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Isolation and Identification of Ammonia-Oxidizing Bacteria from Urea-enriched Soil: A Microbial and Molecular Characterization Study

 


ABSTRACT

Background: Livestock manure contains various nitrogen compounds, including urea. Ammonia accumulates within the manure due to the enzymatic activity of urease and deaminase present in the microflora. advances in cultivation-independent molecular techniques have reduced biases associated with cultivation, enabling the identification of diverse ammonia-oxidizing bacteria across various environments, including soils, sand dunes, biofilms, lakes, wastewater, and seawater.
Aim: The livestock sector significantly contributes to global ammonia emissions, with 90% originating from manure management. Camels, adapted to arid conditions, excrete high nitrogen rich urine, resulting in urea-enriched soils surrounding camel farms. This study aimed to isolate and characterize functional ammonia oxidizing microorganisms from camel farm soil in Secunderabad, India.
Study design: Soil samples were collected and subjected to serial dilution, followed by cultivation on ammonia-enriched agar media. Isolated colonies were characterized morphologically and biochemically. 
Methodology: Molecular identification was performed through amplification of the 16S rRNA gene, and Sanger sequencing. Bioinformatics tools were used to analyze the sequencing data and construct a phylogenetic tree. 
Results: The isolated bacterium was Gram-negative, rod-shaped, non-motile, and exhibited creamy white colonies. Biochemical profiling revealed its ability to metabolize multiple sugars and a mixed acid fermentation pattern, suggesting affiliation with the Enterobacteriaceae family. Sequencing and phylogenetic analysis confirmed the bacterium as Klebsiella variicola, a species previously noted for nitrogen-related metabolism. The ammonia-oxidizing potential of Klebsiella variicola was evaluated using the Nessler’s reagent assay across 24, 48, and 72 hours. A consistent reduction in ammonia concentration indicated active ammonia oxidation. This finding highlights the potential application of Klebsiella variicola in mitigating ammonia emissions from livestock waste, particularly in urea-rich environments such as camel farms.
Conclusion: The study contributes to understanding the microbial diversity in nitrogen cycling and supports the development of eco-friendly strategies for ammonia emission control in agricultural settings. Further research could explore the metabolic pathways and environmental tolerance of Klebsiella variicola to enhance its application in bio-remediation.
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1. INTRODUCTION
Oxidation of ammonia (NH3, the de-protonated form of ammonium, NH4+) is a key process in regulating mineral nitrogen (N) availability in soil. As the first stage in nitrification, it initiates mineral N loss via the water-soluble anion nitrate (NO3−) and emissions of nitrous oxide (N2O) and nitrogen gas (N2), which cause revenue losses for farmers. Several complementary measures for nitrification activity in soils exist. Rates are most frequently estimated in terms of nitrification potential and net nitrification, the latter being the balance of NO3− production and consumption. Therefore, net rates are often close to zero and do not reflect the actual nitrification activity in soils (Rütting et al., 2021). Recent reports by the Central Pollution Control Board (India) highlight the significant contribution of the livestock sector to global ammonia emissions. Specifically, approximately 90% of agricultural ammonia emissions originate from the management of livestock manure [Samad et al, 2025]. Livestock manure contains various nitrogen compounds, including urea. Ammonia accumulates within the manure due to the enzymatic activity of urease and deaminase present in the microflora [Neemisha and Sharma, 2022]. This accumulated ammonia dissolves in water, raising the pH of the manure as hydroxide ions are released. The resulting increase in pH leads to an exponential rise in the conversion of ammonia into its gaseous form, thereby intensifying emissions [Jetten, 2001]. Camels thrive in harsh, arid environments like deserts where water is scarce. To survive in these extreme conditions, they have evolved remarkable adaptations to minimize water loss [Fesseha and Desta, 2020]. One such adaptation is their ability to produce highly concentrated (hypertonic) urine. This means their urine contains a higher concentration of solutes, such as salts and urea, compared to the body fluids, effectively conserving water and ensuring their survival in water-limited environments [Ishaya et al, 2021].

[bookmark: _GoBack]Nitrification  is a  biological  process  during  which  nitrifying bacteria convert toxic ammonia to less harmful nitrate. All we need to do is provide the right conditions  for  the  nitrifying  bacteria  to  thrive.  It is  important  to  bear  in  mind  the  potential threat  to  fish  health  if  nitrification  is  affected.  Though nitrification is  one  of  the  critical processes  in  the  nitrogen  cycle,  unrestricted  and  rapid  nitrification  in  agricultural  systems can result in major losses of nitrogen from the plant-soil system. This nitrogen loss is due to the leaching of nitrate out of the rooting zone and emission of gaseous oxides of nitrogen to the atmosphere, where it causes serious pollution problems (Devi & Setty, 2014; Khandagale et al., 2024). Research has revealed significant diversity among ammonia-oxidizing bacteria, which play a critical role in the nitrification process by catalysing the oxidation of ammonia to nitrite [Lin et al, 2021]. Most of these bacteria belong to the Proteobacteria class, except for the marine genus Nitrosococcus, which is part of a different subdivision. Historically, Nitrosomonas europaea was considered the primary organism responsible for ammonia oxidation, as it was frequently isolated using traditional culturing methods. However, advances in cultivation-independent molecular techniques have reduced biases associated with cultivation, enabling the identification of diverse ammonia-oxidizing bacteria across various environments, including soils, sand dunes, biofilms, lakes, wastewater, and seawater [Burrell et al, 2021]. While these molecular techniques are invaluable, they often lack detailed ecological insights unless supplemented with physiological and environmental data to understand the conditions favouring specific microbial species. Additionally, these techniques may not always identify target microorganisms. 
Therefore, this study aimed to isolate and identify functional microorganisms capable of oxidising ammonia [Kim et al, 2021] from the soil surrounding a camel farm, where the concentration of urea is very high.


2. METHODOLOGY
2.1.  Soil sample collection
Soil sampling was performed in the vicinity of a camel farm situated at latitude 17.533369° and longitude 78.652693° in Secunderabad. To achieve sample homogeneity, the sampling procedure was conducted in a zig-zag pattern. The collected samples were subsequently processed by sifting to eliminate extraneous materials, including stones, gravel, and roots. The soil was tested for ammonia content and pH [Mason, 1992].

2.2.  Bacterial culturing
2.2.1. Serial dilution
1g of soil sample was mixed with 9ml of distilled water. To perform a serial dilution, a series of dilution blanks was prepared, each containing 9ml of distilled water. The process begun by transferring 1ml of well-mixed, highly concentrated solution into the first dilution blank (Tube 1), which held 9ml of distilled water (10-1). The resulting mixture in Tube 1 was then used as the source solution to prepare the next dilution in Tube 2 (10-2). This step-by-step process was repeated until 9 tubes (upto 10-9) of progressively diluted solutions were created [Aneja et al, 2014].

2.2.2. Agar Media for Cultivation
To prepare the agar media, the following components were combined in a 1000 mL volumetric flask under aseptic conditions. 1 M ammonium chloride (NH₄Cl), 1 M potassium dihydrogen phosphate (KH₂PO₄), 1 M potassium chloride (KCl), and 200 mM magnesium sulphate heptahydrate (MgSO₄·7H₂O) were added in the specified concentrations. Then, 1 M calcium chloride dihydrate (CaCl₂·2H₂O) and 10 M sodium chloride (NaCl) were included. 2.5 µM cresol red was introduced as a pH indicator, and 1 mL of trace element solution was supplemented to enhance the media's micronutrient profile. Finally, 2% agar was added and the total volume was adjusted to 1000 mL with distilled water, ensuring thorough mixing. The solution was sterilized via autoclaving after filtration.
To prepare the trace element solution used in the above media, 975 mL of distilled water was measured and poured into a clean container. Then, 25 mL of 1 M hydrochloric acid (HCl) was added to adjust the pH and enhance the solubility of the salts. The following components were sequentially introduced at their specified concentrations: 200 µM manganese sulfate tetrahydrate (MnSO₄·4H₂O), 800 µM boric acid (H₃BO₃), 150 µM  zinc sulfate heptahydrate (ZnSO₄·7H₂O), 30 µM ammonium molybdate tetrahydrate [(NH₄)₆Mo₇O₂₄·4H₂O], 3.5 µM ferrous sulfate heptahydrate (FeSO₄·7H₂O), and 100 µM copper sulfate pentahydrate (CuSO₄·5H₂O). Each component was dissolved thoroughly before the addition of the next to ensure complete mixing [Ajayan, 2023].

2.2.3. Culturing Bacteria
The spread plate method was used for isolating and counting bacterial colonies. Sterile agar plates were prepared and allowed to solidify. 0.2 ml volume of 10-9 diluted soil sample was pipetted onto the centre of each agar surface. The sample was then evenly distributed across the plate using a sterile L-shaped spreader. The spreader was sterilized before use by dipping it in alcohol and briefly flaming it. The plate was rotated gently while spreading to ensure uniform distribution of the sample across the surface. Once the sample was evenly spread, the plate was incubated at 37 ℃ for 24 hours [Sanders, 2012]. Care was taken to maintain aseptic conditions to prevent contamination and ensure reliable results.

2.2.4. Isolation and preservation of pure cultures
A pure culture of bacteria was established by isolating a single colony, ensuring the absence of contaminants or other microorganisms. The bacterial cells grew into distinct colonies, each representing a clonal population of a single species. Pure colonies were identified based on morphology and were transferred aseptically to sterile agar slants. Preservation of the pure culture was achieved through glycerol stocks to ensure that the bacteria remain viable and genetically stable while preventing contamination or unwanted mutations [Tedeschi and Paoli, 2011].

2.3.  Morphological Identification
2.3.1. Gram staining 
Gram staining was performed by preparing a heat-fixed bacterial smear on a clean glass slide. Crystal violet was applied for one minute, followed by Gram’s iodine for another minute. The slide was then decolorized with ethanol for 10–15 seconds and counterstained with safranin for 30–60 seconds. After rinsing and drying, the slide was examined under oil immersion to identify Gram-positive (purple) or Gram-negative (pink) bacteria [Moyes et al, 2009].

2.3.2. Cell Shape
To observe cell shape, a simple stain such as methylene blue was applied to a heat-fixed smear for one minute. After rinsing and drying, the slide was examined under a microscope to determine the morphology, such as cocci (spherical), bacilli (rod-shaped), or spirilla (spiral), and their arrangements like chains or clusters [Young, 2003].

2.3.3. Motility
For motility testing using the hanging drop method, a drop of bacterial suspension was placed on a cover slip, which was then inverted over a concave slide sealed with petroleum jelly. The slide was observed under a microscope to detect directional movement, indicating motility, as opposed to non-motile Brownian motion [Jain et al, 2020]

2.4.  Biochemical analysis
The isolated pure cultures of bacteria were subjected to biochemical characterization using the KB001 rapid biochemical identification test kit (HiIMViC™ Biochemical Test Kit), which includes a variety of biochemical assays. A total of 12 biochemical tests were conducted, comprising the Indole, Methyl Red, Voges-Proskauer, and Citrate utilization tests [MacWilliams, 2012; Adedayo et al, 2004; McDevitt, 2009], as well as tests for the utilization of eight carbohydrates: glucose, adonitol, arabinose, lactose, sorbitol, mannitol, rhamnose, and sucrose. 
The test kits were aseptically opened by removing the sealing tape, and each well was inoculated with a loopful of 24-hour-old bacterial cultures using the stab inoculation technique. The wells were subsequently resealed with the removed sealing tape and incubated at 37°C for 20 hours. The biochemical tests operate on principles of pH change and substrate utilization. Upon inoculation, metabolic activity of the bacteria altered the substrates in the test media, resulting in detectable colour changes. These changes were interpreted visually or following the addition of specific test reagents, introduced aseptically after the incubation period. For the Indole, Methyl Red, and Voges-Proskauer tests, reagents were added aseptically post-incubation to facilitate result visualization. The results were analysed according to the standard guidelines provided in the result interpretation chart [Panhale et al, 2021]. 

2.5.  Bacterial Characterization
2.5.1. Bacterial DNA extraction
Bacterial DNA was extracted from a 10 mL culture in the mid- to late-log phase by centrifugation to pellet the cells. The pellet was resuspended in RNase A buffer, followed by treatment with lysozyme and achromopeptidase, and incubated at 37°C to lyse the cells. SDS and proteinase K were then added, and the mixture was further incubated at 50°C for protein digestion. DNA was purified using Phenol:Chloroform:Isoamyl (PCI) extraction and precipitated with cold ethanol. After centrifugation, the DNA pellet was dried, resuspended in TE buffer, and incubated overnight at 4°C. The extracted DNA was confirmed by agarose gel electrophoresis and appeared as a clear band under UV light. The purity of the DNA was 1.8 as determined by a UV-VIS spectrophotometer [Lazarevic et al, 2013].

2.5.2. Amplification of 16S rRNA
A Polymerase Chain Reaction (PCR) reaction was set up by adding 5 ng of DNA template to 24 µL of Taq PCR master mix, which contained Taq DNA polymerase, dNTPs, MgCl₂, and reaction buffer. Additionally, 1 µL of specific primers (Table 1) was added to target the desired DNA region. The amplification process was carried out in a thermocycler with an initial denaturation at 94°C for 3 minutes, followed by 30 cycles of denaturation at 94°C for 1 minute, annealing at 50°C for 1 minute, and extension at 72°C for 2 minutes. A final extension at 72°C for 7 minutes completed the reaction, which was then held at 4°C for storage. This process enabled exponential amplification of the target DNA fragment [Vasudha et al, 2023].

2.5.3. Sanger Sequencing
The PCR amplicon library was subjected to high-throughput sequencing using advanced platforms such as Sanger sequencing (Sanger Sequencer Model ABI 3130 Genetic Analyzer). DNA libraries were amplified and sequenced, producing millions of short DNA sequences concurrently. The raw sequencing data underwent stringent quality control and bioinformatics analysis to identify and classify the microbial communities present in the sample [Patel, 2001].

2.5.4. Bioinformatic analysis
Following sequencing, data analysis was conducted using specialized bioinformatics tools. This process included several critical steps: trimming reads to enhance quality, filtering out sequences unrelated to the target domain, clustering reads into Operational Taxonomic Units (OTUs) based on sequence similarity, aligning OTUs with reference databases, and assigning taxonomic identities to the OTUs. Once the sequencing results were annotated and aligned with reference databases, statistical analyses were applied to discern patterns and relationships among the samples [Mignard and Flandrois, 2006].

2.5.5. Phylogenetic Interpretation
The Phylogenetic Tree Builder utilized sequences aligned by the System Software aligner. A distance matrix was generated employing the Jukes-Cantor corrected distance model. During the construction of the distance matrix, only positions within the alignment model were considered, while alignment inserts were excluded. A minimum of 200 comparable positions was required for inclusion in the analysis. The phylogenetic tree was subsequently constructed using the Weighbor algorithm, with an alphabet size of 4 and a sequence length of 1000. Bootstrapping was performed to estimate the sampling distribution by resampling with replacement from the original dataset [Gabriel and Jeff, 2024; Bruno et al, 2000; Soltis and Soltis, 2003].

2.6.  Ammonia oxidation
Ammonia oxidation by bacterial isolates was estimated through a controlled experimental setup using sterile Zobell media enriched with ammonia [Krishnaveni et al, 2017]. Starter cultures were prepared by incubating bacterial isolates in a liquid medium composed of bacto-peptone and yeast extract dissolved in autoclaved water. Post sterilization, bacterial inoculum was transferred into treatment flasks, while uninoculated media served as controls. Both were supplemented with 10 ppm ammonia and incubated on a rotary shaker for 24, 48 and 72 hours. Ammonia concentrations were quantified using the Nessler-Spectrophotometry method, wherein aliquots were reacted with Seignette salt and Nessler reagent to yield a yellow chromophore, whose absorbance was measured at 425 nm [Tyas et al, 2020]. Standard curves derived from known ammonia concentrations facilitated quantification (Figure 1). The extent of ammonia oxidation (AO) was calculated using the formula AO = (AC - AT)/AC × 100, where AC and AT represent ammonia levels in control and inoculated media respectively, thus providing a measure of bacterial ammonia degradation efficiency.


3. RESULTS AND DISCUSSION
3.1.  Morphological Identification
Test results for morphological identification of the isolated bacteria are given in table 2. The bacterial isolate was subjected to Gram staining and was found to be Gram-negative, indicating that the cell wall lacked a thick peptidoglycan layer and possessed an outer membrane characteristic of Gram-negative bacteria. Microscopic examination of a stained smear revealed that the cells were rod-shaped (bacilli), suggesting the bacterium belonged to the bacillus group. In motility test, the bacterium was found to be non-motile as no directional movement was observed. The combination of these morphological characteristics—Gram-negative, rod-shaped, and non-motile—provides initial clues for bacterial identification and can help narrow down the possible genera, such as Klebsiella, Shigella, or Acinetobacter, pending further biochemical or molecular testing.

3.2. Biochemical analysis
The isolated colonies appeared creamy white, circular, raised, and fluidal, with a growth diameter of 2–3 mm observed within 72 hours. The biochemical tests performed include Indole, Methyl Red, Voges-Proskauer, Citrate, and various sugar utilization tests. The results have been summarised in table 3. For the Indole test, 2 drops of Kovac's reagent were added after incubation to detect the deamination of tryptophan, with a negative result observed. The Methyl Red test involved adding 2 drops of the Methyl red indicator to detect acid production, which yielded a positive result. In the Voges-Proskauer test, 2 drops each of Baritt reagent-A and Baritt reagent-B were added to detect acetoin production, resulting in a positive outcome. The Citrate test, which requires no additional reagents, determines the organism's ability to use citrate as the sole carbon source, and this test was negative. For sugar utilization, glucose and various other carbohydrates were tested without the addition of reagents. Positive results were observed for glucose, arabinose, sorbitol, mannitol, rhamnose, and sucrose, indicating the organism's capability to utilize these sugars. However, adonitol, lactose, and citrate utilization tests resulted in negative outcomes.

3.3.  Nucleotide sequence accession and phylogenesis 
The raw sequencing data underwent rigorous quality control and bioinformatics processing to identify and classify the microbial communities within the sample. After annotation and alignment with reference databases, statistical analyses were performed to uncover patterns and relationships among the samples. The Phylogenetic Tree Builder used sequences aligned by the System Software aligner, and an evolutionary tree was constructed. Figure 2. The isolated colony of bacteria was identified as Klebsiella variicola.

3.4.  Ammonia oxidation by Klebsiella variicola
The Nessler’s reagent method was employed to detect the presence of residual ammonia in the culture medium during the 24, 48 and 72 hours incubation period. In this test, the addition of Nessler’s reagent to the sample led to the development of a yellow to brown coloration, with the intensity of the colour corresponding to the concentration of ammonia present. This allowed for a semi-quantitative estimation of ammonia levels, helping to determine the extent of its utilization by the bacterial isolate.
A progressive decrease in the intensity of the yellow-brown colour from the Nessler’s test signified that the bacterium was actively oxidizing ammonia. These observations confirmed the bacterium’s ammonia-oxidizing capacity, indicating its potential role in the nitrification process.
The initial ammonia concentration was 10 ppm and absorbance readings from inoculated treatments at each time point were recorded and matched to the standard curve for estimated ammonia concentration in treatment (Table 4). These results suggest that Klebsiella variicola gradually oxidized ammonia over time, with 62.6% oxidation at 24 hours, 70.2% at 48 hours, and reaching 80% by 72 hours. This trend reflected a consistent increase in nitrification activity with extended incubation.

Klebsiella variicola is an ecologically versatile bacterium with notable contributions to both plant growth and environmental sustainability. In agricultural systems, it enhances soil fertility through its nitrogen-fixing ability in the rhizosphere, promoting nutrient availability in nitrogen-deficient soils. Additionally, it produces growth-stimulating compounds such as indole acetic acid, acetoin, and ammonia, which collectively support root development and plant vitality [Marian et al, 2024]. Its capacity to solubilize essential macronutrients like phosphorus and potassium further amplifies its role in improving nutrient uptake and crop yield. Moreover, certain strains exhibit halotolerance and alkalo-tolerance, allowing survival and function under saline or alkaline soil conditions, thus offering resilience in degraded or marginal lands. Beyond its agricultural benefits, Klebsiella variicola contributes significantly to environmental applications such as wastewater treatment, where it participates in the degradation of organic pollutants, and in bioremediation processes that detoxify contaminated soils [Duran-Bedolla et al, 2021]. Whether functioning independently or synergistically with other microbial communities, its metabolic flexibility enables it to adapt and thrive in diverse ecological niches. This broad range of capabilities highlights Klebsiella variicola as a valuable bioresource for sustainable agriculture, environmental restoration, and eco-friendly biotechnological innovations.


CONCLUSION
Based on the results, the isolated bacterium was morphologically identified as a Gram-negative, rod-shaped, non-motile organism, suggesting possible affiliation with genera such as Klebsiella. Biochemical characterization further refined this identification, showing positive results for Methyl Red and Voges-Proskauer tests and the ability to utilize several sugars such as glucose, arabinose, sorbitol, and sucrose, while tests like Indole, Citrate, and lactose utilization were negative. These traits are consistent with Klebsiella variicola, a finding confirmed by nucleotide sequencing and phylogenetic analysis. The bacterium’s capacity for ammonia oxidation was evaluated using the Nessler’s reagent method over a 72-hour period. A steady decrease in ammonia concentration was observed, with 62.6% oxidation at 24 hours, 70.2% at 48 hours, and 80% by 72 hours. This progressive decline in ammonia levels, indicated by decreasing colour intensity in the Nessler’s assay and confirmed by spectrophotometric analysis, demonstrates Klebsiella variicola’s potential role in nitrification. These findings support its prospective application in bioremediation strategies targeting ammonia-rich environments.
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Figure 1. Standard Curve of Ammonia.
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Figure 2. Evolutionary tree.
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	S/no. 
	Primer Name
	Oligo-Sequence
	Tm(°C)
	GC-Content

	1.
	Forward Primer
	5′  GGATGAGCCCGCGGCCTA  3′
	57
	72.22%

	2.
	Reverse Primer
	5′ CGGTGTGTACAAGGCCCGG 3′
	58
	68.42%


Table 1. Primers used during PCR amplification. Here, Tm is Melting temperature


	S/No.
	Morphological Test
	Result

	1.
	Gram’s staining
	Negative

	2.
	Cell Shape
	Rod shaped

	3.
	Motility
	Non-motile


Table 2. Test results for morphological identification of the isolated bacteria.


	S.No.
	Test
	Reagents to be added after incubation
	Principle
	Test Result

	1.
	Indole
	2 drops of Kovac's reagent
	Detects deamination of tryptophan
	-

	2.
	Methyl Red
	2 drops of Methyl red indicator
	Detects acid production
	+

	3.
	Voges-Proskauer
	2 drops of Baritt reagent-A and 2 drops of Baritt reagent-B
	Detects acetoin production
	+

	4.
	Citrate
	-Nil-
	Detects capability of organism to utilize citrate as a sole carbon source
	-

	5.
	Glucose
	-Nil-
	Glucose utilization
	+

	6.
	Adonitol
	-Nil-
	Adonitol utilization
	-

	7.
	Arabinose
	-Nil-
	Arabinose utilization
	+

	8.
	Lactose
	-Nil-
	Lactose utilization
	-

	9.
	Sorbitol
	-Nil-
	Sorbitol utilization
	+

	10.
	Mannitol
	-Nil-
	Mannitol utilization
	+

	11.
	Rhamnose
	-Nil-
	Rhamnose utilization
	+

	12.
	Sucrose
	-Nil-
	Sucrose utilization
	+


Table 3. Test results for Biochemical analysis of the isolated bacteria.


	Incubation Time (hours)
	Absorbance at 420 nm
	Estimated ammonia (ppm)
	% Ammonia Oxidation (AO)

	24
	0.532
	3.74
	62.6

	48
	0.423
	2.98
	70.2

	72
	0.281
	2.00
	80.0


Table 4. Estimated Ammonia Oxidation by Klebsiella variicola at 24, 48 and 72 hours incubation period.


REFERENCES
[bookmark: _Hlk195636552][bookmark: _Hlk195636462]Samad, H. A., Kumar Eshwaran, V., Muquit, S. P., Sharma, L., Arumugam, H., Kant, L., Fatima, Z., Sharun, K., Aradotlu Parameshwarappa, M., Latheef, S. K., Chouhan, V. S., Maurya, V. P., Singh, G., & Kaniyamattam, K. (2025). Sustainable Livestock Solutions: Addressing Carbon Footprint Challenges from Indian and Global Perspectives. Sustainability, 17(5), 2105. https://doi.org/10.3390/su17052105
[bookmark: _Hlk195636663]Neemisha, & Sharma, S. (2022). Soil enzymes and their role in nutrient cycling. In B. Giri, R. Kapoor, Q.-S. Wu, & A. Varma (Eds.), Structure and functions of Pedosphere (pp. 173-188). Springer Nature Singapore. https://doi.org/10.1007/978-981-16-8770-9_8
[bookmark: _Hlk195636736]Jetten, M. S. M. (2001). New pathways for ammonia conversion in soil and aquatic systems. Plant and Soil, 230(1), 9-19. https://doi.org/10.1023/A:1004683807250
[bookmark: _Hlk195636950]Fesseha, H., & Desta, W. (2020). Dromedary camel and its adaptation mechanisms to desert environment: A review. International Journal of Zoology Studies. https://www.zoologyjournals.com/
Ishaya, L., Dibal, N. I., Chiroma, S. M., & Attah, M. (2021). Comparative anatomical study of the kidneys in cattle (Bos taurus) and camel (Camelus dromederus). Journal of Morphological Sciences, 38, 386-391. https://doi.org/10.51929/jms.38.67.2021
[bookmark: _Hlk195637403]Lin, Y., Hu, H. W., Ye, G., Fan, J., Ding, W., He, Z. Y., Zheng, Y., & He, J. Z. (2021). Ammonia-oxidizing bacteria play an important role in nitrification of acidic soils: A meta-analysis. Geoderma, 404, 115395. https://doi.org/10.1016/j.geoderma.2021.115395
Burrell, P. C., Phalen, C. M., & Hovanec, T. A. (2001). Identification of bacteria responsible for ammonia oxidation in freshwater aquaria. Applied and Environmental Microbiology, 67(12), 5791-5800. https://doi.org/10.1128/AEM.67.12.5791-5800.2001
[bookmark: _Hlk195637500]Kim, S. I., Heo, W., Lee, S. J., & Kim, Y. J. (2021). Isolation and characterization of effective bacteria that reduce ammonia emission from livestock manure. Microorganisms, 10(1), 77. https://doi.org/10.3390/microorganisms10010077
Mason, B. J. (1992). Preparation of soil sampling protocols: Sampling techniques and strategies. U.S. Environmental Protection Agency. https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=200012293.PDF
[bookmark: _Hlk195637646]Aneja, K. R., Dhiman, R., Aggarwal, N. K., Kumar, V., & Kaur, M. (2014). Microbes associated with freshly prepared juices of citrus and carrots. International Journal of Food Science. https://doi.org/10.1155/2014/408085
Ajayan, K. V. (2023). Microalgal Cultivation: Cultivation Media and its Supplementary Compounds. Journal of Food and Agriculture Research, 3(2), 145-167. https://doi.org/10.47509/JFAR.2023.v03i02.04
[bookmark: _Hlk188781397]Sanders, E. R. (2012). Aseptic laboratory techniques: plating methods. Journal of Visualized Experiments. https://doi.org/10.3791/3064
[bookmark: _Hlk195637840][bookmark: _Hlk190531142]Tedeschi, R., & De Paoli, P. (2011). Collection and preservation of frozen microorganisms. Methods in Molecular Biology, 675, 313-326. https://doi.org/10.1007/978-1-59745-423-0_18
[bookmark: _Hlk195637904]Moyes, R. B., Reynolds, J., & Breakwell, D. P. (2009). Differential staining of bacteria: gram stain. Current Protocols in Microbiology, 15(1), A-3C. https://doi.org/10.1002/9780471729259.mca03cs15
[bookmark: _Hlk195637990]Young, K. D. (2003). Bacterial shape. Molecular Microbiology, 49(3), 571-580. https://doi.org/10.1046/j.1365-2958.2003.03607.x
[bookmark: _Hlk195638175]Jain, A., Jain, R., & Jain, S. (2020). Motility Testing – Hanging Drop Method and Stab. In Basic Techniques in Biochemistry, Microbiology and Molecular Biology: Principles and Techniques (pp. 121-122). Springer. https://doi.org/10.1007/978-1-4939-9861-6_34
[bookmark: _Hlk190531308]MacWilliams, M. P. (2009). Indole test protocol. American Society for Microbiology. https://www.asmscience.org/content/education/protocol/protocol.3202
[bookmark: _Hlk190531455]Adedayo, O., Javadpour, S., Taylor, C., Anderson, W. A., & Moo-Young, M. (2004). Decolourization and detoxification of methyl red by aerobic bacteria from a wastewater treatment plant. World Journal of Microbiology and Biotechnology, 20, 545-550. https://doi.org/10.1023/B:WIBI.0000043150.37318.5f
[bookmark: _Hlk195637726]McDevitt, S. (2009). Methyl Red and Voges-Proskauer Test Protocols. American Society for Microbiology. https://www.asm.org/Protocols/Methyl-Red-and-Voges-Proskauer-Test-Protocols
[bookmark: _Hlk190532098]Panhale, D., Grewal, S., & Goel, S. (2021). Isolation, identification and characterization of bioluminescent Bacteria from different beaches of India. Annals of Biology, 37(1), 27-30. http://agribiop.com/category/annals-of-biology/
[bookmark: _Hlk188790679]Lazarevic, V., Gaïa, N., Girard, M., François, P., & Schrenzel, J. (2013). Comparison of DNA Extraction Methods in Analysis of Salivary Bacterial Communities. PloS one, 8(7), e67699. https://doi.org/10.1371/journal.pone.0067699
Vasudha, M., Prashantkumar, C. S., Bellurkar, M., Kaveeshwar, V., & Gayathri, D. (2023). Probiotic potential of β‑galactosidase‑producing lactic acid bacteria from fermented milk and their molecular characterization. Biomedical Reports, 18(3), 1-12. https://doi.org/10.3892/br.2023.1605
[bookmark: _Hlk188782997][bookmark: _Hlk190532296]Patel, J. B. (2001). 16S rRNA gene sequencing for bacterial pathogen identification in the clinical laboratory. Molecular Diagnosis, 6, 313-321. https://doi.org/10.1054/modi.2001.29158
Mignard, S., & Flandrois, J. P. (2006). 16S rRNA sequencing in routine bacterial identification: a 30-month experiment. Journal of Microbiological Methods, 67(3), 574-581. https://doi.org/10.1016/j.mimet.2006.05.009
[bookmark: _Hlk190532405]Gabriel, E. F., & Jeff, U. I. (2024). Jukes-Cantor Correction for Phylogenetic Tree Reconstruction. bioRxiv. https://doi.org/10.1101/2024.07.30.605767
[bookmark: _Hlk190532675]Bruno, W. J., Socci, N. D., & Halpern, A. L. (2000). Weighted Neighbor Joining: A Likelihood-Based Approach to Distance-Based Phylogeny Reconstruction. Molecular Biology and Evolution, 17(1), 189-197. https://doi.org/10.1093/oxfordjournals.molbev.a026231
[bookmark: _Hlk195638440]Soltis, P. S., & Soltis, D. E. (2003). Applying the bootstrap in phylogeny reconstruction. Statistical Science. https://doi.org/10.1214/ss/1063994980
Krishnaveni, N., Sukumar, D., Surendraraj, A., Velayutham, P., Jeya Shakila, R., & Meenachi, B. (2017). RAPID METHOD FOR SCREENING AND ISOLATION OF OMEGA-3 FATTY ACIDS PRODUCING MARINE BACTERIA. Biochemical & Cellular Archives, 17(1). 
Tyas, D. E., Haeruddin, & Purnomo, P. W. (2020). Isolation and identification of biofilm bacteria from bamboo in traditional vannamei shrimp ponds as an ammonia degradation factor. AACL Bioflux, 13(5), 2619-2629. http://www.bioflux.com.ro/aacl
[bookmark: _Hlk195638499]Marian, C., Sanjar, F., Maxwell, C., Sabitu, F., Hubbard, N., Ratib, N., Vassilev, N., & Sansinenea, E. (2024). A paradigm for the contextual safety assessment of agricultural microbes: a closer look at Klebsiella variicola. Frontiers in Industrial Microbiology, 2, 1412302. https://doi.org/10.3389/finmi.2024.1412302
Duran-Bedolla, J., Garza-Ramos, U., Rodríguez-Medina, N., Aguilar Vera, A., & Barrios-Camacho, H. (2021). Exploring the environmental traits and applications of Klebsiella variicola. Brazilian Journal of Microbiology. https://doi.org/10.1007/s42770-021-00630-z 
Rütting, T., Schleusner, P., Hink, L., & Prosser, J. I. (2021). The contribution of ammonia-oxidizing archaea and bacteria to gross nitrification under different substrate availability. Soil Biology and Biochemistry, 160, 108353. https://doi.org/10.1016/j.soilbio.2021.108353

P. B. N. Lakshmi Devi, and Y. Pydi Setty. 2014. “Effect of Nutrients on Biological Nitrification”. Biotechnology Journal International 4 (12):1283–1290. https://doi.org/10.9734/BBJ/2014/11828.
P. P. Khandagale, S. S. Kansara, Jay Padsala, and P. R. Patel. 2024. “Plant Growth Promoting Rhizobacteria for Sustainable Production of Sugarcane and Rice”. International Journal of Plant & Soil Science 36 (3):298–305. https://doi.org/10.9734/ijpss/2024/v36i34427.


 
ABBREVIATIONS

	DNA
	Deoxyribonucleic acid

	PCI
	Phenol:Chloroform:Isoamyl

	UV-VIS
	Ultraviolet-Visible

	SDS
	Sodium Dodecyl Sulfate

	PCR
	Polymerase Chain Reaction

	OTUs
	Operational Taxonomic Units





APPENDIX
Weighbor Tree: Weighbor is a weighted version of Neighbor Joining that gives significantly less weight to the longer distances in the distance matrix. The weights are based on variances and co-variances expected in a simple Jukes-Cantor model.

Jukes-Cantor Correction: The Jukes-Cantor distance correction is a model which considers that as two sequences diverge, the probability of a second substitution at any nucleotide site increases. For distance-based trees such as Weighbor, the difference in nucleotides is considered for the distance, therefore, second substitutions will not be counted and the distance will be underestimated. Jukes and Cantor created a formula that calculates the distance taking into account more than just the individual differences (1969; Evol.of Protein Molecules, Academic Press)

Bootstrap: Bootstrapping is a statistical method for estimating the sampling distribution by re sampling with replacement from the original sample. In making phylogenetic trees, the approach is to create a pseudo alignment by taking random positions of the original alignment. Some columns of the alignment could be selected more than once or not selected at all. The pseudo alignment will be as long as the original alignment and will be used to create a distance matrix and a tree. The process is repeated 100 times and a majority consensus tree is displayed showing the number (or percentage) of times a particular group was on each side of a branch without concerning the sub grouping.
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