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D-amino acid enhanced the sensitivity of avian pathogenic Escherichia coli to tetracycline and amikacin
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Avian pathogenic Escherichia coli (APEC) biofilm formation has led to increased antibiotic resistance, presenting a significant challenge for the prevention and control of the disease. While certain D-amino acids (D-AAs) have been shown to inhibit the formation of various bacterial biofilms, role in APEC biofilms remains unexplored. This study investigates the effects of 19 different D-AAs on clinically isolated APEC biofilm. The results showed that D-tyrosine (D-Tyr), D-leucine (D-Leu), D-tryptophan (D-Trp), and D-methionine (D-Met) can reduce APEC formation by over 50% at a concentration of 5 mM. Subsequently, four D-AAs were selected for combination treatment with antibiotics (ceftazidime, amikacin, tetracycline, and ciprofloxacin). The findings reveal that D-Tyr enhance the sensitivity of APEC to amikacin and tetracycline, while D-Met increases the sensitivity of APEC to amikacin. The mechanisms by which D-Tyr and D-Met enhance antibiotic sensitivity were further investigated. Following treatment with D-Tyr and D-Met, scanning electron microscope (SEM) observations indicated a reduction in the number of bacteria on the surface of the cell crawl, but the shape and structure of the cells remain unchanged. Notably, the surface hydrophobicity was decreased by 33.86% and 56%, and the output of extracellular polysaccharide was decreased by 46.63% and 57.69%, respectively. Additionally, genes related to biofilm synthesis (pgaA, pgaC, and luxS) were down-regulated (p < 0.05), whereas porin protein-encoding genes (ompC and ompF) were up-regulated (p < 0.05), which inhibited formation of biofilm and enhanced the sensitivity of APEC to amikacin and tetracycline and by decreasing the hydrophobicity and extracellular polysaccharide content on cell surface and up-regulated porin genes and down-regulating the genes related to biofilm formation. According to the different D-AAs involved in this study, it can provide new ideas for the treatment of APEC.
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1 Introduction

Avian pathogenic Escherichia coli (APEC) is one of the most prevalent pathogens, serving as a primary cause of mortality and morbidity within the poultry industry, resulting in significant economic losses (1). Serotypes O1, O2, and O78 are the predominant serotypes responsible for the epidemic of avian colibacillosis, collectively accounting for over 50% of APEC-related issues (2–5). Biofilm formation is a critical virulence factor of APEC, as it improves the survival ability of APEC in the environment, enhances resistance to the host immune system, and increases bacterial drug resistance (6). Controlling the formation of APEC biofilm is an effective strategy for preventing and managing avian colibacillosis. Recent studies have demonstrated that D-amino acids (D-AAs) play a significant role in both the inhibition of formation and dissipation of bacterial biofilms (7, 8). Kolodkin-Gal scholars found that D-Tyr may by integrating the peptidoglycan or a combination of cell wall proteins receptor TasA, caused by Bacillus subtilis of amyloid in the extracellular matrix reduction and decomposition, thereby inhibition of biofilm formation and decompose has formed biofilms (8). Moreover, D-Tyr can also inhibit the accumulation of matrix proteins by attaching to the cell wall of Staphylococcus aureus and preventing protein localization on the cell surface, thus inhibiting the formation of biofilm (9). The biofilm dispersion signal factor released by D-AAs can change the peptidoglycan composition of bacterial cell wall and regulate the cell gene expression mode, and inhibit biofilm formation by binding with bacterial proteins (10). However, the antibacterial and anti-biofilm properties of various D-AAs differ when tested against the same bacteria, and conversely, the efficacy of a specific D-AAs can vary against different bacterial strains (11, 12). For example, D-Phenylalanine (D-Phe), D-proline (D-Pro), and D-tryptophan (D-Trp) exhibited the most pronounced inhibition and dispersion effects on Staphylococcus aureus biofilm, while other D-AAs had little or no effect (11). D-Leu, D-Met, D-Trp, and D-Tyr had the most obvious dispersion effect on Bacillus subtilis biofilm, while D-alanine (D-Ala) and D-Phe did not exhibit any corresponding dispersion effects (12).

Recent advancements in D-AAs research have significantly expanded our understanding of their potential applications in antimicrobial therapy. Notably, the interaction between D-AAs and antibiotic efficacy has emerged as a promising area of investigation. Innovative approaches have been developed, including the combination of D-AAs with photothermal hydrogels for the targeted treatment of prosthetic joint infections (13). Moreover, scientific evidence demonstrates that the integration of D-AAs with conventional drugs can substantially enhance bacterial susceptibility to these therapeutic agents (14). Particularly noteworthy is the discovery of synergistic effects when D-AAs are co-administered with established antibacterial compounds, specifically tetrakis (hydroxymethyl) phosphonium sulfate (THPS) and ethylenediamine-N,N'-disuccinic acid (EDDS), resulting in markedly improved bactericidal outcomes (15). These findings collectively underscore the potential of D-AAs as valuable adjuvants in antimicrobial strategies.

This study investigates the antibacterial and anti-biofilm effects of D-AAs on APEC, as well as their potential to enhance the sensitivity of antibiotics against APEC. The broth microdilution method was used to determine the minimum inhibitory concentration (MIC) of various antibiotics, while the impact of D-AAs on APEC biofilm formation was assessed. The combinations of D-AAs with ceftazidime, tetracycline, amikacin, and ciprofloxacin were evaluated using the broth micro-checkerboard assay. Furthermore, the mechanisms by which D-AAs inhibit APEC biofilm formation were examined, which providing a foundation for the prevention and control of APEC.



2 Materials and methods


2.1 Bacterial strains and growth conditions

Clinical isolates of APEC 2309128 (O1), 230959 (O1), DE17 (O2), E940 (O2), 20170119 (O2), 230992 (O78), 2309149 (O78), and 230953 (O78; Presented by Han Xiangan, Researcher of Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences). Unless otherwise indicated, the bacteria were grown in Mueller-Hinton (MH) broth, Luria Bertani (LB) broth, or on a solid medium supplemented with 1.5% agar.



2.2 Biofilm formation of APEC

Biofilm formation was quantified using crystal violet (CV) staining (16, 17). Briefly, overnight bacterial cultures were diluted 1:100 in fresh LB broth. A 200 μL aliquot of the diluted bacterial suspension was added to each well of a 96-well plate, with eight replicates prepared for each strain. Sterile LB medium was used as a control. The plates were incubated statically at 25°C for 8, 12, 16, and 20 h. After incubation, the wells were gently washed three times with phosphate-buffered saline (PBS). The biofilms were then stained with 200 μL of 1% CV for 30 min at room temperature. Following staining, the wells were rinsed with distilled water, air-dried, and treated with 200 μL of 95% ethanol. The OD595 for each well was measured using a Synergy 2 microplate reader (Biotek, VT, USA). According to literature (18), the criteria for determining biofilm formation ability were as follows: Critical threshold (ODc) = mean value of negative blank control + (3 × standard deviation of negative control). OD ≤ ODc, no biofilm ability (–); ODc < OD ≤ 2 × ODc, weak biofilm forming ability (+); 2 × ODc < OD < 4 × ODc, medium biofilm forming ability (++); 4 × ODc < OD, strong biofilm forming ability (+++).



2.3 Biofilm inhibition of D-amino acid

The detection method was the same as 2.2. The bacteria cultured overnight were diluted in a ratio of 1:100 in fresh LB broth containing different concentrations of D-AAs (0, 0.156, 0.313, 0.625, 1.25, 2.5, 5 mM), take 200 μL of the diluted bacterial solution and add it into the 96-well plate, repeat 6 wells for each strain, sterile LB medium was used as control, static culture at 25°C for 16 h. CV staining was used to quantify the biofilm formation. To measure biofilm degradation, the absorbance of the solubilized dye was measured at 595 nm and the percentage of biofilm degradation was determined by the following equation: Biofilm degradation = [(Untreated OD595-Treated OD595)/Untreated OD595] × 100. Each data point was averaged from at least six replicate wells (19).



2.4 Determination of minimal inhibitory concentration

Minimal inhibitory concentration (MICs) were determined by a microtiter broth dilution method (96-well polystyrene plates), as recommended by the Clinical and Laboratory Standards Institute (CLSI) (20). The MIC of APEC was determined using ampicillin (AMP), ceftazidime (CAZ), cefotaxime (CTX), gentamicin (CN), amikacin (AMK), tetracycline (TE), doxycycline (DO), ciprofloxacin (CIP), and enrofloxacin (ENR) were selected. Antibiotics were purchased from Beijing Solaibao Technology Co., LTD. Briefly, a 2-fold serial dilution of antibiotics was prepared, with concentrations ranging from 256 to 0.25 μg/mL. Bacterial suspensions were adjusted to a concentration of 1 × 105 CFU/mL, and the minimum inhibitory concentration (MIC) was determined using MH broth. A control containing only inoculated broth was included and incubated at 37°C for 16–20 h. The MIC endpoint was defined as the lowest antibiotic concentration at which no visible bacterial growth was observed. This was further confirmed by comparing the optical density at 600 nm (OD600) with the blank control, showing no statistical difference.



2.5 Broth micro-checkerboard assay

Broth Micro-Checkerboard was used for D-AAs and antibiotics combination as previously reported with slight modifications (21, 22). First, 100 μL of MH broth was added to columns 1–12 of the 96-well plate. Then, 100 μL of antibiotics with a concentration of 1,024 μg/mL was added to column 2. The antibiotics were serially diluted 2-fold in MH medium across columns 2–12 of the plate, the concentration of antibiotics ranges from 256 to 0.25 μg/mL. Fifty microliter of ploidy dilution D-AAs dilution add it to row A-G of the plate, the concentration of D-AAs in row A-G was 0, 0.156, 0.313, 0.625, 1.25, 2.5, and 5 mM, respectively. Except for A12, 2.0 × 105 CFU/mL of 50 μL bacterial suspension was then added to each well. Fifty microliter fresh MH broth medium was added to A12 and H1, both blank (A12 plate) and positive (H1 plate) controls were set up, and the plates were incubated at 37°C for 16–20 h.



2.6 Determination of growth curves

To verify whether the decreased ability of bacterial biofilm formation caused by D-AAs is due to inhibited bacterial growth, a high-throughput real-time microbial growth analyzer (Tianjin Jieling Instrument Manufacturing Co., LTD.) was employed to assess the bacterial growth curve and examine the impact of D-AAs on bacterial growth. The specific procedure was as follows: overnight-cultured APEC (DE17) was diluted in LB broth with or without D-AAs at a ratio of 1:100. The diluted bacterial solution was then added to the test plate, with three replicates for each sample. In the high-throughput real-time microbial growth analyzer, the bacterial solution was incubated at 37°C with shaking at 180 rpm for 24 h. The OD600 value of the bacterial solution was measured every hour to construct the growth curve.



2.7 Scanning electron microscopy analysis

Avian pathogenic Escherichia coli cell structure and architecture of the biofilms formed in presence with the different concentration of D-AAs were analyzed by SEM (23, 24). Briefly, the bacteria cultured overnight were diluted in a ratio of 1:100 in fresh LB broth containing 5 mM of D-AAs, add to 24-well cell culture plates containing cell crawling tablets (6 × 6 mm square, Biosharp), respectively, 1 mL per well, 25°C for 16 h. APEC cells grown in D-AA-free medium were utilized as control and gently washed three times with PBS to remove non-adherent bacteria. Then adherent bacteria were fixed and dehydrated. The plates were fixed with 2.5% glutaraldehyde for 4 h at 4°C. The surfaces were washed thrice with 0.01 M PBS, and the bacteria were then dehydrated by different concentrations of ethanol (30%, 50%, 70%, 90%, 95%, and 100%) for 20 min each. After critical-point drying and coating by gold sputter, samples were examined using a scanning electron microscope (SEM; Thermo Fisher Scientific, USA).



2.8 Laser confocal scanning microscopy analysis

Avian pathogenic Escherichia coli cells were cultured as SEM analysis described, and APEC were dyed with a Live/Dead backlight bacterial viability kit with DMAO and PI (Beyotime) as previously described. Briefly, biofilm was washed three times with PBS to remove non-adherent bacteria. Then adherent bacteria were stained using the Live/Dead backlight bacterial viability kit for 15 min at 37°C in the dark. Samples were subsequently analyzed with a laser confocal scanning microscope (Nikon A1, Japan), Living cells are green and dead cells are red.



2.9 Cell surface hydrophobicity analysis

Cell surface hydrophobicity (CSH) was tested as previously described (23, 25). Briefly, the collected cells were washed three times through phosphate-urea-magnesium (PUM) buffer. PUM buffer as blank control, the 600 nm absorbance value of the bacterial solution was controlled in the range of 0.4–0.6 and recorded as OD0. The diluted bacterial suspension was added with n-hexadecane at 4:1 ratio, and then left for 15 min after vigorous shaking, take the lower water phase, measure the light absorption value at OD600, and record it as OD1. The decrease in OD value at 600 nm of the aqueous phase was taken as a measure of H%, which was calculated with the formula: H% = [(OD0-OD1)/OD0] × 100%. The experiment was repeated three times.



2.10 Production of exopolysaccharides assay

Ethanol was used for the extraction and precipitation of the EPS (23, 26, 27). Briefly, inoculated with 1% bacterial cultures (OD600 = 1), the LB broth with and without of D-AAs was incubated at 25°C and 180 rpm for 16 h. After incubation, bacterial suspension was centrifuged for 15 min (3,949 × g, 4°C), then the supernatant (0.22 μm) was filtered. Four volumes frozen ethanol was added to filtrate and stored at 4°C for 24 h to precipitate the EPS. The precipitated EPS were centrifuged at 16,904 × g (4°C) for 20 min, and the supernatant was discarded. The precipitation was washed twice with 95% ethanol and dried naturally at room temperature. To remove proteins, n-butyl alcohol and proteinase K were used. The aqueous layer was collected followed by dialysis with distilled water overnight. The liquid was lyophilized as an EPS sample for use.



2.11 Analysis of gene transcription level

To explore further the possible mechanism of D-AAs inhibiting bacterial biofilm and enhancing antibiotic sensitivity, quantitative Real-Time PCR (qRT-PCR) was performed to explore whether D-AAs affects the transcription level of APEC antibiotic sensitivity related genes. Those antibiotic resistance related genes include exopolysaccharides-encoding gene (pgaA and pgaC), autoinducer-2 synthesis gene (luxS), the selected efflux pump-encoding gene (tolC), and porin protein-encoding genes (ompC and ompF). The primers for the target genes and the internal control gene dnaE were shown in Table 1. Briefly, the bacteria were grown in LB at 37°C to mid-log phase (OD600 = 1.0), and total RNA was extracted by TRIzol reagent. The reverse transcription kit (HiScript® III RT SuperMix for qPCR + gDNA wiper, Vazyme) was used to remove DNA from total RNA and reverse transcription. The qPCR experiment was performed using the SYBR green PCR mix (Vazyme, Nanjing, China). The target genes were examined three times, and relative changes in gene expression levels were assessed using the 2−ΔΔCt method (28).


TABLE 1 RT-qPCR primers used in this study.
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2.12 Statistical analysis

All experimental data were recorded in Excel. Statistical analyses were conducted using R software [version 4.4.1, (47)]. An independent sample t-test was employed to determine whether there were significant differences between the treated groups and the control group. For experiments with three or six replicates per group, a corrected t-test (Welch's t-test) was applied. The analysis primarily utilized the ggplot2 and tidyverse packages. A two-tailed P-value of < 0.05 was considered statistically significant.




3 Results


3.1 Biofilm formation ability of APEC

With the exception of strain 2309149 (O78), different serotypes of APEC had the strongest ability to form biofilms at 16 h after inoculation. The results of biofilm detection of DE17 (O2) and 20170119 (O2) were OD ≥ 4 × ODc, judged as strong biofilm forming ability, the results of biofilm detection of 2309128 (O1) and 2309149 (O78) were 2 × ODc < OD < 4 × ODc, judged as medium biofilm forming ability, the results of biofilm detection of E940 (O2), 230992 (O78), and 230953 (O78) were ODc < OD ≤ 2 × ODc, judged as weak biofilm forming ability, the results of biofilm detection of 230959 (O1) was OD ≤ ODc, Judged as no biofilm forming ability (Figure 1).


[image: Figure 1]
FIGURE 1
 Biofilm-forming ability of APEC. The biofilm-forming ability of 7 clinically isolated APEC at 8, 12, 16, and 20 h at 25°C was quantitatively determined by crystal violet staining. 2309149 (O78) had the strongest biofilm formation ability at 12 h, DE17 (O2), 20170119 (O2), 2309128 (O1), E940 (O2), 230992 (O78), and 230953 (O78) had the strongest biofilm formation ability at 16 h.




3.2 Anti-biofilm potential of D-AAs

Based on the results of biofilm detection, two avian pathogenic Escherichia coli strains (DE17 and 20170119) with strong biofilm forming ability were selected as test strains for this study, and 19 types of D-AAs were assessed for their biofilm inhibition activities. The results showed that D-AAs had dose-dependent anti-biofilm effects (Supplementary Tables 1, 2). At 5 mM, 19 kinds of D-AAs could inhibit the biofilm of two strains of APEC, among them, the inhibition rates of D-Tyr, D-Met, D-Leu, and D-trp on the biofilm of the two strains were all >50%. In order to further verify the universality of D-Tyr, D-Met, D-Leu, and D-trp on APEC biofilm inhibition, the inhibition ability of D-Tyr, D-Met, D-Leu, and D-trp on the biofilm of the strains with medium biofilm forming ability (2309128 and 2309149) was tested. The inhibition rates of D-Tyr, D-Met, D-Leu, and D-trp on 2309128 and 2309149 biofilms were all >50% (Figure 2). Four kinds of D-AAs, D-Tyr, D-Met, D-Leu, and D-trp, were used as research materials in the follow-up study.


[image: Figure 2]
FIGURE 2
 The relative inhibition rates of D-AAs on biofilms of different serotypes of APEC. (A) Relative inhibition rate of D-AAs on DE17 strain biofilm; (B) Relative inhibition rate of D-AAs on 20170119 strain biofilm; (C) Relative inhibition rate of D-AAs on 2309149 strain biofilm; (D) Relative inhibition rate of D-AAs on 2309128 strain biofilm. Mature biofilms formed over 16 h were cultured overnight in 96-well plates at 25°C, with D-AAs concentrations ranging from 0.156 to 5 mM. Biofilm formation was quantified using crystal violet staining. The biofilm degradation rate (%) was calculated as [(OD595 of untreated group - OD595 of treated group)/OD595 of untreated group] × 100. The results demonstrated that D-Tyr, D-Met, D-Trp, and D-Leu exhibited dose-dependent inhibitory effects on biofilms of different clinical strains. At a concentration of 5 mM, the inhibition rates of all D-AAs exceeded 50%.




3.3 D-AAs increases antibiotic sensitivity to APEC

The MIC and sensitivity of nine antibiotics were evaluated for four strains of APEC (see Supplementary Table 2). The strains 2309128 (O1), 20170119 (O2), and 2309149 (O78) exhibited multiple antibiotic resistances. In addition, strain 2309149 (O78) was moderately sensitive to fluoroquinolones (CIP, ENR), Strains 2309128 (O1) and 20170119 (O2) were resistant to β-lactam antibiotics (AMP, CAZ, and CTX), aminoglycoside antibiotics (GN, AMK), tetracycline antibiotics (TE and DO) and fluoroquinolones (ciprofloxacin, enrofloxacin) all developed resistance. Ceftazidime, amikacin, tetracycline, and ciprofloxacin were used in combination with D-AAs (D-Tyr, D-Met, D-Leu, and D-trp) according to the results of MIC determination of four strains. The results are shown in Table 2. D-Tyr enhanced the sensitivity of amikacin and tetracycline to different serotypes of APEC, and D-Met enhanced the sensitivity of amikacin to different serotypes of APEC.


TABLE 2 D-AAs combined with antibiotics against APEC in vitro.
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In order to explore the possible mechanism of D-Tyr and D-Met enhancing drug sensitivity, the laboratory model strain DE17 was selected as the research object for follow-up experiments.



3.4 D-AAs had no inhibitory effect on DE17 growth

The results of bacterial growth curve showed that the D-AAs content had no inhibitory effect on bacterial growth when it was 2.5 or 5 mM (Figures 3, 4).


[image: Figure 3]
FIGURE 3
 The effect of 2.5 mM D-AAs on the growth of APEC. PC, Positive Control, no added to D-AAs control group. APEC DE17 incubated at 37°C with shaking at 180 rpm for 24 h. The OD600 values of the bacterial cultures were measured every hour, with three replicates for each sample. The bacterial growth curve was divided into four phases: (A) Lag phase (1–2 h), (B) Logarithmic phase (3–8 h), (C) Stationary Phase (9–16 h), and (D) Decline phase (17–24 h). A-test was performed to compare the OD600 values of each D-AAs treatment group to the PC group. The p-values from the t-test are indicated on the horizontal lines in the figure.
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FIGURE 4
 The effect of 5 mM D-AAs on the growth of APEC. PC, Positive Control, no added to D-AAs control group. APEC DE17 incubated at 37°C with shaking at 180,rpm for 24 h. The OD600 values of the bacterial cultures were measured every hour, with three replicates for each sample. The bacterial growth curve was divided into four phases: (A) Lag phase (1–2 h), (B) Logarithmic phase (3–8 h), (C) Stationary phase (9–16 h), and (D) Decline phase (17-24 h). A t-test was performed to compare the OD600 values of each D-AAs treatment group to the PC group. The p-values from the t-test are indicated on the horizontal lines in the figure.


As shown in the figure, at 2.5 or 5 mM, there was no difference in DE17 growth between the D-AAs treated group and the untreated group at the slow stage and logarithmic stage, and there were differences between the amino acid treated group and the untreated group at the stable stage and the decline stage. At 2.5 mM, D-Leu and D-trp significantly accelerated APEC growth (P < 0.05; Figure 3), and at 5 mM, D-Tyr, D-Leu, and D-Met significantly accelerated APEC growth (P < 0.01; Figure 4). Indicating that biofilm dispersive activity was not associated with growth inhibition.



3.5 D-AAs had no effect on the integrity of cell walls and membranes

The SEM results showed that the number of adherent bacteria in samples treated with D-AAs was significantly reduced compared to the control group. Furthermore, changes in the surface of APEC in the D-AAs treated samples were observed, however, the cells remained intact (Figure 5).


[image: Figure 5]
FIGURE 5
 SEM of biofilms formed by APEC under different treatment conditions. (A) Control (without D-AAs), (B) D-Tyr, (C) D-Met. (A) Bacteria exhibit a smooth surface and are present in large quantities. (B) Bacteria maintain a smooth surface and adherence, but their quantity is significantly reduced. (C) Bacteria also display a smooth surface, show significantly reduced adherence, and their quantity is greatly diminished.


After staining with the Live/Dead backlight bacterial viability kit, CLSM results showed that compared with untreaded group, the number of attached bacteria in the samples treated with D-Tyr (5 mM) was significantly reduced, Moreover, red fluorescence appeared, and the number of attached bacteria in D-Met (5 mM) treated samples also decreased significantly, there was no red fluorescence (Figure 6).
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FIGURE 6
 CLSM analysis of bacterial viability in a biofilm on a coverslip surface. APEC biofilms were subjected to dual fluorescence staining using the Live/Dead BacLight bacterial viability kit. Specifically, DMAO (3,6-diamino-9-methylacridinium) was employed to stain metabolically active cells, emitting green fluorescence, while propidium iodide (PI) was used to stain membrane-compromised cells, emitting red fluorescence. Analysis revealed a significant reduction in bacterial adhesion in samples treated with D-Tyr and D-Met compared to control groups, demonstrating the inhibitory effects of these D-AAs on biofilm formation and bacterial viability.




3.6 D-AAs decreased cell surface hydrophobicity in APEC

Cell surface hydrophobicity (CSH) was positively correlated with the adhesion of cell (29). At 5 mM, D-Tyr and D-Met significantly reduced CSH (p < 0.01), decreased by 33.86% and 56%, respectively, thus reducing the adhesion of APEC (Figure 7).
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FIGURE 7
 Effect of D-amino acids on the CSH of APEC. The experiment was performed in triplicate. A t-test was conducted to compare the H% values of each D-AAs treatment group to the control group. The D-AAs treated group compare to the untreated group was very significant decreased (**P < 0.01, ***P < 0.001).




3.7 D-AAs reduced the production of EPS in DE17

As shown in Figure 8, in the presence of 5 mM D-AAs (D-Tyr or D-Met), the EPS production in APEC was significantly reduced (P < 0.001; Figure 8). After treatment with D-Tyr, D-Met the EPS production of APEC decreased by 46.63%, 57.69%, respectively.
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FIGURE 8
 Effect of D-AAs on the EPS production of DE17. The experiment was conducted in triplicate. A t-test was performed to compare the relative production of extracellular polymeric substances (EPS) in each D-AAs treatment group to the control group. The significance levels of the p-values from the t-test are indicated on the horizontal lines in the figure as ***P < 0.001.




3.8 D-AAs regulates multiple biofilm related genes to inhibit biofilm formation

The qPCR results showed that, the D-Tyr treated group was compared with the untreated group, the mRNA transcription levels of ompC and ompF genes were significantly up-regulated (p < 0.05), while the mRNA transcription levels of luxS, pgaA, and pgaC genes were significantly down-regulated (p < 0.01), and tolC mRNA levels were not statistically significant (p > 0.05; Figure 9A). The D-Met treated group was compared with the untreated group, The mRNA transcription levels of ompC and ompF genes were significantly up-regulated (p < 0.01). The mRNA transcription of luxS, pgaA, and pgaC were significantly down-regulated (p < 0.05), while tolC mRNA levels were not significantly different (p > 0.05; Figure 9B).
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FIGURE 9
 Transcriptional analysis of antibiotic resistance-related genes. (A) With or without the treatment of D-Try, (B) with or without the treatment of D-Met. Expression of dnaE was used as a housekeeping control. The data are representative of results from three independent experiments. The asterisks represent statistical significance, ns, not significant, p > 0.05; *p < 0.05, **p < 0.01.





4 Discussion

The formation of APEC biofilm is the primary cause of chronic, persistent, and recurrent infections, as well as antibiotic resistance (6). Controlling APEC biofilm formation is a crucial target to decrease the potential risk of infection by this bacterium in poultry (30). Recent studies have shown that the D-AAs can inhibit and disperse biofilms formed by a diverse range of bacterial species, including Bacillus subtilis, Staphylococcus aureus and Pseudomonas aeruginosa (8, 31, 32). However, various D-AAs have different antibacterial and anti-biofilm properties to the same bacteria, and the same D-AAs may have distinct antibacterial and anti-biofilm properties against different bacterial species (11, 12). Consequently, this study investigates the inhibitory effects of 19 D-AAs on three serotypes of APEC biofilms were investigated in this study. This study shows that D-AAs has a dose-dependent inhibitory effect on APEC biofilm (Supplementary Tables 1, 2), in which D-Tyr, D-Met, D-Leu, and D-trp have strong inhibitory effects on various serotypes of APEC biofilms (Figure 2). The results are consistent with previous studies on Bacillus subtilis (12). This study found that D-AAs did not inhibit the growth of APEC E. coli at concentrations of 2.5 and 5 mM. However, at 2.5 mM, the levels of D-Leu and D-Trp significantly increased during the stationary and lag phases (P < 0.05). At 5 mM, the levels of D-Tyr, D-Met, and D-Leu significantly increased during the stationary and lag phases (P < 0.01). These findings are consistent with Rumbot's discovery that D-arginine, D-glutamine, and D-alanine can induce the growth of Pseudomonas aeruginosa (33).

Given the importance of biofilms in disease and the resistance of conventional antibiotics to APEC. In this study, D-AAs (D-Tyr, D-Met, D-Leu, and D-trp), which has obvious inhibitory effect on biofilms, was used in combination with antibiotics (CAZ, AK, TE, and CIP) to analyze whether D-AAs can improve the sensitivity of antibiotics to APEC. D-Tyr enhanced the sensitivity of amikacin and tetracycline to different serotypes of APEC, and D-Met enhanced the sensitivity of amikacin to different serotypes of APEC (Table 2). Currently, it is widely believed that D-AAs disperse biofilms, disrupting the protective effect of biofilms on the bacteria within. This forces the bacteria to transition from a biofilm state to a free-living state, making them more susceptible to being killed by bactericides, thereby enhancing the sterilization rate (10, 34).

Enhancing the uptake of antibiotics and reducing the efflux of antibiotics are beneficial measures to enhance antibiotic sensitivity. The outer membrane porin of gram-negative bacteria is a transmembrane protein that allows the passive transport of various compounds (such as antibiotics) into bacterial cells (35). When the expression of porin is down-regulated, the amount of antibiotic entering the cell will be reduced (36). OmpF and OmpC are non-specific outer membrane porins protein, and the OmpF and OmpC found in E. coli are trimeric β-barrel structures, through which different kinds of antibiotics can pass (37). Studies have shown that ompF-deficient mutants were resistant to several antibiotics, which indicates that OmpF was the main pathway for antibiotics to penetrate the outer membrane (38). It has been reported that OmpC and OmpF porins contribute to the translocation of antibiotics in the bacterial outer membrane and promote the entry of kanamycin into E. coli (39). Active efflux is facilitated by transmembrane efflux pumps, which export antibiotics to bacterial cells to reduce their intracellular concentration (40). AcrAB–TolC is one of the most important efflux pumps in enterobacteria, capable of squeezing a wide variety of structurally diverse compounds, including many antibiotics, from bacterial cells, thus reducing their intracellular concentrations (41). In this study, D-Tyr and D-Met can significantly enhance the transcription levels of ompF and ompC genes, but have no effect on tolC transcription levels. The results showed that D-Tyr and D-Met could enhance the transcription level of ompF and ompC, increase the content of intracellular antibiotics, and improve the sensitivity of antibiotics.

The biofilm is the main reason why bacteria develop drug resistance and evade the host immune mechanism. CSH is closely related to the formation of bacterial biofilm, it enhances the adhesion and agglutination of microbial cells and promotes the expansion of interfacial microcolonies (42, 43). D-AAs can inhibit initial adhesion of bacteria by reducing hydrogen bonding, changing surface potential, and hydrophilicity (44). EPS are the main components of bacterial biofilms (45). Related studies have reported that E. coli EPS is essential for enhancing its adhesion and drug resistance, as well as promoting the development of the host immune system (46). pgaA and pgaC are the genes encoding EPS, RT-PCR results showed that D-AAs reduced the content of bacterial exopolycans by down-regulating pgaA and pgaC, thus reducing the biofilm of bacteria. The observed enhancement in antibiotic susceptibility in this study may be attributed to the ability of D-AAs to reduce CSH and EPS production, thereby facilitating the penetration and efficacy of antibiotics.

The findings of this study hold significant implications for the prevention and control of APEC infections in the poultry industry. The ability of D-AAs to inhibit biofilm formation and enhance antibiotic sensitivity offers a promising strategy for combating APEC-related diseases. Furthermore, the combination of D-AA with antibiotics may provide a synergistic approach to overcoming antibiotic resistance, which is a major challenge in the management of APEC infections. Although this study provides valuable insights into the antibiofilm and antibiotic-enhancing effects of D-AA, it is important to acknowledge some limitations. Firstly, the research was conducted in vitro, and further studies are needed to evaluate the efficacy of D-AA in vivo. Secondly, the mechanisms by which D-AA regulates gene expression and biofilm formation require further investigation. Future research should explore the specific interactions between D-AA and bacterial proteins or receptors involved in biofilm regulation.



5 Conclusion

AAs inhibits bacterial biofilm formation by reducing cell hydrophobicity and extracellular polysaccharide content. D-AAs up-regulates the transcription level of porin genes (ompF and ompC), down-regulates the encoding biofilm genes (pgaA and pgaC). This modulation increases the influx of antibiotics into the cells, and enhances their sensitivity to these antimicrobial agents (Figure 10). These findings highlight the potential of D-AAs as a novel strategy for controlling APEC infections and overcoming antibiotic resistance in the poultry industry. Further research is needed to explore the practical applications of D-AAs in vivo and to elucidate the molecular mechanisms underlying its activity.


[image: Figure 10]
FIGURE 10
 D-AAs enhance the sensitivity of APEC to antibiotics by altering its uptake of antibiotics.
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