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Abstract
The maize rhizosphere soil is unique with diverse microorganisms. 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 are yet to be identi�ed. We elucidate the diversity and abundance of nitrifying bacteria and
archaea associated with maize rhizosphere across different growth stages using 16S metagenomics sequencing. Also, the
in�uence of environmental factors on the nitrifying communities was evaluated. The maize rhizosphere soil was collected from
North-West University, Molelwane, South Africa. DNA was extracted using Nucleospin Soil DNA extraction kit and the V3-V4
hypervariable region was sequenced on Illumina Miseq platform. MG-RAST was used to analyze the raw sequences. The
environmental factors were measured using standard procedure. The result revealed 9 genera of nitrifying bacteria; Nitrospira,
Nitrosospira, Nitrobacter, Nitrosovibrio, Nitrosomonas, Nitrosococcus, Nitrococcus, unclassi�ed (derived from Nitrosomonadales),
unclassi�ed (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 signi�cant
difference. However, the Beta diversity showed signi�cant difference (P=0.01, R=0.58) across the growth stages. The growth
stages had no signi�cant effect on the diversity of nitrifying bacteria and archaea, but the tasselling stage had the most
abundant. A correlation was observed among some of the environmental factors. The research outcome can be put into
consideration while carrying out a biotechnological process that involves nitrifying bacteria and archaea.

1.0 Introduction
Metagenomics has exposed an extraordinary degree of diversity and novelty among microbial communities. Its analysis can
involve sequence-based or functional approaches or a combination of both. It could help the development of management
practices that maximize the bene�cial use of microbial communities in and around the crops. Also, it could lead to the discovery
of novel natural products, new antibiotics, new bioactive molecules and new functions. Pyrosequencing of bacterial 16S genes
has led to observed substantial variation in bacterial richness, diversity, and relative abundances of taxa between bulk soil and
the maize rhizosphere, as well as between �elds [1]. Molecular case �nding, characterization, surveillance of microorganisms and
rapid identi�cation of bacteria can be achieved using the 16S rRNA region [2]. Also, comparing 16S sequence pro�les across
samples clari�es how microbial diversity is associated with environmental conditions [3].

Nitrifying bacteria and archaea are the microorganisms that carry out the biochemical reaction of transforming ammonia to
nitrate. Their importance cannot be overemphasized because they help in the regulation of gene expression, mediate hormone
signals [4] and are less acidic than ammonia. An acidic environment increases the bioavailability of heavy metals [5] and affects
nutrient uptake [6]. The use of synthetic fertilizer [7] and nitrifying inhibitors [8] has been used to replace the function of these
organisms. Unfortunately, this has caused an adverse environmental effect [7, 9]. A management process that would mimic the
natural process would be better to achieve both agricultural intensi�cation and environmental sustainability.

The rhizosphere serves as an interface that supports exchange of resources between plant and their associated soil environment.
Its microbial diversity is in�uenced by physical, biological and chemical properties usually determined by the host plant.
Microbes in the maize rhizosphere can be endophytic, epiphytic, or closely associated [1]. They can be diverse with various
organisms, such as fungi, bacteria, archaea, nematodes and other invertebrates, due to the exudates (metabolite) secreted by the
plant. The organisms either play a positive role by enhancing the growth of the plant or a negative role by causing disease. The
composition of the microbial communities in rhizosphere soil is in�uenced by various environmental factors. Characterizing the
ones associated with enhanced crop yield is an important �rst step towards understanding the role of the microbiota in soil
fertility [10]. The structure and diversity of bacterial community in the rhizosphere vary signi�cantly according to plant species
[11]. This diversity is a result of differences in the type of exudates and signaling compounds they produce.

Substantial variation is being observed in the microbial diversity of maize rhizosphere. Their root exudate has some unique
characteristics, which enable them to attract high diversity of microorganisms. It contains sugars, organic acids, aromatics and
enzymes, which attract a wide range of microbial diversity [1]. Hence, their ability to thrive under unfavorable weather conditions.
Evidence shows that the economic gains of farmers through maize production have led to an increased level of household food
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security primarily in relation to nutritional balance [12]. Maize is an important source of nutraceuticals, such as phenolics,
carotenoids, anthocyanins, phlobaphenes, insoluble and soluble dietary �ber and polar and nonpolar lipids, which are known to
prevent diseases and enhance health [13].

There exists a direct and indirect interlink within and between soil physical, chemical and biological parameters. 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 [14–16]. Organic carbon had a
signi�cant correlation with pH [14, 15]. A high level of sulfur in the soil increases its pH [16]. According to [17], nitrogen cycling is
intimately linked to Sulphur and Carbon cycling. Plant yield, quality and growth are optimized when the ratio of ammonia to
nitrate is low, Liu, Du and Li [18] suggested a ratio of (1:3). The ratio of carbon to nitrogen and soil total nitrogen in�uence both
microbial activity and soil quality [14], this is pivotal to crop production.

One of the methods of biofertilization is increasing the abundance of microbes in the rhizosphere of plants [19]. Elucidating
nitrifying bacteria and archaea associated with speci�c crop types and growth stages could provide information for its
biotechnological application. To date, many of the maize rhizosphere resident nitrifying bacteria and archaea associated with
varying growth stages are unknown. Identifying them and the in�uence of the rhizosphere environmental factors would enhance
microbiome-based management strategy for nitrogen utilization. We hypothesize that maize rhizosphere inhabit unique
composition of nitrifying bacteria and archaea across different growth stages and they are in�uenced by environmental factors.
This study elucidates the diversity and abundance of nitrifying bacteria and archaea across different growth stages of maize
rhizosphere using 16S metagenomics. Also, the study evaluates the relationship among the environmental factors and their
in�uence on the nitrifying bacteria and archaea.

2.0 Materials And Method

2.1 Sampling and Environmental condition
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 Fig. 1). The region has a mean annual temperature ranging from
22oC - 35oC in summer, 2oC - 20oC 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 identi�ed; Pretasseling growth stage (PR), tasselling growth stage (TA) and fruiting growth stage
(FR). The rhizosphere soil was collected between 0-15 cm depth and 0-5 cm breath 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 -20oC.

2.2 Physio-chemical analysis of the rhizosphere and bulk soil
The 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 [20]. Nitrate and Ammonium were measured using KCL
extraction method described by Keeny and Nelson [21]. Organic matter was measured using loss of ignition method [22]. Total
carbon was analyzed using dry combustion method [23]. Organic carbon was measured using the method described by Walkley
and Black [24]. Total Nitrogen was analyzed using digestion method [25]. HCl extraction method was used to determine the
sulfur content of the rhizosphere as described by Smittenberg [26]. The pH was measured with Jenway 3520 pH meter (cole –
parner instruments, Staffordshire UK) after mixing rhizosphere (2g) and deionized water (10ml).

2.3 DNA extraction and 16S metagenomics sequencing
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') [27]. The amplicons were then gel puri�ed, end-repaired,
and Illumina-speci�c adaptor sequences ligated to each of them. The samples were individually indexed after quanti�cation, and
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another puri�cation 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 (2x300 bp long paired-end reads) was generated.

2.4 Metagenome assembly and gene annotation
The MG-RAST server (http://www.mg-rast.org) was used to process and analyze the raw sequences, which were uploaded as a
FastQ �le [28]. Trimomatic v 0.33 program was used to carry out the quality control which included �ltering of ambiguous bases,
removal of chimeras, minimum read speci�cation and length �ltering [29]. Following that, the sequence reads were annotated
using the BLAT technique [30] and the M5NR database [31]. The data normalization tool was applied to reduce experimental
error. Default parameters were used for the bioinformatics tools. The abundance of bacterial and archaeal community at
different growth stages were evaluated. Reads of eukaryotes and unclassi�ed 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).
Alpha and beta diversity was carried out using Past version 2.17 [32]. The CANOCO 5 was used to carry out principal component
analysis and principal coordinate analysis using default settings [33]. XLSTAT was used to determine the relationship between
the environmental factors and the in�uence on nitrifying bacteria and archaea.

3.0 Results

3.1 Rhizosphere environmental factors
The statistical analysis of the rhizosphere physical and chemical parameters are summarized in Table 1. The pH which is the
focal point of the physical and chemical parameter 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
sulphur, 4.348 mg/kg ammonium, 6.123 mg/kg nitrate. The carbon to nitrogen ratio is approximately 9:1. The NH4 to NO3 ratio is
approximately 1:1.4.

Table 1
Physio-chemical parameters of the Maize rhizosphere.

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-Sulphur (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.
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3.2 16S metagenomics sequencing of maize rhizosphere across
different growth stages
The information of the sequence read is listed in Table 2. Rarefraction curve shows the richness of species sequences across the
different vegetative growth (Fig. 2). Table 3 and Fig. 3 show 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 Chloro�ex (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 signi�cant difference (P=0.99) in the bacteria and archaea phylum groups across the different
growth stages (Table 4). At P=0.01, R=0.58 the beta diversity showed a signi�cant difference across the growth stages.

Table 2
16S Metagenomic sequence information for maize rhizosphere across different growth stages

SAMPLE DATA BEFORE QC DATA AFTER QC

Size (bp) No. of
raw
sequence
reads

Mean
sequence
length(bp)

Mean GC
content(%)

No of
arti�cial
duplicate
read

Size (bp) No. of
sequence
reads

Mean
sequence
length
(bp)

Mean
GC
content
(%)

BU1 39999874 93132 429 ± 60 59 ± 5 78725 5544447 13981 397 ± 92 59 ± 4

BU2 33959250 79190 429 ± 62 58 ± 5 66328 4922216 12368 398 ± 91 59 ± 4

BU3 39439263 91569 431 ± 59 58 ± 4 78070 5209032 13189 395 ± 94 58 ± 4

PR1 34765082 81200 428 ± 61 59 ± 4 68091 5073152 12759 398 ± 91 59 ± 4

PR2 33890551 78866 430 ± 57 59 ± 4 66470 4840435 12182 397 ± 91 59 ± 4

PR3 45088395 104815 430 ± 60 58 ± 5 89330 5962707 14913 400 ± 88 59 ± 4

TA1 39088384 91384 428 ± 60 58 ± 5 77224 5387058 13644 395 ± 91 59 ± 4

TA2 37052055 87143 425 ± 69 58 ± 7 73348 5025426 12809 392 ± 94 59 ± 4

TA3 31458263 74393 423 ± 67 58 ± 6 61962 4557768 11824 385 ± 95 59 ± 4

FR1 35728655 84510 423 ± 66 58 ± 5 69749 5486405 14237 385 ± 95 58 ± 4

FR2 34499959 81697 422 ± 68 58 ± 6 66905 5381358 14139 381 ±
100

58 ± 5

FR3 33357878 78587 424 ± 64 58 ± 5 65154 5088829 13101 388 ± 95 59 ± 4
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Table 3
Relative abundance (%) of the different phylum across the different growth stages

Phylum BU PR TA FR  

Actinobacteria 46.053 ± 3.137 46.988 ± 3.377 41.997 ± 2.371 42.016 ± 2.183

Firmicutes 23.800 ± 4.266 24.171 ± 2.097 24.902 ± 4.510 26.752 ± 0.835

Proteobacteria 10.350 ± 0.857 9.210 ± 0.468 9.861 ± 0.797 10.066 ± 1.395

Gemmatimonadetes 4.920 ± 0.152 5.589 ± 0.651 3.664 ± 1.025 5.164 ± 0.444

Planctomycetes 3.600 ± 0.609 4.334 ± 0.795 6.452 ± 1.192 4.551 ± 0.484

Chloro�exi 2.256 ± 0.450 2.592 ± 0.418 1.527 ± 0.034 2.026 ± 0.363

Acidobacteria 2.099 ± 0.309 2.912 ± 0.726 7.837 ± 2.114 4.226 ± 1.271

Bacteroidetes 5.232 ± 6.370 2.215 ± 0.352 1.405 ± 0.094 2.322 ± 0.289

Verrucomicrobia 0.606 ± 0.128 0.853 ± 0.141 0.842 ± 0.111 1.476 ± 0.068

Nitrospirae 0.401 ± 0.036 0.414 ± 0.086 0.698 ± 0.305 0.500 ± 0.021

Cyanobacteria 0.250 ± 0.090 0.268 ± 0.070 0.107 ± 0.035 0.220 ± 0.068

Spirochaetes 0.176 ± 0.067 0.194 ± 0.041 0.366 ± 0.309 0.400 ± 0.096

Deinococcus-Thermus 0.123 ± 0.067 0.104 ± 0.020 0.035 ± 0.012 0.079 ± 0.011

Chlamydiae 0.040 ± 0.018 0.041 ± 0.014 0.055 ± 0.015 0.075 ± 0.043

Thermotogae 0.038 ± 0.003 0.050 ± 0.014 0.178 ± 0.018 0.073 ± 0.005

Thermodesulfobacteria 0.010 ± 0.009 0.008 ± 0.004 0.004 ± 0.004 0.008 ± 0.003

Aqui�cae 0.015 ± 0.003 0.016 ± 0.004 0.019 ± 0.004 0.011 ± 0.002

Tenericutes 0.009 ± 0.005 0.0188 ± 0.005 0.001 ± 0.001 0.006 ± 0.003

Synergistetes 0.013 ± 0.004 0.010 ± 0.003 0.032 ± 0.019 0.018 ± 0.003

Dictyoglomi 0.004 ± 0.002 0.008 ± 0.008 0.009 ± 0.005 0.004 ± 0.002

Deferribacteres 0.002 ± 0.002 0.001 ± 0.001 0.003 ± 0.001 0.002 ± 0.000

Chlorobi 0.001 ± 0.001 0.002 ± 0.001 0.004 ± 0.002 0.002 ± 0.002

Elusimicrobia 0.001 ± 0.001 0.002 ± 0.002 0.002 ± 0.002 0.001 ± 0.002

Fibrobacteres 0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 0.002 ± 0.002

Thaumarchaeota 0.001 ± 0.001 0.003 ± 0.002 0.002 ± 0.002 0.004 ± 0.003

BU- Bulk soil, PR- Pretasseling stage rhizosphere, TA- Tasseling stage rhizosphere, FR- Fruiting stage rhizosphere. Mean ±
standard deviation (n=3).
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Table 4
Evaluation of evenness and diversity of bacteria and archaea across different growth

stages.
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).

3.2 Taxonomic pro�ling 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 identi�ed (Table 5 and Fig. 4). Nitrospira groups
are the most abundant with their relative abundance highest at the TA stage 67.94%. Nitrosospira and unclassi�ed (derived from
Nitrosomonadales and Nitrosomonadaceae) were also notably abundant. Fig. 5. shows the principal component analysis (PCA)
conducted to reveal how the nitrifying bacteria and archaea were distributed at the various growth stages.

Table 5
Relative abundance (%) of nitrifying bacteria and archaea at genus level at the different growth stages

Genus BU PR TA FR

Nitrospira 66.82 ± 5.34 65.20 ± 2.27 67.94 ± 7.85 63.6 ± 2.22

Nitrosospira 12.56 ± 1.14 13.30 ± 0.38 9.67 ± 4.03 11.62 ± 1.47

unclassi�ed (derived from Nitrosomonadales) 12.10 ± 3.18 11.75 ± 1.64 14.50 ± 1.73 15.54 ± 2.95

unclassi�ed (derived from Nitrosomonadaceae) 2.67 ± 1.43 2.63 ± 0.32 0.89 ± 0.58 1.77 ± 0.14

Nitrobacter 2.10 ± 0.90 2.49 ± 1.22 3.81 ± 2.22 3.28 ± 0.40

Nitrosovibrio 2.01 ± 0.26 2.20 ± 0.81 1.65 ± 0.18 1.52 ± 0.30

Nitrosomonas 1.12 ± 0.59 0.87 ± 0.49 0.43 ± 0.13 1.10 ± 0.50

Candidatus Nitrososphaera 0.18 ± 0.16 0.42 ± 0.37 0.17 ± 0.15 0.56 ± 0.35

Nitrosococcus 0.17 ± 0.29 0.00 ± 0.00 0.37 ± 0.37 0.63 ± 0.47

Nitrococcus 0.00 ± 0.00 0.00 ± 0.00 0.20 ± 0.18 0.08 ±0.13

BU- Bulk soil, PR- Pretasseling stage rhizosphere, TA- Tasseling stage rhizosphere, FR- Fruiting stage rhizosphere. Mean ±
standard deviation (n=3).

 

3.3 Assessment of nitrifying bacteria and archaea diversity across
different growth stages.
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 signi�cant difference (Table 6). Beta diversity showed
a signi�cant 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 (Fig. 6).
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Table 6
Alpha diversity evaluation of nitrifying bacteria and archaea across different growth

stages.
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).

 

3.4 Relationship among maize rhizosphere environmental factors and
their in�uence on nitrifying microorganism
The Pearson’s correlation coe�cient showed both positive and negative correlation among the physical and chemical
parameters (Table 7).

Table 7
Pearson’s correlation coe�cient (r) matrix analysis showing relationship among maize rhizosphere environmental factors.

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

Abbreviation of parameters are detailed in Table 1. 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) =
insigni�cant correlation. p ≤ 0.05

 

3.4 In�uence of maize rhizosphere environmental factors on nitrifying
bacteria and archaea
Table 8. showed that a substantial number of the environmental factors had both positive and negative correlations on the
nitrifying community.
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Table 8
Pearson’s correlation coe�cient (r) matrix analysis showing the in�uence of environmental factors and nitrifying bacteria.

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

unclassi�ed (derived from
Nitrosomonadales)

0.97 -0.97 -0.65 -0.51 -0.68 -0.67 -0.78 -0.55 0.43 -0.82

unclassi�ed (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

Abbreviation of parameters are detailed in Table 1. 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) =
insigni�cant correlation. p ≤ 0.05

4.0 Discussion
This study pro�led the nitrifying bacteria and archaea associated with maize rhizosphere and evaluated their diversity across
different growth stages. Also, the environmental factors were analyzed and correlated with the nitrifying community. The pH is
seen to be moderately acidic (5.93) according to USDA [34] characterization. This could be as a result of the high level of sulfur
noted (336 mg/kg). Sulfur is said to increase the acidity of soil when at a high level [35]. The ratio of Carbon to nitrogen (9:1) is
slightly higher than USDA [34] recommendation (8:1). Also, the NH4 to NO3 ratio (1:1.4) falls short of expectation, Liu, Du and Li
[18] reported a ratio of 1:3 for the soil microorganism. The holistic physical and chemical parameter does not seem to be
favorable to the proliferation of nitrifying community with an average of 0.5% relative abundance (Table 3). Kong, Eriksen and
Petersen [36] report a favorable pH of 7.0 to 7.5 for nitrifying bacteria.

Nitrifying bacteria and archaea are ubiquitous and are found in varying environmental conditions. The 9 genera of nitrifying
bacteria identi�ed in this study are; Nitrospira, Nitrosospira, unclassi�ed (derived from Nitrosomonadales), unclassi�ed (derived
from Nitrosomonadaceae), Nitrobacter, Nitrosovibrio, Nitrosomonas, Nitrosococcus, Nitrococcus. The order Nitrosomonadaceae
and Nitrosomonadales still have unclassi�ed and yet to be cultured bacterium species that are likely to be nitrifying bacteria. The
only archaea genus discovered was Candidatus Nitrososphaera, which carry out ammonia oxidation [37], it had also been
reported by Melnichuk, Abdurashytov, Andronov, Abdurashytova, Egovtseva, Gongalo, Turin and Pashtetskiy [38] and Enebe and
Babalola [39] to be associated with crops including maize.

Ammonia oxidizing bacteria noted in this study were Nitrosospira, Nitrosomonas, Nitrosococcus [40] and Nitrosovibrio [41].
Nitrosomonas was recently discovered in maize rhizosphere soil in low abundance by Wang, Rogers, Ng and He [42]. The nitrite
oxidizing bacteria carrying out the second stage of nitri�cation were the genus Nitrospira, Nitrobacter and Nitrococcus [40].
Nitrospira is known to be well distributed globally and was found to be most abundant. It was recently observed by Sun, Zhao,
Fan, Chen, Ruan and Wang [43] in a maize rhizosphere. Also, Nitrobacter was noted in a maize-soybean rotation system by Meier,
Lopez-Guerrero, Guo, Schmer, Herr, Schnable, Alfano and Yang [44]. Unclassi�ed nitrifying microorganisms were seen in the order
Nitrosomonadaceae and order Nitrosomonadales. This a�rms the possible presence of novel nitrifying bacteria in the studied
maize rhizosphere. Stein [45], mentioned there has been an increasing number of novel nitrifying microorganisms discovered
lately. This could be as a result of advanced technologies used in sequencing.
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Schlemper, Leite, Lucheta, Shimels, Bouwmeester, van Veen and Kuramae [46] a�rm the existence of variation in bacteria
population across different growth stages. The rarefraction curve shows that each of the growth stages had high number of
species diversity (Fig. 2.). The PCoA plot showed a distinct diversity and gap across the growth stages (Fig. 6). 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
(Table 3). Also, Nitrospira genus was most abundant at the TA stage. This could be as a result of increasing demand of nutrient
as the plant increase in growth. According to Rocha, Kuramae, Borges, Leite and Rosolem [47], the abundance of microorganisms
associated with nitri�cation increases with increasing developmental stages. Furthermore, Lu et al. (2018) explain that the
increased and prolonged availability of nitrogen in the rhizosphere by nitrifying microorganisms delays �owering.

The heatmap showed that all the nitrifying bacteria genus were unequally distributed across the different growth stages (Fig. 5).
A likely trend was observed in the overall microbial community of a study carried out by Fu, Xiao, Liu, Zhang, Wang and Yang [48]
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 signi�cant difference. However, there was a signi�cant difference (P=0.01) in the
beta diversity of the different growth stages. Peiffer et al. (2013), also reported a signi�cant difference between the beta diversity
between maize bulk soil and rhizosphere soil. They attributed it to the maize genotype. The result obtained from the correlation
a�rms there is indeed a direct and indirect interlink within the environmental factors. Also, between them and the nitrifying
community, the environmental factors showed both positive and negative correlations with a substantial number of the nitrifying
community. This was also observed by Fu, Xiao, Liu, Zhang, Wang and Yang [48] between microbial community and soil
nutrients.

5.0 Conclusion
Pro�ling and diversity of nitrifying bacteria and archaea of maize rhizosphere across different growth stages were carried out. At
the genus level, 9 genera of nitrifying bacteria and 1 archaeon were identi�ed. 2 out of the 9 genera were yet to be identi�ed
nitrifying bacteria from the order Nitrosomonadaceae and order Nitrosomonadales. The tasselling growth stage had the most
abundant of the nitrifying bacteria. The correlation within the environmental factors show the existence of a relationship between
some parameter in the rhizosphere and it reveals possible impact or non-impact on nitrifying community. Prominent nitrifying
bacteria and archaea associated with maize rhizosphere identi�ed in this study and the understanding of the environmental
factors in�uence on them can be used as a microbiome-based strategy to improve the productivity and yield of maize plants.
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Figure 1

Sketch map of the study area, Molelwane farm, North West Province, South Africa
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Figure 2

Rarefractive curves showing the richness of species sequences across the different vegetative growth. BU= samples from bulk
soil, PR= samples from pretasseling growth stage, TA= samples from tasseling growth stage, FR= samples from fruiting growth
stage
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Figure 3

Heatmap showing the relative abundance of Bacteria and Archaea at each growth stage. Z- score with the scale bar show the
gradient of colour 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 4

Heatmap showing list and relative abundance of nitrifying bacteria and archaea genera. Z- score with the scale bar shows the
gradient of colour saturation representing the relative abundance of the organisms.

Figure 5

Principal Component analysis (PCA) of nitrifying bacteria and archaea group 16S metagenomics sequence. The resultant vector
showed the structural shift and the in�uence 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%)].



Page 18/18

Figure 6

Principal coordinate analysis (PCoA) of nitrifying bacteria and archaea genera across different growth stages.


