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Heterotrophic nitrification is a process of organic nitrogen degradation completed by the participation of heterotrophic nitrifying microorganisms, which can accelerate the nitrogen transformation process. However, the current research mainly focuses on heterotrophic nitrifying bacteria and their ammonium degradation capacities. And there is little accumulation of research on fungi, the main force of heterotrophic nitrification, and their capacities to transform organic nitrogen. In this study, novel heterotrophic nitrifying fungus (XTY1) and bacterium (GS2) were screened and isolated from upland soil, and the strains were identified and registered through GenBank comparison. After 24 h single nitrogen source tests and 15N labeling tests, we compared and preliminarily determined the heterotrophic nitrification capacities and pathways of the two strains. The results showed that XTY1 and GS2 had different transformation capacities to different nitrogen substrates and could efficiently transform organic nitrogen. However, the transformation capacity of XTY1 to ammonium was much lower than that of GS2. The two strains did not pass through NH2OH and NO2− during the heterotrophic nitrification of organic nitrogen, and mainly generated intracellular nitrogen and low N2O. Other novel organic nitrogen metabolism pathways may be existed, but they remain to be further validated.
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Highlights

• Two strains of heterotrophic nitrifying microorganisms were screened and isolated from soil. The fungus was named Pichia kudriavzevii XTY1, and the bacterium was named Enterobacter asburiae GS2. The gene sequences were 471 bp and 1,385 bp in length, and the GenBank registration numbers were MW132885 and MW126534, respectively.

• XTY1 and GS2 could efficiently utilize organic nitrogen for heterotrophic nitrification with transformation rates of 83.6 and 82.8%, respectively. However, the transformation capacities of inorganic N were different, and the transformation rate of ammonium by XTY1 (41.3%) was much lower than that of GS2 (82.0%).

• During the heterotrophic nitrification of organic nitrogen by XTY1 and GS2, no hydroxylamine and nitrite were produced, more than 60% of the organic nitrogen was generated into intracellular nitrogen, and less than 0.3% was generated into N2O. Unlike previous findings, there may be novel pathways.



Introduction

Heterotrophic nitrifying microorganisms transform soil organic nitrogen (Norg) directly to nitrate (NO3−) without ammonification, thereby accelerating the process of nitrogen transformation. Heterotrophic nitrification is considered to be a new pathway in the nitrogen transformation process, which launched the research on heterotrophic nitrifying microorganisms (Robertson and Kuenen, 1983; Serna and Pomares, 1992; Brierley and Wood, 2001). Over the last three decades, many researchers have identified a variety of heterotrophic nitrifying microorganisms in various habitats, and described their ammonium (NH4+) transformation capacities and metabolite characteristics (Pedersen et al., 1999; Joo et al., 2005; Schmidt et al., 2011; Zhang et al., 2014; Bai et al., 2018; Yu et al., 2020; Zhang et al., 2020), but little is known about the Norg transformation pathways and characteristics.

At the same time, the studies on fungi (Boer and Kowalchuk, 2001; Liu et al., 2016), the main undertaker of nitrification, are far fewer than that on heterotrophic nitrifying bacteria. These studies have only focused on the screening of fungi, and did not explore their nitrogen (N) transformation in depth. Therefore, studying heterotrophic nitrifying fungi and their capacities to transform Norg are beneficial to deepen researchers’ understanding of heterotrophic nitrifying microorganisms.

Different heterotrophic nitrifying microorganisms have different nitrogen transformation pathways. For example, Alcaligenes faecalis No. 4 and Acinetobacter sp. JR1 transformed NH4+ first to hydroxylamine (NH2OH), then to nitrite (NO2−), and finally to NO3− via nitrification (Joo et al., 2005; Yang et al., 2019). By comparison, Alcaligenes faecalis NR transformed NH4+ to NH2OH and then directly to nitrous oxide (N2O) and nitrogen gas (N2) without passing through NO2− and NO3− (Zhao et al., 2012). Agrobacterium sp. LAD9 isolated by Chen and Ni (2012) and Alcaligenes ammonioxydans sp. HO-1 isolated by Wu et al. (2021) denitrified to N2 after transformation of NH4+ to NO2−. In contrast, Pseudomonas putida Y-9 directly transformed NH4+ to nitric oxide (NO) and then to N2O, and no other intermediates were found (Huang et al., 2019). Therefore, we also need to track the metabolites and pathways of the isolated strains to understand the nitrogen transformation method of each microorganism.

Under the background of global changes such as atmospheric nitrogen deposition and atmospheric warming, screening and isolating heterotrophic nitrifying strains from soil and understanding the transformation capacities of strains to organic nitrogen are of great significance for preventing soil pollution and reducing greenhouse gas emissions, etc. Subsequently, our research group screened and isolated fungus and heterotrophic nitrifying bacterium with high organic nitrogen transformation capacities in the soil of the upland experimental area, and identified their species after comparing with the GenBank. We inoculated the strains with Norg (glycine), NH4+, NO3−, potential intermediate products (NH2OH and NO2−) as the sole nitrogen sources of the medium for 24 h incubation tests, respectively, and determined the heterotrophic nitrification and aerobic denitrification capacities and intermediate products of the two strains. We then inoculated the strains with Norg (glycine), NH4+, NO3− as the sole nitrogen sources of the medium, combined with 15N labeling method to determine the N2O and N2 emissions of heterotrophic nitrification and aerobic denitrification processes, to preliminarily understand and analyze the Norg transformation pathways of two strains. Finally, it provided potential strains for heterotrophic nitrification and further enriched the nitrogen transformation pathways of heterotrophic nitrifying microorganisms. We hypothesized that: (i) Do heterotrophic nitrifying microorganisms have both autotrophic nitrification and heterotrophic nitrification capabilities? Is there a difference between the two? (ii) Are the intermediates of heterotrophic nitrification processes the same as those of conventional autotrophic nitrification processes?



Materials and methods


Media

The fungal Screening medium (Bengal Red) contained the following components (per liter): 5.0 g peptone, 10.0 g glucose, 1.0 g KH2PO4, 0.5 g MgSO4·7H2O, 0.03 g Bengal Red, and 0.1 g chloramphenicol. The bacterial enrichment medium (LB) contained the following components (per liter): 3.0 g beef paste, 10.0 g peptone, 5.0 g NaCl. The bacterial isolation and purification medium contained the following components (per liter): 0.5 g glycine, 4.0 g trisodium citrate, 1.6 g NaCl, 8.2 g KH2PO4, 0.5 g MgSO4·7H2O, 0.01 g FeSO4·7H2O, 0.5 g KCl. The basal medium contained the following components (per liter): 1.0 g KH2PO4, 0.5 g MgSO4·7H2O, 0.03 g FeSO4·7H2O, 0.12 g NaCl, 0.01 g CaCl2, and 0.1 g chloramphenicol (Bacterial medium was not added). Different nitrogen and carbon sources were added to the basal medium depending on the experiment (Tables 1 and 2). The initial pH of the medium was adjusted to 7.2 ± 0.2 using 0.1 M HCl or 0.1 M NaOH. The solid medium was supplemented with 1.3–1.5% agar. All media were autoclaved at 121°C for 20 min before use. All chemicals were of analytical grade and were weighed on an electronic scale (precision 1 × 10−4).



TABLE 1 List of carbon and nitrogen sources added to basal medium (BM) for nitrification and denitrification by XTY1.
[image: Table1]



TABLE 2 List of carbon and nitrogen sources added to basal medium (BM) for nitrification and denitrification by GS2.
[image: Table2]



Screening and identification

Soil samples were collected from upland at the Baicao Garden Teaching and Research Base of Shenyang Agricultural University, Shenyang, Liaoning Province, China (41.83° N, 123.57° E). The site was a perennial grassland planted with Poa annua L. (species of excellence) without fertilization treatment and belongs to a temperate semi-humid continental climate zone, with an annual average precipitation of 580 mm and average temperate of 24.8°C from April to October. The brown soil texture is 27.2% sand, 50.2% silt and 22.6% clay. The soil pH was 5.74, total carbon (C) was 32.11 g·kg−1, total phosphorus was 1.42 g·kg−1, total potassium was 30.29 g·kg−1, total N was 1.22 g·kg−1, NH4+ was 13.70 mg·kg−1 and NO3− was 5.53 mg·kg−1, available phosphorus was 13.40 mg·kg−1, available potassium was 132.34 mg·kg−1.

Three sites with good growth and no baldness were searched for in the sampling area to take 0–10 cm soil samples using the three-point method. Ten gram of the soil sample was placed in a 250-mL conical flask containing 90 ml sterile water and incubated in a rotary shaker at 25°C and 150 rpm for 1 h. After standing for 2 h, 2 ml of the suspension was added to 250-mL conical flasks containing 98 ml fungal screening medium and bacterial enrichment medium and incubated at 35°C and 150 rpm for 2 d. For bacterial screening, an additional 2 ml suspension of enrichment medium was added to a 250-mL conical flask containing 98 ml of bacterial screening medium and incubated at 35°C at 150 rpm for 1 d. The above culture medium inoculation processes were repeated three times.

We applied 200 μl of the suspensions on the respective solid screening medium, and the strains were isolated by plate streaking until a single colony could be picked and inoculated in 250-mL conical flasks containing 100 ml BM-1, 6 medium (Tables 1, 2). These cultures were shaken at a constant temperature for 24 h. The glycine concentration in the medium was measured, and the fungal and bacterial strains with the highest transformation rate were selected for further experiments. The strains were inoculated in 250-mL conical flasks containing 98 ml respective screening medium and shaken at 35°C until the culture reached logarithmic phase, whereby it was mixed 1:1 with 30% glycerol and placed at −80°C for long-term storage.

Scanning electron microscopy and transmission electron microscopy (bacteria only) were used to observe the fungal and bacterial cell morphology. ITS rRNA and 16S rDNA were determined by polymerase chain reaction (PCR) amplification. Fungal primers ITS1 (TCCGTAGGTGAACCTGCGG) and ITS4 (TCCTCCGTTATTGATATATGC), bacterial universal primers 27F (5’-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5’-CTACGGCTACCTTGTTACGA-3′), these primer synthesis and culture identification processes were completed by Sangon Biotech (Shanghai, China). The PCR thermal program of the fungus was conducted according to the following cycle profile: pre-denaturation at 95°C for 5 min, 35 cycles of denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min and 30 s in a thermal cycler. After the last cycle, incubate for another 7 min at 72°C to allow the extension to complete. The PCR thermal program for bacteria was the same as above, except for 1 min at 72°C in a thermal cycler. Finally, BLAST analysis of the National Center for Biotechnology Information was used for sequence analysis and homology comparison to determine fungi and bacterial genera.



Heterotrophic nitrification and aerobic denitrification capacity

Firstly, the optimal conditions of heterotrophic nitrifying strains were screened by orthogonal experiment. The results showed that the fungal transformation rate was highest with trisodium citrate as the carbon source, 200 mg·L−1 initial glycine, and the ratio of total carbon to total nitrogen in the culture medium (C/N ratio) of 10, 35°C, and 130 rpm rotating speed. The bacterial transformation rate was highest under culture conditions with trisodium citrate as the carbon source, 200 mg·L−1 initial glycine, and C/N ratio of 15, 35°C, and 160 rpm. Therefore, subsequent experiments were conducted under these conditions. Researches with soil revealed that free amino acids were an important contributor to the soil soluble Norg pool, with glycine, aspartic acid, and glutamic acid accounting for the largest fraction of Norg (Paul and Williams, 2005; Streeter et al., 2015). Hence, glycine was chosen as the organic nitrogen source for heterotrophic nitrification in this study.

Heterotrophic nitrification and aerobic denitrification of the candidate fungal and bacterial strains were determined using Norg (glycine), (NH4)2SO4, and KNO3 as sole nitrogen sources. Two milliliters of fungal and bacterial sample solutions stored at −80°C were inoculated in 250-mL conical flasks containing 98 ml BM-1, 6 medium and incubated at 35°C and 130 (160) rpm for 24 h to activate the strains. The pre-cultures were centrifuged at 4000 G and 4°C for 2 min, and then washed three times with sterile water. Next, 2 ml of the sterile water-rinsed solutions was inoculated in 250-mL conical flasks containing 98 ml BM-1, 2, 5 and BM-6, 7, 10 medium (Tables 1, 2), and incubated at 130 (160) rpm and 35°C for 24 h. Each sample was assayed in triplicates, and medium without inoculum was used as the control. Samples were taken at 2 h intervals, centrifuged at 11000 G for 10 min and the supernatants were taken to determine glycine, NH4+, NO2−, NH2OH, NO3−, intracellular nitrogen, and total nitrogen concentrations. as well as cell growth by measuring optical density at a 600 nm wavelength (OD600) without centrifuging the samples.



Utilization of hydroxylamine and nitrite

Pre-treatment of the activated sample solution was as described in section 2.3. The sterile water-rinsed fungal and bacterial solutions (2 ml) were inoculated into 250-mL conical flasks containing 98 ml BM-3, 4 and BM-8, 9 medium (Tables 1, 2) with NH2OḤHCl and NaNO2 as sole nitrogen sources, and incubated at 130 (160) rpm and 35°C for 24 h. Three replicates were performed. Samples were taken every 4 h to determine NH4+, NO2−, NH2OH, NO3−, intracellular nitrogen, and total nitrogen concentrations, as well as OD600.



Gaseous product determination

N2O and N2 produced during heterotrophic nitrification and aerobic denitrification were determined using a single 15N-labeled nitrogen source (99 atom%). The activated sample solutions (2 ml) were inoculated in 250-mL airtight silk-mouthed bottles containing 98 ml BM-1, 2, 5 and BM-6, 7, 10 media labeled with 15N. The space above the liquid was filled with ambient air and flasks were shaken at 35°C and 130 (160) rpm for 24 h. Then, 2 ml of the gas above each sample was extracted for the determination of N2 and N2O content. Three replicates were performed. These analyses were conducted at the Shenyang Institute of Applied Ecology, Chinese Academy of Sciences.



Analytical methods and calculations

Cell growth was determined by measuring OD600 on an ultraviolet (UV) spectrophotometer. Glycine was determined using the ninhydrin colorimetric method, NH4+ using the indophenol blue colorimetric method, NH2OH by the Frear and Burrell (1955) method, and NO2− by the N-(1-naphthyl)-ethylenediamine method. Nitrate and total nitrogen were determined by UV spectrophotometry (Clescerl, 1998). Intracellular nitrogen was measured by differential subtraction, whereby the total nitrogen concentration after centrifugation was subtracted from that before centrifugation (Rout et al., 2017). N2O and N2 were determined by mass spectrometry.

The MEGA 5.0 software was used to build the phylogenetic tree. Data analysis was performed using Microsoft Excel and the SPSS 22 software. Graphs were plotted using SigmaPlot 10.0, and results were presented as means ± standard errors.




Results and discussion


Screening and identification

Three strains of heterotrophic nitrifying fungi were screened on solid Bengal Red medium, revealing glycine transformation rates of 30.1, 50.2, and 83.8%. The fungus with the strongest transformation capacity was named XTY1 and was selected for subsequent experiments. Its colonies appeared round, creamy white, with a smooth and moist surface, whereas cells were elongated and (2.4–2.5) μm × 0.8 μm in length (Figures 1A,C). To identify the genus of the strain, a phylogenetic tree constructed after PCR amplification of a 471 bp fragment revealed that the candidate strain had 99% homology with Pichia kudriavzevii (Figure 2A). Hence, the strain was named Pichia kudriavzevii XTY1, referred to herein as XTY1. The sequence was deposited in the GenBank database under registration number MW132885.

[image: Figure 1]

FIGURE 1
 Electron microscopy image of XTY1 (A, C) and GS2 (B, D).


[image: Figure 2]

FIGURE 2
 Phylogenetic tree of XTY1 (A) and GS2 (B). Node support values are presented, the scale bar defines the branch length.


Two strains of heterotrophic nitrifying bacteria were also screened, with glycine transformation rates of 57.0 and 82.7%. The second bacterium with stronger transformation capacity was named GS2 and used for the follow-up experiment. The colonies were round, off-white and translucent with smooth and moist surface and regular edges. The cells were short rod-shaped with flagella, and the size was about (1.3–1.6) μm × (0.6–0.8) μm (Figures 1B,D). A fragment of 1,385 bp was amplified by PCR, and the comparison revealed that the candidate strain had 99% homology with Enterobacter asburiae (Figure 2B). The strain was finally named Enterobacter asburiae GS2 (GS2 for short) and was registered in the GenBank database under registration number MW126534.



Heterotrophic nitrification and aerobic denitrification capacity

As shown in Figure 3A, fungus XTY1 grown on glycine displayed a lag phase of 4 h, and started the logarithmic phase after 12 h, reaching maximum growth (D600 = 0.42) after 20 h and entered senescence thereafter. At the same time, glycine decreased rapidly after 12 h, reached the maximum transformation rate of 29.60 mg·L−1·h−1 at 14 h, and stabilized after 20 h. This decreasing trend was consistent with the growth trend of XTY1, indicating that the strain could utilize glycine for growth. After 20 h, the cell growth decreased slightly, while the NH4+ concentration increased, which can be explained by cellular transformation, possibly due to the release of NH4+ by senescent death of the strain (Chen et al., 2014; Li et al., 2015). with the fungus XTY1 and the bacterium GS2 (Figure 3B) were not significantly different in their capacity to transform glycine, and the concentrations of nitrogen-containing intermediates NH4+, NH2OH, NO2−, and NO3− did not change significantly during the 24 h incubation period.

[image: Figure 3]

FIGURE 3
 Changes in nitrogen compounds and growth of XTY1 and GS2 when glycine (A, B), (NH4)2SO4 (C, D), or KNO3 (E, F) were used as sole nitrogen sources under aerobic conditions.


As shown in Figure 3C, growth of XTY1 on (NH4)2SO4 as the nitrogen source led to no lag phase and stabilization after 18 h, with a maximum OD600 of 1.39. The NH4+ concentration decreased from 200.15 mg·L−1 to 117.56 mg·L−1, with a maximum transformation rate of 13.88 mg·L−1·h−1, indicating that NH4+ could be used for both growth and nitrogen transformation. At 0 h, a small accumulation of NO3− was observed, probably due to oxidation of NH4+ followed by its gradual reduction during the subsequent incubation (Li et al., 2015). Compared to GS2 (Figure 3D), the fungal heterotrophic nitrification of ammonium was very low. No significant changes in other intermediates were detected, suggesting that even though the fungi play a major role in heterotrophic nitrification (Zhang et al., 2011), the heterotrophic nitrifying fungi were much less capable of transformation than the bacteria. There were small fluctuations in NO3− throughout the incubation period of both strains, probably due to the transformation of NH4+ to NO3− by the strains.

Incubation with KNO3 as the sole nitrogen source resulted in a long lag phase for XTY1, which entered the logarithmic phase only after 8 h, when the concentration of NO3− decreased sharply, dropping to 107.07 mg·L−1 at 24 h (Figure 3E). This suggests that the strain could use NO3− for aerobic denitrification. Compared with GS2 (Figure 3F), XTY1 showed similar aerobic denitrification of nitrate, with no significant changes in the content of other nitrogenous substances throughout the incubation.



Study on heterotrophic nitrification intermediates and pathways of strains

At present, researchers believe that hydroxylamine and nitrite are the most likely intermediates for heterotrophic nitrifying strains to transform nitrogen sources, such as Pseudomonas bauzanensis DN13-1 (Zhang et al., 2020) and Ochrobactrum anthropi HND19 (Ren et al., 2021). Therefore, NH2OḤHCl (Figures 4A,B) and NaNO2 (Figures 4C,D) were used as the sole nitrogen sources for XTY1 and GS2 culture experiments. However, the experiments showed that the two strains did not grow and the nitrogen concentration did not change over 24 h. This result confirmed that NH2OH and NO2− were not detected during the incubation process as a result of non-production and not by transformation. There might be new metabolites in the nitrogen transformation process. Therefore, the metabolites of XTY1 and GS2 with glycine as nitrogen source (BM-1, 6 medium) for 16 h were preliminarily detected. We compared the nitrogen-containing substances in the culture medium with glycine transformation products retrieved from Glycine, serine and threonine metabolism1 in KEGG official website, such as Glyoxylic acid (C00048), S-Amino-methyldihydrolipoylprotein (C01242), Lipoylprotein (C02051), 5, 10-methodology-THF (C00143), etc. These substances were not found in the culture medium. On the contrary, pantothenic acid, anthranilic acid and other nitrogen-containing substances had obvious up-regulation, but whether these up-regulation nitrogen-containing substances were related to glycine metabolism pathways of strains needs further follow-up.

[image: Figure 4]

FIGURE 4
 Changes in nitrogen compounds and growth of XTY1 and GS2 when NH2OḤHCl (A, B) or NaNO2 (C, D) were used as sole nitrogen sources under aerobic conditions.




Nitrogen balance by heterotrophic nitrification and aerobic denitrification

The nitrogen balance calculation (Table 3) revealed that both the fungus XTY1 and the bacterium GS2 were able to transform glycine (83.6 and 82.8%), ammonium (41.3 and 82.0%) and nitrate (46.5 and 58.7%). As shown in Table 3, both strains produced and released N2O and N2 during nitrification and denitrification. However, the amount of N2O produced during heterotrophic nitrification of Norg was much lower than that produced by aerobic denitrification (36.2 and 30.6%), indicating that N2O was produced by NO3− via denitrification.



TABLE 3 Nitrogen balance after 24 h of heterotrophic nitrification and denitrification processes by XTY1 and GS2.
[image: Table3]

During heterotrophic nitrification of Norg, the fungus XTY1 and the bacterium GS2 produced 94.3 and 63.7% of the total nitrogen concentration of intracellular nitrogen (CN), respectively. This result indicated that both strains transformed most of Norg into CN by assimilation during heterotrophic nitrification, which is consistent with Acinetobacter sp. JR1 transforming part of the nitrogen source into CN (Yang et al., 2019). This pathway was also demonstrated in a study by Joo et al. (2005) on the denitrification efficiency of Alcaligenes faecalis No. 4 under high ammonium concentrations. In that study, almost all ammonium was removed after 93 h of inoculating the strain when the initial ammonium mass concentration was up to 1,200 mg·L−1. Fifty percent of this was transformed to intracellular nitrogenous material, 3% was transformed to nitrification products, and 40 to 50% underwent denitrification. In a study by Chen and Ni (2012) on the nitrogen balance of Agrobacterium LAD9 during heterotrophic nitrification and aerobic denitrification, the initial mass concentration of total nitrogen (TN) was 7.2 mg·L−1. After 24 h of inoculation with this bacterium, 50.1% of TN was transformed to gaseous nitrogen compounds and 40.8% was also transformed to CN.

The remaining small fraction of Norg was eventually transformed to N2 via aerobic denitrification, but the specific intermediates were still unclear because they did not pass through NH2OH and NO2−. Further experiments using methods such as 15N labeling and metabolomics are needed to determine the specific metabolic pathway used by the strains.




Conclusion

Our results with fungus XTY1 and heterotrophic nitrifying bacterium GS2 revealed that:

1. XTY1 and GS2 had different transformation capacities to different nitrogen sources, and the heterotrophic nitrification capacities of organic nitrogen were stronger (the transformation rates were more than 80%), but the nitrification capacity of XTY1 to ammonium nitrogen (41.3%) was lower.

2. The organic nitrogen transformation intermediates of the two strains were free of hydroxylamine and nitrite. More than 60% of the total nitrogen were transformed to intracellular nitrogen, and less than 0.3% to N2O.

3. Compared with the founded heterotrophic nitrifying strains, the two strains screened in this study may have novel metabolic pathways.

4. In future studies, methods such as 15N labeling and metabolomics could be used to track the metabolite characteristics of the two strains and explore their Norg metabolism pathways.
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