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Abstract
Background
Diverse microbes, such as bacteria, are of immense worth to mangrove ecosystems due to their adaptability to salinity and variable environmental characteristics conditions. Pyridine and its derivatives compose most heterocyclic aromatic compounds largely produced by human activities that lead to environmental pollution. Bacteria have a crucial role in the nutrient cycling of carbon and nitrogen etc., to understand their functional involvement with environmental factors or ecosystem functioning as well as the species invasion and domestic or agriculture pyridine degradation pollution activities that threaten the mangrove ecosystem.

Methods
This work established the genetic-based molecular degradation of organic compounds in the mangrove ecosystem, which ultimately makes the availability of nutrients. As well as the effects of various abiotic factors on pyridine degradation to discover the pyridine degradation and the removal of ammonia nitrogen and the proposed nitrogen metabolism pathway.

Results
The novel bacterial strain NM1-A2 was isolated from mangrove sediments and, after 16S rRNA gene sequence analysis identified as Bacillus aryabhattai. NM1-A2 completely degraded pyridine within a 100 h incubation period at a temperature of 35 °C, an initial pH of 7.0, glucose and a pyridine concentration of 500 mg/L. The pseudo-first-order kinetics model described the pyridine biodegradation profile of NM1-A2 well. Interestingly, within 96 h the strain achieved almost complete pyridine degradation with a total organic carbon (TOC) removal of 87.9% ± 0.19% (from 377.52 ± 6.9 mg/L to 45.65 ± 0.14 mg/L). Within 96 h, the pyridine ring in the total nitrogen (TN) fraction at the maximum concentration of 55.31 ± 0.17 mg/L, furtherly 51.3% ± 2.39% of (TN) converted into Ammonia nitrogen (NH4+-N). Furthermore, NM1-A2 exhibited its pyridine biodegradation activity decreased by only 4% after three consecutive cycles (48 h each). Moreover, NM1-A2 possessed nrt-ABCD nitrate transport family and gltABCD operons that participate in the activities of glutamine and glutamate synthetase in NH4+ conversion in the nitrogen cycle. Furthermore, the nitrogen metabolism genes (nrtA, nrtB, nrtC, nirB, nirD, gltB, gltD, glnA) exhibited expression in NM1-A2.

Conclusion
This research offers a potential treatment strategy for pyridine degradation in the mangrove ecosystem.
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Background
Pyridine and its derivatives can be derived from coal or synthesized artificially and are commonly used as industrial solvents that inadvertently enter the environment. The global annual production of pyridine exceeds approximately 20,000 tons, and pyridine is frequently found in wastewater from the pharmaceutical industry and other related industries [1]. The average concentration of pyridine in wastewater released by industries producing pyridine and its metabolites is approximately 20–300 mg/L and may reach 600–1000 mg/L during emergency discharge [2, 3]. Pyridine-containing waste is highly toxic and emits a nauseating odor when discharged, Once released into aquatic ecosystems, such as water bodies, wastewater, and sewage, this pyridine-laden discharge, along with its derivatives, will endure in the aquatic environment for an extended duration. This persistence is anticipated to result in significant repercussions on both human health and environmental well-being [4]. Bioremediation is a viable solution for addressing ecological pollution caused by substituent chemicals, particularly pyridine and its derivatives [5]. Researchers have long shown interest in removing pyridine from the environment or wastewater [6, 7]. Hazardous pyridine and its derivatives can persist for prolonged periods in aquatic environments, posing risks to both human health and the environment [8].
The United States Environmental Protection Agency (EPA) has categorized pyridine as a primary concern among organic pollutants. According to the latest report from NBC, the global pyridine market is projected to reach an estimated value of USD 747.89 million by 2023 [9]. Current technologies enable pyridine treatment via coagulation, adsorption, Fenton oxidation, photocatalytic oxidation, chemical oxidation, and direct incineration techniques [10]. Biological treatments are preferred because they are more cost-effective and environmentally friendly than physical and chemical methods [11]. Microbes exhibit diverse phenotypes and possess distinct metabolic pathways that can degrade pyridines and their derivatives [12].
Mangrove tidal waters contain low concentrations of dissolved organic nitrogen (DON) and inorganic nitrogen in their molecular forms, which are accompanied by NH4+ and NO3− and NO2− [13, 14]. The DON in sediments is mostly refractory and consists primarily of humic substances, aromatic compounds, growth factors, and amino acids, among other constituents [15]. Ammonia–nitrogen is an essential Nitrogen (N) form in aquatic environments that plants, heterotrophic bacteria, and nitrifying bacteria can utilize. Ammonia–nitrogen is typically obtained from fertilizers such as urea, ammonia phosphate, and ammonia nitrate, diffusion from soil and aquaculture discharges [14]. Biodegradation is a highly appealing approach for the degradation of pyridine due to its ability to transform the chemical into relatively harmless byproducts, CO2 and NH4+ etc., [16].
In mangrove soils, elevated salinity levels impede the production and functioning of nitrogen assimilation enzymes like nitrate reductase (NR), nitrite reductase (NiR), glutamate synthetase (GS), and glutamate synthase (GOGAT) [17], as well as the ability of plants to reduce and assimilate nitrogen [18]. Salinity-induced osmotic changes and reduced NO3− uptake may also inhibit the activity of nitrogen assimilation enzymes [19].
The isolation of pyridine-degrading microorganisms is the primary focus of previous research on the bioremediation of pyridine-contaminated environments. Such microorganisms include Bacillus [20], Pseudonocardia [21], Nocardides [22], Pseudomonas [23], Paracoccus [24], Arthrobacter [25], Alcaligenes [26], Streptomyces [27], Rhodococcus [12], Shewanella [28], and Shinella [8]. While a bioaugmentation approach, which involves enhancing the introduction of specific species into biological systems like activated sludge tanks, has been established for treating pyridine-contaminated wastewater, it is important for experts to shift their focus towards the development of a practical bioaugmentation approach that emphasizes pyridine biodegradation.
This study, comprehensively investigated pyridine biodegradation by Bacillus aryabhattai strain NM1-A2. In this research, the effects of various abiotic factors on pyridine biodegradation were investigated. The investigation of pyridine degradation intermediates, characteristics and the production of ammonia nitrogen by pyridine. Furthermore, we proposed a nitrogen metabolism pathway and gene expression associated with NM1-A2. The findings of our study showed that NM1-A2 could biodegrade pyridine, which could be employed for removing toxic ammonia products and has vast biotechnological and ecological prospects.

Materials and method
Sample collection
Sediment samples were collected from the subtropical mangrove wetlands in Beibu Gulf, South China Sea (21°29′25.74″N, 109°45′49.43″E) Additional file 1: Fig. S1; the detailed information is listed in our previous study [29].

Chemicals and growth medium
A pyridine standard sample was purchased from Sigma Aldrich, USA. Yeast extract and tryptone were obtained from Oxoid Ltd., U.K. All the other chemicals used in this study were of analytical grade. Their details are provided in the supplementary material (Additional file 1: Table S1).
Mineral salt medium (MSM) and Luria Burtani media were used in this study. The detailed compositions of these media are given in the supplementary material (Additional file 1: Table S1) [29].
The strain's ability to degrade pyridine and the strain was cultured in liquid MSM (Additional file 1: Table S1) [30], and addition of (1 mL) trace element solution in MSM medium [31]. The composition of the growth medium is presented in the supplementary material (Additional file 1: Table S1). The phosphate buffers KH2PO4 and Na2HPO4·12H2O were used to maintain MSM at a constant pH. Pyridine was added as the final sole carbon and nitrogen source. All media were autoclaved for 121 °C and 30 min [32].

Effect of pyridine biodegradation conditions
A pyridine biodegradation assay used 100 mL of MSM containing (100 μL) inocula with the optimal initial pyridine concentration of 500 mg/L. The initial pH of the reactors was set to 7.0 by varying the proportion of KH2PO4 and Na2HPO4·12H2O in the buffer system at the optimal incubation temperature of 35 °C. Similarly, the effects of glucose concentrations of 0–2000 mg/L, initial pyridine concentrations of 100–2000 mg/L, pH levels of 5–10, and different temperatures of 25 °C–40 °C on pyridine degradation were evaluated while keeping other optimal conditions the same. The control test was also performed in the medium. All tests were conducted in triplicate, and the analyzed data's average and standard deviation (SD) were obtained Pyridine concentration was measured at 254 nm [33].

Pyridine degradation kinetics
The rate of pyridine degradation by NM1-A2 was investigated by fitting reaction kinetics curves with the pseudo-first-order model, which is shown as Eq. 1: [34][image: $$\ln \,\left( {{C \mathord{\left/ {\vphantom {C {C_{0} }}} \right. \kern-0pt} {C_{0} }}} \right)\, = \,kt,$$]

 (1)



In contrast, the degradation ratio over time serves as a measure of pyridine biodegradation activity, with C/Co representing the relative pyridine concentration (where C is the actual pyridine concentration at each time interval and Co is the initial pyridine concentration). The variable "t" signifies the reaction time in hours, and the apparent rate constant (k) quantifies the speed of the degradation reaction. Additionally, we extracted pseudo-first-order apparent rate constant values from the degradation ratio data to characterize the reaction rate [35, 36].

Pyridine biodegradation characteristics
A visible spectrophotometer was used to detect the bacterial density at OD600. All samples were centrifuged at 10,000 rpm and filtered using a 0.22 µm syringe filter. Nessler's reagent spectrophotometry method at a wavelength of 420 nm was conducted to detect and measure the concentration of NH4+-N [37]. Total nitrogen (TN) was observed with ultraviolet spectrophotometry and alkaline oxidation persulfate. The total organic carbon concentration was assessed using an Analytikjena TOC analyzer (TOC-multi N/c), while the pyridine content was computed through UV spectrophotometry at a wavelength of 256 nm. The data is presented as means ± standard deviation (SD) [38].

Pyridine recycling performance
Pyridine biodegradation assays were performed on NM1-A2 using batch reactors (Erlenmeyer flasks: 250 mL). NM1-A2 cells were cultured in liquid LB medium at 180 rpm and 30 °C for 48 h, then collected via centrifugation at 600 rpm and 4 °C for 10 min, and washed thrice with sterilized MSM (100 mL). Finally, inocula were prepared by diluting the bacterial deposits with MSM until an optical density of 2.0 at OD600 was reached. The prepared inocula were placed in 100 mL of liquid MSM solution with an inoculum size of 5% (v/v) for further study [39, 40].

Nitrogen metabolism pathway
After obtaining the whole-genome data of NM1-A2, the nitrogen metabolism functional genes of NM1-A2 were annotated through the following method: 1. The BLAST comparison of predicted genes was performed with each functional database (blastp, e value ≤ 1e−5). 2. BLAST results were filtered. For the BLAST result of each sequence, the comparison result with the highest score was selected (default identity ≥ 40%, coverage ≥ 40%) for the annotation [41, 42].

RT-qPCR gene expression analysis
Total RNA was extracted from the bacterial strain NM1-A2 using the total RNA rapid extraction kit (Nanjing Yifeixue Biotechnology Co., Ltd, China) following the manufacturer's instructions. cDNA was synthesized using the cDNA first-strand rapid synthesis kit (Nanjing Yifeixue Biotechnology Co., Ltd, China). Specific pairs of primers for each gene were used for RT-qPCR analysis, and 200 ng of cDNA was used as the template. For RT-qPCR analysis, specific primer pairs were employed for each gene, and 200 ng of cDNA served as the template. The RT-qPCR was carried out using the SYBR Green qPCR Master Mix on a Light Cycler 480 instrument (Roche Applied Science, Nonnenwald, Penzberg, Germany) with three replicates. The reaction mixture had a total volume of 20 µL, comprising 10 µL of SYBR Green, 2 µL of cDNA template, 0.4 µL of each forward and reverse primer, and 7.2 µL of PCR-grade water. The thermal cycling conditions were as follows: pre-incubation (95 °C for 5 min), amplification (95 °C for 10 s, 60 °C for 10 s, and 72 °C for 10 s, for 45 cycles), melting (95 °C for 30 s, 72 °C for 5 min), and cooling (40 °C for 30 s). The Actin gene was employed as an internal control for normalization. The resulting data were analyzed using the 2^(−ct) method [43]. The respective genes specific primers and sequences are presented in Additional file 1 (Table S2) and Additional file 2.


Results
Effect of pyridine biodegradation conditions
Complete pyridine biodegradation and maximum cell growth were achieved within 100 h at an initial pH of 7.0. However, as shown in Fig. 1a, pyridine biodegradation and cell growth were delayed under acidic or alkaline pH conditions. Cell growth and pyridine degradation at the incubation temperatures of 35 °C and 40 °C were vastly enhanced relative to those at 25 °C and 30 °C (Fig. 1b). As depicted in Fig. 1c, 500 mg/L optimum doses of pyridine could be degraded in the presence of 500 mg/L glucose concentration. Correspondingly, 500 mg/L glucose significantly enhanced cell growth. Although cell growth was significantly accelerated, pyridine elimination was significantly suppressed, particularly at high glucose doses, when the glucose concentration was increased from 500 to 2000 mg/L, reducing the degradation activity. As illustrated in Fig. 1d, biodegradation activity decreased as the initial 500 mg/L pyridine concentration from 100 mg/L to 1000 mg/L (Fig. 1).[image: ]
Fig. 1a Effect of initial pH, b temperature, c glucose concentration, and d initial pyridine concentration on NM1-A2 cell growth and pyridine biodegradation



Pyridine degradation kinetics
Effect of initial pH
NM1-A2 showed high pyridine biodegradation (1.47 × 10−2/h) at pH 7 and under highly acidic conditions. A basic medium was unsuitable for the pyridine biodegradation activity of NM1-A2. Therefore, pH 7 was the optimal pH for pyridine biodegradation by NM1-A2 (Fig. 2a).[image: ]
Fig. 2Effect of a pH, b temperature, c initial pyridine concentration, and d glucose concentration on the pseudo-first-order apparent rate constants of pyridine biodegradation by NM1-A2



Effect of temperature
The optimal temperature for the growth of NM1-A2 was 35 °C, at which pyridine biodegradation (1.76 × 10−2/h) was enhanced. Biodegradation activity regularly increased when the temperature was increased from 25 °C to 35 °C but decreased to 0.68 × 10−2/h at temperatures beyond 35 °C (Fig. 2b).

Effect of pyridine concentration
The degradation activity decreased as the initial pyridine concentration was raised (from 0.92 × 10−2/h to 2.37 × 10−2/h). In high-concentration media, where pyridine levels increased from 100 to 1000 mg/L, more pyridine molecules competed, stimulating the bacterial strain to simultaneously degrade the higher quantity of molecules (Fig. 2c). The NM1-A2 was responsible for the high pyridine removal observed in a concentrated pyridine medium. The enhanced bacterial growth at a high pyridine concentration has high potential for commercial biodegradation. However, 500 mg/L was chosen as the optimal pyridine concentration because commercial oil contains less than 500 mg/L pyridine (Fig. 2c).

Effect of glucose concentration
Glucose contents of 0–2000 mg/L were used to evaluate the effect of glucose on the reaction kinetics of pyridine degradation by NM1-A2. Figure 2d shows that with the increase in glucose content from 0 mg/L to 500 mg/L, the pyridine degradation rate continuously increased from 1.76 × 10−2/h to 2.91 × 10−2/h. With the addition of 500 mg/L glucose concentration, the apparent rate constant gradually reduced to 0.26 × 10−2/h. Consequently, high glucose content was responsible for the pyridine degradation by NM1-A2 (Fig. 2d).

Pyridine biodegradation characteristics
NM1-A2 was inoculated into MSM containing 500 mg/L pyridine. Figure 3a illustrates that after 25 h of the experiment, the strain entered the logarithmic phase with a maximum OD600 of 0.117 ± 0.028. The strain could flourish solely with pyridine as a carbon and nitrogen source. Within 96 h, 500 mg/L pyridine was removed, and the TOC decreased from 377.52 ± 6.9 mg/L to 45.65 ± 0.14 mg/L, reflecting a removal efficiency of 87.9% ± 0.19%. A high TOC removal efficiency is indicative of a high capacity for pyridine mineralization. This result demonstrated that the isolated strain could oxidize pyridine and perform mineralization efficiently. During pyridine biodegradation, the nitrogen in the pyridine ring was transformed into NH4+-N. Strain expansion resulted in a considerable increase in NH4+-N, as shown in Fig. 3b. During 96 h of the experiment, TN was mainly converted into NH4+-N, which reached a maximum concentration of 55.31 ± 0.17 mg/L. A total of 51.3% ± 2.39% of TN was converted into NH4+-N. However, the strain could not further convert TN beyond this concentration (Fig. 3).[image: ]
Fig. 3Growth and degradation performance of NM1-A2 at an initial pyridine concentration of 500 mg/L. a Effect of TOC degradation. b Effect of TN and NH4+-N concentration




Recycling performance
Pyridine degradation was carried out for three consecutive cycles to investigate the recycling performance of the bacterial strain NM1-A2 and determine its practicability on an industrial scale. After 48 h of the first cycle, NM1-A2 was washed with fresh MSM for reuse for pyridine degradation. The same process was performed for the third cycle. Pyridine degradation declined by 4% after three consecutive cycles. This result proved that NM1-A2 could be reused multiple times for the degradation of pyridine, a refractory nitrogen compound. Therefore, NM1-A2 can be used as a practical bacterial strain for industrial-scale degradation in petroleum refineries. By contrast, many other bacteria cannot survive and be reused under harsh environmental conditions (Fig. 4).[image: ]
Fig. 4Performance of NM1-A2 in different cycles of pyridine degradation



Nitrogen metabolism pathway
Eleven directly homologous genes associated with nitrogen metabolism were identified through KEGG database annotation, and 20 nitrogen cycle genes were annotated in ncycdb by using diamond. The results of the two databases were comprehensively and comparatively analyzed to map the relevant nitrogen cycle.
The nitrogen metabolism analysis results of NM1-A2 showed that nrt-ABCD was annotated in NM1-A2. Nitrate and nitrite have been identified to possess a relatively similar transport mechanism involving the nrt-ABCD transport family and gltABCD operons. Within plants, salinity disrupts the capacity to reduce and incorporate nitrogen, primarily by diminishing the synthesis and functioning of nitrogen assimilation enzymes. NM1-A2 can generate NO2 via the following reaction: ethylnitronate + oxygen + reduced FMN <  =  > acetaldehyde + nitrite + FMN + H2O. In cells, NO2 and NO3 can be converted into each other by nitrite receptor oxidoreductase as nitrite + acceptor + H2O <  =  > nitrate + reduced acceptor. nirB and nirD genes were also found in NM1-A2 cells. nirB and nirD are essential for NADH-dependent NiR activity. In cells, nitrate or nitrite is transformed into ammonium for integration into carbon skeletons. Nitrate is first converted into nitrite by nitrate reductase (NR). Then, nitrite is converted into ammonium by NiR as ammonia + 3 NAD+  + 2 H2O <  =  > nitrite + 3 NADH + 3 H+.
Moreover, the ammonium in NM1-A2 can generate glutamine through the action of amine ligase then glutamate through the catalytic reaction ATP + L-glutamate + ammonia <  =  > ADP + orthophosphate + L-glutamine for entry into amino acid metabolism and use as intracellular material. Therefore, NM1-A2 might be biodegraded pyridine. (Fig. 5).[image: ]
Fig. 5Proposed nitrogen metabolism pathway by strain NM1-A2



RT-qPCR gene expression analysis
RT-qPCR was performed to verify the expression of genes related to nitrogen metabolism. The findings demonstrated that all nitrogen metabolism-associated genes (nrtA, nrtB, nrtC, nirB, nirD, gltB, gltD, glnA) exhibited expression in bacterial strain NM1-A2 (Fig. 6). The RT-qPCR products were verified by 1% agarose gel electrophoresis, and the bands were confirmed, as depicted in (Additional file 1: Fig. S2).[image: ]
Fig. 6Confirmation of gene expression of nrtA, nrtB, nrtC, nirB, nirD, gltB, gltD, and glnA genes through RT–qPCR analysis. The data are expressed as the mean ± SD




Discussion
Pyridine, a heterocyclic aromatic compound, holds importance in mangrove ecosystems due to both natural occurrences and human influence [44]. Excessive pyridine contamination can disrupt the fragile balance of mangrove ecosystems, affecting the health of plant and animal species that rely on them. Understanding pyridine's presence, sources, and effects in mangrove environments is crucial for conservation efforts and mitigating the impact of pollution on these biodiverse coastal ecosystems [45]. The microbial removal of pyridine from the environment is a promising strategy for the degradation [45].
In this study, isolated B. aryabhattai strain NM1-A2, which can utilize pyridine as a carbon and nitrogen source, from subtropical marine mangrove sediments.
PH levels significantly impact the efficiency of xenobiotic degradation. Figure 1a illustrates a visual representation of different pH levels (ranging from 5.0 to 10.0) affect pyridine degradation in MSM. The optimal pyridine degradation was observed at an initial pH of 7.0, and complete pyridine degradation and maximum cell growth with a rate constant of 1.47 × 10−2/h were achieved within 100 h. Our study is linked to the work of Shen et al., who found that NJUST18 showed expedited pyridine degradation at 126 and 122 h and at pH 5.0 and 10.0, respectively, with the initial pH of 9.0 [46]. Pyridine degradation and cell growth at the incubation temperatures of 35 °C and 40 °C were enhanced and substantially outperformed those at 25 °C and 30 °C with the rate constant of 1.76 × 10−2/h. Kumar et al., reported a similar phenomenon when they enhanced the biodegradation of 4-tert-octylohenol and the proliferation of Candida rugoo pelliculosa RRKY5 at 30 °C [47].
The presence of exclusive biodegradable carbon sources often facilitates the degradation of persistent pollutants, such as pyridine. In the presence of 500 mg/L glucose, 500 mg/L pyridine could be eradicated. Adding 500 mg/L glucose also significantly enhanced cell growth. Increasing the supplemental glucose concentration to 1000, 1500, and 2000 mg/L significantly inhibited pyridine removal within 100 h and increased the rate constant to 2.91 × 10−2/h. Shen et al. also illustrated that a low glucose dosage was beneficial for biomass production. In contrast, higher glucose consumption often led to competitive inhibition of pyridine biodegradation within a 140 h [46]. Our present investigation is consistent with the study of Mathur et al., who reported that Shewanella putrefaciens and Bacillus sphaericus could remove 500 mg/L pyridine after 140 and 150 h of incubation, respectively [28]. Li et al., discovered that Streptomyces sp. HJ02 could degrade 250 mg/L pyridine completely after 168 h [27]. Moreover, glucose can function as a carbon source for bacterial proliferation. On the other hand, pyridine, being a nitrogen-based aromatic compound, can also be employed as a carbon source for bacterial growth. Our study thoroughly investigated the effect of glucose concentration (0–2000 mg/L) on pyridine biodegradation to compare the growth of bacterial strains on refractory carbon-based pyridine and simple carbon sources, i.e., glucose (nonaromatic). Our results demonstrated that 500 mg/L was the optimal concentration for the enhanced growth of NM1-A2. Within a 100 h incubation period, NM1-A2 exhibited substantial effectiveness as reflected by the apparent increase in its kinetics from 0.92 × 10−2/h to 2.37 × 10−2/h.
Liang et al., isolated NJUST18, NJUST29, and NJUST32 with mineralization performances of 41.54%, 56.89%, and 87.25%, respectively, based on their TOC removal efficiencies [33]. According to findings from other researchers, nitrogen in the pyridine ring is frequently converted into NH4+-N during pyridine biodegradation [39]. Past research has shown that Paracoccus is a good pyridine-degrading and denitrifying bacterium [48]. Additionally, our study also revealed that the nitrogen in the pyridine ring is typically converted into NH4+-N during pyridine biodegradation. Figure 3 shows that strain expansion resulted in a significant increase in NH4+-N. Specifically, the NH4+-N concentration increased to 55.31 ± 0.17 mg/L after 96 h. Additionally, Liu et al., discovered that TN concentration decreased from 369.00 ± 12.73 mg/L to 217.43 ± 10.51 mg/L at a removal rate of up to 40.51% ± 1.21%, indicating a significant TN elimination [49]. In line with findings from a prior study [49], our research showed that approximately 51.3% ± 2.39% of total nitrogen (TN) was transformed into NH4+-N. NM1-A2 converts NO2− into NH4+ under anaerobic conditions [31]. Our study also aligned with a previous report showing that BW001 could grow by utilizing NO3 and NO2 converted from NH3− as nitrogen sources [31]. The concentration of the substrate is a crucial factor that impacts the rate of enzymatic reactions and has implications for bacterial growth as well as substrate degradation [49]. NH4+-N was formed during pyridine biodegradation by the strain and persisted in the environment [24, 50]. In a past work, 400 mg/L pyridine could not be degraded in a reactor even after 50 h of incubation with mixed activated sludge inoculated with Pseudomonas pseudoalcaligenes-KPN [51].
Our study performed three consecutive cycles of pyridine biodegradation. The performance of NM1-A2 was evaluated every 48 h for three cycles. After three successive cycles, pyridine degradation decreased by 4%. In alignment with previously reported results [39, 40], our finding demonstrated that NM1-A2 can be reused several times to degrade pyridine, a refractory nitrogen compound.
Nitrate or nitrite is transformed into ammonium inside cells for integration into carbon skeletons [52]. Nitrate is first converted into nitrite by NR; then, nitrite is converted into ammonium by NiR [53]. In our study, ammonium was primarily converted into glutamate through the glutamine synthetase (GS)/glutamate synthetase (GOGAT) cycle in nitrogen metabolism. In NM1-A2, the Nrt-ABCD nitrate transport family and gltABCD operons have been annotated. The Nrt family is accomplished for transporting extracellular nitrate, facilitating its transformation into intracellular NO2 and NO3. Within cells cultivated in a glucose-ammonium medium, gltC was observed to promote gltAB transcription while also exerting a moderate repressive effect on glnRA, partially activating it. Ammonium ions (NH4+) have detrimental effects on plant cells, including the induction of proton extrusion, disruption of intracellular pH, and disentangling of photophosphorylation. As a result, it is advisable to rapidly assimilate NH4+ into non-toxic organic nitrogen molecules in order to prevent NH4+ toxicity [55]. The genes nrtA, nrtB, nrtC, and nrtD encode the proteins found in the NrtABCD transporter. Typically, they are part of the nirA operon, specifically in the order nirA-nrtABCD-narB, which is associated with the process of ammonium formation [56]. Tiffert et al., reported that cells grown in a glucose–ammonium medium required GS and glutamate synthetase activities and expressed the glnRA and gltAB operons at higher levels than cells grown in a glutamine medium [54]. Our study presented the NM1-A2, RT-qPCR validation analysis with reverence to all expressed genes (nrtA, nrtB, nrtC, nirB, nirD, gltB, gltD, glnA). Furthermore, NM1-A2 could be utilized to eliminate harmful ammonia byproducts, offering significant biotechnological and ecological potential.

Conclusion
The novel B. aryabhattai sp. strain NM1-A2 was isolated from mangrove sediments. Pyridine could be considered as the sole carbon and nitrogen source for its growth. In the presence of pyridine at varied concentrations of 100–2000 mg/L, the growth of the strain increased and the strain effectively degraded pyridine with high TOC removal efficacy. Notably, NM1-A2 released a substantial amount of NH4+, indicating that it has excellent pyridine biodegradation and NH4+ transformation efficiencies. The pseudo-first-order kinetics model was employed to describe the pyridine biodegradation pattern of NM1-A2. NM1-A2 showed fast pyridine degradation kinetics. The nrt-ABCD nitrate transport family and gltABCD operons found through KEGG annotation were involved in nitrogen metabolism. RT-qPCR analysis detected the nitrogen metabolism genes expression. This finding revealed that pyridine inhibits NM1-A2 enzymes. This research might be provided an avenue for using mangrove-based bacterial strains to treat refractory nitrogen compounds commercially.
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