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Abstract

:

In this study, the heterotrophic nitrification–aerobic denitrification strain JQ1004 was investigated in terms of its nitrogen removal mechanism and kinetic properties, laying the foundation for its application in the field of wastewater treatment. Nitrogen balance analysis revealed that the final metabolic product was N2, and approximately 54.61% of N was converted into cellular structure through assimilation. According to the fitting of the Compertz model, the maximum degradation rates of ammonia and nitrate were 7.93 mg/(L·h) and 4.08 mg/(L·h), respectively. A weakly alkaline environment was conducive to N removal, and the sensitivity of functional genes to acidic environments was amoA > nirS > narG. An appropriate increase in dissolved oxygen significantly enhanced heterotrophic nitrification activity, and notably, the denitrification-related functional gene narG exhibited greater tolerance to dissolved oxygen compared to nirS. The transcription level of amoA was significantly higher than that of narG or nirS, confirming that there might have been direct ammonia oxidation metabolic pathways (NH4+→NH2OH→N2) besides the complete nitrification and denitrification pathway. The annotation of nitrogen assimilation-related functional genes (including gltB, gltD, glnA, nasA, nirB, narK, nrtP, cynT, and gdhA genes) in the whole-genome sequencing analysis further confirmed the high assimilation nitrogen activity of the HN-AD strain.
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1. Introduction


With the rapid growth of the global population and the development of the social economy, a large amount of nitrogen-containing wastewater is being released, seriously damaging the aquatic environment ecosystem [1]. Excessive nitrogen discharge not only leads to the eutrophication of water bodies and hypoxia in animals or plants, but also poses a threat to human health [2]. Microbial biotechnology is one of the most common methods for nitrogen removal in wastewater treatment. However, conventional nitrifiers or denitrifiers require separate aerobic or anaerobic environments, respectively, for bacterial growth and metabolism [3,4]. This has led to limitations of traditional biotechnology for nitrogen removal, further causing low treatment efficiency and high infrastructure investment [5].



Recent research has focused on heterotrophic nitrification and aerobic denitrification (HNAD), which can effectively overcome the shortcomings of traditional biological nitrogen removal technologies. The HNAD process is considered to convert NH4+ into NO3− through heterotrophic nitrification reactions under aerobic conditions while further denitrifying NO3− or NO2− into gaseous nitrogen, achieving a complete nitrogen cycle in a single reactor [6]. At present, an increasing number of HNAD bacteria have been isolated and purified from different natural environments, such as Vibrio sp. [7], Zobellella sp. [8], and Pseudomonas sp. [9]. Compared with traditional nitrifying bacteria, HNAD bacteria have several advantages, such as a fast growth rate, high nitrogen removal efficiency, strong environmental tolerance, and the ability to nitrify and denitrify simultaneously in the same aerobic environments [10]. The HNAD process has broad application prospects in the field of wastewater treatment due to the simplification of nitrogen conversion processes and the effective improvement of nitrogen removal efficiency [3,11].



Currently, the study of HNAD bacteria mainly focuses on bacterial isolation and identification, nitrogen removal efficiency, nitrogenous gas composition, and nitrogen metabolic mechanisms [12,13]. There are fewer studies on the kinetics and molecular mechanism of HNAD, so it is significant to search for a universal HNAD bacterium. The aim of this study is to elucidate the characteristics of the growth dynamics of HNAD bacteria, including the rules of nitrogen transformation and the differences in gene transcription under various environmental conditions. In the present study, the biomass proliferation pattern of HNAD strain JQ1004, isolated in previous work [14], was simulated using the Logistic model. Nitrogen balance analysis was performed to determine the nitrogen conversion mechanism. The effects of environmental conditions on the strain JQ1004 were investigated based on the performance of nitrogen removal and the expression levels of functional genes. The whole genome was further analyzed to study the characteristics of cellular molecules and the potential degrading ability of pollutants in wastewater.




2. Materials and Methods


2.1. Media and Strains


The HNAD strain Acinetobacter sp. JQ1004 was reported in the published research with the GenBank ID: MF033517.1 [14]. The strain was obtained using the methods of gradient dilution and plate scratching. The components of the heterotrophic nitrification medium (HM) and denitrification medium (DM) referred to the description in the reported work, with some modifications [15]. 1 mol/L HCl or NaOH solution was used to adjust the pH. All culture media were required to be sterilized at 121 °C for 15 min using high-pressure steam before use.




2.2. Nitrogen Balance Analysis


The analysis of nitrogen balance by strain JQ1004 was based on the published work [15]. Firstly, 200 mL of liquid HM containing 50 mg/L ammonia was put into a 500 mL serum bottle, and an O2/He gas mixture (2 L/min, for 10 min) was injected to ensure complete air displacement. The bottle was sealed and sterilized at 121 °C for 30 min. Bacterial suspensions were inoculated into the serum vials at a 2% (v/v) inoculation ratio. The inoculation process ensured that the vials remained sealed to avoid mixing with external nitrogen sources. The bacterial mixture was cultured at 140 rpm and 30 °C. Gas samples were taken with a 1000 µL gas-tight needle, and the sampling volume was 200 µL. N2O and N2 were determined by gas chromatography. Cells were centrifuged and freeze-dried to determine the intracellular nitrogen using an element analyzer, and the supernatant was taken to detect NH4+, NO2−, NO3−, and total nitrogen (TN).




2.3. Kinetics of Nitrogen Degradation and Cell Growth


The bacterial suspension was inoculated into the liquid HM or DM to conduct experiments on the degradation of different nitrogen compounds by the strain JQ1004. The mixed solution was incubated continuously at 140 rpm and 30 °C for 48 h. N concentration changes were monitored through timed sampling. The degradation kinetics model for different nitrogen compounds could be fitted using a modified Compertz model [16]:


  S =  S 0    1 − exp   − exp     e  R m     S 0       t 0  − t   + 1        



(1)




where Rm is the maximum degrading rate (mg/(L·h)), S is the N concentration (mg/L) at a certain time, S0 is the initial N concentration (mg/L), t0 is the lag time (h), t is the culture time (h), and e is a mathematical constant (Euler’s number, approximately equal to 2.71828). The Logistic model [17] was employed to fit the cell growth curves when using ammonia as the nitrogen source. The model equations were:


  y ( t ) =  a  1 + b  e  − k t      



(2)




where a, b, and k are the constants of the growth equation and e is the mathematical constant.




2.4. The Effect of Environmental Conditions on Nitrogen Removal


To investigate the characteristics of nitrogen removal by the strain JQ1004 under different environmental conditions, sodium succinate and ammonium sulfate were used as carbon and nitrogen sources, respectively, with the initial ammonia concentration set at 100 mg/L and a C/N ratio of 7.5. The control culture conditions were set as pH 7.0, 30 °C, and 140 rpm. For different pH experiments, the initial pH was set to 5.5, 6.5, 7.0, 7.5, or 8.5, respectively. For different rotational speed experiments, the speed was set to 120, 140, 160, 180, or 200 rpm, respectively. For different temperature experiments, the temperature was set to 20 °C, 25 °C, 30 °C, or 35 °C. Except for the variables being tested, all other cultivation conditions were the same as those of the control group. Samples were taken at regular intervals for the determination of NH4+ and OD600, and the cultured cells were collected for the determination of the relative expression of functional genes.




2.5. Functional Genes Analysis


Functional genes involved in the nitrogen removal process were amplified using polymerase chain reaction (PCR), and their transcription levels were tested by quantitative PCR (Q-PCR). The primer pairs for each functional gene used in PCR are shown in Table 1. The lengths of the PCR-amplified fragments were detected via 2% agarose gel electrophoresis. The sequences were submitted to the BLAST program at the National Center for Biotechnology Information (NCBI) for online comparison, and representative sequences with high homology were downloaded for analysis based on the comparison results. Total RNA was extracted using an RNAprep Pure Cell/Bacteria Kit (Tiangen Biochemistry, Beijing, China) for Q-PCR. The 16S rDNA gene was used as an internal reference gene to correct for differences in the cDNA content between different samples [18]. Q-PCR was also performed on the target and internal reference genes of each sample using SYBR Green I. The data were analyzed using the 2−ΔΔCT method [19].




2.6. Whole Genome Sequencing and Analysis


The DNA sample was extracted using the magnetic bead method for subsequent gene library construction. The NEB Next® Ultra™ DNA Library Prep Kit (Shanghai, China, Sangon) was used for the construction of sequencing libraries, and 2% agarose gel was used for electrophoresis to check the size of the library. Samples were subjected to paired-end sequencing using the Illumina HiSeq XTen. The data obtained from sequencing were trimmed and filtered using Trimmomatic, and genome assembly was performed on the clean data after quality control. The assembled genome was subjected to Denovo prediction of repetitive sequences. The predicted open reading frame (ORF) sequences were converted into protein sequences and compared to the Gene Ontology (GO), Clusters of Orthologous Groups of proteins (COG), or Kyoto Encyclopedia of Genes and Genomes (KEGG) databases to obtain the GO, COG, and KEGG pathway annotations of the genes.




2.7. Analytical Methods


The contents of NH4+, NO3−, NO2−, and TN were detected according to standard methods [20]. The pH and temperature were measured using a portable tester (Munich, German, Water Testing Worldwide). OD600 was expressed as the absorbance value of the bacterial suspension at 600 nm.





3. Results and Discussion


3.1. Nitrogen Balance Analysis


From the results of the nitrogen balance analysis in Table 2, it could be seen that the strain JQ1004 converted ammonia into N2O and N2 through the HNAD process, in which 12.28% and 22.26% of nitrogen were transformed into N2O and N2, respectively, and emitted into the atmosphere. In addition, up to 54.61% of nitrogen was assimilated into the intracellular nitrogen of the biomass. Xu et al. [21] stated that a novel fungal strain, Fusarium keratoplasticum FSP1, with the HNAD function, assimilated 64.28% of nitrogen into cell substances and dissimilated 20.41% into gaseous nitrogen. During the nitrogen metabolism process, only a very small amount (<0.1 mg) of nitrate or nitrite was detected, which was negligible within the detection error range, indicating that JQ1004 was able to secrete nitrate reductase and nitrite reductase with high activity [22]. There was a 2.02% ammonia deficiency in the nitrogen removal process, which might have been due to an experimental error.




3.2. Kinetic Analysis of Nitrogen Degradation and Cell Growth


As shown in Figure 1a, the modified Compertz model aptly described the degradation patterns of different nitrogen sources by strain JQ1004. According to Table 3, the correlation coefficients (R2) of the fitted curves for the degradation of ammonia and nitrate were 0.997 and 0.985, respectively. From the fitting results, it could be seen that strain JQ1004 had an obvious delay period in degrading nitrogen pollutants, which was 5.91 h or 12.74 h, respectively, for metabolizing ammonia or nitrate. These results indicated that the strain JQ1004 showed a preference for degrading ammonia, which was in accordance with previously published work [23]. When using different nitrogen sources, the average degradation rate of ammonia was significantly higher than that of nitrate based on the kinetic parameters. Ammonia was rapidly degraded within 6–24 h, and the ammonia removal efficiency reached 97.3% at t = 24 h, with the highest degradation rate of Rm = 7.93 mg/(L·h). Ren et al. [24] studied the ammonia removal efficiency of Acinetobacter junii YB under different C/N conditions and found that the maximum ammonia removal rate ranged from 4.04 to 10.09 mg/(L·h). Similarly, nitrate entered a quick consumption period at 13–35 h, with a nitrate removal rate of 82.3% at t = 36 h and a maximum nitrate degradation rate of Rm = 4.08 mg/(L·h). The strain JQ1004 had higher degradation activity in metabolizing ammonia than nitrate, possibly due to higher enzyme activity during ammonia oxidation compared to denitrification [25].



The Logistic equation, modeled as a typical S-curve, can be used to describe the effect of increasing cell concentration on the microbial self-metabolism rate during growth and proliferation [26]. As shown in Figure 1b, the equation was able to effectively fit the actual experimental data of cell growth with an R2 of 0.99. From the results of the regression analysis, it can be seen that the maximum specific growth rate of strain JQ1004 using ammonia as a nitrogen source was 0.34 h−1. Furthermore, the biomass of strain JQ1004 reached the maximum OD600 = 1.16 A at 24 h, according to the fitting curve. The growth curves were first-order derived using the Origin 2018 software to obtain the instantaneous growth rate, Vinst. The instantaneous growth rate was calculated as:


   V  i n s t   =   d y   d t   =   lim   x → 0     Δ y   Δ  t i    =   lim   x → 0     f ( t + Δ t ) − f ( t )   Δ t    



(3)




where the proliferation rate was taken into account when   Δ t → 0  , which could more effectively describe cell proliferation than the average growth rate. As shown in Figure 1c, the proliferation process of strain JQ1004 was obviously divided into four stages. Stage I was a slow-growth hysteresis period which lasted for about 0–3 h. In this stage, microorganisms mainly adapted to the environment by adjusting their own metabolic patterns and produced functional enzymes that could be used for subsequent metabolism. Subsequently, the strain entered the logarithmic growth period (stage II), during which substrate was consumed and utilized in large quantities to synthesize microbial cellular matter. Bacterial biomass grew rapidly, and the duration of this stage was 3–12 h. After the logarithmic period, the bacterial growth gradually entered a period of slow growth due to the large amount of substrate consumption, and the duration of this stage (Stage III) was 12–30 h. Finally, the strain entered the stable period (Stage IV), in which the growth rate was close to zero, and the biomass no longer increased or even showed a slight decline due to cellular demise and lysis.




3.3. Amplification and Expression of Functional Genes


3.3.1. PCR Amplification of Functional Genes


To further investigate the nitrogen removal mechanism, functional genes related to nitrogen metabolism, including amoA, narG, nirS, and nirK, were amplified by PCR. Ammonia monooxygenase (AMO), encoded by the amoA gene, catalyzed the conversion of ammonia into hydroxylamine, which was the beginning of the nitrification reaction [27]. Generally, the amoA gene is used as a marker functional gene for identifying nitrifying bacteria, as it is widely found among autotrophic or heterotrophic nitrifying bacteria [28]. As shown in Figure 2a, an amoA gene fragment with a length of 606 bp was amplified from the genome of strain JQ1004. The sequences were submitted to NCBI for BLAST online comparison, and the results showed that the gene was homologous to the strain Acinetobacter pittii AB17H194 (CP040911.1), with up to 99% homology. Nitrate reduction (NO3−→NO2−) in the aerobic denitrification process was mainly completed by membrane-bound nitrate reductase (narG) or periplasmic nitrate reductase (napA), which were located in the cell membrane or periplasmic space [29]. According to the characteristics of aerobic denitrification exhibited by JQ1004, the napA gene, as the signature gene, was theoretically present in its genome. However, as shown in Figure 2b, only the narG gene was detected, with a fragment length of 537 bp, due to the limitations of PCR technology. Furthermore, the nirS gene, coding for the nitrite reductase containing cytochrome cd1, was obtained with a fragment length of 381 bp. The results of the homology comparison showed that the nirS gene had the highest similarity (97.64%) with the strain Acinetobacter haemolyticus XH900 (CP018260.1). The successful acquisition of the nirS gene further verified the denitrification ability of strain JQ1004 at the molecular level [30].




3.3.2. The Patterns of Functional Genes Expression


The transcriptional patterns of three genes—amoA, narG, and nirS—during nitrogen removal by strain JQ1004 are shown in Figure 2d. The findings indicated that the amoA gene was expressed first, and AMO was synthesized and secreted with high activity, leading to ammonia being degraded rapidly. The transcription level of the amoA gene reached a maximum value of 1.98 × 104 copies at 12 h, and then decreased with ammonia consumption. There was an obvious delay in the expression of the narG and nirS genes, and their expression reached a maximum value of about 1.81 × 104 copies and 1.69 × 104 copies, respectively, at 16 h. It has been shown that nitrite reductase is an inducible enzyme requiring the presence of nitrate or nitrite to induce its expression [31]. In addition, the transcription level of the amoA gene was significantly higher than that of the narG and nirS genes, yet strain JQ1004 did not produce accumulation of intermediates such as nitrate or nitrite, suggesting that the strain had other metabolic pathways in addition to the complete nitrification and denitrification pathways.





3.4. Effect of Environmental Conditions


3.4.1. Different pH


Figure 3a shows the nitrogen removal ability and growth characteristics of strain JQ1004 under different pH conditions, with sodium succinate as the carbon source. After 24 h of continuous culture, the average TN degrading efficiencies were up to 71.44%, 83.28%, 90.22%, 91.87%, and 88.12% at pH values of 5.5, 6.5, 7.0, 7.5, and 8.5, respectively, and the maximum specific growth rates were 0.24 h−1, 0.28 h−1, 0.30 h−1, 0.34 h−1, and 0.30 h−1, respectively. It was concluded that a weakly alkaline environment (such as pH = 7.5) promoted ammonia degradation and the growth rate of the strain, while a too-high or too-low pH environment inhibited nitrogen removal and bacterial growth. There are two main reasons for the increase in nitrogen removal ability when the pH is weakly alkaline. On the one hand, according to Loh et al. [32], aerobic bacteria tend to change their metabolic mechanisms to adapt to environmental variations. When the pH increases due to the alkalinity consumption of the nitrifying reaction, microorganisms will accelerate their nitrification activity in order to produce more acid to lower the pH, thus keeping the cells in an optimal pH environment. On the other hand, the metabolic substrate of AMO is NH3 rather than NH4+, and an alkaline environment will accelerate NH3 production, which will improve the nitrification activity and further promote TN removal efficiency [33]. Figure 3b shows the changes in the relative expression of amoA, nirS, and narG in the strain JQ1004 under different pH conditions. The results indicated that the alkaline environment was beneficial for the expression of the amoA, nirS, and narG genes. Compared with the control, amoA, nirS, and narG expression increased by 34%, 23%, and 24%, respectively, at pH 7.5, while amoA, nirS, and narG expression increased by 36%, 21%, and 19%, respectively, at pH 8.5. As mentioned above, an alkaline environment promoted the activity of AMO and induced more NH4+ to be converted to NO2− or NO3−, which further enhanced the expression of the narG and nirS genes. In addition, all acidic environments inhibited the expression of functional genes. Compared to the neutral environment, the expression of amoA, nirS, and narG decreased by 37%, 26%, and 18%, respectively, at pH 5.5. These results revealed that the sensitivities of these three genes to an acidic environment were in the order of amoA > nirS > narG.




3.4.2. Different Temperatures


As shown in Figure 3c, the temperature significantly affected nitrogen removal and the corresponding gene expression of strain JQ1004. The highest growth and nitrogen removal efficiency were observed at 30 °C, with a maximum specific growth rate of 0.33 h−1 and an average TN degrading efficiency of 90.08% at 24 h, respectively. When the temperature increased to 35 °C, the growth and nitrogen degradation were not overly affected. The maximum specific growth rate and average TN removal efficiency were 0.32 h−1 and 89.11% at 24 h, respectively. It could be seen that the optimal temperature range for strain JQ1004 was 30–35 °C, which was consistent with the results of previous studies, i.e., the optimal temperature for the metabolic growth of heterotrophic nitrifying bacteria was 30–37 °C [33,34]. Furthermore, the maximum specific growth rates were 0.16 h−1, 0.24 h−1, and 0.27 h−1, with average TN removal efficiencies of 49.82%, 70.53%, and 80.41%, when the temperature was 20 °C, 25 °C, and 40 °C, respectively. The findings suggested that low temperatures resulted in a slow microbial growth rate and weak metabolic vitality, further leading to a decrease in the rate of nitrogen removal. When the temperature was too high, it easily led to the denaturation of nucleic acids or proteins, reducing the activity of related metabolic enzymes and affecting bacterial growth and reproduction [25]. Figure 3d demonstrates that temperatures which were either too high or too low inhibited the expression of amoA, nirS, and narG. Compared with 30 °C, the transcriptional levels of the amoA gene were reduced by 39%, 18%, 3%, and 18% at 20 °C, 25 °C, 35 °C, and 40 °C, respectively. The transcriptional levels of the nirS gene were decreased by 38%, 16%, 5%, and 11%, while those of the narG gene were decreased by 42%, 21%, 6%, and 14%, respectively. It can be concluded that the different functional enzymes involved in the nitrogen cycle of strain JQ1004 were sensitive to temperature changes, and the enzyme activities were decreased by both high and low temperatures.




3.4.3. Different Rotational Speeds


Figure 3e shows that the maximum specific growth rate of strain JQ1004 was 0.26 h−1 at 120 rpm, and the average TN removal efficiency was only 69.41% after 24 h. When the shaking speed increased to 140 rpm, the bacterial growth and metabolism rate were accelerated with the rising DO content. The maximum specific growth rate was 0.34 h−1, and the average TN removal efficiency was 90.36% after 24 h. When the speed successively increased to 160 rpm, 180 rpm, and 200 rpm, the specific growth rates of the strain in 24 h decreased to 0.31 h−1, 0.28 h−1, and 0.24 h−1, respectively, and the corresponding TN removal efficiencies reduced to 84.19%, 72.58%, and 67.16%. The reasons for this phenomenon might lie in the increase in dissolved oxygen (DO) caused by the ascending rotational speed, promoting the nitrification activity within a certain concentration range and further enhancing the nitrogen removal performance. However, an excessively high DO concentration could inhibit the denitrification process, thereby reducing the TN removal efficiency. According to the coupling mechanism proposed by Wehrfritz et al. [35], O2, as one of the essential substrates for HNAD bacteria, was involved in nitrogen conversion under the catalysis of AMO and synergistic respiration with nitrate or nitrite. Although HNAD bacteria mostly grow under aerobic conditions, nitrite reductase in the denitrification process is sensitive to oxygen, and too high a DO concentration will inhibit its activity [36]. On the contrary, a shortage of DO will also limit the nitrification reaction, so controlling the DO at the optimal concentration is especially important for microbial growth and the nitrogen degradation process. As shown in Figure 3f, compared with the control group, the expression of the amoA gene decreased by 28% in the 120 rpm group and increased by 12%, 6%, and 2% in the 160, 180, and 200 rpm groups, respectively. The results demonstrated that the reduction in DO concentration inhibited the expression of the amoA gene and thus reduced the heterotrophic nitrification activity of the strain. Shoda and Ishikawa [37] studied the effect of DO on the HNAD strain Alcaligenes faecalis strain No. 4, stating that the microorganism still retained a high heterotrophic nitrification capacity when the DO concentration was 2 mg/L. The nitrogen removal ability of the HNAD strain decreased significantly once the DO concentration fell below 1 mg/L. In addition, the expressions of functional genes related to the denitrification process were inhibited to different degrees due to the increase in rotational speed. Compared with the control group, the expression of the narG gene decreased by 16%, 29%, and 48% at 160 rpm, 180 rpm, and 200 rpm, respectively, while the expression of the nirS gene decreased by 28%, 46%, and 64%. The findings confirm that denitrification genes have different degrees of sensitivity to DO, and that the narG gene is more tolerant than the nirS gene to DO.



In summary, Acinetobacter sp. JQ1004 is capable of nitrogen transformation through the heterotrophic nitrification–aerobic denitrification process. The overexpression of amoA genes compared to denitrification-related genes suggests the potential existence of a direct ammonia oxidation pathway (NH4+→NH2OH→N2). This direct ammonia oxidation reaction utilizes ammonia as an electron donor and O2 as an electron acceptor, transforming ammonia directly to N2 via NH2OH as an intermediate [38]. Unlike the common complete nitrification–denitrification process, the direct ammonia oxidation process significantly reduces the consumption of electrons, demonstrating immense application potential in the field of biological nitrogen removal [39]. Kinetic parameters related to the growth and metabolism of HN-AD bacteria, such as the growth rate and substrate consumption rate, can be obtained through the Logistic model and the modified Compertz model, providing a theoretical basis for practical applications. These kinetic models can predict the metabolic patterns of the strain towards pollutants under different conditions, enabling the optimization of reactor design and operational parameters and ultimately enhancing treatment efficiency.





3.5. Analysis of the Whole Genome


3.5.1. Molecular Characterization of the Genome


The genome of strain JQ1004 was sequenced using the Illumina Hiseq™ sequencing platform, and the total number of reads obtained after quality control of the raw data was 9.19 × 10⁶. The average sequence length was 146.2 bp, of which the high-quality data standardized by Q20 were 1.33 × 109 bp, accounting for 99.1% of the total number of bases. The genome was assembled to obtain a genome size of 1.34 × 109 bp and divided into 35 contigs with a GC content of 40.1%. The assembled results were subjected to gene element prediction and preliminary annotation, while Denovo prediction of repetitive sequences was carried out at the same time. A total of 3291 genes were predicted and involved in encoding proteins. Among them, the numbers of genes containing bases ≥500 bp and ≥1000 bp were 2408 and 1171, respectively, and the numbers of tRNAs and rRNAs were 62 and 8, respectively.




3.5.2. Functional Genes Annotation


As shown in Figure 4a, the bacterial genome was subjected to functional annotation using the COG database. There were 3201 functional genes predicted by ORF, of which 2351 genes could be annotated in the COG database, accounting for 73.5% of the total number of genes. Genes could be annotated in the COG database under the categories of “Energy production and conversion”, “Amino acid transport and metabolism”, “Translation, ribosomal structure and biogenesis”, “Transcription”, “Cell wall/membrane/envelope biogenesis”, and “Inorganic ion transport and metabolism”, which accounted for 6.2%, 7.2%, 7.3%, 7.9%, 6.1%, and 6.2%, respectively. In addition, there were 256 genes (approximately 10.9%) in strain JQ1004 with uncertain protein functions, which need to be further investigated. The GO database was utilized to enrich the genes of strain JQ1004 from three aspects: biological process, cellular component, and molecular function. A total of 2057 genes were annotated in the GO database, accounting for about 64.3% of the total functional genes. As shown in Figure 4b, most of the functional genes were enriched in the “metabolic process”, “cellular process”, or “single-organism process” of the biological pathway; “cell”, “cell part”, “membrane”, or “membrane part” of the cellular components; and “catalytic activity”, “transporter activity”, or “binding” of the molecular functions related to catalytic binding. The genome was enriched and analyzed in terms of pathways using the KEGG database. A total of 1672 genes, accounting for about 52.2%, were annotated in the KEGG database. As shown in Figure 4c, the strain JQ1004 had a large number of genes enriched in the “Amino acid metabolism”, “Carbohydrate metabolism”, and “Energy metabolism” pathways, and the most enriched pathway was the “Amino acid metabolism” pathway, with a total of 242 enriched genes.



Analysis of the metabolic pathways showed that the strain JQ1004 contained not only general essential metabolic pathways, such as carbon metabolism (ko01200), the tricarboxylic acid cycle (TCA cycle, ko00020), glycolysis/gluconeogenesis metabolic pathways (ko00010), and pyruvate metabolism (ko00620), but also nitrogen metabolism (ko00910), sulfur metabolism (ko00920), fatty acid metabolism (ko01212), methane metabolism (ko00680), selenium metabolism (ko00450), propionic acid metabolism (ko00640), butyric acid metabolism (ko00650), glyoxylate and dibasic acid metabolism (ko00630), fructose and mannose metabolism (ko00051), starch and sucrose metabolism (ko00500), and other basic metabolic pathways. Among them, the genes that could be annotated to the nitrogen metabolic pathway were mainly the gltB, gltD, glnA, nasA, nirB, narK, nrtP, cynT, and gdhA genes. In addition to the ability to metabolize ammonia, nitrate, and other nitrogen compounds, the results of functional annotation showed that the strain JQ1004 was able to degrade aromatic compounds, limonene, pinene, aminobenzoic acid, 2-carbonylsalicylic acid, benzoic acid, geraniol, caprolactam, bisphenol, chloroalkanes, styrene, ethylbenzene, nitrotoluene, xylenes, atrazine, dioxin, naphthalene, etc. This indicates that the bacterium has great potential for application in wastewater treatment.






4. Conclusions


The present study mainly investigated the nitrogen removal characteristics of the strain JQ1004 under different environmental conditions, as well as its whole genome. Nitrogen balance analysis showed that about 12.3% and 22.3% of nitrogen was converted to N2O and N2, respectively. Up to 54.6% of nitrogen was converted to intracellular nitrogen by assimilation. The amoA, narG, and nirS genes were successfully expressed, and the transcription of denitrification-related genes lagged obviously behind amoA genes. A weakly alkaline environment promoted the expression of the amoA, narG, and nirS genes, while environments with too-high or too-low pH values inhibited nitrogen removal and cell growth. The optimal temperature was 30–35 °C. Increasing the rotational speed was able to improve the heterotrophic nitrification ability, but suppressed the expression of genes related to the denitrification process. The total number of functional genes predicted by the ORF was 3201, among which 2351 genes could be annotated to the COG database, accounting for 73.45%. About 2057 genes were annotated to the GO database, accounting for about 64.26%, while 1672 genes (52.23%) were annotated to the KEGG database. Among these, the most enriched pathway was “Amino acid metabolism”, collecting approximately 242 genes.
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Figure 1. The nitrogen degradation curve (a), growth curve (b), and its first derivative (c) of heterotrophic nitrifying strain JQ1004. 
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Figure 2. The PCR amplification results (a–c) and expression levels (d) of different functional genes (amoA, narG, and nirS) for nitrogen removal. 
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Figure 3. The effect of environmental conditions on nitrogen removal and gene expression of strain JQ1004: (a,b) different pH; (c,d) different temperatures; (e,f) different rotational speeds. 
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Figure 4. The functional annotation classifications of strain JQ1004 in the COG (a), GO (b), and KEGG (c) databases. 
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Table 1. The PCR amplification primers list.
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Functional Genes

	
Primer Sequence (5′-3′)

	
Product Length (bp)






	
amoA

	
AAGGATTGGCCATTGCTCTG

	
606




	
GTGGACCTAAAATCCAAGCATT




	
nirS

	
TAAAAGTTCACACACAAAAAGCAACGC

	
517




	
ACAAGTACTGCACCCAGTAATTTGG




	
narG

	
AATCGCAGATCAATTCCAAGCG

	
537




	
TCAGCTTCAGTCTGACTAGATTCTAGT











 





Table 2. The nitrogen balance of strain JQ1004 during the heterotrophic nitrogen removal process.






Table 2. The nitrogen balance of strain JQ1004 during the heterotrophic nitrogen removal process.





	
Initial TN(mg/L)

	
Nitrogen Content (mg/L)

	
Error




	
NH4+

	
NO3−

	
NO2−

	
Intracellular N

	
N2O

	
N2






	
50.58 ± 0.74

	
4.37 ± 0.08

	
0.04 ± 0.01

	
0.06 ± 0.02

	
27.62 ± 0.57

	
6.21 ± 0.14

	
11.26 ± 0.94

	
2.02%








Note: Error% = 100 × (Initial TN content − Final TN content)/Initial TN content.













 





Table 3. The kinetic parameters of degradation of different nitrogen by strain JQ1004.
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	Kinetic Parameters
	Ammonia
	Nitrate





	S0 (mg/L)
	101.19
	114.86



	t0 (h)
	5.91
	12.74



	Rm [mg/(L·h)]
	7.93
	4.08



	R2
	0.997
	0.985
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