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Abstract

:

Nitrifying bacteria and archaea are ubiquitous and can transform ammonia locked up in soil or manure into nitrate, a more soluble form of nitrogen. However, nitrifying bacteria and archaea inhabiting maize rhizosphere have not been fully explored. This study evaluates the diversity and abundance of nitrifying bacteria and archaea across different growth stages of maize using 16S amplicon sequencing. Moreover, the influence of environmental factors (soil physical and chemical properties) on the nitrifying communities was evaluated. Rhizosphere soil DNA was extracted using Nucleospin Soil DNA extraction kit and sequenced on Illumina Miseq platform. MG-RAST was used to analyze the raw sequences. The physical and chemical properties of the soil were measured using standard procedure. The results revealed 9 genera of nitrifying bacteria; Nitrospira, Nitrosospira, Nitrobacter, Nitrosovibrio, Nitrosomonas, Nitrosococcus, Nitrococcus, unclassified (derived from Nitrosomonadales), unclassified (derived from Nitrosomonadaceae) and 1 archaeon Candidatus Nitrososphaera. The Nitrospirae phyla group, which had the most nitrifying bacteria, was more abundant at the tasselling stage (67.94%). Alpha diversity showed no significant difference. However, the Beta diversity showed significant difference (p = 0.01, R = 0.58) across the growth stages. The growth stages had no significant effect on the diversity of nitrifying bacteria and archaea, but the tasselling stage had the most abundant nitrifying bacteria. A correlation was observed between some of the chemical properties and some nitrifying bacteria. The research outcome can be put into consideration while carrying out a biotechnological process that involves nitrifying bacteria and archaea.
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1. Introduction


Molecular case finding, characterization, surveillance of microorganisms, and rapid identification of bacteria can be achieved using the 16S rRNA region [1]. Moreover, comparing 16S sequence profiles across samples clarifies how microbial diversity associates with environmental conditions [2]. Nitrifying bacteria and archaea carry out the biochemical reaction of transforming ammonia to nitrate. Their importance cannot be overemphasized because nitrate helps in the regulation of gene expression, mediates hormone signals [3] and is less acidic than ammonia. An acidic environment increases the bioavailability of heavy metals [4] and affects nutrient uptake [5]. The use of synthetic fertilizer [6] has been used to replace the function of these organisms. Unfortunately, this has caused adverse environmental effects, which include increase in nitrous oxide emission and eutrophication [6,7]. A management process that would mimic the natural process would be better to achieve both agricultural intensification and environmental sustainability.



The rhizosphere serves as an interface that supports the exchange of resources between plants and their associated soil environment. Its microbial diversity is influenced by the soil’s physical, biological, and chemical properties, which are usually determined by the host plant. Microbes in the maize rhizosphere can be endophytic, epiphytic, or closely associated [8]. Characterizing the ones associated with enhanced crop yield is an important first step toward understanding the role of the microbiota in soil fertility [9]. The structure and diversity of bacterial community in the rhizosphere vary significantly according to plant species [10]. Substantial variation is being observed in the microbial diversity of maize rhizosphere. Their root exudate enables them to attract a high diversity of microorganisms. It contains sugars, organic acids, aromatics and enzymes, which attract a wide range of microbial diversity [8].



The richness, diversity, and structure of microbial communities can be affected by environmental parameters and edaphic properties, mainly pH and nutrients. Researchers have reported the relationship of pH with other soil parameters [11,12,13]. Organic carbon had a significant correlation with pH (Tu et al., 2018; Xiao et al., 2018). A high level of sulfur in the soil increases its pH (Li et al., 2019). According to Kopáček, et al. [14], nitrogen cycling is intimately linked to sulfur and carbon cycling. Plant yield, quality, and growth are optimized when the ratio of ammonia to nitrate is low. Liu, et al. [15], suggested a ratio of (1:3). The ratio of carbon to nitrogen and soil total nitrogen influence both microbial activity and soil quality [12]. This is pivotal to crop production.



One of the methods of biofertilization is increasing the abundance of microbes in the rhizosphere of plants [16]. Elucidating nitrifying bacteria and archaea associated with specific crop types and growth stages could provide information for their biotechnological application. To date, many of the resident nitrifying bacteria and archaea associated with varying growth stages of maize are unknown. Identifying them and the influence of the rhizosphere physical and chemical properties would enhance a microbiome-based management strategy for nitrogen utilization. We hypothesize that maize rhizosphere inhabits varying composition of nitrifying bacteria and archaea across different growth stages, and they are influenced by environmental factors. This study evaluates the diversity and abundance of nitrifying bacteria and archaea across different growth stages of maize rhizosphere using 16S amplicon sequencing. Moreover, the study evaluates the relationship between the soil physical and chemical properties and their influence on the nitrifying bacteria and archaea.




2. Materials and Method


2.1. Sampling


The sampling area and procedure are the same as described in Ayiti, et al. [17]. The samples were collected from the 32-years old maize plantation of the North-West University, Molelwane, Mahikeng, South Africa (25°47′23.9604″ S, 25°37′8.43348″ E; altitude 1012 m Figure 1). The region has an annual temperature ranging from 22 °C–35 °C in summer, 2 °C–20 °C in winter, and an annual rainfall of 450 mm. The farm was irrigated and treated with NPK (20% nitrogen, 7% phosphorus, and 3% potassium) fertilizer before planting. The maize cultivar planted was QN.633. Three different growth stages of maize were identified: pretasseling growth stage (PR), tasselling growth stage (TA), and fruiting growth stage (FR). The rhizosphere soil was collected between 0 and 15 cm depth, and 0–5 cm of each maize root and bulk (BU) soil was also collected. The soil was collected in triplicate for each developmental stage and bulk soil, then transported to the laboratory and stored at −20 °C.




2.2. Physio-Chemical Analysis of the Rhizosphere and Bulk Soil


As reported by Ayiti, Ayangbenro, and Babalola [17], physical and chemical properties of the soils were measured using standard chemical analysis. The particle size (sand, silt, and clay) distribution was evaluated using the method of Kroetsch [18]. Nitrate and ammonium were measured using the KCL extraction method described by Keeny and Nelson [19]. Organic matter was measured using loss of ignition method [20]. Total carbon was analyzed using dry combustion method [21]. Organic carbon was measured using the method described by Walkley and Black [22]. Total nitrogen was analyzed using digestion method [23]. HCl extraction method was used to determine the sulfur content of the rhizosphere as described by Smittenberg [24]. The pH was measured with Jenway 3520 pH meter (Cole–Palmer instruments, Staffordshire, UK) after mixing the soil (2 g) and deionized water (10 mL).




2.3. DNA Extraction and 16S Amplicon Sequencing


The DNA extraction and 16S amplicon sequencing are the same as described by Ayiti, Ayangbenro and Babalola [17]. DNA was extracted using a Nucleospin soil DNA extraction kit (Macherey-Nagel, Duren, Germany) following the manufacturer’s instructions. The V3-V4 hypervariable portions of the 16S rRNA gene were targeted with universal primer pairs 341F (5′-CCT ACG GGN GGC WGC AG-3′) and 785R (5′-GAC TAC HVG GGT ATC TAA TCC-3′) [25]. The amplicons were then gel purified, end-repaired, and Illumina-specific adaptor sequences were ligated to each of them. The samples were individually indexed after quantification, and another purification step was conducted. The amplicons were sequenced using a MiSeq v3 (600 cycles) kit on Illumina’s MiSeq platform. For each experiment, 20 Mb of data (2 × 300 bp long paired-end reads) were generated.




2.4. Metagenome Assembly and Gene Annotation


The MG-RAST server (http://www.mg-rast.org, accessed on 15 April 2021) was used to process and analyze the raw sequences, which were uploaded as a FastQ file [26]. Quality control, which included filtering of ambiguous bases, removal of chimeras, minimum read specification, and length filtering [27] was carried out. Following that, the sequence reads were annotated using the BLAST technique [28] and the M5NR database [29]. The data normalization tool was applied to reduce experimental error. Default parameters were used for the bioinformatics tools [17]. The abundance of bacterial and archaeal communities at different growth stages was evaluated. Reads of eukaryotes and unclassified sequences were removed.




2.5. Data and Statistical Analysis


Microsoft Excel software was used in evaluating the mean of the triplicate samples and the relative abundance of the bacterial and archaea diversity. The richness of the species sequence was evaluated through rarefactions analyses on MG RAST. Heat map of the relative abundance of bacteria and archaea was carried out using online software (www.heatmapper.ca/expression, accessed on 20 April 2021). Alpha and beta diversity analysis was carried out using PAST version 2.17 [30]. The CANOCO 5 was used to carry out principal component analysis and principal coordinate analysis using default settings [31]. XLSTAT was used to determine the relationship between the soil physical and chemical properties and their influence on nitrifying bacteria and archaea.





3. Results


3.1. Rhizosphere Environmental Factors


The statistical analysis of the rhizosphere physical and chemical parameters is summarized in Table 1. The pH, which is the focal point of the physical and chemical parameters, ranges from 5.35 to 6.22 with a mean of 5.93. The soil sample contained a mean of 85% sand, 13% clay, 0.73% organic carbon, 0.73% total carbon, 2.4% organic matter, 0.08% total nitrogen, 336.5 mg/kg sulfur, 4.348 mg/kg ammonium, and 6.123 mg/kg nitrate. The carbon to nitrogen ratio is approximately 9:1. The NH4 to NO3 ratio is approximately 1:1.4.




3.2. 16S Amplicon Sequencing of Maize Rhizosphere across Different Growth Stages


The analysis of the sequence reads are listed in Table S1. Rarefaction curve shows the richness of species sequences with the fruiting stage having the highest among the different vegetative growth stages (Figure S1). Figure 2 shows the bacteria and archaea phylum relative abundance represented in all growth stages. Over 99% of the reads were predominantly bacteria, while the archaea were less than 1%. Phylum Actinobacteria was the most dominant in all the growth stages and was highest (47%) at PR. The BU showed the highest percentage of Proteobacteria (10.4%) and Bacteroides (5.2%). Gemmatimonadates (5.6%) and Chloroflexi (2.6%) were highest at PR. At TA, Planctomycete and Acidobacteria were highest at 6.5% and 7.8% respectively. Phylum Firmicutes was highest (27%) at FR. Thaumarchaeota was the only phylum observed in the archaea domain. Although it was less than 1% in all the stages, it was highest at the FR. There was no significant difference (p = 0.99) in the bacteria and archaea phylum groups across the different growth stages (Table 2). At p = 0.01, R = 0.58 the beta diversity showed a significant difference across the growth stages.




3.3. Taxonomic Profiling of Nitrifying Bacteria and Archaea Inhabiting Maize Rhizosphere across Different Vegetative Growth Stages


At the genus level, 9 groups of nitrifying bacteria and 1 group of archaea were identified (Figure 3). Nitrospira groups are the most abundant with their relative abundance highest at the TA stage 67.94%. Nitrosospira and unclassified (derived from Nitrosomonadales and Nitrosomonadaceae) were also notably abundant. Figure 4. shows the principal component analysis (PCA) conducted to reveal how the nitrifying bacteria and archaea were distributed at the various growth stages. Nitrospirae is in close association with Thermotogae and Synergistetes (Figure 4A). The identified genus was widely distributed and dominated different vegetative growth stages (Figure 4B). The diversity indices, Simpson, Shannon, and Evenness, were used to evaluate alpha diversity of nitrifying bacteria and archaea across different groups. At p = 0.99 the different genera groups showed no significant difference (Table 3). Beta diversity (Table S2) showed a significant difference (p = 0.01; R = 0.58) among the genera across the different growth stages. Principal coordinate analysis (PCoA) showed a distinct diversity exists across the different growth stages (Figure 5).




3.4. Relationship among Maize Rhizosphere Environmental Factors and Their Influence on Nitrifying Microorganism


The Pearson’s correlation coefficient showed both positive and negative correlation among the physico-chemical parameters (Table 4). A significant positive and negative relationship was observed among some of the environmental factors. Notable is the relationship between sulfur and pH, organic carbon, and total carbon; moreover, between total carbon and pH, organic carbon, and organic matter. Further, between organic matter and total carbon, total nitrogen, pH, sulfur, organic carbon, total carbon, and organic matter. Ammonium and sulfur, nitrate and pH, sulfur, organic carbon, total carbon, organic matter, and total nitrogen also showed significant positive relationships.




3.5. Influence of Maize Rhizosphere Environmental Factors on Nitrifying Bacteria and Archaea


Table 5 shows that a substantial number of the environmental factors had both positive and negative correlations with the nitrifying community. A significant positive and negative relationship was observed between some of the nitrifying microorganisms and some environmental factors. The relationship varies among the different groups of nitrifiers. pH, organic carbon, total nitrogen, and nitrate were observed to have a close relationship with Nitrosospira, unclassified Nitrosomonadaceae, Nitrosovibrio, and Nitrosomonas. Total carbon showed a close relationship with unclassified Nitrosomonadacea, Nitrosovibrio, and Nitrosomonas. Moreover, organic matter showed a close relationship with Nitrosospira, Nitrosovibrio, and Nitrosomonas. Ammonium showed a close relationship with Nitrosomonas and Nitrosococcus.





4. Discussion


This study profiled the nitrifying bacteria and archaea associated with maize rhizosphere and evaluated their diversity across different growth stages. Moreover, the environmental factors were analyzed and correlated with the nitrifying community. The pH is seen to be moderately acidic (5.93) according to USDA [32] classification. This could be as a result of the high level of sulfur present in the soil samples. Agrochemicals have been implicated in high level of sulfur in farmlands [33], which increases the acidity of soil [34]. The ratio of carbon to nitrogen (9:1) is slightly higher than the recommended ratio of 8:1. Moreover, the NH4 to NO3 ratio (1:1.4) falls short of expectation. Liu, Du, and Li [15] suggested a ratio of 1:3 for the soil microorganism. The holistic physical and chemical parameter sustained the proliferation of nitrifying community with an average of 0.5% relative abundance (Figure 2). Kong, et al. [35] report a favorable pH of 7.0 to 7.5 for nitrifying bacteria. Moreover, as observed by Elrys, et al. [36], nitrification rate is influenced by soil nitrogen and carbon. This would have accounted for the close relationship observed between some nitrifying bacteria and organic carbon, total nitrogen, nitrate, and total carbon.



Nitrifying bacteria and archaea are ubiquitous and are found in varying environmental conditions. Some have been successfully used as biofertilizer singly [37] and in consortium [38]. The nine genera of nitrifying bacteria identified in this study are Nitrospira, Nitrosospira, unclassified (derived from Nitrosomonadales), unclassified (derived from Nitrosomonadaceae), Nitrobacter, Nitrosovibrio, Nitrosomonas, Nitrosococcus, Nitrococcus. The order Nitrosomonadaceae and Nitrosomonadales still have unclassified and yet to be cultured nitrifying bacteria species. The only archaea genus discovered was Candidatus Nitrososphaera, which carry out ammonia oxidation [39], which has been reported by Melnichuk, et al. [40] and Enebe and Babalola [41] to be associated with crop plants including maize. The relative abundance of nitrite oxidizing genera were more than ammonia oxidizing genera (Figure 4). This has previously been observed by Clark, et al. [42], in plots with different management technique. The genera specification and proliferation could have accounted for the high level of nitrite than ammonia (Table 1).



Ammonia oxidizing bacteria noted in this study were Nitrosospira, Nitrosomonas, Nitrosococcus [43], and Nitrosovibrio [44]. Nitrosomonas was recently discovered in maize rhizosphere soil in low abundance by Wang, et al. [45]. The nitrite oxidizing bacteria carrying out the second stage of nitrification were the genus Nitrospira, Nitrobacter, and Nitrococcus [43]. Nitrospira is known to be well distributed globally and was found to be most abundant. It was recently observed by Sun, et al. [46] in a maize rhizosphere. Moreover, Nitrobacter was noted in a maize-soybean rotation system by Meier, et al. [47]. Unclassified nitrifying microorganisms were seen in the order Nitrosomonadaceae and order Nitrosomonadales. This affirms the possible presence of novel nitrifying bacteria in the studied maize rhizosphere. Stein [48] mentioned that there has been an increasing number of novel nitrifying microorganisms discovered lately. This could be as a result of advanced technologies used in sequencing and sampling different soils.



Schlemper, et al. [49] affirm the existence of variation in the bacteria population across different growth stages. The rarefaction curve shows that each of the growth stages had a high and unequal number of species diversity (Figure S1). The PCoA plot showed a distinct diversity and gap across the growth stages (Figure 5). The phylum Nitrospirae, which had the most abundant nitrifying bacteria, showed an increase from the BU to the TA and a decrease at the FR (Figure 2). Moreover, Nitrospira genus was most abundant at the TA stage. This could be because of the increasing demand of nutrients as the plant grows. According to Rocha, et al. [50], the abundance of microorganisms associated with nitrification increases with increasing developmental stages. Furthermore, Lu, et al. [51] explain that the increased and prolonged availability of nitrogen in the rhizosphere by nitrifying microorganisms delays flowering.



The heatmap showed that all the nitrifying bacteria genera were unequally distributed across the different growth stages (Figure 4). Moreover, it was observed in the overall microbial community of a study carried out by Fu, et al. [52] at varying maize growth stages. This would probably be due to the varying composition of nutrients at the different growth stages. Although the alpha diversity showed no significant difference, however, there was a significant difference (p = 0.01) in the beta diversity of the different growth stages. Peiffer, Spor, Koren, Jin, Tringe, Dangl, Buckler, and Ley [8], also reported a significant difference between the beta diversity between maize bulk soil and rhizosphere soil. The result obtained from the correlation affirms there is indeed a direct and indirect interlink between the environmental factors. Furthermore, between them and the nitrifying community, the soil physical and chemical properties showed both positive and negative correlations with a substantial number of the nitrifying community. This was also observed by Fu, et al. [53] between the microbial community and soil nutrients.




5. Conclusions


Profiling and diversity of nitrifying bacteria and archaea of maize rhizosphere across different growth stages were carried out. At the genus level, nine genera of nitrifying bacteria and one archaeon were identified. Two of the nine genera of nitrifying bacteria from the order Nitrosomonadaceae and order Nitrosomonadales are yet to be identified. The tasselling growth stage had the most abundant of the nitrifying bacteria. The correlation within the environmental factors shows the existence of a relationship between some parameters in the rhizosphere and it reveals possible impact or non-impact on nitrifying community. Prominent nitrifying bacteria and archaea associated with maize rhizosphere identified in this study and the understanding of the impact of soil physical and chemical properties on them can be used as a microbiome-based strategy to improve the productivity and yield of maize plants. More so, growth stages of maize should be considered in its management.
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Figure 1. Sketch map of the study area, Molelwane farm, North West Province, South Africa. (A) North west province, (B) Mafikeng local municipality, (C) Molelwane farm. 
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Figure 2. Heatmap showing the relative abundance of bacteria and archaea at each growth stage. Z-score with the scale bar shows the gradient of color saturation representing the relative abundance of the organisms. BU = samples from bulk soil, PR = samples from pretasseling growth stage, TA = samples from tasseling growth stage, and FR = samples from fruiting growth stage. 
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Figure 3. Heatmap showing list and relative abundance of nitrifying bacteria and archaea genera. Z-score with the scale bar shows the gradient of color saturation representing the relative abundance of the organisms. 
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Figure 4. Principal component analysis (PCA) of nitrifying bacteria and archaea group 16S amplicon sequence. The resultant vector showed the structural shift and the influence of nitrifying bacteria and archaea. Axis 1 and 2 explained the observed variation based on Euclidean dissimilarity matrix. [(A) phylum level axis 1 (83%), axis 2 (11%). (B) genus level axis 1 (69%), axis 2 (21%)]. 
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Figure 5. Principal coordinate analysis (PCoA) of nitrifying bacteria and archaea genera across different growth stages. 
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Table 1. Physio-chemical parameters of the maize rhizosphere.
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	Variable
	Minimum
	Maximum
	Mean
	Std. Deviation





	SA
	84.00
	86.00
	85.00
	1.16



	CL
	12.00
	14.00
	13.00
	1.16



	pH
	5.35
	6.22
	5.93
	0.41



	S
	246.00
	576.00
	336.50
	159.85



	OC
	0.52
	0.84
	0.73
	0.15



	TC
	0.52
	0.89
	0.73
	0.15



	OM
	2.04
	2.70
	2.43
	0.30



	TN
	0.06
	0.09
	0.08
	0.01



	NH4
	3.84
	4.67
	4.35
	0.40



	NO3
	4.02
	9.76
	6.12
	2.72







SA—sand (%), CL—clay (%), pH (H2O), S—sulfur (mg/kg), OC—organic carbon (%), TC—total carbon (%), OM—organic matter (%), TN—total nitrogen (%), NH4—ammonium (mg/kg), NO3—nitrate (mg/kg).
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Table 2. Evaluation of evenness and diversity of bacteria and archaea across different growth stages at phylum level.






Table 2. Evaluation of evenness and diversity of bacteria and archaea across different growth stages at phylum level.













	Diversity Indices
	BU
	PR
	TA
	FR
	p-Value





	Phylum
	
	
	
	
	



	Simpson_1-D
	0.71 ± 0.06
	0.71 ± 0.07
	0.74 ± 0.07
	0.73 ± 0.06
	0.99



	Shannon_H
	1.62 ± 0.19
	1.61 ± 0.18
	1.69 ± 0.19
	1.69 ± 0.19
	



	Evenness_e^H/S
	0.20 ± 0.10
	0.21 ± 0.11
	0.23 ± 0.10
	0.22 ± 0.11
	







The p-value is based on Kruskal–Wallis. Mean ± standard error (n = 3).
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Table 3. Alpha diversity evaluation of nitrifying bacteria and archaea across different growth stages at genus level.
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	Diversity Indices
	BU
	PR
	TA
	FR
	p-Value





	Genus
	
	
	
	
	



	Simpson_1-D
	0.52 ± 0.07
	0.54 ± 0.11
	0.51 ± 0.10
	0.56 ± 0.10
	0.99



	Shannon_H
	1.13 ± 0.19
	1.19 ± 0.22
	1.09 ± 0.20
	1.21 ± 0.21
	



	Evenness_e^H/S
	0.31 ± 0.10
	0.33 ± 0.13
	0.27 ± 0.12
	0.28 ± 0.12
	







The p-values are based on Kruskal–Wallis. Mean ± standard error (n = 3).
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Table 4. Pearson’s correlation coefficient (r) matrix analysis shows the relationship among maize rhizosphere environmental factors.
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	Variables
	SA
	CL
	pH
	S
	OC
	TC
	OM
	TN
	NH4
	NO3
	NB





	SA
	1
	
	
	
	
	
	
	
	
	
	



	CL
	−1.00
	1
	
	
	
	
	
	
	
	
	



	pH
	−0.81
	0.81
	1
	
	
	
	
	
	
	
	



	S
	−0.60
	0.60
	0.51
	1
	
	
	
	
	
	
	



	OC
	−0.84
	0.84
	0.10
	0.54
	1
	
	
	
	
	
	



	TC
	−0.81
	0.81
	0.98
	0.34
	0.97
	1
	
	
	
	
	



	OM
	−0.91
	0.91
	0.97
	0.65
	0.98
	0.94
	1
	
	
	
	



	TN
	−0.74
	0.74
	0.98
	0.62
	0.98
	0.91
	0.95
	1
	
	
	



	NH4
	0.27
	−0.27
	0.06
	0.53
	0.06
	−0.13
	0.04
	0.27
	1
	
	



	NO3
	−0.88
	0.88
	0.72
	0.90
	0.76
	0.62
	0.86
	0.75
	0.16
	1
	



	NB
	0.22
	−0.22
	−0.59
	0.38
	−0.55
	−0.71
	−0.41
	−0.49
	0.31
	0.12
	1







SA—sand (%), CL—clay (%), pH (H2O), S—sulfur (mg/kg), OC—organic carbon (%), TC—total carbon (%), OM—organic matter (%), TN—total nitrogen (%), NH4—ammonium (mg/kg), NO3—nitrate (mg/kg), NB—nitrifying bacteria. r; 0.90 to 1.00 (−0.90 to −1.00) = very highly positive (negative) correlation. r; 0.70 to 0.90 (−0.70 to −0.90) = highly positive (negative) correlation. r; 0.50 to 0.70 (−0.50 to −0.70) = Moderately positive (negative) correlation. r; 0.30 to 0.50 (−0.30 to −0.50) = Low positive (negative) correlation. r; 0.00 to 0.30 (−0.00 to −0.30) = insignificant correlation. p ≤ 0.05. Significant values in bold.
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Table 5. Pearson’s correlation coefficient (r) matrix analysis shows the influence of environmental factors and nitrifying bacteria.
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	Variables
	SA
	CL
	pH
	S
	OC
	TC
	OM
	TN
	NH4
	NO3





	Nitrospira
	−0.07
	0.07
	−0.49
	0.29
	−0.44
	−0.53
	−0.28
	−0.49
	−0.16
	0.22



	Nitrosospira
	−0.84
	0.84
	0.98
	0.37
	0.97
	1.00
	0.95
	0.91
	−0.15
	0.66



	unclassified (derived from Nitrosomonadales)
	0.97
	−0.97
	−0.65
	−0.51
	−0.68
	−0.67
	−0.78
	−0.55
	0.43
	−0.82



	unclassified (derived from Nitrosomonadaceae)
	−0.90
	0.90
	0.98
	0.57
	0.99
	0.96
	1.00
	0.95
	−0.02
	0.81



	Nitrobacter
	0.94
	−0.94
	−0.92
	−0.74
	−0.94
	−0.87
	−0.99
	−0.91
	−0.06
	−0.93



	Nitrosovibrio
	−0.95
	0.95
	0.67
	0.37
	0.70
	0.73
	0.77
	0.54
	−0.54
	0.73



	Nitrosomonas
	−0.41
	0.41
	0.84
	0.54
	0.82
	0.74
	0.76
	0.92
	0.56
	0.52



	Candidatus Nitrososphaera
	0.20
	−0.20
	0.33
	−0.50
	0.28
	0.41
	0.11
	0.30
	0.01
	−0.41



	Nitrosococcus
	0.88
	−0.88
	−0.49
	−0.31
	−0.52
	−0.55
	−0.61
	−0.35
	0.63
	−0.66



	Nitrococcus
	0.86
	−0.86
	−1.00
	−0.53
	−1.00
	−0.98
	−0.99
	−0.97
	−0.01
	−0.76







SA—sand (%), CL—clay (%), pH (H2O), S—sulfur (mg/kg), OC—organic carbon (%), TC—total carbon (%), OM—organic matter (%), TN—total nitrogen (%), NH4—ammonium (mg/kg), NO3—nitrate (mg/kg), NB—nitrifying bacteria. r; 0.90 to 1.00 (−0.90 to −1.00) = very highly positive (negative) correlation. r; 0.70 to 0.90 (−0.70 to −0.90) = highly positive (negative) correlation. r; 0.50 to 0.70 (−0.50 to −0.70) = Moderately positive (negative) correlation. r; 0.30 to 0.50 (−0.30 to −0.50) = Low positive (negative) correlation. r; 0.00 to 0.30 (−0.00 to −0.30) = insignificant correlation. p ≤ 0.05. Significant Figure in bold.
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