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Introduction

Plasmid-driven horizontal transfer of resistance genes in bacterial communities is a major factor in the spread of resistance worldwide. The gut microbiome, teeming with billions of microorganisms, serves as a reservoir for resistance genes. The metabolites of gut microorganisms strongly influence the physiology of their microbial community, but the role of the metabolites in the transfer of resistance genes remains unclear.





Methods

A dual-fluorescence conjugation model was established. We assessed the effects of different concentrations of indole-3-butyric acid (IBA) and disodium succinate (DS) on plasmid transfer using conjugation assays. The growth of bacteria (donors, recipients, and transconjugants), the reactive oxygen species (ROS) levels and membrane permeability were measured under IBA and DS exposure. The plasmid copy number, and transcriptional levels of conjugation-related genes (including the related genes of the regulation of ROS production, the SOS response, cell membrane permeability, pilus generation, ATP synthesis, and the type IV secretion system (T4SS) ) were evaluated by qPCR.





Results

In this study, we demonstrated that IBA and DS at low concentrations, which can also be ingested through diet, enhance the interspecies transfer ratio of IncI2 mcr-1-carrying plasmid in Escherichia coli. At 20 mg/L, the transfer ratios in the presence of IBA or DS increased by 2.5- and 2.7-fold compared to that of the control, respectively. Exposure to this concentration of IBA or DS increased the production of reactive oxygen species (ROS), the SOS response, cell membrane permeability, and plasmid copy number. The transcription of genes of the related pathways and of pilus, ATP, and the T4SS was upregulated. 





Discussion

Our findings revealed that low-dose gut microbiota metabolites—particularly those with dietary origins—promote plasmid-mediated resistance gene dissemination through multifaceted mechanisms involving oxidative stress, SOS activation, and conjugation machinery enhancement. This highlights potential public health risks associated with microbiota metabolites, especially those utilized in food production.
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1 Introduction

Plasmid-mediated horizontal transfer of resistance genes is the primary means of resistance spread. The discovery of mobile colistin resistance genes (mcr) on plasmids changed the view that polymyxin resistance was solely caused by chromosomal gene mutations or regulation, and implied higher risks of dissemination and increased clinical treatment costs (Liu et al., 2016). Over the years, the mcr-1 carrying plasmid (pMCR-1) was found to be transmitted among animals, humans, and food in different environments in more than seventy countries on six continents (Mmatli et al., 2022). Epidemiological studies indicated that almost all colistin resistance in Escherichia coli is mediated by the mcr genes, and the increase in colistin resistance is attributed to the dissemination of the mcr-1 gene (Wang et al., 2020; Shen et al., 2020, Liu et al., 2020). The IncI2 plasmid is considered the optimal vector for mcr-1 transmission and represents the first reported replicon type of mcr-1 plasmids. Its structure is conserved, and it can carry co-transfer carbapenemases-producing genes or extended-spectrum β-lactamases-producing genes (Meinersmann, 2019). Therefore, IncI2 pMCR-1 is a good representative for studying polymyxin resistance dissemination patterns (Wilkinson et al., 2022).

The transfer of plasmids is influenced by various stress factors caused by the ecological niche of the host bacteria. A typical example is antibiotic selection pressure, in which sub-inhibitory concentrations of antibiotics facilitate plasmid transfer (Ortiz et al., 2021). Similarly, a recent study has found that non-antibiotic chemicals in the environment, such as heavy metals (Zhao et al., 2019), disinfectants (Guo et al., 2015), non-antibiotic pharmaceuticals (Yang et al., 2022), CO2 (Liao et al., 2019), nonnutritive sweeteners (Yu et al., 2021), petrol and diesel exhaust particles (Zhang et al., 2018) facilitated the horizontal transfer of antibiotic resistance genes (ARGs). The risk factors that promote antibiotic-resistance plasmid transfer in bacterial environments are receiving increasing attention.

The intestinal microbiota is a critical reservoir for storing and disseminating resistance plasmids. The vast array of metabolites produced by the microbiota are directly implicated in human health, including those participating in nutrient metabolism (Mithul et al., 2021), drug metabolism (Pant et al., 2023), maintenance of the structural integrity of the intestinal mucosal barrier (Recharla et al., 2023), immune regulation (Liu et al., 2021) and resistance to pathogens (Beaud et al., 2005). It is noteworthy that intestinal flora metabolites also act as microenvironmental stress factors to influence the transfer of resistance plasmids, however, there are scant reports on this. Short-chain fatty acids can alter intestinal pH, potentially changing the physiological state of the bacteria and indirectly inhibiting the transfer of resistance plasmids among intestinal microbes (Ott and Mellata, 2024). We focused on the effects of metabolites on the transfer of resistance plasmids by screening 172 intestinal microbial metabolites. We ultimately observed that low concentrations of indole-3-butyric acid (IBA) and disodium succinate (DS) promoted IncI2 pMCR-1 transfer. Specifically, IBA was produced by the opportunistic pathogen Clostridium difficile (Brooks et al., 1984), which is frequently used in agriculture to enhance plant growth (Frick and Strader, 2018). DS, produced by Lactobacillus generating succinic acid, combines with sodium ions (Tsuji et al., 2013), to serve as a food additive that imparts an umami flavor to various food products (Ma et al., 2020). Both IBA and DS can ingest through the diet (Tian et al., 2022). Recent research suggested that specific ingredients found in food and oral medication, such as paclitaxel (Yang et al., 2022) and artificial sweeteners (Yu et al., 2023) may promote the transfer of resistance plasmids. Currently, the study of the risks posed by metabolites in the gut, including the spread of antibiotic resistance, remains a blind spot but cannot be overlooked, particularly the risks of metabolites that are used as food additives.

Current studies showed that the increased transfer ratio of resistance plasmids was associated with changes in multiple regulatory pathways. Nonnutritive sweeteners were shown to promote plasmid transfer by upregulating reactive oxygen species (ROS) generation, the SOS response, and cell membrane permeability (Yu et al., 2021). A diet high in fat, sugar, and salt promoted the expansion and transfer of exogenous ARGs in gut microbes, while significantly changing the gut microbiota and its metabolic product composition. This may be attributed to a SOS response or to changes in bacterial membrane permeability, bacterial composition and bacterial diversity due to diet-induced inflammation (Tan et al., 2022). The previous research reported that the cell membrane permeability and conjugative transfer-related genes were modulated by overproduction of ROS and reactive nitrogen species during bacterial exposure to glyphosate, increasing the conjugative transfer ratio of ARGs (Zhang et al., 2021). Plasmid-encoded the type IV secretion system (T4SS) is an essential macromolecular apparatus for conjugation, and exposure to sulfonamide antibiotics significantly upregulated T4SS-related genes expression, thereby enhancing transfer ratio (Zhao et al., 2021). Cyromazine and kresoxim-methyl, which stimulated bacterial ATP production, enhanced the conjugation process energy supply (Zhu et al., 2024). The transfer of a plasmid is co-regulated by functional pathways encoded by the host bacteria and by the plasmid itself, the novel mechanisms of this sensitive and complex process remain to be further explored.

In this study, we observed that low concentrations of IBA or DS promoted IncI2 pMCR-1 transfer. Respectively, increased ROS production and cell membrane permeability were observed after exposure to IBA or DS and were verified at the transcription level. In addition, the core genes of related functional pathways, such as ATP synthesis, pilus generation, and T4SS, were upregulated. This study underscored an unrecognized function of intestinal metabolites of accelerating the spread of drug resistance, which is particularly concerning given that some of these metabolites are also used in the food industry. These findings served as a reminder of the potential double-edged sword effects of these metabolites, which should not be overlooked in food production applications.




2 Materials and methods



2.1 Bacteria strains, culture conditions, and metabolic substrates

The donor of the conjugation model was E. coli MG1655 with resistance to rifampicin (RfpR) carrying the plasmid pSH13G841 containing the mcr-1 gene. The plasmid pSH13G841 was isolated from Salmonella Typhimurium obtained from fecal samples of a 9-month-old male community-acquired diarrhea patient in Shanghai (Lu et al., 2019). The recipient strain was E. coli CNE6, isolated from fecal samples.

The strains were grown in liquid medium (Luria-Bertani) or on medium containing 1.5% agar with corresponding antibiotics added (100 μg/mL rifampicin, 100 μg/mL streptomycin, 4 μg/mL polymyxin B). Single colonies were selected and incubated with shaking at 180 rpm for 18 h at 37°C. Transfer the culture to fresh medium at a 1:1000 ratio until it reaches the log phase (OD600 = 0.5), the cells were washed twice by centrifuging at 3000 rpm for 5 min and resuspending to an OD600 of 0.75 for conjugation transfer.

Indole-3-butyric acid (IBA, C12H13NO2, CAS133-32-4) and disodium succinate (DS, C4H14Na2O4, CAS150-90-3) with purity > 98% were purchased from Macklin and prepared as a concentrated stock solution in dimethyl sulfoxide (DMSO, Biotopped) and sterile ultra-pure water at 0.016, 0.08, 0.4, 2, 10, 30 and 50 mg/mL, respectively. All solvents and reagents used were of analytical grade. The final concentration of IBA or DS used in the experimental system was both one hundredth of that of the concentrated stock solution.




2.2 Induction of streptomycin resistance in the CNE6

The streptomycin resistant CNE6 strain was obtained through induction with a gradient of streptomycin concentrations pressure, and the chromosomal mutations occurred on the streptomycin resistance gene 16S rRNA. Specifically, single colonies were selected and incubated into liquid medium without antibiotics at 180 rpm for 18 h at 37°C. 100 μL of bacterial suspension was plated on medium containing 50 mg/L streptomycin and incubated at 37°C overnight. Subsequently, single colonies were selected and incubated into liquid medium without antibiotics at 180 rpm for 18 h at 37°C. Then, 100 μL of bacterial suspension was plated on medium containing 100 mg/L streptomycin and incubated at 37°C overnight. As described above, bacterial suspension was sequentially plated on medium containing 200 mg/L and 500 mg/L streptomycin and incubated at 37°C overnight. Single colonies were finally selected from medium containing 500 mg/L streptomycin for subsequent experiments.




2.3 Dual-fluorescence reporter system

To rapidly achieve screening of the transconjugants, we constructed a dual fluorescence system by using the suicide plasmid-mediated homologous recombination to insert the mCherry gene into the MG1655 chromosomal genome, and insert gfp gene into the resistance plasmid pSH13G841 genome. Using pWM91/pWM91-Cm as the suicide plasmid (Metcalf et al., 1996), an approximately 1000-bp fragment of the insertion site was selected as the homologous arms for recombination. The fluorescent reporter genes were linked to the constitutive promoter PLtetO-1 between the upstream and downstream homology arms by overlap PCR. The reconstituted fragments were mixed with the linearized pWM91/pWM91-Cm vector by seamless cloning (pEASY-Seamless Cloning and Assembly Kit, TransGen Biotech) and transferred into E. coli SM10λpir. The suicide plasmid carrying the homologous arms were transferred into the recipient bacteria (MG1655/J53-pSH13G841) by conjugation. After the transconjugants were selected on plates containing dual antibiotics, they were incubated on a medium containing 10% sucrose at 22°C for 72 h, the strains sensitive to ampicillin were selected for PCR validation and confirmed by sequencing. Based on this approach, we inserted the fluorescent reporter gene gfp between 18,643-18,644 bp of the plasmid (MH522411.1), resulting in the construction of the green fluorescent plasmid pSH13G841. We inserted mCherry between aslA and aslB in MG1655, thereby the host bacterium MG1655 with the red fluorescent was constructed. To form the donor for metabolite screening, the plasmid pSH13G841 with the green fluorescence was transferred into MG1655 with the red fluorescent. The dual-fluorescence reporter system MG1655::mCherry/pSH13G841-gfp was ultimately generated. All plasmids, primers and strains information were provided in the Supplementary Tables S1 and S2.




2.4 Construction of the conjugation transfer experiment

The donor strain MG1655::mCherry/pSH13G841-gfp and recipient CNE6 were mixed in a 1:1 ratio (OD600 = 0.75, 180 μL) and subjected to static conjugation at 37°C. To clarify the conjugative time required for maximal transfer ratio achievement, multiple conjugation intervals (6, 12, 18, and 24 h) were established. The mixtures were plated on two selective medium: a single-antibiotic medium containing 100 mg/L streptomycin for the selection of recipients, and a double-antibiotic medium containing 100 mg/L streptomycin and 4 mg/L polymyxin B for the selection of transconjugants. The strains were confirmed by observation through fluorescence microscopy. Plasmid transfer ratio (f) was calculated as  , where N(T) and N(R) represented the numbers of transconjugants and recipients, respectively. We determined that the optimal conjugative time was 18 h when the transfer ratio reaches its maximum value (Supplementary Figure S1).




2.5 Collection and screening of intestinal flora metabolites

In this study, the Gut Microbial Metabolite Library (MedChemExpress, USA, Cat. No.: HY-L078), which including 172 intestinal flora metabolites, were purchased in 2024 and used for this research.

The final concentration of the intestinal flora metabolites, which was used in the conjugation experiment, was obtained by diluting the commercialized concentration at a ratio of 1:100 (Supplementary Table S4). Based on the dual-fluorescence reporter system (method 2.3) and conjugation experiment (method 2.4), for the metabolite-treated group, we introduced 1.8 μL each intestinal flora metabolite during the static donor and recipient strain conjugation phase, and calculated the conjugative transfer ratio. We constructed three control groups based on the different types of solvents (DMSO/sterile water/anhydrous ethanol) contained in each metabolite. For the control group, 1.8 μL DMSO/sterile water/anhydrous ethanol was added during the static donor and recipient strain conjugation phase and calculated the conjugative transfer ratio, respectively. The effect of intestinal flora metabolites on plasmid transfer was assessed by the ratio of the conjugative transfer ratio between the metabolite-treated group and the control group. Metabolite with the ratio greater than 2.5 was considered to have significant effect on plasmid transfer.




2.6 Conjugation and bacterial growth under IBA and DS exposure

The same conjugation experiments were established as described above and the mixture of recipient and donor was exposed to different concentrations (0.16, 0.8, 4, 20, 100, 300, 500 mg/L) of IBA and DS during conjugation, respectively. DMSO and sterile ultra-pure water were mixed separately in equal volumes as control groups, and the conjugative transfer ratios were calculated.

In addition, adding ROS scavenger (N-acetyl-L-cysteine, 100 μM, Yeasen Biotechnology) in the conjugation experiments to determine whether IBA or DS promoted conjugative transfer via ROS generation. The conjugative transfer ratios of the ROS scavenger-treated group were then compared with that of the non-ROS scavenger-treated group (Lu et al., 2018).

The growth curves of recipients, donors, and transconjugants which obtained under the different concentrations of IBA or DS treated group were generated to analyze their growth (Wang et al., 2019). The donors, recipients, and transconjugants were cultivated at 37°C and 180 rpm for 18 h, and then inoculated into fresh medium at a ratio of 1:1000. Subsequently, 200 μL samples were added to a 100-well microplate, and the OD600 values were measured every 2 h at 37°C using the automated growth curve analyzer (Bioscreen C, Bioscreen, Finland). All experiments were conducted with a minimum of three biological replicates.

To further verify that IBA promoted the transfer of resistance plasmids, we conducted conjugation experiments. The mixture of donor and recipient bacteria were exposed to low concentration of IBA (4–100 mg/L), and were statically incubated at 37°C for 14, 15, 16, 17, and 18 h, respectively. The conjugative transfer ratio was calculated using the previously described method. Furthermore, the growth states for the donor, recipient, and transconjugant in 20 mg/L IBA treatment group were assessed, using the same measurement protocol as previously established.




2.7 Measurement of ROS

2’,7’-Dichlorofluorescein diacetate (DCFH-DA, MedChemExpress, USA) was used for intracellular ROS generation (Lu et al., 2018). Briefly, both the donor MG1655 and recipient CNE6 cell suspensions were incubated individually with 10 μM of DCFH-DA in the dark for 30 min at 37°C on a 100 rpm shaker. The bacterial suspensions were washed with PBS to remove the extracellular DCFH-DA probe, and treated with different concentrations of IBA or DS for 2 h at 37°C in the dark. The samples were then transferred into a black 96-well plate, 200 μL per well, to measure the fluorescence intensity (excitation 488 nm, emission 525 nm) with a microplate reader (EnSight, PerkinElmer, USA). The level of intracellular ROS generation was evaluated by the normalized fluorescence intensity value of the treated samples to that of the controls. Additionally, to further verify that ROS production was induced by both IBA and DS, 100 μM of N-acetyl-L-cysteine (a scavenger of oxygen free radicals) was added to the same sets of the samples as described above, and the ROS levels of the ROS scavenger-treated group were compared with that of the non-ROS scavenger-treated group (Lu et al., 2018).




2.8 Measurement of cell membrane permeability

The propidium iodide fluorescence (PI, Yeasen Biotechnology, China) labeling method was used to measure the membrane permeability of the donor and recipient strains exposed to IBA or DS, respectively (He et al., 2022). Specifically, after culturing at 37°C and 200 rpm for 18 h, the cultures were transferred to fresh LB and incubated until the OD600 was 0.5. The donor and recipient bacteria were washed twice with PBS, resuspended, and exposed to different concentrations of IBA or DS at 37°C for 2 h, respectively. A final concentration of 5 mg/L of PI was added to the PBS with the suspended cells and incubated at 37°C for 30 min in the dark with shaking at 100 rpm. Next, the samples were transferred into the black 96-well plates to measure the fluorescence intensity (excitation 488 nm, emission 630 nm) with a microplate reader (EnSight, PerkinElmer, USA). Untreated and heat-treated (2 h at 80°C) samples were used as the controls for intact and damaged cells, respectively.




2.9 Determination of plasmid copy number

The conjugation systems were established under the IBA or DS concentrations of 4, 20, and 100 mg/L, respectively. In brief, the donor and recipient were mixed in 1:1 ratio and exposed to different concentrations of IBA or DS at 37°C for 18 h. Then, the 2 mL of bacterial suspension was collected and nucleic acids were extracted (TIANamp Genomic DNA Kit, TIANGEN). Based on previous research, the target gene mcr-1 was analyzed using real-time quantitative fluorescence PCR detection (Zhang et al., 2021). The qPCR mixtures consisted of 10 μL 2×SYBR Green mix, 0.4 μL forward primers, 0.4 μL reverse primers, 1 μL DNA, and 7.2 μL sterile H2O. The total qPCR volume was 20 μL. The program for qPCR was as follows: a 95°C predenaturation for 15 min, 45 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 60 s, and extension at 72°C for 30 s. Subsequently, using recA as the reference gene, the expression of the mcr-1 gene was measured using a qPCR (Gentier96E, TIANLONG, China) to reflect the copy number of the resistance plasmid.




2.10 Determination of transcription levels of conjugation-associated regulatory genes

The mRNA was respectively extracted from the conjugation system and donor at a concentration of 20 mg/L of IBA or DS treated group. In brief, a conjugation system was established by mixing the donor and recipient strains at a 1:1 ratio, and then the conjugation system and donor strain were exposed to IBA or DS at 37°C for 2 h, respectively. The bacteria were collected by centrifugation at 3000 rpm at 4°C for 5 min. The total RNA was extracted using the Trizol method (Rio et al., 2010). After ensuring the quality of the mRNA by electrophoresis, the reverse transcription was performed with a reverse transcription kit (SuperScript™ III reverse transcriptase, Thermo Fisher). Using recA as the reference gene, qPCR was performed to measure the transcription levels of genes (including the related genes of the ROS detoxification, the SOS response, cell membrane permeability, pilus generation, ATP synthesis, and the T4SS). All the target gene primers were evaluated by the efficiency of their amplification, and their information is provided in Supplementary Table S3.




2.11 Statistical analysis

All statistical analyses in this study were performed using GraphPad Prism 9.0. For the two-sample unpaired t-tests, two-tailed p-values and 95% confidence intervals were used. If the data variance was unequal, Welch’s correction was applied. If the data did not follow a normal distribution, the Mann–Whitney test, a nonparametric test, was used. p-values < 0.05, p-values < 0.01, and p-values < 0.001 were defined as significant differences.





3 Results



3.1 Low concentrations of IBA or DS promoted IncI2 pMCR-1 conjugative transfer

We evaluated the effects of each metabolite from the Gut Microbial Metabolite Library (including 172 intestinal flora metabolites) on the transfer of the IncI2 mcr-1-carrying plasmid (pMCR-1) and identified two metabolites, IBA and DS, that significantly promoted plasmid transfer, with fold changes of 2.5 and 2.8 (Supplementary Table S4), respectively. We confirmed that low concentrations (4–100 mg/L) of IBA or DS can promote the transfer of the IncI2 pMCR-1 between E. coli strains, respectively (Figure 1, Supplementary Figure S2). We observed the dose-dependent effect between the plasmid transfer ratio and the concentrations of IBA/DS, in which the transfer ratios first increased and then decreased with the concentrations of IBA/DS increased.




Figure 1 | The effects of IBA and DS on the transfer ratios of IncI2 pMCR-1 in E. coli conjugation pairs. Fold changes in plasmid transfer ratios after 18 h of IBA (A) and DS (B) treatment were shown. The results represent the mean ± SD of six biological samples. Significant differences between the IBA or DS treatment groups at the different concentrations and the control group were tested by t-test and indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.



The low concentrations (4–100 mg/L) of IBA or DS significantly promoted the conjugative transfer of IncI2 plasmids, and the maximum conjugative transfer ratio was showed at 20 mg/L, increasing by 2.5-fold (IBA, Figure 1A) and 2.7-fold (DS, Figure 1B), respectively, over that of the control group. When the concentration of IBA was 500 mg/L, the conjugative transfer ratio in the IBA-treated group significantly decreased to 0.37-fold that of the control group (p < 0.05). In contrast, the conjugative transfer ratios in the DS-treated group returned to a level comparable to that of the control group. Additionally, the absolute transfer ratio was presented in Supplementary Figure S2.

The metabolites can affect the growth of donors and recipients, manifesting as changes in the conjugation ratio. The OD600 value was measured to represent the growth of the donor, recipient, and transconjugant (Figure 2). Low concentrations (0.16–20 mg/L) of IBA or DS had no significant effect on either the viability of donor, the recipient, or the transconjugant (Figure 2). However, 300 and 500 mg/L of IBA inhibited the growth of the donor (p < 0.05, Figure 2B).




Figure 2 | The effects of IBA and DS on the growth of donor, recipient, transconjugant. The growth situation of the recipient, donor and transconjugant with IBA (A, B, E) and DS (C, D, F) were shown. The results represent the mean ± SD of three biological samples. Significant differences between the IBA or DS treatment groups at the different concentrations and the control group were tested by t-test and indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.



Due to the high concentrations of IBA (300–500 mg/L) inhibiting the growth of donor, we investigated whether 20 mg/L IBA increase the conjugative transfer ratio of the IncI2 pMCR-1 by altering the growth states of the donor, recipient, or transconjugant. The result showed that 20 mg/L IBA increased the conjugative transfer ratio, with 18-hour incubation group demonstrating the highest transfer ratio (p<0.05, Supplementary Figures S3A-E). Additionally, in comparison with the control group, treatment with 20 mg/L IBA did not affect the growth states of the donor, recipient, or transconjugant (Supplementary Figures S3F-H). These results ruled out the possibility that 20 mg/L IBA promoted the transfer of the mcr-1-carrying IncI2-type plasmid by affecting the growth of the donor, recipient, and transconjugants. The raw data were provided in Supplementary Tables S5-S8.




3.2 Low concentrations of IBA or DS enhanced ROS production and the SOS response

Excessive ROS production triggers bacterial oxidative stress, which in turn facilitates the transfer of ARGs. Thus, we measured ROS production of the donor and recipient exposed to IBA or DS, respectively. In the IBA-treated group, the ROS levels of both the recipient and donor bacteria increased and then decreased as the IBA concentration increased. The donor and recipient bacteria exhibited their maximum levels of ROS at treatment concentrations of 20 mg/L and 100 mg/L, respectively, which corresponded to 1.10- and 1.66-fold over the control group ROS levels. More than 20 mg/L IBA, ROS levels of the donor bacteria began to decline with the IBA concentrations continued to increase, decreasing by one-fifth of the control group level at 500 mg/L IBA. In comparison, ROS levels in the donor and recipient bacteria in the DS-treated group continuously increased as the DS concentration increased, reaching a maximum at 500 mg/L DS, at 1.55- and 1.99-fold of the control group ROS levels, respectively (p < 0.05, Figure 3B).




Figure 3 | Changes related to the ROS production and the SOS respone after exposure to IBA and DS. Fold changes in ROS production by E. coli MG1655 and E. coli CNE6 under IBA (A) and DS (B) exposure for 2 h were shown. The ratios of conjugative transfer under IBA (C) and DS (D) in the presence and absence of the ROS scavenger were shown. The results represent the mean ± SD of six biological samples. The * on the numbers indicated inter-group differences, while the * in the graph represented intra-group differences. Fold changes in the transcription levels of ROS (E) and SOS (F) related genes in the conjugation systems were shown. The results represent the mean ± SD of three biological samples. Significant differences between the IBA or DS treatment groups at the different concentrations and the control group were tested with t-test and indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.



The relationship between increased ROS levels and enhanced transfer was further confirmed by adding ROS scavengers to the conjugation system. We observed that the ROS levels of the donor and recipient returned to the levels of the control group after adding ROS scavengers (Supplementary Figure S4). The conjugative transfer ratio in the ROS scavenger group was restored to that of the control group (Figures 3C, D). This suggested that the increase in ROS production induced by low concentrations of IBA or DS contributed to the increase in the plasmid transfer ratio.

We compared the transcription levels of the genes related to ROS regulation in the conjugation systems with and without IBA/DS treatment (Figure 3E, Supplementary Table S9). In the IBA or DS treatment groups, the transcription of genes linked to the bacterial antioxidant defense system were significantly upregulated, respectively. Specifically, the expression of aphC, sodA, and gor genes increased by 1.19–1.84-fold (IBA) and 1.97–2.25-fold (DS) over that of the control. Following treatment with DS, the genes trxB and trxC also exhibited upregulated expression (Figure 3E).

Under the oxidative stress induced by IBA or DS, respectively, the changes in gene expression related to the bacterial defense mechanism SOS response were analyzed. Among the five genes associated with the SOS response, phoP expression was increased 2.52- and 1.83-fold by IBA and DS (p < 0.05), respectively. umuC is a key component of the SOS response in E. coli, and its expression increased 2.52- and 2.27-fold (p < 0.05) after treatment with IBA and DS, respectively. In the DS-treated group, recF and yebG were upregulated by 1.39- and 1.58-fold, respectively.

Both IBA and DS clearly increased ROS generation in the conjugation system, leading to the upregulation of ROS- and SOS-related gene transcription. We proposed that both IBA and DS induced ROS overproduction in these strains, eventually contributing to the increased plasmid transfer ratio.




3.3 Both IBA and DS increased cell membrane permeability

Bacterial cell membranes serve as a critical barrier impeding the horizontal transfer of ARGs. Conversely, an increased membrane permeability may promote the entry and exit of resistance plasmids. We used the PI staining method to evaluate the changes in the membrane permeability of the donor and recipient bacteria after IBA/DS treatment. After treatment with IBA or DS for 2 h, the membrane permeability of both the donor and recipient cells increased in a dose-dependent effect manner. At 4–500 mg/L, the membrane permeability of the donor bacteria increased by 1.09–1.75-fold (IBA) and 1.18–1.35-fold (DS), respectively. Meanwhile, the recipient bacteria showed a smaller increase, with 1.09–1.39-fold (IBA) and 1.20–1.23-fold (DS) increases in permeability (p < 0.05, Figures 4A, B).




Figure 4 | Changes related to the cell membrane permeability after exposure to IBA and DS. Fold changes in the cell membrane permeability by E. coli MG1655 and E. coli CNE6 after 2 h treatment of IBA (A) and DS (B) were shown. The results represent the mean ± SD of six biological samples. Fold changes in the transcription levels of cell membrane-related genes (C) in the conjugation systems were shown. The results represent the mean ± SD of three biological samples. Significant differences between the IBA or DS treatment groups at the different concentrations and the control group were tested with t-test and indicated by *p < 0.05, **p<0.01, and ***p< 0.001.



The 20 mg/L IBA or DS treatment led to upregulation of the genes related to cell membrane permeability, respectively (Figure 4C). Among the ten genes associated with cell membrane permeability, the omp gene family exhibited upregulation, with expression of ompA, ompC and ompF increasing by 1.56–2.44-fold (IBA) and 1.39–2.36-fold (DS) (p < 0.05). In addition, bamB and waaA exhibited significant upregulation, with increases of 1.88–2.04-fold (IBA) and 2.11–2.20-fold (DS) (p < 0.05), respectively. After the DS treatment, exbB and exbD expression increased by 2.69- and 1.41-fold (p < 0.05) and genes encoding a transport channel (tolC), osmotic pressure regulator (mscS), and osmotically inducible lipoprotein (osmB) were all upregulated.

These results confirmed that both IBA and DS increased the cell membrane permeability of both donor and recipient cells and increased the transcription levels of cell membrane-related genes.




3.4 Both IBA and DS increased the plasmid copy number

Increasing the plasmid copy number in the host bacteria enhances the ratio of plasmid horizontal transfer. When the IBA concentration was 4–100 mg/L, the copy number increased by 1.47-, 1.95-, and 1.58-fold over that of the control (p < 0.05, Figure 5A; Supplementary Table S9). The plasmid copy numbers were 1.42-, 1.44-fold over the control group copy numbers after exposure to DS at concentrations of 4 and 20 mg/L, respectively (p < 0.05, Figure 5B).




Figure 5 | Changes related to the plasmid copies after exposure to IBA and DS. Fold changes in the plasmid copy numbers in the conjugation systems after 18 h treatment with IBA (A) and DS (B) were shown. The results represent the mean ± SD of three biological samples. Significant differences between the IBA or DS treatment groups at the different concentrations and the control group were tested with t-test and indicated by *p < 0.05.






3.5 Transcription levels of genes related to pilus generation, ATP synthesis, and the type IV secretion system were upregulated

In addition to the mechanisms previously discussed, the pilus generation, ATP synthesis, and T4SS pathways also regulate plasmid transfer. After exposure to 20 mg/L of IBA or DS, respectively, we observed upregulated transcription levels of genes related to pilus generation, ATP synthesis, and the T4SS (Figure 6). Among the seven genes involved in pilus generation, the transcription levels of fimC, fimD, fimG, fimH genes increased by 1.53–2.65-fold (IBA) and 1.19–1.94-fold (DS) over that of the control (p < 0.05, Figure 6, Supplementary Table S9). The transcription levels of yehB and yfcD increased by 1.62–1.75-fold (IBA) and 1.62–2.24-fold (DS) over that of the control group levels (p < 0.05, Figure 6; Supplementary Table S9). The genes encoding ATP may play a role in plasmid conjugative transfer by influencing cellular energy metabolism. Among the six ATP encoding genes (atpA, atpB and atpE–H), after treatment with IBA, the transcription levels of atpA, atpB and atpE–G increased by 1.31–2.57-fold (p < 0.05, Figure 6A). After treatment with DS, the transcription levels of atpA, atpB, atpE, atpG and atpH increased by 1.37–3.03-fold (p < 0.05, Figure 6B). The T4SS is a transmembrane channel structure that mediates the transfer of DNA between bacteria. IncI2 plasmids carry the virB/D4 gene cluster for the synthesis of the T4SS. After exposure to IBA or DS, respectively, the transcription levels of 12 constituent element genes (virB1–11 and D4) and the transport-coupled protein-coding genes T4CP increased by 1.48–3.70-fold (IBA) and 1.35–4.39-fold (DS) (p < 0.05, Figure 6; Supplementary Table S9).




Figure 6 | Changes related to the transcription levels of genes associated with pilus generation, ATP synthesis, and T4SS after exposure to IBA and DS. Fold changes in the transcription levels of genes related to pilus generation and ATP synthesis in the conjugation systems, as well as the T4SS of donor after 2 h treatment with IBA (A) and DS (B) were shown. The results represent the mean ± SD of three biological samples. Significant differences between the IBA or DS treatment groups and the control group were tested with t-test and indicated by *p < 0.05, **p<0.01, and ***p< 0.001.







4 Discussion

The positive effects of gut microbiota metabolites on human health are gradually being recognized and accepted by the public (Krishnamurthy et al., 2023). For example, they can serve as medicinal ingredients in medical research (Lavelle and Sokol, 2020) and as ingredients in the food industry (Krautkramer et al., 2021). Because of their beneficial functions, their potential health risks are easily overlooked. This study primarily focuses on the impact of metabolites on the dissemination of antibiotic resistance plasmids among gut bacteria. E. coli, a major component of the gut microbiota and a carrier of multidrug resistance plasmids, served as a representative model for the transfer of plasmids. Using an established conjugation model, our study demonstrated that low concentrations of IBA or DS significantly promoted the horizontal transfer of ARGs through plasmid-mediated conjugation by increasing the production of ROS, the SOS response, cell membrane permeability, plasmid copy number, and enhancing the pilus generation, ATP synthesis, and the T4SS (Figure 7). Exposure to 20 mg/L of IBA or DS resulted in the highest level of plasmid transfer, respectively, after which the transfer ratio progressively declined with further increases in concentration. This phenomenon was similarly reported in the study in which indole-3-acetic acid (IAA) promoted plasmid transfer. IBA is the precursor of IAA and can be converted into IAA during the β-oxidation process in peroxisomes (Damodaran and Strader, 2019). Exposure to 50 mg/L of IAA significantly promoted plasmid conjugative transfer ratio, while inhibitory effects on conjugation gradually emerged at concentrations exceeding 100 mg/L (Zhao et al., 2023). The growth curves generated in this study indicated that high concentrations of IBA inhibited the growth of the donor bacteria. Therefore, the decrease in conjugative transfer ratio may be due to the bacteriostatic effect of IBA.




Figure 7 | The metabolic pathway changes associated with the accelerated conjugative transfer of ARGs mediated by the IncI2 pMCR-1 under the influence of IBA and DS. The schematic diagram was created with BioRender.com.



This study showed the correlation between the ROS levels and the plasmid transfer, which was confirmed by the addition of a ROS scavenger. After IBA treatment, both the donor and recipient bacteria exhibited increasing and then decreasing ROS levels as the IBA concentration increased. Donor bacteria ROS levels sharply decreased when the IBA concentration was 300–500 mg/L, probably due to high IBA concentration inhibiting the donor growth. In contrast, the ROS levels of the donor and recipient gradually increased as the concentration of DS increased, however, the conjugative transfer ratio decreased when the DS concentration exceeded 100 mg/L. It should be noted that excessively high ROS generation may irreversibly damage cell functions and inactivate the cells, thereby leading to a decreased conjugative transfer ratio (Zhang et al., 2019). An increase in the expression of ROS-related genes was also detected. In this study, the ROS-related genes encoding alkyl hydroperoxide reductase (ahpC), glutathione oxidoreductase (gor), and superoxide dismutase (sodA) were observed to be upregulated. It is previously known that oxidative stress caused by ROS activates the SOS response. Plasmid transfer promotion by the SOS response has been previously documented (Wang, et al., 2022). This study discovered that both IBA and DS treatment increased the transcription levels of SOS-related genes, specifically the DNA-binding transcription regulator genes phoP and the DNA repair gene umuC. Thus, the production of ROS and the SOS response may contribute to an increased conjugative transfer ratio.

The cell membrane usually acts as a barrier against the horizontal transfer of resistance plasmids (Yang et al., 2024). Increased donor cell membrane permeability significantly promoted resistance plasmids transfer (Yu et al., 2021). In this study, the cell membrane permeability increased continuously as IBA or DS concentrations increased. Specifically, after treatment with IBA or DS, the permeability of the donor cells increased more than that of the recipient cells. An increase in the transcription levels of cell membrane permeability-related genes was also found. The omp gene family is responsible for encoding outer membrane proteins (Mikheyeva et al., 2023). bamB, a key factor in the assembly of outer membrane proteins, is responsible for maintaining the integrity of the outer membrane (Knowles et al., 2009). waaA is responsible for the synthesis of lipopolysaccharides, thereby maintaining the permeability of the cell membrane (Mamat et al., 2009). The upregulation of these genes at the transcription levels led to an increase in membrane pore proteins, enhancing cell membrane permeability, thereby resulting in an increase in the transfer of resistance plasmids. All these findings support the view that the permeability of the cell membrane, particularly that of the donor cells, contributed to the conjugative transfer of the plasmids.

Additionally, several previous studies have confirmed that the upregulation of genes at the transcription levels involved in pilus generation, ATP synthesis, and the T4SS can promote plasmid transfer (Zhao et al., 2021; Zhu et al., 2024; He et al., 2022). This study found that after exposure to IBA or DS, respectively, the transcription levels of some genes related to pilus assembly (fimC, fimD) and adhesion (fimG, fimH, yehB and yfcD) were upregulated, which may possibly facilitate cell contact between the donor and recipient, and thus enhance the plasmid DNA transfer. ATP is a crucial energy source for cellular activities and facilitates transfer of resistant plasmid (Chen et al., 2005; Yu et al., 2020). The proteins encoded by atpA–H genes collectively form the ATP synthase, which catalyzes the synthesis of ATP (Prieto-alamo et al., 2000). We observed that after treatment with IBA or DS, respectively, the transcription levels of ATP-related genes were upregulated. Treatment with IBA or DS respectively significantly increased the plasmid copy number of the conjugation systems, which also implied an increase in the plasmid copy number carrying transfer-associated elements, such as the T4SS. The T4SS is a highly diverse super-family. The T4SS in IncI2 is encoded by the virB/D4 gene cluster, which includes 12 core subunits and T4CP. Upon treatment with IBA or DS, respectively, the transcription levels of the T4SS component genes (virB/D4) of the donor bacteria increased. The upregulated transcription of this essential conjugation component may promote the self-transfer of the plasmid.

The concentrations of IBA and DS in the in vivo environment could be affect by a variety of factors, such as the complex intestinal environment, food intake, and the bacterial colonization sites. Therefore, the actual concentrations of IBA and DS in the gut have not yet been clearly determined. This study only revealed the potential risks of low-concentration IBA and DS in the quantitative spread of bacterial resistance in vitro. The further research is still needed to investigate the effects in vivo.




5 Conclusions

In this study, using a dual-fluorescence reporter system, intestinal metabolites IBA and DS that promote the transfer of IncI2 pMCR-1 at low concentrations were identified, and the molecular mechanisms underlying this phenomenon were explored. The effects and mechanisms of IBA or DS on ARGs horizontal transfer via plasmid-mediated conjugation were systematically investigated. The results showed that 4–100 mg/L IBA and DS all significantly promoted the transfer ratios of the plasmid by increasing the production of ROS, the SOS response, cell membrane permeability, plasmid copy number. The transcription of genes of the related pathways and of pilus, ATP, and the T4SS was upregulated. This research highlights the need for increased attention to the role of gut microbiota metabolites in promoting plasmid transfer, especially those considered beneficial to health and used in the food industry.





Data availability statement

All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials “ Data Sheet”. For additional details of this study, please contact the corresponding authors LZ (lizhe@icdc.cn) and XL (luxin@icdc.cn).





Author contributions

XL: Funding acquisition, Supervision, Writing – review & editing, Project administration. JX: Methodology, Writing – original draft, Data curation, Formal Analysis. MZ: Data curation, Writing – original draft, Formal Analysis, Methodology. YY: Investigation, Methodology, Writing – original draft, Conceptualization, Data curation, Formal Analysis, Funding acquisition, Project administration, Resources, Software, Supervision, Validation, Visualization. ZL: Supervision, Writing – review & editing, Data curation.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by the Beijing Natural Science Foundation (Grant No. 7254391) and the National Key Research and Development Program of China (Grant number: 2022YFC2302800, 2022YFC2303900).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2025.1564810/full#supplementary-material




References

 Beaud, D., Tailliez, P., and Anba-mondoloni, J. (2005). Genetic characterization of the beta-glucuronidase enzyme from a human intestinal bacterium, Ruminococcus gnavus. Microbiol. (Reading) 151, 2323–2330. doi: 10.1099/mic.0.27712-0

 Brooks, J. B., Nunez-montiel, O. L., Wycoff, B. J., and Moss, C. W. (1984). Frequency-pulsed electron capture gas-liquid chromatographic analysis of metabolites produced by Clostridium difficile in broth enriched with amino acids. J. Clin. Microbiol 20, 539–548. doi: 10.1128/jcm.20.3.539-548.1984

 Chen, I., Christie, P. J., and Dubnau, D. (2005). The ins and outs of DNA transfer in bacteria. Science 310, 1456–1460. doi: 10.1126/science.1114021

 Damodaran, S., and Strader, L. C. (2019). Indole 3-butyric acid metabolism and transport in arabidopsis thaliana. Front. Plant Sci. 10851. doi: 10.3389/fpls.2019.00851.eCollection2019

 Frick, E. M., and Strader, L. C. (2018). Roles for IBA-derived auxin in plant development. J. Exp. Bot. 69, 169–177. doi: 10.1093/jxb/erx298

 Guo, M. T., Yuan, Q. B., and Yang, J. (2015). Distinguishing effects of ultraviolet exposure and chlorination on the horizontal transfer of antibiotic resistance genes in municipal wastewater. Environ. Sci. Technol. 49, 5771–5778. doi: 10.1021/acs.est.5b00644

 He, K., Xue, B., Yang, X., Wang, S., Li, C., Zhang, X., et al. (2022). Low-concentration of trichloromethane and dichloroacetonitrile promote the plasmid-mediated horizontal transfer of antibiotic resistance genes. J. Hazard Mater 425, 128030. doi: 10.1016/j.jhazmat.2021.128030

 Knowles, T. J., Scott-tucker, A., Overduin, M., and Henderson, I. R. (2009). Membrane protein architects: the role of the BAM complex in outer membrane protein assembly. Nat. Rev. Microbiol 7, 206–214. doi: 10.1038/nrmicro2069

 Krautkramer, K. A., Fan, J., and Backhed, F. (2021). Gut microbial metabolites as multi-kingdom intermediates. Nat. Rev. Microbiol 19, 77–94. doi: 10.1038/s41579-020-0438-4

 Krishnamurthy, H. K., Pereira, M., Bosco, J., George, J., Jayaraman, V., Krishna, K., et al. (2023). Gut commensals and their metabolites in health and disease. Front. Microbiol 14, 1244293. doi: 10.3389/fmicb.2023.1244293

 Lavelle, A., and Sokol, H. (2020). Gut microbiota-derived metabolites as key actors in inflammatory bowel disease. Nat. Rev. Gastroenterol. Hepatol 17, 223–237. doi: 10.1038/s41575-019-0258-z

 Liao, J., Huang, H., and Chen, Y. (2019). CO(2) promotes the conjugative transfer of multiresistance genes by facilitating cellular contact and plasmid transfer. Environ. Int. 129, 333–342. doi: 10.1016/j.envint.2019.05.060

 Liu, X., Chen, Y., Zhang, S., and Dong, L. (2021). Gut microbiota-mediated immunomodulation in tumor. J. Exp. Clin. Cancer Res. 40, 221. doi: 10.1186/s13046-021-01983-x

 Liu, Y. Y., Wang, Y., Walsh, T. R., Yi, L. X., Zhang, R., Spencer, J., et al. (2016). Emergence of plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in China: a microbiological and molecular biological study. Lancet Infect. Dis. 16, 161–168. doi: 10.1016/S1473-3099(15)00424-7

 Liu, Y. Y., Zhou, Q., He, W., Lin, Q., Yang, J., and Liu, J. H. (2020). mcr-1 and plasmid prevalence in Escherichia coli from livestock. Lancet Infect. Dis. 20, 1126. doi: 10.1016/S1473-3099(20)30697-6

 Lu, J., Wang, Y., Li, J., Mao, L., Nguyen, S. H., Duarte, T., et al. (2018). Triclosan at environmentally relevant concentrations promotes horizontal transfer of multidrug resistance genes within and across bacterial genera. Environ. Int. 121, 1217–1226. doi: 10.1016/j.envint.2018.10.040

 Lu, X., Zeng, M., Xu, J., Zhou, H., Gu, B., Li, Z., et al. (2019). Epidemiologic and genomic insights on mcr-1-harbouring Salmonella from diarrhoeal outpatients in Shanghai, China 2006-2016. EBio Medicine 42, 133–144. doi: 10.1016/j.ebiom.2019.03.006

 Ma, J., Chen, Y., Zhu, Y., Ayed, C., Fan, Y., Chen, G., et al. (2020). Quantitative analyses of the umami characteristics of disodium succinate in aqueous solution. Food Chem. 316, 126336. doi: 10.1016/j.foodchem.2020.126336

 Mamat, U., Schmidt, H., Munoz, E., Lindner, B., Fukase, K., Hanuszkiewicz, A., et al. (2009). WaaA of the hyperthermophilic bacterium Aquifex aeolicus is a monofunctional 3-deoxy-D-manno-oct-2-ulosonic acid transferase involved in lipopolysaccharide biosynthesis. J. Biol. Chem. 284, 22248–22262. doi: 10.1074/jbc.M109.033308

 Meinersmann, R. J. (2019). The biology of IncI2 plasmids shown by whole-plasmid multi-locus sequence typing. Plasmid 106, 102444. doi: 10.1016/j.plasmid.2019.102444

 Metcalf, W. W., Jiang, W., Daniels, L. L., Kim, S. K., Haldimann, A., and Wanner, B. L. (1996). Conditionally replicative and conjugative plasmids carrying lacZ alpha for cloning, mutagenesis, and allele replacement in bacteria. Plasmid 35, 1–13. doi: 10.1006/plas.1996.0001

 Mikheyeva, I. V., Sun, J., Huang, K. C., and Silhavy, T. J. (2023). Mechanism of outer membrane destabilization by global reduction of protein content. Nat. Commun. 14, 5715. doi: 10.1038/s41467-023-40396-6

 Mithul, A. S., Wichienchot, S., Tsao, R., Ramakrishnan, S., and Chakkaravarthi, S. (2021). Role of dietary polyphenols on gut microbiota, their metabolites and health benefits. Food Res. Int. 142, 110189. doi: 10.1016/j.foodres.2021.110189

 Mmatli, M., Mbelle, N. M., and Osei, S. J. (2022). Global epidemiology, genetic environment, risk factors and therapeutic prospects of mcr genes: A current and emerging update. Front. Cell Infect. Microbiol. 12. doi: 10.3389/fcimb.2022.941358

 Ortiz, D. L. R. J., Nordmann, P., and Poirel, L. (2021). Antioxidant molecules as a source of mitigation of antibiotic resistance gene dissemination. Antimicrob Agents Chemother. 65, e02658-20. doi: 10.1128/AAC.02658-20

 Ott, L. C., and Mellata, M. (2024). Short-chain fatty acids inhibit bacterial plasmid transfer through conjugation in vitro and in ex vivo chicken tissue explants. Front. Microbiol 151, 414401. doi: 10.3389/fmicb.2024.1414401

 Pant, A., Maiti, T. K., Mahajan, D., and Das, B. (2023). Human gut microbiota and drug metabolism. Microb Ecol. 86, 97–111. doi: 10.1007/s00248-022-02081-x

 Prieto-alamo, M. J., Jurado, J., Gallardo-madueno, R., Monje-casas, F., Holmgren, A., and Pueyo, C. (2000). Transcriptional regulation of glutaredoxin and thioredoxin pathways and related enzymes in response to oxidative stress. J. Biol. Chem. 275, 13398–13405. doi: 10.1074/jbc.275.18.13398

 Recharla, N., Geesala, R., and Shi, X. Z. (2023). Gut microbial metabolite butyrate and its therapeutic role in inflammatory bowel disease: A literature review. Nutrients 15, 2275. doi: 10.3390/nu15102275

 Rio, D. C., Ares, M. J., Hannon, G. J., and Nilsen, T. W. (2010). Purification of RNA using TRIzol (TRI reagent). Cold Spring Harb Protoc. 2010, prot5439. doi: 10.1101/pdb.prot5439

 Shen, C., Zhong, L. L., Yang, Y., Doi, Y., Paterson, D. L., Stoesser, N., et al. (2020). Dynamics of mcr-1 prevalence and mcr-1-positive Escherichia coli after the cessation of colistin use as a feed additive for animals in China: a prospective cross-sectional and whole genome sequencing-based molecular epidemiological study. Lancet Microbe 1, e34–e43. doi: 10.1016/S2666-5247(20)30005-7

 Tan, R., Jin, M., Shao, Y., Yin, J., Li, H., Chen, T., et al. (2022). High-sugar, high-fat, and high-protein diets promote antibiotic resistance gene spreading in the mouse intestinal microbiota. Gut Microbes 14, 2022442. doi: 10.1080/19490976.2021.2022442

 Tian, X., Wu, Y., Duan, C., Zhou, X., Li, Y., Zheng, J., et al. (2022). Tryptophan was metabolized into beneficial metabolites against coronary heart disease or prevented from producing harmful metabolites by the in vitro drug screening model based on Clostridium sporogenes. Front. Microbiol 13, 131013973. doi: 10.3389/fmicb.2022.1013973

 Tsuji, A., Okada, S., Hols, P., and Satoh, E. (2013). Metabolic engineering of Lactobacillus plantarum for succinic acid production through activation of the reductive branch of the tricarboxylic acid cycle. Enzyme Microb Technol. 53, 97–103. doi: 10.1016/j.enzmictec.2013

 Wang, X., Li, H., Chen, Y., Meng, X., Dieketseng, M. Y., Wang, X., et al. (2022). A neglected risk of nanoplastics as revealed by the promoted transformation of plasmid-borne ampicillin resistance gene by Escherichia coli. Environ. Microbiol 24, 4946–4959. doi: 10.1111/1462-2920.16178

 Wang, Y., Lu, J., Mao, L., Li, J., Yuan, Z., Bond, P. L., et al. (2019). Antiepileptic drug carbamazepine promotes horizontal transfer of plasmid-borne multi-antibiotic resistance genes within and across bacterial genera. ISME J. 13, 509–522. doi: 10.1038/s41396-018-0275-x

 Wang, Y., Xu, C., Zhang, R., Chen, Y., Shen, Y., Hu, F., et al. (2020). Changes in colistin resistance and mcr-1 abundance in Escherichia coli of animal and human origins following the ban of colistin-positive additives in China: an epidemiological comparative study. Lancet Infect. Dis. 20, 1161–1171. doi: 10.1016/S1473-3099(20)30149-3

 Wilkinson, J. L., Boxall, A., Kolpin, D. W., Leung, K., LaiI, R., Galban-malagon, C., et al. (2022). Pharmaceutical pollution of the world's rivers. Proc. Natl. Acad. Sci. U S A 119, e2113947119. doi: 10.1073/pnas.2113947119

 Yang, Q. E., Ma, X., Li, M., Zhao, M., Zeng, L., He, M., et al. (2024). Evolution of triclosan resistance modulates bacterial permissiveness to multidrug resistance plasmids and phages. Nat. Commun. 15, 3654. doi: 10.1038/s41467-024-48006-9

 Yang, B., Wang, Z., Jia, Y., Fang, D., Li, R., and Liu, Y. (2022). Paclitaxel and its derivative facilitate the transmission of plasmid-mediated antibiotic resistance genes through conjugative transfer. Sci. Total Environ. 810, 152245. doi: 10.1016/j.scitotenv.2021.152245

 Yu, K., Chen, F., Yue, L., Luo, Y., Wang, Z., and Xing, B. (2020). CeO(2) nanoparticles regulate the propagation of antibiotic resistance genes by altering cellular contact and plasmid transfer. Environ. Sci. Technol. 54, 10012–10021. doi: 10.1021/acs.est.0c01870

 Yu, Z., Henderson, I. R., and Guo, J. (2023). Non-caloric artificial sweeteners modulate conjugative transfer of multi-drug resistance plasmid in the gut microbiota. Gut Microbes 15, 2157698. doi: 10.1080/19490976.2022.2157698

 Yu, Z., Wang, Y., Lu, J., Bond, P. L., and Guo, J. (2021). Nonnutritive sweeteners can promote the dissemination of antibiotic resistance through conjugative gene transfer. ISME J. 15, 2117–2130. doi: 10.1038/s41396-021-00909-x

 Zhang, Y., Gu, A. Z., Cen, T., Li, X., Li, D., and Chen, J. (2018). Petrol and diesel exhaust particles accelerate the horizontal transfer of plasmid-mediated antimicrobial resistance genes. Environ. Int. 114, 280–287. doi: 10.1016/j.envint.2018.02.038

 Zhang, H., Liu, J., Wang, L., and Zhai, Z. (2021). Glyphosate escalates horizontal transfer of conjugative plasmid harboring antibiotic resistance genes. Bioengineered 12, 63–69. doi: 10.1080/21655979.2020.1862995

 Zhang, S., Wang, Y., Song, H., Lu, J., Yuan, Z., and Guo, J. (2019). Copper nanoparticles and copper ions promote horizontal transfer of plasmid-mediated multi-antibiotic resistance genes across bacterial genera. Environ. Int. 129, 478–487. doi: 10.1016/j.envint.2019.05.054

 Zhao, Y., Cocerva, T., Cox, S., Tardif, S., Su, J. Q., Zhu, Y. G., et al. (2019). Evidence for co-selection of antibiotic resistance genes and mobile genetic elements in metal polluted urban soils. Sci. Total Environ. 656, 512–520. doi: 10.1016/j.scitotenv.2018.11.372

 Zhao, Q., Guo, W., Luo, H., Xing, C., Wang, H., Liu, B., et al. (2021). Deciphering the transfers of antibiotic resistance genes under antibiotic exposure conditions: Driven by functional modules and bacterial community. Water Res. 205, 117672. doi: 10.1016/j.watres.2021.117672

 Zhao, H., Liu, X., Sun, Y., Liu, J., and Waigi, M. G. (2023). Effects and mechanisms of plant growth regulators on horizontal transfer of antibiotic resistance genes through plasmid-mediated conjugation. Chemosphere 318, 137997. doi: 10.1016/j.chemosphere.2023.137997

 Zhu, S., Yang, B., Yu, F., Zhang, J., Wang, Z., and Liu, Y. (2024). Investigation of the impact of widely used pesticides on conjugative transfer of multidrug resistance plasmids. J. Hazard Mater 478, 135436. doi: 10.1016/j.jhazmat.2024.135436




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Xu, Zhang, Yan, Li and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-15-1564810-g001.jpg
DS

un <r N (@] o =
one.a JdJsue.a) dAanednluod Jo aguryd prog

(B)

IBA

= N [\ o —

~~ onea Jjsuea) danednfuod jo Isuryd pog

<

| ——4

100 300 500

20

4

0.16 0.8

0

100 300 500

20

4

0.16 0.8

0

Concentration of DS (mg/L)

Concentration of IBA (mg/L)





OEBPS/Images/fcimb.2025.1564810_cover.jpg
& frontiers | Frontiers in Cellular anc

fection Microbiology

Intestinal flora metabolites indole-3-butyric
acid and disodium succinate promote Incl2
mecr-1- carrying plasmid transfer





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Intestinal flora metabolites indole-3-butyric acid and disodium succinate promote IncI2 mcr-1-carrying plasmid transfer

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Bacteria strains, culture conditions, and metabolic substrates

          



          		

            2.2 Induction of streptomycin resistance in the CNE6

          



          		

            2.3 Dual-fluorescence reporter system

          



          		

            2.4 Construction of the conjugation transfer experiment

          



          		

            2.5 Collection and screening of intestinal flora metabolites

          



          		

            2.6 Conjugation and bacterial growth under IBA and DS exposure

          



          		

            2.7 Measurement of ROS

          



          		

            2.8 Measurement of cell membrane permeability

          



          		

            2.9 Determination of plasmid copy number

          



          		

            2.10 Determination of transcription levels of conjugation-associated regulatory genes

          



          		

            2.11 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Low concentrations of IBA or DS promoted IncI2 pMCR-1 conjugative transfer

          



          		

            3.2 Low concentrations of IBA or DS enhanced ROS production and the SOS response

          



          		

            3.3 Both IBA and DS increased cell membrane permeability

          



          		

            3.4 Both IBA and DS increased the plasmid copy number

          



          		

            3.5 Transcription levels of genes related to pilus generation, ATP synthesis, and the type IV secretion system were upregulated

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-15-1564810-g002.jpg
(A)

Growth of recipient E.coli CNE6 (ODg(()

©)

Growth of recipient E.coli CNE6 (ODg(()

-~
h

-
—

=
n

=
—

(E)

Growth of Transconjugant (ODg ()

&
h

o
=

=
n

&
=

IBA

0 2 4 6 8 10 12 14 16 18 20 22 24

0 2 4 6 8 10 12 14 16 18 20 22 24

0

2

4

Time (h)

DS

Time (h)

IBA

6 8 10 12 14 16 18 20 22 24

Time (h)

0 mg/L
0.16 mg/L

0.8 mg/LL
4 mg/L
20 mg/L
100 mg/L
300 mg/L
500 mg/L

0 mg/L

0.16 mg/L

0.8 mg/L

- 4mg/L

20 mg/LL

100 mg/L
300 mg/L
500 mg/L

0 mg/L
0.16 mg/L
0.8 mg/L
4 mg/L

20 mg/L
100 mg/L

300 mg/L
500 mg/L

(B)

Growth of donor E.coli MG1655 (ODg0)

(D)

Growth of donor E.coli MG1655 (ODg()

(F)

Growth of Transconjugant (ODg(()

=
n

[y
(—]

T
in

&
o

IBA

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (h)

DS

1.5

0 2 4 6 8 10 12 14 16 18 20 22 24

0 2 4 6

Time (h)

DS

8 10 12 14 16 18 20 22 24

Time (h)

0 mg/L
0.16 mg/L

0.8 mg/L

- 4mg/L

20 mg/L
100 mg/LL

300 mg/L
500 mg/L

0 mg/L
0.16 mg/L
0.8 mg/L

- 4mg/LL

20 mg/L.

100 mg/L
300 mg/L

500 mg/L

0 mg/L
0.16 mg/L

0.8 mg/LL
4 mg/L
20 mg/L.

100 mg/L
300 mg/L

500 mg/L





OEBPS/Images/fcimb-15-1564810-g004.jpg
(A) (B)
> IBA 2 DS
= =
§ 2.5 ™) e E.coli CNES = 2.0 7 e E.coli ONESG
§- wmen E.coli MG1655 desksk i e E.coli MG1655
2.0 5
Y stk @ sk ek ek skskak o Skekek o slekek
- ***** g I o sk oskeksk kokek skeskolge kokok S ckokkg
S . .
£ 15 K ok r
<P] ¥ e %]
1.0
= =
?3 1.0 E
s S 05
g;,) 0.5 2,)
< <
- 5
= 0.0 < 0.0
E 0 016 0.8 4 20 100 300 500 2 0 016 038 4 20 100 300 500
Concentration of IBA (mg/L) Concentration of DS (mg/L)
C
) 2 IBA
A 4 =m0 mg/L
= w20 mg/L
= *
33 *
S [ ]
= *
=
S 2 « stk "
=
]
b
= . : 1
.; 1
&n
=
<
S
< 0
= bamB exbB exbD mscS ompA ompC ompF osmB waaA  tolC
. Cell membrane permeability-related genes
%)
=
& 4 =y=== (0 mg/L DS
= w20 mg/L
) % *
E 3 % *
%
Z i
E- &
g2 T .
S % ok
®
E
= N
o 1
=]
=
]
=
&
=0
= bamB exbB exbD mscS ompA ompC ompF osmB waaA  tolC

Cell membrane permeability-related genes





OEBPS/Images/fcimb-15-1564810-g006.jpg
>

(A)

Fold change in transcription level of genes

(B)

Fold change in transcription level of genes

W

=

)

8]

[

—

n

SN

w

[\°]

[

=

s () mg/LL
w20 mg/L
ek
ok " %
*
¢ G
@\“ @\“Q rs\\\‘ %&8‘ "Q“N 8‘\ {\e
s () mg/L
w20 mg/L
*
ok N *
*
¢ G
G &

o %

IBA

kst sk
* *
. *
%
e ek y
sk gk 3k * 1
* % *
Kk
FFFFE ST TR EEIEE S
SRR A7 @@ S W
Pilus generation, ATP synthesis, T4SS-related genes
DS
stk
ek
ek
*
s R ok sk
ek & o
* *
" kesk ) N e

X S 0 O
RO «&‘3«3’ T F < l@"x &

Pilus generation, ATP synthesis, T4SS-related genes





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/im1.jpg





OEBPS/Images/fcimb-15-1564810-g003.jpg
(A)

Relative ROS production folds
=) — — N N
n =) n ) n

=
o

©)

8x10°

(=)
X
[u—y
=
w

=
X
—
-
w

IBA
mmm  E.coli CNE6
mmm E.coli MG1655
sekesk
sk sk
sk *
*
Sk *
0 0.16 0.8 4 20 100 300 500
Concentration of IBA (mg/L)
IBA
mm Without ROS scavenger
=== With ROS scavenger
%k skeksk
:k [
[ * [

N
X
[U—Y
<
&

Conjugative transfer ratio

[—]
X
[u—y
.
w

0

(E)

Fold change in transcription level of genes

aphC

Fold change in transcription level of genes "=

phoP

0.16 0.8 4*
Concentration of IBA (mg/L)

IBA

sodA trxB trxC

8o

*

sksksk

20% 100 300 500

r

(B)

DS

W 25 mess  E.coli CNE6
E we  E.coli MG1655 ok kol Rk
=
= 20 sk [ kkok
§ ekt s WEE
215 -
) " ki
&
= 1.0
o
=
% 0.5
&

0.0

0 0.16 038 4 20 100 300 500

Concentration of DS (mg/L)

(D) DS

15x1073 === Without ROS scavenger

m===  With ROS scavenger

[
[
X
[U—Y
(=)
w

9]
X
o
-

w

Conjugative transfer ratio

0x107
0 0.16 08° 4% 20% 100 300
Concentration of DS (mg/L)

500

DS

Fold change in transcription level of genes

aphC sodA trxB trxC gor

ROS production-related genes

IBA

reclF umuC uvrA

yebG

recF umuC uvrA

Fold change in transcription level of genes

phoP

yebG

SOS respone-related genes





OEBPS/Images/fcimb-15-1564810-g005.jpg
DS

(B)

IBA

(A)

< ) < 0 <
(g\| — — & &

qunu Adod pruised jo asueyd prog

n ~ — =
qunu Adod pruse|d Jo 33uryd pjoy

100

20
Concentration of DS (mg/L)

100

20
Concentration of IBA (mg/L)





OEBPS/Images/fcimb-15-1564810-g007.jpg
Extracellular (¢) Increase cell membran

(d) Increase adhesive-pilus generation permeability
yehB % fimC % bamB

yfeD % fimD * ompA
fimG t(T— ompC

fimg ¥ " ompF

LTI LY

@ 0002900000000, o000 osmB
Peripli;.s};%......uu.....o., . P990, ...... waaA

SR,

aphC *
sod4 *

A

(g) Increase plasmid O mcr-1
replication

(e) Increase ATP synthesis
atpA % £
atpB % £

Donor atpE 1 é

atpG %

|
n

TN sea

OH

0
Indole-3-butyric Acid

.efihn,és;i‘tom

VirBI-11 % %))

Recipient

O

@)

Disodium Succinate





