Hlk236093086]FICI = MICAB/MICA + MICBA/MICB
Where MICA and MICB represent the MICs of drugs A and B alone, respectively, and MICAB and MICBA represent the MICs of each drug in combination. The interaction was interpreted as follows: FICI ≤ 0.5, synergy; 0.5 < FICI ≤ 4.0, indifference; FICI > 4.0, antagonism. For stability assays, selected ions, serum and DMEM were supplemented into MHB before susceptibility testing. The concentrations used are listed in Table S3.
3. Time-kill and resistance evolution assays
For time-kill assays, exponentially growing bacterial cultures were treated with CLO, PMBN or their combination at indicated concentrations. Samples were collected at designated time points, serially diluted and plated onto LB agar for viable bacterial enumeration. Resistance evolution was assessed by serial passaging of Escherichia coli (E. coli) 44. Cultures were transferred daily into fresh MHB containing subinhibitory concentrations of CST or CLO-PMBN combination for 30 consecutive passages. MIC values were determined periodically and compared with baseline values.
4. In vivo efficacy
Animals and housing
Female ICR mice (5 weeks old, 20–22 g) were obtained from Zhuhai Beston Biotechnology Co., Ltd. (Zhuhai, China). Mice were housed under standard laboratory conditions (23 ± 2°C, 12-h light/dark cycle) with free access to food and water and allowed to acclimatize for 7 days before the experiments. During the acclimatization period, the general health status of the animals was monitored daily, and only healthy animals without apparent abnormalities were included in the study.
Infection and treatment
An overnight culture of E. coli 44, an mcr-1-carrying strain, was collected, washed, and resuspended in sterile phosphate-buffered saline (PBS). The bacterial suspension was adjusted to 1 × 10^9 CFU/mL, and 100 μL was intraperitoneally injected into each mouse, corresponding to approximately 1 × 10^8 CFU per mouse. Preliminary experiments were conducted before the definitive experiments to determine the bacterial inoculum and treatment administration route and to assess the establishment of the infection model. For the therapeutic efficacy study, infected mice were randomly allocated to five groups (n = 6 per group): CLO (10 mg/kg), PMBN (10 mg/kg), CLO-PMBN combination (CLO, 10 mg/kg plus PMBN, 10 mg/kg), infected model control (PBS), and uninfected control (PBS). Animals were individually numbered before allocation. Treatments were administered intraperitoneally at 1 h post-infection and continued once daily for 7 consecutive days.
Sample size and inclusion/exclusion criteria
Two independent cohorts of mice were used for survival and bacterial burden analyses, respectively, with six animals per group in each cohort. The survival cohort therefore comprised 30 mice, and the bacterial burden cohort comprised 30 mice, for a total of 60 mice. The inclusion criteria were predefined as healthy female ICR mice of the specified age and body-weight range without apparent abnormalities during the 7-day acclimatization period. Animals not meeting these criteria before infection were not enrolled. The sample size was set at six animals per group based on previous studies using comparable infection models and preliminary experimental observations, with consideration of minimizing animal use in accordance with the 3Rs principle. No formal a priori power calculation was performed. No unexpected adverse events occurred during the study, and no animals or data points were excluded after allocation to the experimental groups.
Randomisation, housing, and blinding
Before infection, all mice were individually numbered. Animals were randomly selected from the numbered pool and assigned to the predefined experimental groups, with six animals allocated to each group. Animals from different experimental groups were housed separately, with each experimental group maintained in a designated cage to prevent physical contact between groups. Cage assignment was kept consistent throughout the experiment. Treatments were administered once daily throughout the 7-day treatment period, and survival status and general health condition were assessed and recorded once daily. No predetermined treatment order was used among the experimental groups. For bacterial burden assessment, the large number of tissue samples precluded a predefined fixed processing order; samples were processed according to the experimental workflow without a predetermined treatment-group sequence. Personnel administering the treatments and assessing survival were aware of the group assignments because the treatment regimens differed among groups. Personnel responsible for preliminary data recording were also aware of the experimental group assignments. For bacterial burden assessment, personnel performing colony counting were blinded to treatment allocation and evaluated the final culture plates without access to the corresponding treatment information. Personnel responsible for the final statistical analysis were aware of the experimental group assignments.
Outcome measures and bacterial burden analysis
Two independent cohorts of mice were used for survival and bacterial burden analyses, respectively, with six animals per group in each cohort. The primary outcome of the survival cohort was 7-day survival, whereas bacterial burdens in the spleen and kidney were evaluated as secondary outcome measures in the separate bacterial burden cohort. For survival analysis, mice were monitored throughout the 7-day observation period, and survival status and general health condition were recorded daily. At the end of the 7-day observation period, surviving mice were humanely euthanized. For bacterial burden analysis, a separate cohort of infected mice received the same infection and treatment procedures and was euthanized at 24 h post-infection. Spleen and kidney tissues were aseptically collected, weighed, and homogenized in sterile PBS. Tissue homogenates were serially diluted and plated onto MacConkey agar, followed by incubation at 37°C for 18–24 h. Bacterial loads were quantified by colony counting and expressed as CFU/g tissue.
Statistical analysis
Bacterial loads in the spleen and kidney were expressed as CFU/g tissue and log10-transformed before statistical analysis. Comparisons between predefined treatment groups were performed using an unpaired two-tailed Student’s t-test. Survival was analyzed using Kaplan–Meier survival curves and the log-rank test. Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA), and P < 0.05 was considered statistically significant.
Humane endpoints and euthanasia
Mice were monitored daily for survival and general health condition throughout the experimental period. Humane endpoints were predefined in accordance with the approved animal ethics protocol (approval no. 2026C081). Animals reaching a predefined humane endpoint were euthanized immediately. At the end of the 7-day survival observation period, or when a predefined humane endpoint was reached, mice were deeply anesthetized with Zoletil® 50 (tiletamine/zolazepam, 75 mg/kg). Adequate anesthesia was confirmed by the absence of the righting reflex and response to painful stimuli. Animals were subsequently euthanized by cervical dislocation in accordance with institutional guidelines.
Ethical approval
All animal experiments were conducted in accordance with the guidelines of the Guangdong Laboratory Animal Welfare and Ethics Committee and were approved by the Animal Ethics Committee of South China Agricultural University (approval no. 2026C081).
5. haemolysis assays
Haemolytic activity was assessed using sheep erythrocytes. Erythrocyte suspensions were incubated with different concentrations of CLO, PMBN or their combination. PBS and Triton 0.2% X-100 (v/v) were used as negative and positive controls, respectively. Absorbance was measured at 576 nm and haemolysis was calculated relative to the positive control.
6. Intracellular quantification of CLO by LC-MS/MS
Intracellular CLO accumulation was quantified using liquid chromatography tandem mass spectrometry (LC-MS/MS). E. coli MG1655 cultures were grown to the mid-logarithmic phase and treated with CLO alone or in combination with PMBN as described above. After 2 h incubation, bacterial cells were harvested by centrifugation at 4°C and washed twice with ice-cold PBS to remove extracellular CLO. Cell pellets were spiked with CLO-D₆ as an internal standard and subjected to three freeze-thaw cycles using liquid nitrogen and a 37°C water bath to achieve efficient cell lysis. The lysates were extracted with acetonitrile, followed by centrifugation and filtration prior to LC-MS/MS analysis.
LC-MS/MS quantification was performed using a validated method based on CLO-specific detection. Chromatographic separation was performed according to the gradient elution program described in Table S4, and multiple reaction monitoring (MRM) parameters for CLO and CLO-D₆ detection are provided in Table S5. Quantification was achieved using calibration curves generated from CLO standards, with CLO-D₆ used for internal standard correction.
7. Mechanistic assays
[bookmark: _Hlk236101699][bookmark: _Hlk236101571]Four representative E. coli strains (MG1655, MG1655+pEGN-mcr-1, 44 and 47) were used for mechanistic investigations. Bacterial cultures were grown to the exponential phase, harvested by centrifugation, washed twice with PBS, and adjusted to an OD600 of 0.5. Unless otherwise indicated, CLO and PMBN were applied at concentrations corresponding to 1/2 × MIC values determined by checkerboard assays. The concentrations used for each assay are summarized in Table S3. Outer membrane and cytoplasmic membrane permeability were evaluated using N-phenyl-1-naphthylamine (NPN) and propidium iodide (PI) fluorescence assays. Briefly, bacterial suspensions were treated with CLO, PMBN, or the combination, followed by incubation with NPN (10 μmol/L) or PI (10 μmol/L). Fluorescence signals were measured at excitation/emission wavelengths (Ex/Em) wavelengths of 350/420 nm for NPN and 535/615 nm for PI. Intracellular ATP levels were quantified using an enhanced ATP assay kit (Beyotime Biotechnology, China). Following treatment, bacterial cells were collected, lysed, and centrifuged, and ATP levels were determined according to the manufacturer’s instructions. Intracellular reactive oxygen species (ROS) accumulation was assessed using 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) staining. Bacterial suspensions were incubated with DCFH-DA (10 μmol/L), followed by drug exposure, and fluorescence intensity was measured at Ex/Em wavelengths of 488/525 nm. All experiments were performed with at least three independent biological replicates.
8. Untargeted metabolomic profiling
Untargeted metabolomics was performed to characterize metabolic alterations induced by CLO-PMBN treatment. E. coli 44 cultures were treated with PMBN or CLO-PMBN. Six biological replicates were included for each group. Following treatment, cells were collected, washed with pre-chilled PBS, rapidly frozen, and subjected to metabolite extraction using a methanol/water extraction solution. Quality control samples were generated by pooling equal aliquots from all samples. Ultra-performance liquid chromatography coupled with quadrupole time-of-flight high-resolution mass spectrometry (UPLC-Q-TOF-HRMS) analysis was performed. Raw LC-MS data were processed for peak extraction, alignment, normalization, and metabolite annotation. The processed dataset was subjected to multivariate statistical analysis, including principal component analysis (PCA), to evaluate overall metabolic differences between groups. Differential metabolites were identified based on fold change criteria (FC ≥ 1.2 or ≤ 0.833) combined with statistical significance (P < 0.05). Metabolite enrichment and pathway analysis were performed using the KEGG database and MetaboAnalyst platform to identify significantly altered metabolic pathways.
