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The development and spread of antibiotic resistance in wastewater pose significant threats to both the environment and public health. Bacteria harboring multiple antibiotic resistance genes (ARGs), including those associated with horizontal gene transfer (HGT), can serve as persistent reservoirs and vectors for antimicrobial resistance in natural ecosystems. In this study, nine antibiotic-resistant bacterial strains (U1–U9) were isolated from a wastewater treatment plant (WWTP) effluent. The isolates were identified using 16S rRNA gene sequencing and whole-genome sequencing (WGS), and their antibiotic susceptibility profiles were evaluated. All isolates exhibited resistance to multiple antibiotics, and WGS revealed that U1, U2, U4, and U7 harbored diverse ARGs, including β-lactamase genes, efflux pumps, and resistance determinants for sulfonamides, tetracyclines, and, quinolones, confirming the presence of multidrug-resistant bacteria in WWTP effluent. Phylogenetic analysis classified them into Microbacterium spp. (Actinobacteria), Chryseobacterium spp. (Bacteroidetes), Lactococcus lactis spp. (Firmicutes), and Psychrobacter spp. (Proteobacteria). To explore mitigation strategies, eleven natural compounds were screened for their effects on cell growth, biofilm formation, and motility in selected multi-drug-resistant bacteria. Among the tested compounds, curcumin and emodin showed the most consistent inhibitory activity, particularly against Microbacterium spp. strains U1 and U2, and Lactococcus lactis sp. U4. In contrast, Chryseobacterium sp. U7, a Gram-negative strain, exhibited strong resistance to all tested natural compounds, highlighting the challenge of controlling Gram-negative ARBs in wastewater settings. These findings underscore the environmental risks posed by multidrug-resistant and HGT-associated ARG-harboring bacteria in WWTP effluent. They also demonstrate the potential of natural products, such as curcumin and emodin, as alternative or complementary agents for mitigating antibiotic resistance in water systems.
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1 Introduction

Antibiotics have made remarkable strides in treating infections caused by pathogenic bacteria, playing a crucial role in improving human, animal, and plant health. However, the widespread misuse and overuse of antibiotics have led to the emergence of antibiotic resistance (AR), which has been recognized as a major global health threat by the World Health Organization (WHO). AR is a natural evolutionary process that occurs when antibiotic-resistant bacteria (ARB) harboring antibiotic resistance genes (ARGs) are exposed to antibiotics. Under selective pressure, susceptible bacteria are inhibited or killed, while those with intrinsic resistance (through naturally occurring ARGs) or those acquiring resistance via horizontal gene transfer gain a survival advantage (Prestinaci et al., 2015). Prolonged and excessive antibiotic use has significantly contributed to the emergence, persistence, and rapid dissemination of ARB and ARGs, intensifying the spread of AR (McEwen and Collignon, 2018; Singh et al., 2024). The phenomenon is further complicated by the horizontal transfer of resistance genes among bacterial communities (McEwen and Collignon, 2018). The antibiotic resistance maps illustrate the global distribution and prevalence of AR (OneHealthTrust, 2023). Today, AR is not only one of the most critical global health crises but also poses significant economic, social, and labor-related challenges (Soni et al., 2022). According to the WHO, antibiotic resistance is accelerating, and effective treatment options are rapidly diminishing (Lawe-Davies and Bennett, 2017).

A significant proportion of administered antibiotics is excreted unmetabolized in urine and feces and discharged into drainage systems (Uyaguari-Díaz et al., 2018). As a result, substantial amounts of antibiotics persist in anthropogenic environments such as wastewater treatment plants (WWTPs) and sewage systems. These antibiotics exert selective pressure on various bacteria and genes, including ARB and ARGs, thereby enhancing AR in WWTPs. WWTPs serve as hotspots for AR proliferation, providing ideal conditions, such as high microbial load, abundant organic compounds, nutrients, biocides, and antibiotics, for the survival and spread of ARB and ARGs (Uluseker et al., 2021). Numerous studies have demonstrated that sewage of the WWTPs is the foremost anthropogenic pool of AR, supporting the persistence and propagation of ARB and ARGs (WHO, 2017). Notably, the concentration of ARGs in WWTP effluent is often higher than in natural rivers. Consequently, the discharge of WWTP effluent into rivers facilitates the environmental dissemination of ARGs. Many rivers with elevated levels of antibiotics, ARB, and ARGs are directly impacted by urban wastewater inputs (Wu et al., 2023). Therefore, WWTPs serve as critical junctions linking human activities and the environment, facilitating the horizontal transfer of ARGs between environmental microorganisms and clinically relevant pathogens. Additionally, an increasing number of bacterial strains are exhibiting resistance to a broader range of antibiotics. Some of these are multi-resistant bacteria that carry multiple resistance genes, rendering them resistant to all, or nearly all, approved antimicrobial agents available for treating their infections (Prestinaci et al., 2015). Given this role, it is essential to investigate ARB in WWTP effluents to identify multidrug-resistant bacteria, explore approaches to mitigate their spread, and elucidate their potential to facilitate horizontal gene transfer of antibiotic resistance.

The mechanisms and dissemination pathways of AR are highly complex, involving diverse microbial hosts, resistance genes, and mobile genetic elements. Addressing this complexity requires the integration of advanced molecular tools, among which microbial whole-genome sequencing (WGS) has emerged as a transformative approach. Compared to traditional typing methods, WGS offers significantly higher resolution, enabling detailed characterization of bacterial strains, including their phylogenetic relationships, resistance gene profiles, and mobile genetic elements such as plasmids, integrons, and transposons (Brlek et al., 2024). This level of detail facilitates a better understanding of the origin, evolution, and transmission dynamics of multidrug-resistant bacteria. Previous studies have applied whole-genome sequencing to analyze multi-drug-resistant strains isolated from WWTPs, suggesting that it is an essential tool for providing rapid and comprehensive data on resistance genes, disclosing potential molecular mechanisms of antibiotic resistance, and revealing not only the presence of clinically relevant resistance genes (e.g., bla, mcr, tet, van) but also the potential for horizontal gene transfer among environmental and pathogenic microbes (Surleac et al., 2020; Al-Mustapha et al., 2025). WGS data can also be integrated with metagenomic analyses and bioinformatics pipelines to monitor resistance trends over time and across treatment stages (Liang et al., 2023; Rout et al., 2024). This makes WGS a critical tool for both surveillance and the development of targeted mitigation strategies. As antibiotic resistance continues to pose a global health threat, the integrating WGS data with metagenomic and bioinformatics tools is effective for tracking and understanding resistance trends in WWTPs.

While tools such as whole-genome sequencing are critical for monitoring resistance and informing mitigation strategies, technological solutions alone may not be sufficient to curb the rise of antimicrobial resistance. This highlights the urgent need to explore alternative approaches to antibiotic therapy. Consequently, some common infections have become increasingly difficult or even impossible to treat, leading to prolonged illness, higher mortality rates, and rising healthcare costs (Wozniak et al., 2019; AlSheikh et al., 2020). In addition, the discovery and development of new antibiotics has declined over the last decades, resulting in an “antibiotics crisis,” largely because the rapid emergence of resistance often shortens the effective lifespan of new antibiotics, discouraging pharmaceutical investment in this field (Cook and Wright, 2022). More importantly, the widespread use of high doses of antibiotics not only promotes AR development but also poses serious environmental risks. Therefore, the research and development of antimicrobial strategies have become urgent. One promising approach involves the exploration and application of natural compounds, which are considered safer and more sustainable than conventional synthetic antibiotics (Naiel et al., 2023; Arrigoni et al., 2024). These natural antimicrobials, such as polyphenols, alkaloids, and lanthipeptides, are often derived from sources like plants and marine organisms. Despite their potential, the application of these natural compounds faces several challenges, including low concentrations of active constituents in natural extracts, unstable chemical structures, and limited efficacy and shelf life. Among the most pressing challenges is the need to evaluate the effectiveness of natural compounds on multi-drug-resistant bacteria from different sources or environments. For instance, the effects of natural compounds on antibiotic-resistant bacteria from urban wastewater effluent remain largely unexplored. In addtion, the occurrence of compounds like curcumin, quercetin, and emodin in wastewater and surface waters is poorly documented.

While previous studies have examined antibiotic resistance in clinical pathogens or used metagenomic approaches to survey resistance genes in wastewater, few have investigated antibiotic-resistant bacteria from wastewater effluent at the strain level using whole-genome sequencing. Even fewer have evaluated the antimicrobial effects of natural compounds on these environmentally derived multidrug-resistant bacteria. Thus, the aim of the present study was to (i) isolate antibiotic resistance bacteria from the effluent of an urban wastewater plant and test their multidrug resistance; (ii) identify and characterize the isolated bacteria using 16S rRNA gene sequencing and whole-genome sequencing, with a focus on uncovering the underlying genetic mechanisms responsible for their multidrug resistance; and (iii) screen natural compounds as alternatives to antibiotics for controlling multidrug-resistant bacteria. These objectives provide critical insights into the prevalence and characteristics of multidrug-resistant bacteria in treated wastewater, highlighting the potential risks associated with environmental dissemination of antibiotic resistance. By identifying effective natural compounds, this research also contributes to the development of sustainable and environmentally friendly alternatives to synthetic antibiotics. The findings can inform future mitigation strategies and public health policies aimed at curbing the spread of antibiotic resistance from anthropogenic sources to the broader environment.



2 Methods and materials


2.1 Isolation of antibiotic-resistant bacteria from the WWPT effluent

Effluent samples were collected from a local WWTP located in Logan, Utah, USA. Luria–Bertani (LB) agar (Fisher Scientific, PA, USA) plates were prepared with or without antibiotics, including sulfamethoxazole, carbenicillin, erythromycin, kanamycin, nalidixic acid, and tetracycline (each at 50 μg/mL); chloramphenicol (25 μg/mL); and colistin (1 and 4 μg/mL). The initial selection using sulfamethoxazole served as a representative screening step for sulfonamide resistance. A 150 μL aliquot of the effluent sample was inoculated onto the LB agar with sulfamethoxazole and spread evenly on the surface with a sterile cotton swab. Plates were incubated at 28°C for 2–3 days. Colonies exhibiting distinct morphologies, sizes, or pigmentation were carefully selected and re-streaked onto fresh LB plates containing sulfamethoxazole for purification. After a second incubation period of 2–3 days at 28°C, nine sulfamethoxazole-resistant colonies (designated U1-U9) were obtained. To further assess multidrug resistance, these isolates were tested for growth on LB agar plates supplemented with additional antibiotics as listed above, using the same plating and incubation procedures. Growth was scored qualitatively based on colony formation. This approach provides a high-throughput and effective means to identify environmental bacteria with high-level resistance and has been widely adopted in environmental screening studies (Billet et al., 2021; Ozaktas et al., 2012). Although this method does not follow standardized interpretive protocols such as CLSI or EUCAST, it enables detection of isolates with robust antibiotic tolerance. In this study, MDR was classified according to the definitions proposed by Magiorakos et al. (2012), where MDR is defined as resistance to at least one agent in three or more antimicrobial classes.



2.2 Identification of the antibiotic-resistant bacteria through 16S rRNA gene sequencing

Distinct bacterial colonies of U1-U9 were picked and cultured in LB broth for 2–3 days at 28°C to obtain sufficient biomass for DNA extraction. Microbial DNA was extracted using a Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo Research, USA) according to the manufacturer’s instructions. The extracted and purified DNA was stored at −20°C before use. The 16S rRNA gene was amplified with primers 27F (AGAGTTTGATCCTGGCTCAG) and 1492R (GGCTACCTTGTTACGACTTC) (Oldham and Duncan, 2012) in 20 μL PCR reaction volume. Each 20-μL mixture contained 0.2 μL of Phusion® High-Fidelity DNA Polymerase (Thermo Fisher Scientific, USA), 4 μL of 5 × buffer (Thermo Fisher Scientific, USA), 0.6 μL of dimethyl sulfoxide (DMSO) (Thermo Fisher Scientific, USA), 0.4 μL of dNTPs (10 mM each, Thermo Fisher Scientific, USA), 1 μL of each primer (10 μM), 0.2 μL of DNA template and 12.6 μL of deionized water. For the negative control, deionized water was added in an equivalent amount instead of the DNA template. PCR was performed in a T100™ Thermal Cycler (Bio-Rad, USA). The conditions were: initial denaturation at 98°C for 30 s; followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 57°C for 30 s, and extension at 72°C for 30 s; with a final extension at 72°C for 5 min. The final PCR product was viewed in agarose gel electrophoresis and visualized and photographed by a UV transilluminator. The objective gel was cut and extracted for 16S rRNA gene fragments using a GeneJET Gel Extraction Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. Then, the 16S rRNA gene fragments were sequenced at Eton Bioscience, Inc. via Sanger Sequencing. The obtained sequences were analyzed using BLAST to find similarities with the known strains. The phylogenetic tree with neighbor-joining analysis was reconstructed using the MEGA 11 program (Kumar et al., 2018). The obtained 16S rRNA sequences were deposited in the GenBank with accession numbers SUB15239090 (PV459613-PV459620).



2.3 Whole genome sequencing of multiple-antibiotic-resistant bacteria

Genomic DNA from four selected multiple-antibiotic-resistant bacteria (U1, U2, U4, and U7) was extracted and submitted to Molecular Research LP (MR DNA, www.mrdnalab.com, TX, USA). A total of 50 ng of high-quality DNA from each isolate was used for library preparation using the SMRTbell® libraries according to the manufacturer’s protocol (Pacific Biosciences, CA, USA), including DNA shearing, end-repair, adapter ligation, and size selection. Sequencing was performed on the PacBio RS II platform using single-molecule real-time (SMRT) sequencing technology. High-fidelity (HiFi) long-read sequences were generated, producing genome assemblies approximately 4–5 Mb in length with greater than 75 × coverage per isolate. Genome assembly was carried out using NGEN (DNASTAR, USA), and annotation was performed using the Bactopia pipeline. Each genome output included standard file formats such as assembled contigs (.fasta), annotated genome files (.gbff,.embl,.gff3), protein and nucleotide sequences (.faa,.fna), gene tables (.tsv), metadata (.json), and visualizations (.png,.svg). The annotated genomes were further analyzed to identify antibiotic resistance genes, virulence-associated factors, and to construct phylogenetic relationships. All sequences were deposited in the GenBank under BioProject accession PRJNA1246262.

ARGs were identified using the Comprehensive Antibiotic Resistance Database (CARD), a curated and regularly updated resource that integrates sequence data, resistance mechanisms, and antibiotic classes via its Antibiotic Resistance Ontology (ARO). Amino acid sequences from the isolates were uploaded to the CARD online BLAST tool (https://card.mcmaster.ca/analyze/blast) for annotation. The annotated gene hits were filtered, categorized by resistance type, and summarized by gene family. To identify virulence-associated genes, amino acid sequences of the assembled genomes were compared against the Virulence Factor Database (VFDB), which curated virulence factors from pathogenic bacteria, including Chlamydiae and Rickettsiae. As of November 2017, VFDB contained 17,896 virulence factors from 926 strains across 74 genera, encompassing 30,178 non-redundant VF-related genes. BLASTP was used to align amino acid sequences to the VFDB database, with an e-value threshold set to 1e−5 to ensure stringency.



2.4 Effect of natural compounds on cell growth of multiple-antibiotic-resistant bacteria

A single bacterial colony from U1, U2, U4, and U7 was inoculated into 4 mL of LB broth supplemented with 2% glucose and incubated at 28°C with continuous shaking at 250 rpm overnight to prepare an active bacterial suspension. Eleven natural compounds were tested for their antimicrobial activity. These included berberine, chlorflavonin, chrysin, curcumin, emodin, hesperidin, naringin, quercetin, resveratrol, rutin, and 2′-hydroxyflavone (Supplementary Figure S1). These compounds, originally derived from plants or microbes, are primarily members of the polyphenols family, characterized by aromatic rings and phenolic hydroxyl groups, with the exception of berberine (an alkaloid) and emodin (an anthraquinone). All compounds were dissolved in DMSO before use. Antimicrobial assays were performed in sterile 96-well flat-bottomed microtiter plates. Each well was filled with 150 μL of bacterial suspension (adjusted to ~1 × 106 CFU/mL after the overnight culture) and 4 μL of compound solution. For each natural compound, two different concentrations, 13.33 and 26.67 μg/mL, were tested. While their antimicrobial activity has been demonstrated in vitro, background concentrations of these compounds in environmental samples are rarely monitored. Thus, the concentrations used in this study (13.33 and 26.67 μg/mL) were chosen to assess biological efficacy rather than reflect environmental exposure levels. Wells containing 4 μL of DMSO without any compound served as the negative control. All treatments were conducted in triplicate. Plates were incubated at 28°C with shaking at 250 rpm. Bacterial growth was monitored by measuring the optical density at 600 nm (OD600) using a SpectraMax iD3 Plate Reader (Molecular Devices, CA, USA) at 0, 12, 24, and 48 h. Changes in OD600 values were used to assess the inhibitory effects of the natural compounds over time.



2.5 Effect of natural compounds on biofilm formation of multiple-antibiotic-resistant bacteria

Biofilm inhibition assay was performed as described previously (Alam et al., 2020). As in Section 2.4, single colonies of U1, U2, U4, and U7 were inoculated into LB broth with 2% glucose and incubated at 28°C with shaking at 250 rpm overnight. The resulting bacterial suspensions were then used for biofilm inhibition assays. The same eleven natural compounds described in Section 2.4 were used at two concentrations (13.33 and 26.67 μg/mL) to evaluate their effects on biofilm formation. All compounds were dissolved in DMSO, and wells containing 4 μL of DMSO without any compound served as negative controls. Subsequently, 96-well plates were incubated at 28°C without shaking for 20 h. After incubation, the content of each well was discarded, and the wells were washed three times with sterile double distilled water. Plates were blotted dry with paper towels and placed in a 60°C oven for 10 min to fix the biofilms. Each well was stained with 50 μL of 0.4% crystal violet solution for 15 min at room temperature. Excess stain was removed by rinsing the wells four times with water. After drying again at 60°C for 10 min, 100 μL of 30% acetic acid was added to each well and incubated for 10 min at room temperature to solubilize the dye. Biofilm biomass was quantified by measuring the optical density at 550 nm (OD550) using the microplate reader.



2.6 Effect of selected natural compounds on motility of multiple-antibiotic-resistant bacteria

A single colony of strains U1, U2, and U4 was inoculated into 3 mL of LB broth supplemented with 2% glucose and incubated at 28°C with continuous shaking at 250 rpm overnight. U7 was not included in the motility assay, as it exhibited minimal sensitivity to the selected natural compounds in both cell growth and biofilm formation assays. To ensure the cells were in an active growth phase suitable for motility assessment, 20 μL of the overnight culture was transferred into a fresh tube containing 3 mL of LB broth with 2% glucose and incubated under the same conditions for an additional 16 h. The OD₆₀₀ was measured, and cultures were adjusted to approximately 106 CFU/mL using LB broth containing 2% glucose. Swimming motility was assessed on LB agar plates containing 0.3% agar (Ha et al., 2014) while swarming motility was tested on LB agar plates supplemented with 0.5% glucose and 0.5% agar to support coordinated surface movement (Kearns, 2010). For both assays, 5 μL of the diluted bacterial suspension containing a selected natural compound was inoculated at the center of each plate. Based on the results from the cell growth and biofilm inhibition assays, curcumin and emodin were selected for U1; curcumin, emodin, and chlorflavonin were tested with U2; and emodin was used for U4. Colony diameters were recorded at various time points: 0, 24, 28, 36, 48, 60, and 72 h using ImageJ software (NIH, MD, USA).



2.7 Statistical analysis and data visualization

Different statistical and computational methods were applied based on the nature of the experimental data. For quantitative assays such as cell growth, swimming motility, and swarming motility, paired-samples t-tests were used to assess statistical significance between two matched treatment groups. For biofilm formation, paired comparison plots were employed to visualize and compare biofilm biomass under different treatment conditions. Metagenomic and functional annotation data were processed and visualized using the ggplot2 package in R. Phylogenetic analysis was performed using OrthoFinder, which constructs genome-scale phylogenies based on protein sequence similarity across isolates. DIAMOND (v2.0.7) was used as the alignment engine within OrthoFinder. The resulting tree files were visualized and annotated using iTOL (Interactive Tree Of Life; https://itol.embl.de/), where custom metadata, labels, and color schemes were applied to enhance biological interpretability.




3 Results


3.1 Isolation and characterization of nine antibiotic-resistant bacteria from WWTP effluent

Nine bacterial strains (U1-U9) were isolated from the final effluent of a WWTP, all exhibiting resistance to two or multiple antibiotics (Table 1). Strain U2 showed the broadest resistance profile, demonstrating tolerance to all eight tested antibiotics. However, its growth was notably reduced in the presence of chloramphenicol and tetracycline, suggesting a weaker resistance to these compounds. Strains U1 and U7 exhibited resistance to six of the eight antibiotics tested, indicating a high level of multidrug resistance. Interestingly, all strains except U9 showed robust growth on LB agar plates supplemented with colistin at both 1 and 4 mg/L. Strain U9 exhibited very limited survival, with only one or two colonies observed. Colistin is often regarded as a “last resort” antibiotic for treating infections caused by multidrug-resistant Gram-negative bacteria (Mondal et al., 2024). The widespread resistance observed suggests that such resistance may already be emerging and spreading in wastewater microbial communities. To assess the reproducibility of this observation, a new set of influence and effluent samples were collected and plated on LB agar plate with 1 μg/mL colistin. The influent sample produced numerous colistin-resistant colonies, while only two colonies were detected in the effluent (Supplementary Figure S2). These results indicate that the selected WWTP process effectively removes most colistin-resistant bacteria; however, some persist in the effluent. Additional treatment steps may be necessary to ensure the water is safe for environmental discharge.



TABLE 1 Summary of the antibiotic resistance of the nine isolated strains.
[image: Table1]



3.2 Identification of antibiotic-resistant bacteria through 16S rRNA gene sequencing

The colony morphology of strains U1-U9 is shown in Figure 1A. Among them, four isolates (U1, U2, U3, and U5) exhibited noticeable pigmentation. To identify the bacterial isolates and determine their phylogenetic relationships, 16S rRNA gene sequencing was performed. BLAST analysis revealed that the sequences shared high similarity (99.02 to 100%) with known bacterial strains (Supplementary Table S1). The antibiotic-resistant isolates belonged to four major bacterial phyla: Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. Specifically, U1 and U2 were phylogenetically clustered as Microbacterium spp. (Actinobacteria); U3, U5 and U7 were classified as Chryseobacterium spp. (Bacteroidetes); U4, U6 and U8 were closely related to Lactococcus lactis spp. (Firmicutes); and U9 was identified as Psychrobacter sp. (Proteobacteria) (Figure 1B). The predominance of Chryseobacterium spp. and Lactococcus lactis spp. suggests that these taxa may play key roles in the persistence or spread of resistance within wastewater systems.

[image: Figure 1]

FIGURE 1
 Identification of isolated antibiotic-resistant bacteria from WWTP effluent. (A) Colony morphology of isolates U1-U9 on LB agar. (B) Phylogenetic tree based on 16S rRNA gene sequences of U1-U9. The tree was constructed using neighbor-joining with p-distance model. Bootstrap values (1,000 replicates) are shown at the nodes. The scale bar corresponds to 0.02 substitutions per nucleotide position.




3.3 Whole genome sequencing and analysis of four multiple-antibiotic-resistant bacteria

To better understand the genomic features and resistance mechanisms of the antibiotic-resistant bacteria, four representative strains were chosen for whole genome sequencing: Microbacterium sp. U1, Microbacterium sp. U2, Lactococcus lactis sp. U4, and Chryseobacterium sp. U7. The genome maps are shown in Supplementary Figure S3. The genome size of U1 was 3,552,263 base pairs (bp), with a GC content of 68.2%, while U2 has a genome size of 4,137,647 bp and a GC content of 68.5%. These results align with the reported average genome size and GC content of Microbacterium species, which typically have genome size above 3.5 Mb, and GC content around 70% (Corretto et al., 2020). For U4 and U7, the genome sizes were 2,485,453 bp and 4,464,581 bp, respectively, with GC contents of 35.2 and 33.8%. These measurements are consistent with reported genomes of Lactococcus lactis and Chryseobacterium species (Matu et al., 2019; Wan et al., 2021), respectively. Further analysis of the annotated genes indicated that these antibiotic-resistant bacteria contain a variety of genes contributing to the resistance against various antibiotics, including aminoglycoside, β-lactam, chloramphenicol, quinolones, streptogramins, sulfonamides, and tetracyclines (Figure 2A). U2 exhibited the highest diversity and abundance of ARGs across nearly all classes, consistent with its phenotype resistance to all eight antibiotics tested. U2 also showed the highest number of virulence genes across categories (Figure 2B), particularly in adherence, motility, and immune modulation, which may contribute to its fitness and persistence in the WWTP environment. U4 and U7 also displayed notable virulence-related functions, especially in biofilm formation, nutrient acquisition, and stress survival. U1, while genetically simpler, still carried genes related to adherence, immune evasion, and biofilm formation, suggesting potential pathogenic traits. Phylogenetic analysis of the four strains based on whole genome sequencing was in accordance with the 16S rRNA gene sequencing results (Figure 2C). Microbacterium sp. U2 is the most genetically equipped strain, harboring the highest number of ARGs and virulence genes, making it a potential environmental reservoir for antimicrobial resistance.
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FIGURE 2
 Whole-genome-based analysis of four multiple-antibiotic-resistant bacterial strains. (A) Distribution and classification of ARGs identified in U1, U2, U4, and U7. (B) Functional classification of predicted virulence factors based on VFDB annotations for U1, U2, U4, and U7. (C) Phylogenetic tree constructed from whole-genome sequences of U1, U2, U4, and U7 using genome-scale comparisons. Bootstrap values are indicated at branch nodes.




3.4 Effects of natural compounds on cell growth and biofilm formation of multiple-antibiotic-resistant bacteria

The effects of 11 natural compounds on cell growth were evaluated by measuring OD600 for four multiple-antibiotic-resistant bacteria: Microbacterium sp. U1, Microbacterium sp. U2, Lactococcus lactis sp. U4, and Chryseobacterium sp. U7. For Microbacterium sp. U1 (Figure 3; Table 2), curcumin significantly inhibited bacterial growth at 26.67 μg/mL (p < 0.05) but not at 13.33 μg/mL. Emodin significantly reduced growth at both concentrations (p < 0.05). In contrast, the remaining nine compounds significantly promoted the cell growth at both concentrations (p < 0.05). For Microbacterium sp. U2 (Figure 3; Table 2), curcumin and emodin significantly inhibited growth at both concentrations (p < 0.05), while chlorflavonin showed inhibitory activity only at 26.67 μg/mL (p < 0.05). Several compounds, including berberine, hesperidin, resveratrol, rutin, and 2′-hydroxyflavone, significantly promoted growth at both concentrations (p < 0.05). Chrysin and naringin enhanced growth only at 26.67 μg/mL, whereas quercetin exhibited a significant stimulatory effect at 13.33 μg/mL (p < 0.05). For Lactococcus lactis sp. U4, emodin and quercetin significantly inhibited growth at 13.33 μg/mL and 26.67 μg/mL, respectively (p < 0.05). No significant differences in growth were observed between control group and treatment groups for chlorflavonin, chrysin, curcumin, and hesperidin (p > 0.05). Conversely, berberine, naringin, rutin, and 2′-hydroxyflavone significantly promoted growth at both concentrations, while resveratrol had a significantly growth-promoting effect at 13.33 μg/mL (p < 0.05). For Chryseobacterium sp. U7, none of the tested natural compounds showed inhibitory effects on growth. All compounds, except 13.33 μg/mL chrysin and 26.67 μg/mL curcumin, significantly promoted growth (p < 0.05). Overall, emodin demonstrated the strongest inhibitory activity against cell growth across multiple strains, followed by curcumin. Chryseobacterium sp. U7 showed exceptional growth resilience, with all compounds either enhancing growth or having no significant inhibitory effect. This may reflect differences in cell wall structure and permeability, as U1, U2, and U4 are Gram-positive, whereas U7 is Gram-negative, suggesting that the tested natural compounds may be more effective against Gram-positive bacteria. In addition, future studies should explore a broader range of concentration gradients for each compound to better determine their dose-dependent effects.

[image: Figure 3]

FIGURE 3
 Effects of 11 natural compounds on cell growth of multiple-antibiotic-resistant bacteria (i.e., U1, U2, U4, and U7). The variation between different treatments was calculated by a paired- samples t-test; *, p < 0.05; **, p < 0.01; ***, p < 0.001.




TABLE 2 The effect of 11 natural compounds on cell growth and biofilm formation of multiple-antibiotic-resistant bacteria.
[image: Table2]

In parallel, the inhibitory effects of the 11 compounds on biofilm formation were assessed (Figure 4; Table 2). For Microbacterium sp. U1, only curcumin at 26.67 μg/mL significantly inhibit the biofilm formation (p < 0.05). In contrast, chlorflavonin and 2′-hydroxyflavone at both concentrations, as well as chrysin and quercetin at 26.67 μg/mL, significantly promoted the biofilm formation. For Microbacterium sp. U2, curcumin, emodin, and quercetin inhibited the biofilm formation significantly at both concentrations (p < 0.05), while chlorflavonin significantly promoted it. For Lactococcus lactis sp. U4, curcumin showed dual behavior: significant inhibition at 26.67 μg/mL but promotion at 13.33 μg/mL (p < 0.05). Biofilm promotion was also observed with 13.33 μg/mL berberine, 26.67 μg/mL chlorflavonin, both concentrations of chrysin, 26.67 μg/mL quercetin and 13.33 μg/mL rutin. For Chryseobacterium sp. U7, no compound significantly inhibited biofilm formation. However, chlorflavonin at 26.67 μg/mL and chrysin at 13.33 μg/mL significantly enhanced biofilm formation (p < 0.05). In summary, curcumin and emodin demonstrated the strongest anti-biofilm activity among the tested compounds, particularly against Gram-positive strains. Chryseobacterium sp. U7 exhibited a high tolerance to all compounds in terms of both growth and biofilm formation, highlighting the challenge of controlling Gram-negative antibiotic-resistant bacteria with natural compounds. This trend was further supported by results from Pseudomonas aeruginosa PAO1, another Gram-negative species, whose biofilm formation remained unaffected by any tested compounds (Supplementary Figure S4).
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FIGURE 4
 Effects of 11 natural compounds on biofilm formation of multiple-antibiotic-resistant bacteria (i.e., U1, U2, U4, and U7). Differences between treatment groups were analyzed using paired comparison plots. Different letters indicate statistically significant differences at the p < 0.05 level.




3.5 Effect of selected natural compounds on motility of multiple-antibiotic-resistant bacteria

The effects of selected natural compounds on bacterial motility were assessed for three strains: Microbacterium sp. U1 (treated with curcumin and emodin), Microbacterium sp. U2 (treated with curcumin, emodin, and chlorflavonin), and Lactococcus lactis sp. U4 (treated with emodin) (Figure 5). For Microbacterium sp. U1, swimming motility was significantly inhibited by both concentrations of curcumin and by 26.67 μg/mL emodin (p < 0.05), whereas 13.33 μg/mL emodin significantly promoted swimming motility, as evidenced by increased colony diameter. In contrast, swarming motility was only significantly inhibited by 13.33 μg/mL curcumin, while both concentrations of emodin significantly enhanced swarming motility (p < 0.05). These results suggested that 13.33 μg/mL curcumin effectively reduces both swimming and swarming motility in U1. For Microbacterium sp. U2, swimming motility was significantly inhibited by 13.33 μg/mL curcumin, 26.67 μg/mL emodin, and 13.33 μg/mL chlorflavonin (p < 0.05). However, no significant differences were observed in swarming motility across treatments, indicating a greater resistance of swarming behavior to compound exposure. For Lactococcus lactis sp. U4, 26.67 μg/mL emodin significantly inhibited both swimming and swarming motility (p < 0.01), highlighting its potential as an effective motility-suppressing agent in this strain.
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FIGURE 5
 Effects of selected natural compounds on motility of multiple-antibiotic-resistant bacteria (i.e., U1, U2, and U4). The variation between different treatments was calculated by a paired- samples t-test; *, p < 0.05; **, p < 0.01; ***, p < 0.001.





4 Discussion


4.1 Profiling of antibiotic-resistant bacteria (ARB) in WWTPs

The bacteria isolated in this study were Microbacterium spp., Chryseobacterium spp., Lactococcus lactis spp., and Psychrobacter spp., which may not be commonly detected or considered representative ARB in WWTPs (Rizzo et al., 2013). However, all four genera have been widely reported to display antibiotic resistance. For example, 13 of 16 isolated Microbacterium spp. from contaminated soil showed tolerance to ampicillin, chloramphenicol, and vancomycin (Learman et al., 2019). Four multidrug-resistant Chryseobacterium strains were isolated from activated sludge collected at domestic wastewater treatment facilities (Pham and Li, 2024). Lactococcus lactis strains exhibited natural resistance to antibiotics and possessed phenotypic resistance to most of the twenty tested antibiotics (Hamdaoui et al., 2024). Analysis of genome sequences showed that genes related to antibiotic resistance were identified in three Psychrobacter sp. strains (Lasa and Romalde, 2017). These bacteria originated from different environments and preferred different conditions. Microbacterium spp. are environmentally present bacteria that require complex nutrients (Yu et al., 2023). Members of the genus Chryseobacterium are among such human pathogens that cause a myriad of nosocomial infections, including pneumonia, bacteremia, biliary tract, and intra-abdominal infections (Kirby et al., 2004). Lactococcus lactis spp. are the main ingredient of numerous industrial and starter cultures. Psychrobacter spp. are more frequently found in cold and other non-polar environments with low water activity (Rodrigues et al., 2009). Their detection in treated effluent raises concerns about the potential release of uncommon but resilient ARBs into receiving environments, where they may transfer resistance genes to native microbial communities or opportunistic pathogens.

While these uncommon ARBs may not currently be prioritized by global health organizations, their potential to act as ARG reservoirs cannot be overlooked. Regarding their resistance to the selected antimicrobials, the WHO has categorized 12 families of bacteria that pose the utmost threat to human and environmental health into three classes: medium, high, and critical (Supplementary Table S2) (Mojia, 2017). The critical group includes multidrug-resistant bacteria that are very fatal and mostly lethal infections. They include Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacteriaceae (including Escherichia coli, Klebsiella spp., Proteus spp., and Serratia spp.). Common infection-causing bacteria form the high priority group, like Enterococcus faecium, Staphylococcus aureus, Helicobacter pylori, Salmonellae spp., and Neisseria gonorrhoeae. The medium group includes Streptococcus pneumoniae, Haemophilus influenzae, and Shigella spp. Other bacteria (such as Tuberculosis and streptococcus A and B) not included in this list also showed resistance to antibiotics. In WWTPs, many bacteria in the list have been detected or isolated, such as Enterobacteriaceae (Escherichia coli and Klebsiella pneumoniae), Staphylococcus aureus, Enterococcus faecium, Acinetobacter baumannii, Pseudomonas aeruginosa, and Campylobacter spp. (Galler et al., 2018; Jałowiecki et al., 2022). Additionally, Aeromonas spp., Enterococci, Acinetobacter spp., and Pseudomonas spp. were also observed in WWTPs (Bouki et al., 2013; Galler et al., 2018; Li et al., 2022). Rizzo et al. (2013) reviewed that Enterococci, E. coli, and Acinetobacter spp. are among the most widely investigated bacteria for assessing the spread of AR in WWTPs. This highlights the need to expand monitoring beyond typical fecal indicators to include environmental bacteria such as Microbacterium spp. that may act as hidden reservoirs of resistance genes.



4.2 Antibiotic resistance of the isolated antibiotic-resistance bacteria from WWTP effluent

In this study, Microbacterium spp. showed resistance to the largest number of antibiotics, followed by Chryseobacterium spp., Lactococcus lactis spp., and Psychrobacter sp. Microbacterium sp. U2 was resistant to all 8 tested antibiotics, and Microbacterium sp. U1 showed tolerance to 6 of 8 tested antibiotics (Table 3). According to the results of BLAST, U1 and U2 were identified as Microbacterium oxydans and Microbacterium mantypicum (Supplementary Table S1; Figure 1B). Microbacterium oxydans was reported resistant to ampicillin, kanamycin, chloramphenicol and streptomycin at high levels, while there are no publications about the antibiotic resistance of Microbacterium mantypicum (Ozaktas et al., 2012) (Table 3). Microbacterium isolates have been previously documented to tolerate various antibiotics, such as β-lactams (ampicillin), aminoglycosides (kanamycin), macrolides (erythromycin), quinolones (norfloxacin, ciprofloxacin), tetracyclines (tetracycline), sulfonamides (sulfamethazine, sulfamethoxazole, sulfadiazine, or sulfadimethoxine), chloramphenicol and vancomycin (Kim et al., 2011; Luthra et al., 2018; Learman et al., 2019; Billet et al., 2021; Sodhi et al., 2021). It has been noted that Mycobacterium tuberculosis has intrinsic resistance to earlier β-lactams and is resistant to virtually all other antibiotics (Fisher and Mobashery, 2016). These findings suggest that Microbacterium strains are important multiple-antibiotic-resistant bacteria. Their broad resistance profiles indicate significant potential to act as reservoirs of ARGs, especially in wastewater environments. The broad resistance profiles observed in Microbacterium strains may stem from both environmental adaptation and potential exposure to anthropogenic antibiotics in WWTP influent. Given their previously reported ability to degrade or tolerate sulfonamides and β-lactams (Billet et al., 2021), these strains may acquire resistance through both selection and horizontal gene transfer. The detection of multiple efflux pumps and β-lactamase genes (e.g., ampC) further supports the likelihood of acquired resistance rather than intrinsic tolerance alone.



TABLE 3 The comparison of antibiotic resistance of the isolated strains in this study and previous studies (mentioned in the text).
[image: Table3]

Chryseobacterium spp. U3, U5 and U7 showed tolerance to four, five and six of eight tested antibiotics, respectively (Table 3). U3 and U5 have high similarity with Chryseobacterium sp. HP3E and Chryseobacterium sp. PDD-58b-7, while U7 have high similarity with Chryseobacterium sp. 5,127 and Chryseobacterium aquaticum strain KR2-2 (Supplementary Table S1; Figure 1B). Chryseobacterium spp., environmental bacteria, which are primarily found in soil and water, have increasingly been found to colonize immunocompromised patients through contaminated medical devices and liquids (Esposito et al., 2015). It was reported that most of the Chryseobacterium aquaticum strains isolated from farmed salmonids could grow even in the presence of high concentrations of the tested antimicrobials (florfenicol, enrofloxacin, oxytetracycline, amoxicillin, sulfamethoxazole and trimetoprim) (Saticioglu et al., 2021) (Table 3). Isolates of Chryseobacterium spp. were among the most antibiotic-resistant bacteria selected in agricultural soils (Armalytė et al., 2019), suggesting they are non-negligible antibiotic-resistant bacteria. Their occurrence in both clinical and environmental settings underscores their adaptability and resistance potential.

Lactococcus lactis spp. U4, U6 and U8 all showed tolerance to three of the eight tested antibiotics, namely sulfamethoxazole, nalidixic acid and colistin (Table 3). U4 showed high similarity with Lactococcus lactis subsp. lactis IO-1 and Lactococcus lactis subsp. lactis strain A12; U6 showed high similarity with Lactococcus lactis strain HBUAS58280 and Lactococcus lactis strain 4,355; and U8 showed high similarity with Lactococcus lactis strain HBUAS58280 and Lactococcus lactis strain Mise173 (Supplementary Table S1; Figure 1B). For Lactococcus lactis subsp. lactis, antibiotic resistance testing showed resistance to meropenem, cefotaxime, ceftriaxone, cefepime, imipenem, ertapenem, clindamycin, sulfamethoxazole, trimethoprim and streptomycin, while sensitive was observed to ampicillin, amoxicillin, penicillin G, teicoplanin, vancomycin, gentamicin, rifampicin, tetracycline and chloramphenicol (Hamdaoui et al., 2024) (Table 3). This result is consistent with our study. Lactococcus lactis spp. isolates can be susceptible to some antibiotics but resistant to others, in accordance with profiles reported for the subspecies (Khemariya et al., 2017). Importantly, Lactococcus lactis is also known to carry resistance genes on mobile genetic elements such as plasmids and transposons, increasing its potential for horizontal gene transfer in microbial communities. Therefore, Lactococcus lactis spp. must be carefully characterized to ensure the absence of acquired antimicrobial resistance, particularly when used as probiotic cultures for food applications (Khemariya et al., 2017).

Psychrobacter sp. U9 only showed resistance to two of eight tested antibiotics, namely sulfamethoxazole and colistin (Table 3). U9 was identified as Psychrobacter pulmonis strain MB36 and Psychrobacter sp. BSw20884b (Supplementary Table S1; Figure 1B). An isolate with 88.54% sequence similarity to Psychrobacter pulmonis from soil was sensitive to gentamicin, penicillin, and tetracycline but resistant to kanamycin (Hawas et al., 2024) (Table 3). In general, Psychrobacter spp. strains exhibit high susceptibility to various antimicrobial drugs. Data from patient isolates showed that they were mostly susceptible to β-lactam antibiotics (cell-wall construction inhibitors), protein synthesis inhibitors (macrolides, aminoglycosides and tetracyclines) and DNA coiling (quinolones) (Caspar et al., 2013; Ioannou et al., 2025). Resistance to vancomycin, penicillin, aminopenicillins, and macrolides was observed in only a few cases (Ioannou et al., 2025). Nevertheless, recent metagenomic analyses suggest that Psychrobacter might serve as ecological reservoirs for the transfer of various resistance gene markers to other microbes (Cuadrat et al., 2020). Consequently, knowledge on antibiotic resistance in the genus Psychrobacter is largely lacking, and further investigations of sensitivity assays remain crucial.



4.3 Molecular mechanisms of antibiotic resistance of isolated antibiotic-resistance bacteria

To better understand the resistance patterns observed in WWTP effluent, we investigated the underlying genetic mechanisms of antibiotic resistance in the isolated strains through whole genome sequencing. In general, there are two types of antibiotic resistance mechanisms, i.e., intrinsic-resistance and acquired-resistance. Intrinsic-resistance refers to inherent structural or functional characteristics and usually exists in antibiotic-producing bacteria. Acquired resistance results from horizontal gene transfer (HGT) or mutation in chromosomal genes. These mechanisms can be categorized into four main groups (Blair et al., 2015; Soni et al., 2022; Darby et al., 2023): (i) mechanisms that minimize the intracellular antibiotic concentrations, such as reduced permeability of antibiotics across the cell membrane and increased efflux that bacterial efflux pumps actively transport many antibiotics out of the cell; (ii) mechanisms that act on antibiotic targets, such as modification or alteration of the target by genetic mutation or post-translational modification, and target protection that proteins bind to antibiotic targets to prevent the antibiotic molecules from attaining their binding site; (iii) mechanisms that modify or destroy the antibiotic itself, such as antibiotic inactivation by hydrolysis or modification by the transfer of a chemical group; (iv) mechanisms that bacteria circumvent inhibited pathways, i.e., bypass of the metabolic pathways. In addition to these, biofilm formation plays a crucial role in antibiotic resistance by creating a protective microenvironment and limiting antibiotic penetration (Stewart, 2002; Balcázar et al., 2015).

Whole genome sequencing revealed that Microbacterium spp. U1 and U2, Lactococcus lactis sp. U4, and Chryseobacterium sp. U7 contained genes conferring resistance to aminoglycoside, β-lactam, chloramphenicol, quinolones, sulfonamides, and tetracyclines. Lactococcus lactis sp. U4 and Chryseobacterium sp. U7 also harbored genes for streptogramins resistance (Figure 2A). These findings are consistent with the antibiotic susceptibility profiles, confirming that these isolates exhibit multidrug resistance. Among sulfonamide resistance genes, sul1, sul2, sul3, and sulA are the most commonly documented, coding for sulfonamide-insensitive dihydropteroate synthase isoproteins (Yun et al., 2012; Billet et al., 2021). Our study showed that U1, U2, U4 and U7 had sul3 gene and displayed resistance to sulfamethoxazole (Table 3; Figure 2A). The consistent resistance to sulfamethoxazole across all isolates suggests a strong selective pressure from sulfonamide exposure, which is commonly used in both human and veterinary medicine. sul3 is a known marker of sulfamethoxazole resistance and is commonly associated with anthropogenic sources, including hospital and domestic wastewater (Chen et al., 2023). In general, sul1 and sul2 genes are more frequently found in environmental samples, while sul3 gene was mainly associated with animal- or human-derived sources (Felis et al., 2024). Environmental studies typically report sul3 at lower frequencies than sul1 and sul2 (Phuong Hoa et al., 2008). Interestingly, in our urban WWTP effluent samples, only sul3 was detected, and sul1 and sul2 genes were absent, suggesting a predominantly human-derived ARG profile in the effluent.

U1, U2, and U4 are Gram-positive bacteria, while U7 is Gram-negative bacteria. The β-lactam resistance genes in U7 are quite different from those in U1, U2, and U4 (Figure 2A). U1 and U2 carried ampC, related to resistance via β-lactamase degradation and altered penicillin-binding proteins. And U2 also harbored IreK and amlv, which contributes to β-lactam resistance through regulation of cell wall stress responses. Antibiotic degradation by β-lactamase and alteration in penicillin-binding membrane proteins are the main mechanisms of Gram-positive pathogens resistant to β-lactam antibiotics (Kernodle, 2006). For example, AmpC β-lactamases played vital roles in β-lactams resistance (Hussain et al., 2021). The ampC gene was detected in Microbacterium spp. U1 and U2, which can explain their resistance to carbenicillin (Table 3). However, ampC gene and resistance to carbenicillin were not observed in Lactococcus lactis sp. U4. In Gram-negative bacteria, most β-lactams were hydrolyzed by highly transferable plasmid-mediated β-lactamases (Hussain et al., 2021). In contrast, U7 lacked the ampC gene but contained multiple β-lactamase resistance genes (8 types), including ADC-129, CMA, CME, CMY, CPS, EPS and PEDO-2, which likely contributed to its carbenicillin tolerance (Table 3). These genes are commonly plasmid-mediated and prevalent in Gram-negative bacteria.

Tetracycline resistance generally arises from the newly acquisition genes, which were most identified as tet genes (Roberts and Schwarz, 2017). tet(T) encodes a ribosomal protection protein, while tet(X) encodes an enzyme that inactivates tetracycline (Roberts and Schwarz, 2017). Although tet(T) and tet(X) were found in U1, U2, U4 and U7 via whole genome sequencing, only Microbacterium sp. U2 exhibited phenotypic resistance (Table 3; Figure 2A). This discrepancy suggests possible gene silencing or insufficient expression under the tested conditions. Chloramphenicol resistance primarily results from either efflux pumps (e.g., cmlv) or inactivation by chloramphenicol acetyltransferases (e.g., catB3) (Roberts and Schwarz, 2017). In our study, cmlv was detected in U1, U2, and U4, while catB3 was found in U4 and U7 (Figure 2A). U2 and U7 were resistant to chloramphenicol, consistent with the presence of cmlv and catB3, respectively (Table 3). However, although U1 harbored cmlv and Lactococcus lactis sp. U4 harbored cmlv and catB3, they did not show tolerance to chloramphenicol.

Aminoglycoside resistance mechanisms include enzymes inactivation, mutations or modifications of the ribosome target, reduced permeability, and efflux pumps (Garneau-Tsodikova and Labby, 2016). For example, AAC(6′)-lz, AAC(3)-lb/AAC(6′), APH(3′), aminoglycoside-modifying enzymes, can inactivate aminoglycosides, including kanamycin (Garneau-Tsodikova and Labby, 2016; Zárate et al., 2019). Genes encoding aminoglycoside-modifying enzymes were observed in U1, U2, and U4 (Figure 2A). Despite this, only U1, U2, and U7 showed resistance to kanamycin (Table 3). This further illustrates that gene presence does not always correlate with phenotypic resistance.

In addition to β-lactam and other antibiotic classes, we investigated quinolone resistance in the isolated strains. Bacteria generally resist quinolones through three main mechanisms (Solano-Gálvez et al., 2020): (i) chromosomal mutations in target genes that reduce the binding affinity of quinolones (e.g., mutations in gyrA, gyrB, or parC); (ii) mutations or changes that reduct the intracellular concentration of quinolones, such as through efflux pumps or decreased membrane permeability; and (iii) plasmid-mediated quinolone resistance genes (e.g., qnr genes) that project target enzymes. In our study, gyrA and gyrB were annotated for Microbacterium sp. U1; gyrA, gyrB, and QnrC were identified in Microbacterium sp. U2; gyrA, gyrB, QnrC, and parC were annotated for Lactococcus lactis sp. U4; and gyrB, QnrC, and parC were annotated for Chryseobacterium sp. U7 based on whole genome sequencing (Figure 2A). Genes gyrA, gyrB, and parC were involved in chromosomal mutation-based resistance, while qnrC and parC can play roles in plasmid-mediated protection (Solano-Gálvez et al., 2020). Antibiotic sensitivity tests showed that U1, U2, and U4 had resistance to nalidixic acid, but U7 was not (Table 3). Previous studies have shown that quinolone resistance in Gram-negative bacteria is commonly associated with mutations in gyrA (Pan and Fisher, 1997), which was absent in U7, potentially explaining its susceptibility.

Beyond resistance to individual antibiotic classes, all four strains (U1, U2, U4, and U7) also carried genes associated with MDR. These include genes for ABC efflux pump, MFS efflux pump, ABC-F ribosomal protection proteins, penicillin-binding protein mutations, RND efflux pump, SMR efflux pump, colistin resistance transmembrane protein and so on (Figure 2A). Notably, only Chryseobacterium sp. U7 harbored the colistin resistance transmembrane protein; yet phenotypically, all four strains exhibited resistance to colistin (Table 3). Colistin resistance, observed even in non-clinical genera such as Microbacterium and Lactococcus, raises concerns due to colistin’s role as a last-resort antibiotic. While plasmid-mediated mcr (mobilized colistin resistance) genes were not detected, the presence of efflux pump and membrane protein genes related to polymyxin resistance in Gram-negative Chryseobacterium may suggest chromosomal or intrinsic mechanisms. Further, the detection of colistin resistance in Psychrobacter, a cold-adapted genus, suggests that resistance traits may be more widespread in environmental bacteria than previously assumed. These findings highlight a common observation in antimicrobial resistance studies: the presence of resistance genes (ARGs) does not always directly correlate with observed phenotypic resistance. Such discrepancies may result from silent gene expression, lack of induction under test conditions, or environmental stress factors that influence gene activity (Andersson and Hughes, 2010; Partridge et al., 2018).



4.4 Antibacterial mechanisms of natural compounds against multiple-antibiotic-resistant bacteria

Despite growing interest in natural antimicrobials, studies specifically evaluating their effects on antibiotic-resistant bacteria from urban wastewater remain scarce. Antibiotic resistance is a global health crisis, necessitating the development of novel antimicrobial agents and strategies with reduced propensity for resistance development. In this study, several natural compounds were screened for their antibacterial effects on multiple-antibiotic-resistant isolates. Emodin inhibited the growth of Microbacterium spp. U1 and U2, as well as Lactococcus lactis sp. U4. Similarly, curcumin limited the cell growth of U1 and U2, while quercetin affected U4, and chloflavonin inhibited the growth of U2. Moreover, curcumin suppressed biofilm formation of U1, U2, and U4, whereas emodin and quercetin inhibited the biofilm formation of U2. Curcumin and emodin also reduced the motility of U1 and U2. Collectively, curcumin and emodin demonstrated the most consistent and broad-spectrum antibacterial and antibiofilm activities across multiple strains, followed by quercetin and chlorflavonin. Their differential effectiveness against various phenotypes suggests diverse and complementary mechanisms of action.

Natural products are increasingly recognized as promising alternatives or adjuncts to conventional antibiotics due to their structural diversity and multi-target activity. They can inhibit bacterial growth or virulence through various mechanisms, including membrane disruption, interference with DNA/RNA synthesis, quorum sensing inhibition, efflux pump suppression, and biofilm inhibition (Lee et al., 2016; Xiu et al., 2017; Arrigoni et al., 2024; Santacroce et al., 2024). Various natural compounds were described for their ability to prevent biofilm formation through different approaches (Arrigoni et al., 2024). Such multi-targeted activity may mitigate resistance development and potentiate synergistic effects when used in combination with traditional antibiotics.

Curcumin, a plant-derived polyphenolic compound, exhibits broad-spectrum antibacterial properties and strong anti-inflammatory activity. It inhibits cell growth by affecting the cell wall, cell membrane, protein, DNA, or other cellular structures (Zheng et al., 2020), which can explain its limitation to cell growth of U1 and U2 isolated in this study. Furthermore, curcumin significantly inhibited biofilm formation in U1, U2, and U4. Biofilm development involves a multi-step process: initial attachment, microcolony formation, maturation, and dispersion (Sauer et al., 2022). Quorum sensing, a bacterial communication system, plays a critical role in regulating genes involved in biofilm maturation and virulence. Curcumin disrupts this communication, thereby preventing biofilm formation rather than eradicating established biofilms (Zheng et al., 2020). This mechanism explains its effectiveness in early-stage biofilm inhibition without necessarily reducing viability. Additionally, curcumin has shown potential for combination therapy, where it exhibits additive or synergistic effects with conventional antibiotics, potentially enhancing treatment outcomes and minimizing resistance emergence (Zheng et al., 2020).

Emodin, an anthraquinone derived from traditional medicinal plants, also demonstrated strong antibacterial effects. It exerts its action by penetrating phospholipid bilayers, altering membrane fluidity, and increasing cell membrane permeability, leading to cellular leakage and structural disruption (Lee et al., 2016). For example, Li et al. (2016) reported that emodin altered the membrane structure of Haemophilus parasuis, thereby enhancing antibiotic uptake. In our study, emodin emerged as the most effective natural product in limiting the growth of multiple strains, particularly Microbacterium sp. U2. Moreover, emodin inhibited biofilm formation in U2, possibly by disrupting extracellular polymeric substances (EPS) or interfering with biofilm matrix proteins. Đukanović et al. (2022) demonstrated emodin’s potential as a novel antibiofilm agent, showing inhibition of polysaccharide intercellular adhesin production, a key component in Staphylococcus aureus biofilm formation. These findings support the role of emodin as a potential anti-virulence agent targeting bacterial communication and surface adhesion.

Quercetin, another plant-derived polyphenolic compound, possesses antimicrobial activity and anti-inflammatory function. It can damage bacterial membranes, interfere with nucleic acid synthesis, and suppress protein expression. In addition, quercetin has been reported to inhibit virulence factors, disrupt energy metabolism, and attenuate quorum sensing (Nguyen and Bhattacharya, 2022; Arrigoni et al., 2024). In our study, quercetin inhibited the growth of Lactococcus lactis sp. U4 and biofilm of Microbacterium sp. U2. A recent study further confirmed that quercetin inhibited the formation of biofilms and reduced the expression of genes linked to biofilm production as well as ARGs in wastewater Aeromonas (Judan Cruz et al., 2024). The dual activity of quercetin against both planktonic cells and biofilms underscores its versatility as an antimicrobial agent. Chlorflavonin, a less commonly studied flavonoid, showed inhibitory activity on the growth of Microbacterium sp. U2, although no antibiofilm effect was observed. This may reflect its primary bacteriostatic or bactericidal mode of action rather than anti-virulence activity. Previous research has documented antibacterial activity of clorflavonin against Mycobacterium tuberculosis, suggesting its potential against targeting slow-growing or intracellular pathogens.

Notably, none of the 11 natural compounds exerted significant effects on cell growth and biofilm formation of Gram-negative bacteria Chryseobacterium sp. U7 (Table 2). Comparable results were observed for Pseudomonas aeruginosa PAO1, a model Gram-negative bacterium (Supplementary Figure S4). This resistance may be attributed to the unique structural characteristics of Gram-negative bacteria, including their outer membrane barrier, low membrane permeability, and expression of efflux pumps, which collectively hinder compound uptake and retention. Although previous studies have reported that curcumin and quercetin could be against both Gram-positive and Gram-negative bacteria (Tyagi et al., 2015; Nguyen and Bhattacharya, 2022), our findings suggest that compound efficacy may be species-specific and dependent on strain-level variations in membrane composition or resistance mechanisms. These observations underscore the need for further research into how bacterial cell envelope structures influence natural compound activity, and how such compounds can be optimized, through formulation or structural modification, to enhance efficacy against Gram-negative pathogens.




5 Conclusion

In the present study, nine antibiotic-resistant bacteria were isolated from the WWTP effluent, including Microbacterium spp. (Actinobacteria), Chryseobacterium spp. (Bacteroidetes), Lactococcus lactis spp. (Firmicutes), and Psychrobacter sp. (Proteobacteria), which are not typically considered as predominant or representative ARB in WWTPs. Whole-genome sequencing and annotation revealed that these multiple-antibiotic-resistant isolates harbored a diverse array of ARGs, consistent with their observed resistance to multiple antimicrobial classes. Furthermore, eleven natural compounds were tested for their effects on cell growth, biofilm formation, and motility of these multiple-antibiotic-resistant isolates. Among them, curcumin and emodin showed consistent and broad-spectrum activity, significantly inhibiting both growth and biofilm formation in several resistant strains. Quercetin and chlorflavonin also showed selective antibacterial effects, particularly against Lactococcus and Microbacterium isolates. Our work applies whole-genome sequencing to cultured, multidrug-resistant environmental isolates, enabling high-resolution insights into ARG distribution and potential HGT mechanism. In addition, we are among the first to screen a panel of natural compounds against these isolates and evaluate their impacts on bacterial growth, motility, and biofilm formation. By linking genotypic profiles to functional antimicrobial responses, our study establishes a novel framework for assessing environmentally relevant strategies to mitigate the spread of antibiotic resistance in wastewater systems.
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For cell growth: (=), inhibition; (+), promotion; (4), P< 0.05; (+4), P < 0.01; (**¥), P < 0.001; (/) no effect (no significant difference compared with control group). For biofilm formation: (1),
significant inhibition (P < 0.05); (1), significant promotion (P < 0.05); /), no effect (no significant difference compared with control group).
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Antibiotic Microbacterium Chryseobacterium Lactococcus lactis Psychrobacter
(Classification)

Ul U2 Oxydans 3 U5 U7 Aquaticum U4 U6 U8 Subsp. U9 Pulmonis

lactis
Sulfamethoxazole (Sulfonamides) ~ + |+ | + PR + +
Carbenicillin (-Lactams) + | o+ P -1 -1 - -
Chloramphenicol (Amphenicols) -+ + e N I - -
Erythromycin (Macrolides) + |+ - -]+ -l -1 - -
Kanamycin (Aminoglycosides) + |+ + O - - -1 - - +
Nalidixic acid (Quinolones) + |+ -l - - P -
Tetracycline (Tetracyclines) - . - -1 - -1 -1 - - - -
Colistin (Polymyxins) + |+ PO |+ |+ +
Ampicillin (p-Lactams) + -
Streptomycin (Aminoglycosides) + +
Florfenicol (Amphenicols) +
Enrofloxacin (Quinolones) +
Oxytetracycline (Tetracyclines) +
Amoxicillin (B-Lactams) + -
Trimethoprim (Folate antagonists) + +
Meropenem (p-Lactams) +
Cefotaxime (§-Lactams) +
Ceftriaxone (p-Lactams) +
Cefepime (p-Lactams) +
Imipenem (B-Lactams) +
Ertapenem (-Lactams) +

damycin (Lincosamides) +
Penicillin G (-Lactams) - -
Teicoplanin (Glycopeptides) N
Vancomycin (Glycopeptides) =

Gentamicin (Aminoglycosides) - -

Rifampicin (Ansamycins) =

(+), resistance;

~), no resistance; (blank), no available data was found.
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