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Abstract 

The sustainable production of sunflower (Helianthus annuus) is crucial and one way to accomplish this feat is to have 
an understanding of the beneficial bacteria of sunflower rhizosphere. Similarly, the respiratory response of these 
bacteria needs to be studied to understand their roles in the ecosystem. This study was therefore conceptualized to 
gain insights into the effects of soil properties and carbon substrate utilization on bacterial community diversity of 
sunflower rhizosphere grown in Ditsobottla and Kraaipan, North West Province, South Africa. Extracted DNA from sun-
flower rhizosphere and bulk soils was subjected to 16S amplicon sequencing. Significant differences were observed 
in the alpha and beta diversities of the soil bacterial communities (p < 0.05). At the order level, among all the bacterial 
taxa captured in the farms, Bacillales were the most dominant. The abundance of Lactobacillales, Bacillales, Rhizobiales, 
Enterobacteriales, Burkholderiales, Flavobacteriales, Sphingomonadales, Myxococcales, and Nitrosomonadales obtained 
from Ditsobottla rhizosphere soil (R1) was positively influenced by organic matter (OM), while the abundance of 
Planctomycetales, Cytophagales, Gemmatimonadales, Nitrospirales and Caulobacteriales from Kraaipan rhizosphere soil 
(R2) was positively influenced by total N and pH. Bacterial communities of all the soil samples utilized the different 
carbon substrates (three amino acids, six carbohydrates, and three carboxylic acids) as an energy source. Significant 
differences (p < 0.05) were only observed in tryptophan and methionine amended soils. Unclassified bacteria were 
also captured in this study, such bacteria can further be harnessed for sustainable production of sunflower and other 
agricultural crops.
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Introduction
Over a decade, studies have revealed that plant-microbial 
interactions are crucial for plant growth and health, and 
these interactions are of immense importance in com-
prehending nature conservation and agricultural sustain-
ability (Nwachukwu and Babalola 2021). Similarly, recent 
attempts to understand the belowground activities have 
shown that the rhizosphere bacterial communities play 
a key role in improving ecosystem functions and plant 

yield (Agomoh et  al. 2020; Igiehon and Babalola 2018). 
The richness and diversity of rhizosphere bacterial com-
munities significantly contribute to the resilience and 
resistance of the ecosystem to biotic and abiotic stresses 
(Shrestha et  al. 2019). Interestingly, awareness into 
plant–soil interactions and processes are complex and 
still require further studies (Yee et al. 2021).

Soil microorganisms play important roles in many 
soil processes, including nutrient acquisition, nitrogen 
and carbon acquisition, and transformation of plant 
deposits to soil organic matter (Jiang et  al. 2021; Enebe 
and Babalola 2021). In plants, nutrient distributions 
and accessibility differ significantly depending on the 
soil type, plant species, and plant age (Nwachukwu and 
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Babalola 2021; Lambers et  al. 2008). Generally, plants 
influence the rhizosphere bacterial communities through 
the release of metabolites that stimulate or reduce the 
proliferation of a particular species of the microbiota, 
thus creating an environment favorable for the plant spe-
cies (Nwachukwu et al. 2021; Igiehon et al. 2019). Other 
plant species harbors species-specific microorganisms 
that are strictly linked with them in the rhizosphere (Yee 
et al. 2021). Rhizosphere bacterial communities likewise 
show an advanced level of host interaction and specificity 
with plant species (Schlatter et al. 2019).

On the contrary, cropping system and agricultural 
practices have a strong influence on soil microbial diver-
sity, crop benefits and soil properties (Zhang et al. 2019). 
A lot of studies have assessed soil bacterial diversity, lim-
ited studies have, however, investigated the impact of 
carbon substrate utilization on their functions. Neverthe-
less, considering the multifaceted dynamics that regulate 
rhizosphere bacterial communities, the fundamental sig-
nificance and functions of rhizosphere microbiome are 
still not fully understood (Shrestha et al. 2019).

Furthermore, physicochemical properties of soils and 
other abiotic components can regulate the interactions 
between soil bacterial communities and plants (Igiehon 
et  al. 2019). The ability of soil bacterial communities to 
breakdown numerous organic compounds helps to con-
trol the transformation rate of these compounds. There-
fore, for proper functioning of soils, the structural and 
functional diversity of bacterial communities are of enor-
mous significance (Chukwuneme et  al. 2021; Babalola 
et  al. 2021). Insight into carbon substrate utilization of 
the bacterial communities inhabiting sunflower rhizo-
sphere and bulk soils is also important to comprehend 
how these ecosystems function. To the best of our knowl-
edge, limited studies exist on the processes and effects of 
different carbon respiration on the diversity, structural 
and functional characteristics of the rhizosphere micro-
biome associated with sunflower plants. The respiratory 
response of soil microorganisms to environmentally rel-
evant substrates, especially those involved in plant-bac-
terial activities need to be understood to reveal the role 
played by diverse soil microorganisms and their func-
tional diversities. This study, therefore, aimed to unveil 
the influence of rhizosphere carbon respiration on the 
structural and functional attributes used by the rhizo-
sphere bacterial community associated with sunflower 
plants using amplicon sequencing, and community level 
physiological profile (CLPP). We hypothesized that the 
bacterial community structure and CLPP of sunflower 
rhizosphere soils would be different from bacterial com-
munity structure and CLPP of their corresponding bulk 
soils. These projected variations in bacterial community 
structure and carbon utilization between the soil habitats 

may be alluded to a significant increase in the amount of 
root exudates, plant-bacterial interactions, and greater 
utilization of highly structurally complex carbon sub-
strates in the rhizosphere soil compared to their corre-
sponding bulk soils.

Materials and methods
Farm history and sample collection
This study was performed in the  North West Province 
of South Africa. The province has a summer period 
between December and February characterized with 
short thundershowers in the afternoon. The mean rain-
fall is between 300 and 700  mm per annum, while dur-
ing summer and winter the temperatures are between 22 
and 34  °C. The annual mean temperature during winter 
(June–August) is between 2 and 20  °C, while autumn 
(March–May) and spring (September–November) 
annual temperatures are mainly between 13 and 25  °C 
and 19–30 °C respectively.

The two major sunflower plant farms in Ditsobottla 
also called Sheila (26o 2′41.202″ S 25o 57′ 47. 49″ E) and 
Kraaipan (26o 17′24.186″ S 25o 13′33.258″ E) were cau-
tiously selected based on the agricultural practices of the 
farms (Additional file 2: Table S1). Approval was obtained 
from the farm owners. Sunflower seed (Pen 7011 Pan-
nar) was the cultivar planted on both farms. Over the 
years, both farms have history of fertilizer (NPK 15:8:4) 
application.

Precisely, after 8 weeks of cultivation, rhizosphere and 
bulk (control) soils were collected from both farms. Two 
replicate soil samples each were obtained for Ditsobottla 
and Kraaipan rhizosphere soils (R1 and R2 respectively), 
and each replicate was composed of soils collected from 
20 plants after germination at a depth of 0–15 cm on dif-
ferent plots having radius of 3 cm away from the plants, 
and afterward pooled together to make a composite sam-
ple as described by Oberholster et  al. (2018). Similarly, 
Ditsobottla and Kraaipan bulk soils (B1 and B2 respec-
tively) were collected from the surrounding soil at a dis-
tance of 10 m away from the sunflower rhizospheres.

The soil samples were collected into sterile plastic bags, 
then transferred into an ice packed container and con-
veyed to the laboratory immediately. A mesh sieve (2-mm 
pore size) was used to sieve the soil samples, while the 
sieved soil samples were divided into three portions: one 
portion was used for 16S amplicon sequencing, which 
was stored at – 20  °C, the second portion was stored at 
4 °C for physiochemical analyses, while the third portion 
was used for CLPP.

Soil physiochemical analyses
A Jenway 3520 pH-meter (Cole-Parmer Instruments, 
Staffordshire, UK) was used to determine soil pH after 
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mixing 2 g of the soil in 10 ml deionized water. Soil mois-
ture content was quantified by oven-drying the soil sam-
ples at 105  °C for 24 h (Colombo et  al. 2016). The total 
nitrogen was determined using dry combustion method, 
while Walkley Black method was used to ascertain the 
organic carbon (Walkley and Black 1934; Jacoby et  al. 
2017).

Metagenome DNA extraction and amplicon sequencing
Zymo DNA isolation kit (Zymo Research, Irvine, USA) 
was used for the extraction of the DNA following manu-
facturer’s instruction. The extracted DNA samples were 
sent to MR DNA Laboratory (Texas, USA) for 16S ampli-
con sequencing. The 16S rRNA gene variable region V4 
for bacterial community was sequenced using an Illu-
mina MiSeq sequencer (Illumina NovaSeq 6000 system). 
The PCR primers 515  F and 806R were used, and then 
paired-ends reads of 312 bp were obtained.

Annotation, data and statistical analyses
The forward and reverse sequences were obtained after 
sequencing was performed on the Illumina MiSeq 
sequencer using a paired-end technique. The raw 
sequence reads were uploaded into MG-RAST, an online 
server (Meyer et al. 2008). After joining the paired ends 
on the MG-RAST to generate consensus sequences, 
quality control (QC) processes were carried out, and 
the sequence reads were pre-processed (to remove the 
artificial sequences, ambiguous base pairs and host spe-
cific-species sequences), followed by filtering of the read 
length. Then, the sequences were denoised and screened 
for the presence of chimeras. The processed sequences 
were annotated using BLASTn (Mohammed et al. 2020) 
against RDPII and NCBI databases (Garcia-Mazcorro 
et  al. 2019), permitting non-redundant integration of 
numerous databases. The RDP was used to classify the 
bacteria.

Further analyses were not conducted on sequences 
that failed annotation. The normalized data option of 
MG-RAST was used to reduce the effect of experimen-
tal error/noise. The bacterial abundance values which 
were assembled according to the taxa, and unclassified 
bacteria were reserved for statistical purposes. After-
ward, the taxa abundance values were transformed into 
percentages. Binning was carried out on the analogous 
sequences into operational taxonomic units (OTUs). 
OTUs were clustered at 3% divergence (97% similarity). 
Equitability_J, Fisher_alpha, Berger-Parker and Chao-1 
were used to estimate species richness. Taxonomic rich-
ness was expressed as OTU number. Furthermore, sta-
tistical analysis was carried out using the mean of the 
relative abundance for all the replicates of each sampling 
site. The sequences have been deposited on the National 

Center for Biotechnology Information SRA dataset under 
the accession number PRJNA672856.

Determination of carbon substrate utilization by soil 
bacterial components using CLPP technique —
MicroPlate™

The bacterial community level physiological profiles 
of the soil samples were determined using the Micro-
Resp™ method (Moscatelli et al. 2018). Soil samples were 
adjusted to 40% of their maximum water holding capacity 
and loaded into 96-well of 1.2 ml deep-well microplate. 
Prior to carrying out MicroResp™ method, 0.4  g of soil 
was distributed to each well and incubated in the dark at 
25 °C for 5 days.

Eleven (11) different carbon substrates, consisting of 3 
amino acids (L-methionine, L-tyrosine, S-tryptophan), 
6 carbohydrates (D-galactose, D-glucose, d-fructose, 
d-maltose, Sucrose) and 3 carboxylic acids (d-pantoth-
enic, citric acid, malic acid) were used to determine the 
physiological profiles, while distilled water served as the 
control. Sterile deionized water was used to measure 
individual basal respiration. Each substrate dissolved in 
sterile deionized water was added to 4 replicated wells. 
Detection plates containing cresol red (12.5  µg/ml), 
potassium chloride (150 mM) and sodium bicarbonate 
(2.5 mM) were read at absorbance wavelength 570  nm, 
and immediately placed on the MicroResp™ seal, and 
then incubated at 25  °C in the dark for 6  h as recom-
mended in the instruction manual. After incubation, the 
modification in optical density (OD) was determined on 
a spectrophotometer microplate reader (AccuReader 
M965+, Taipei, Taiwan) at a wavelength of 570 nm. The 
rate of individual CO2 respiration per gram of soil was 
calculated using the formula provided in the MicroResp™ 
manual (James Hutton Ltd, UK). Total respiration rate 
was obtained by following the method of Colombo et al. 
(2016) with little modification.

Statistical analyses
Microsoft Excel Software was used to analyze the abun-
dance and distribution of the key rhizosphere bacterial 
communities at the class and order level. Also, Shiny-
heatmap online tool (www1.heatmapper.ca/expression/) 
was used for the plotting of heatmaps using the relative 
abundance values. Equitability_J, Fisher_alpha, Berger-
Parker and Chao-1 indices for diversity assessment were 
used for samples across rhizosphere and bulk soil sam-
ples, and the comparison of these indices was performed 
using Kruskal–Wallis test. The analyses were carried out 
using PAST version 3.20 (Hammer et al. 2001). Beta (β) 
diversity of the bacterial communities of the samples 
was determined using the Euclidean-based principal 
coordinate analysis (PCoA) and ANOSIM through 999 
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permutations. p < 0.05 was considered statistically sig-
nificant for all datasets. Both PCoA and Principal Com-
ponent Analysis (PCA) graphs were used to evaluate 
the relationship between bacterial communities and the 
measured physiochemical parameters, which were plot-
ted using CANOCO version 5.0 (Microcomputer Power, 
Ithaca, NY). The effects of pH, total N and OM on the 
bacterial community distribution were determined using 
Canonical Correspondence analysis (CCA). Graphs and 
one-way ANOVA for functional measurements were 
achieved using GraphPad Prism 7 (GraphPad Software, 
California).

Results
Amplicon metagenome sequencing, quality control 
and protein annotation
An estimated mean number of sequences uploaded were 
73,877,515 (R1) and 80,404,565 (R2) sequence reads 
for sunflower rhizosphere soils and 50,642,798 (B1) 
and 74,956,208 (B2) sequence reads for bulk soil sam-
ples. After performing quality control (QC) using MG-
RAST software, the estimated sequence were 8,362,450 
(R1) with a mean G + C content of 56%, and R2 had a 
mean sequence of 8,310,524 with a mean G + C content 
of 55.5%, while the mean sequence of B1 sample was 
5,824,673 with a mean G + C content of 54.5%. Whereas, 
B2 had a mean sequence of 9,525,300 with a mean G + C 
content of 57%. Additionally, 29,112 (R1) and 272,663 
(R2) sequence reads contained predicted proteins with 
unknown functions from the sunflower rhizosphere soils, 
while 173,859 (B1) and 254,030 (B2) sequence reads con-
tained predicted proteins with unidentified functional 
categories from sunflower bulk soil samples.

OTU sequences were clustered at a similarity of 97% 
and the abundant values for R1, R2, B1 and B2 were 
obtained. A Venn diagram http://​bioin​forma​tics.​psb.​
ugent.​be/​cgi-​bin/​liste/​Venn/​calcu​late_​venn.​htpl (Oli-
veros 2017) (Fig. 1) revealed that R1 and B1 shared 34.0% 
of OTUs, while R2 and B2 shared 35.6% of OTUs. How-
ever, 32.7% of OTUs was shared between R1 and R2.

Alpha and beta diversity assessment of the bacterial 
communities across the sampling sites
The diversity of the structural categories was examined 
using the equitability_J, Fisher_alpha, Berger-Parker and 
Chao-1, and the results revealed that they differ signifi-
cantly (p < 0.05) (Table 1). Through Kruskal-Wallis evalu-
ation, the level of the differences in structural diversity 
across the sites was estimated and was found to be sig-
nificant (p = 0.01). The PCoA graph revealed a clear dif-
ference in the relative abundance of bacterial groups 
between R1 and B1 sites as compared to R2 and B2 sites 
(Fig. 2). One-way ANOSIM was used to test for similarity 

across the sites. The results showed a significant differ-
ence in the identified bacterial communities from all sam-
ples across the cropping sites (R = 1.167 and p = 0.01).

Bacterial structural composition at the class and order 
level across the rhizosphere and bulk soil samples
Sequence tags were assigned to rhizosphere and bulk soil 
samples into diverse taxa via rapid metagenomic anno-
tations using MG-RAST software. At the class level, the 
relative abundance of bacterial class for each soil sample 
is presented in Fig. 3. Relative abundance of Bacilli, Bac-
teroidia, Acidobacteria, Planctomycetacia, Flavobacteria, 
and Betaproteobacteria were higher in R1. Gammapro-
teobacteria and Opitutae were observed to be more 
abundant in the corresponding bulk soil (B1). Bacilli were 
higher in all soil samples (R1, B1, R2, and B2) with rela-
tive abundance values of 38.18, 30.66, 28.85 and 37.43 
respectively. Gammaproteobacteria were dominant in 
R1, B1, and R2 soil samples with relative abundance val-
ues of 23.74, 28.36, and 21.96 respectively. While Act-
inobacteria (18.05) were recorded to be more abundant 
in bulk soil sample (B2). Cytophagia was exclusively 
detected in the rhizosphere soil (R2). Whereas, Actino-
bacteria, Clostridia, Spingobacteria, Gemmatimonadetes, 
Deltaproteobacteria, Negativicutes, Thermamicrobia, 
Solibacteres, Nitrospira and Spartobacteria were abun-
dant in the bulk soil sample (B2).

At the order level, the relative abundance of Bacillales 
were higher in R1 (36.24) than the bulk soil (B1 = 29.28). 
On the other hand, B2 (37.00) had higher mean relative 
abundance than the rhizosphere soil (R2 = 26.99). Pseu-
domonadales were higher in bulk soil (B1 = 26.94) than 
in the R1 (22.64). Also, Pseudomonadales in R2 (21.10) 
were more than those of B2 (7.35). Actinomycetales were 
higher in B2 (7.41) than R1, B1, and R2. From the heat-
map Z score color intensity, Lactobacillales, Burkhold-
eiales, Enterobacteriales, Rhizobiales, Sphingomonadales, 
Myxococcales, Nitrosomonadales, and Flavobacteriales 
were higher in the R1 than in other soil samples. Spin-
gobacteriale and Herpetosiphonales were relatively more 
abundant in B2. Lactobacillales and Nitrospirales were 
more dominant in R2. Rubrobacterales, Caulobacterales, 
Gemmatimononadales, Pleurocapsales, Cytophagales and 
Rhodocyclales were highly abundant in the correspond-
ing bulk soil (B2) (Fig.  4). There were significant differ-
ences (p < 0.05) between the mean relative abundance of 
the bacterial communities of the two farms at the class 
and order level.

Effect of soil properties on bacterial communities
The CCA plot showed that the composition of bacterial 
communities was influenced by the soil properties. The 

http://bioinformatics.psb.ugent.be/cgi-bin/liste/Venn/calculate_venn.htpl
http://bioinformatics.psb.ugent.be/cgi-bin/liste/Venn/calculate_venn.htpl
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vector length of pH and total N were (on axis 1) posi-
tively correlated with Planctomycetales, Cytophagales, 
Gemmatimonadales, Nitrospirales and Caulobacterales. 
On axis 2, the vector length of organic matter positively 
correlated with Lactobacillales, Bacillales, Rhizobiales, 

Fig. 1  Venn diagram of shared operation taxonomic units between the bacterial components (at the order level) of sunflower rhizosphere and 
bulk soils obtained from Ditsobottla and Kraaipan farms. R1 Ditsobottla rhizosphere soil; B1 Ditsobottla bulk soil; R2 Kraaipan rhizosphere soil; 
B2- Kraaipan bulk soil

Table 1  Alpha diversity indices of the bacterial components of 
sunflower rhizosphere and bulk soils

R1 Ditsobottla rhizosphere soil; B1 Ditsobottla bulk soil; R2 Kraaipan rhizosphere 
soil; B2 Kraaipan bulk soil; p probability value

Alpha diversity indices Soil type p value

R1 B1 R2 B2

Equitability_J 0.4894 0.4366 0.5861 0.5579 0.01

Fisher_alpha 11.9 11.51 10.67 9.571

Berger-Parker 0.512 0.4373 0.3552 0.4314

Chao-1 23 22 22 22
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Fig. 2  PCoA of the bacterial components (at the order level) of 
sunflower rhizosphere and bulk soils obtained from Ditsobottla 
and Kraaipan farms using Canonical correspondence analysis. 
PCoA principal coordinates analysis; R1 Ditsobottla rhizosphere soil; 
B1 Ditsobottla bulk soil; R2 Kraaipan rhizosphere soil; B2 Kraaipan bulk 
soil
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Enterobacteriales, Burkholderiales, Flavobacteriales, 
Sphingomonadales, Myxococcales, Nitrosomonadales 
but negatively correlated with Actinomycetales, 
Clostridiales, Acidobacteriales, Rubrobacterales, Pleu-
rocapsales, and Rhodocyclales (Fig.  5). The soil prop-
erties that best explained the variance detected in the 
bacterial community structures observed in Figs.  5 
and 6 were ascertained using the forward selection 
and the Monte Carlo permutation test with random 

permutations. It was noted that all the soil variables 
contributed to the difference in the bacterial composi-
tion and abundance of the different soil samples, their 
contributions were, however, not significant (p ≥ 0.05) 
(Table  1). pH had the highest contribution of 71.4%, 
followed by total N with 20.0% contribution, and 8.6% 
contribution from organic matter.

Fig. 3   A heat-map of the bacterial taxonomic structure and relative abundance at class level from sunflower rhizosphere and bulk soils. The scale 
bar signifies colour saturation gradient established by the relative abundances with z-score. Bacterial groups with more intense color have higher 
relative abundant values. R1 Ditsobottla rhizosphere soil; B1 Ditsobottla bulk soil; R2 Kraaipan rhizosphere soil; B2 Kraaipan bulk soil
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Carbon substrate utilization by the sunflower rhizosphere 
soil isolates
Different soil types (R1, B1, R2, and B2) showed differ-
ent carbon substrate utilization and respiration rates 
as depicted in Figs.  6, 7 and 8. In tryptophan amended 
soils, the bacterial community of B2 had the highest res-
piration rate, which was significantly different (p < 0.05) 
from those of R1 and B1 (Fig. 6). Similarly, the bacterial 
community of B2 significantly (p < 0.05) utilize methio-
nine than those of R1, B1 and R2 with a concomitant 
higher respiration rate as depicted by the amount of CO2 

produced (Fig. 6). However, the bacterial respiration rates 
in the soils (that is, R1, B1, R2 and B2) amended with 
distilled water (control), tyrosine, malic acid, citric acid, 
d-pantothenic acid, sucrose, maltose, fructose, glucose 
and galactose showed no significant difference (p > 0.05) 
(Figs. 6, 7 and 8).

For the two rhizosphere soils, R2 showed a higher 
total respiration rate (16.83  µg g−1  h−1 CO2–C), while 
for the two bulk soils, B2 showed a higher total res-
piration rate (23.80  µg g−1  h−1 CO2–C). The respira-
tion responses from distilled water utilization (basal 

Fig. 4  Relative abundance of the bacterial taxonomic structure at order level from sunflower rhizosphere and bulk soils. Bacterial groups with 
high colour intensity have higher relative abundant values. R1 Ditsobottla rhizosphere soil; B1 Ditsobottla bulk soil; R2 Kraaipan rhizosphere soil; 
B2 Kraaipan bulk soil
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respiration) were 4.50, 7.23, 6.38 and 8.19  µg g−1  h−1 
CO2–C for R1, B1, R2 and B2 respectively.The influ-
ence of the carbon substrate utilization on the relative 
abundance of bacterial species at the order level was 
determined using CCA (Fig.  9). Herpetosiphonales, 
Sphingobacteriales, Pseudomonadales, and Plancto-
mycetales were positively correlated with citric acid 
and sucrose, but negatively correlated with tyros-
ine, glucose, maltose, fructose, galactose tryptophan, 
methionine, d-pantothenic acid and distilled water. 
Cytophagales, Gemmatimonadales, Nitrospirales, and 
Canulobacterales were positively correlated with malt-
ose, tyrosine, d-pantothenic acid, methionine, glucose, 
fructose, and distilled water but negatively correlated 

with tryptophan, galactose, malic acid, sucrose, and cit-
ric acid, while Actinomycelales, Acidobacteriales, Rho-
docyclales, Rubrobacterales, and Pleurocapsales were 
positively correlated with tryptophan and galactose but 
negatively correlated with tyrosine, distilled water, glu-
cose, maltose, fructose, malic acid, citric acid, sucrose, 
methionine and d-pantothenic acid. However, only 
malic acid influenced the abundance of Lactobacillales, 
Bacillales, Rhizobales, Enterobacteriales, Burkhoderi-
ales, Flavobacteriales, Myococcales, Nitrosomonadales, 
and Sphingomonadales (Fig. 9). Furthermore, the effect 
of sucrose, maltose and d-pantothenic acid on the bac-
terial community were lower than those of glucose, 
fructose, malic acid, citric acid, tryptophan, tyrosine, 
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Fig. 5  The influence of pH, total N and OM on the bacterial components (at the order level) of sunflower rhizosphere and bulk soils obtained from 
Ditsobottla and Kraaipan farms using Canonical correspondence analysis. N nitrate; % percentage; OM organic matter; R1 Ditsobottla rhizosphere 
soil; B1 Ditsobottla bulk soil; R2 Kraaipan rhizosphere soil; B2 Kraaipan bulk soil
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methionine, galactose and distilled water as shown by 
the lengths of the vectors. The total variation is 0.12110 
and permutation test results on all axes presented as 
pseudo-F < 0.1 and p = 1.

Out of all the carbon substrates used for this study 
(Fig.  9), tryptophan had the highest contribution of 
75.9% (p = 0.102), followed by galactose (16.7%). Thus, 

from Additional file  2: Table  S3, tryptophan best 
explained (75.9%) the variation that occurred in the soil 
bacterial (specifically Actinomycetales, Acidobacteri-
ales, Rubrobacteriales, Rhodocyclales, Pleurocapsules) 
composition and abundance (Fig.  9). Citric acid, how-
ever, had 7.5% effect (p = 1.000) on the soil bacterial 
components.

Fig. 6  Effects of soil type on soil functional properties as measured for distilled water i.e. control, tryptophan, tyrosine and methionine using 
MicroResp assay. Number of replicates (n) = 2. Data represent mean ± SE, ns not statistically significant; x statistically significant; xx more statistically 
significant; R1 Ditsobottla rhizosphere soil; B1 Ditsobottla bulk soil; R2 Kraaipan rhizosphere soil; B2 Kraaipan bulk soil
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From Additional file  1:  Fig. S3, the OM positively 
correlated with malic acid, citric acid, tyrosine and 
sucrose, but negatively correlated with other carbon 
substrates. Total N and pH positively correlated with 
galactose and tryptophan, but negatively correlated 
with other carbon substrates.

It was noted that all the soil variables contributed 
to the difference in carbon substrate utilization by the 
bacterial components of the soils (Additional file  2:  
Table  S4). Organic matter showed 51.4% contribu-
tion (p = 0.052) to malic acid, citric acid, tyrosine and 
sucrose utilization by the bacteria. pH and total N on 
the other hand, respectively showed 32.5% (p = 0.212) 

Fig. 7  Effects of soil type on soil functional properties as measured for malic acid, citric acid, d-pantothenic acid and sucrose using MicroResp assay. 
Number of replicates (n) = 2. Number of replicates (n) = 2. Data represent mean ± SE, ns not statistically significant; R1 Ditsobottla rhizosphere soil; 
B1 Ditsobottla bulk soil; R2 Kraaipan rhizosphere soil; B2 Kraaipan bulk soil
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and 16.2% (p = 1.000) contribution (Additional file  2:  
Table S4) to both galactose and tryptophan utilization 
by the bacterial components of the soil (Additional 
file 1: Fig. S3).

Discussion
In this study, we investigated the influence of soil prop-
erties and carbon substrate utilization on the bacterial 
components and diversity associated with sunflower 
rhizosphere and bulk soils obtained from two farms 
with different history of agricultural practices in North 

Fig. 8  Effects of soil type on soil functional properties as measured for maltose, fructose, glucose and galactose using MicroResp assay. Number 
of replicates (n) = 2. Data represent mean ± SE, ns not statistically significant; R1 Ditsobottla rhizosphere soil; B1 Ditsobottla bulk soil; R2 Kraaipan 
rhizosphere soil; B2 Kraaipan bulk soil
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West Province of South Africa. MG-RAST analyses of 
16S rRNA amplicon sequenced data was done prior to 
determination of mean relative abundance, alpha/beta 
diversity. Soil properties were determined as previously 
described, while the ability of the bacterial communi-
ties of the sampled soils to utilize carbon substrates was 
ascertained by using CLPP.

With respect to the structural bacterial diversity, .the 
sharp reduction in mean sequence reads of R1, R2, B1 
and B2 after QC is due to the exclusion of low quality 
and contaminated sequences that could have affected 
downstream analyses (Zhou et  al. 2014). Furthermore, 
analysis using a Venn diagram showed that at the OTU 
level, the read sequences of R1 and B1 had 34.0% simi-
larity, R2 and B2 had 35.6% similarity, and R1 and R2 
had 32.7% similarity (Fig.  1). This result contradicts 
the result of Molefe et  al. (2021), who reported 10.9% 
bacterial similarity between maize rhizosphere and 
bulk soils obtained from Ventersdorp, and 17.2% bac-
terial similarity between maize rhizosphere and bulk 
soils obtained from Mafikeng in South Africa. The 

contradiction between the results of the two studies 
could be due to the different sampling locations and 
plant type.

The bacterial diversity within each sample, that is, 
R1, R2, B1 or B2 was determined using different diver-
sity indices such as Equitability_J, Fisher_alpha, Berger-
Parker and Chao-1 (Table 1). At a probability level of 0.05, 
it was observed that the bacterial diversity ‘within’ each 
sampling site showed significant difference (p = 0.01, 
R = 0.06).The uniqueness ‘between’ samples (beta diver-
sity) was further determined in this study by PCoA anal-
ysis (Fig.  2). At a probability level of 0.05, the analysis 
revealed significant differences (p = 0.01, R = 1.167) in 
the structural diversity ‘between’ samples. The signifi-
cant variation in the bacterial diversity observed between 
samples in this study can partly be attributed to the dif-
ferences in the agricultural practices (Additional file  2:  
Table  S1) of the two farms. For instance, herbicides, 
pesticides and bio-fertilizer were applied on Ditsobottla 
farm but not on Kraaipan farm, and the effects of these 
components on the bacterial communities of sunflower 

-1.0 1.0

-1
.0

0.
6

Distilled water

Tryptophan

Tyrosine

Methionine

Malic acid

Citric acid

D-pantothenic acidSucrose

Maltose

Fructose

Glucose

Galactose

Bacillales

Pseudomonadales

ActinomycetalesLactobacillales

Burkholderiales

Sphingobacteriales

Rubrobacterales

Caulobacterales
Clostridiales

Gemmatimonadales

Enterobacteriales
Rhizobiales

Pleurocapsales

Planctomycetales

Sphingomonadales
Myxococcales

Nitrospirales

Cytophagales

Nitrosomonadales

Flavobacteriales

Herpetosiphonales

AcidobacterialesRhodocyclales

Axis 1 (76.79%)

A
xi

s 
2 

(1
.9

7%
)

Fig. 9  The influence of carbon substrate utilization on the bacterial components (at the order level) of sunflower rhizosphere and bulk soils 
obtained from Ditsobottla and Kraaipan farms using canonical correspondence analysis
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and other plants rhizospheres have been reported previ-
ously (Kostyuchenko et  al. 2021; Thokchom et  al. 2017; 
Igiehon et  al. 2021; Li et  al. 2022). However, chemical 
fertilizer (NPK 15:8:4), which was applied on both farms, 
has also been reported to influence changes on the rela-
tive abundances of bacterial components of agricultural 
crop rhizospheres (Li et al. 2020; Ai et al. 2012; Sun et al. 
2018). Thus, the cumulative effects resulting from her-
bicide, pesticide, bio-fertilizer and chemical fertilizer 
applications on Ditsobottla farm may have triggered the 
significant bacterial composition variations observed 
between Ditsobottla farm and Kraaipan farm (which was 
only applied with only chemical fertilizer).The results 
of the bacterial structural diversity of sunflower rhizos-
phere and bulk soils in the two farms revealed different 
bacterial taxa both at the class and order level. The rela-
tive high abundance of the bacteria in R1 may be linked 
to the exudates from the sunflower roots. Root exudates 
have been reported to attract bacteria and other biotic 
components to the rhizosphere, rhizoplane and endo-
sphere of plant roots (Philippot et  al. 2013; Gkarmiri 
et  al. 2017; Jacoby et  al. 2017). Similarly, the abundance 
of the bacteria might be traceable to the bio-fertilizer 
that was previously applied to the soil (Additional file 2: 
Table S1), since bio-inoculant applications can influence 
the bacterial diversity of plant rhizosphere (Igiehon et al. 
2021; Mayer et al. 2021; Mohammed et al. 2020). Consid-
ering the unclassified bacteria, one possibility, is that, the 
unclassified bacterial group might contain novel bacterial 
species that have not been previously identified probably 
because the nutritional compositions for the cultivation 
of such bacteria are unknown (Enagbonma et  al. 2020). 
The unclassified bacterial group may harbor species with 
novel plant growth promoting traits that may be useful 
to improve the growth of sunflower crops, and perhaps, 
other agricultural crops.

At the order level, among all the bacterial taxa captured 
in the two farms, Bacillales were the most dominant. 
Bacillales was more dominant in R1 and B2 with mean 
relative abundance values of 36.24 and 37.00 respec-
tively (Fig. 4). Bacillales dominance in these soils may be 
attributed to the fact that members of this group possess 
heat-resistant components (that is, endospores) in their 
cellular structures (Filippidou et al. 2016). Possession of 
endospores is a survival strategy for bacteria to strive in 
environments with high temperatures (Filippidou et  al. 
2016; Gray et  al. 2019). The two sunflower farms used 
in this study were located in semi-arid region of South 
Africa, which is characterized with hot weather condi-
tions because of its relatively low amount of rainfall. Low 
detection of endospore forming bacteria was, however, 
recorded in metagenomics datasets using spo0A and gpr 
molecular markers because these markers were absent in 

common environments (such as soil) of these endospore-
forming bacteria, with spo0A present in the microbiome 
of mammals (Filippidou et al. 2015).

Furthermore, the positive influence of total N (%) and 
pH on five bacteria groups at the order level indicates 
that an increase in the soil total N and pH would lead 
to a direct increase in the bacterial species abundance 
of the five taxa. These bacteria were captured from R2 
(Fig.  6). From Fig.  5, the abundance of Lactobacillales, 
Bacillales, Rhizobiales, Enterobacteriales, Burkholderi-
ales, Flavobacteriales, Sphingomonadales, Myxococca-
les and Nitrosomonadales obtained from R1 (Additional 
file 1: Fig. S1) was positively influenced by OM. Organic 
matter was positively related with these bacterial orders 
and not others since the components of the organic mat-
ter supported the growth and activities of the bacterial 
orders (Esmaeilzadeh and Ahangar 2014; Mohammadi 
et al. 2011). In addition, Additional file 1: Fig. S1 revealed 
that the bacterial species from B1 and B2 were slightly 
influenced by soil total N, pH and OM when compared 
to R1 and R2. Therefore, the greater positive influence of 
soil N, pH and OM on certain bacterial communities of 
R1 and R2 (rhizosphere soils of Ditsobottla and Kraaipan 
farms respectively) may be connected to the high bio-
logical activities that might have occurred in the root 
regions of the sunflower plants (Philippot et al. 2013). For 
instance, increase in OM resulting from the decomposi-
tion of debris (Kotroczó et al. 2014; Shahbaz et al. 2017) 
might have led to the proliferation of Planctomycetales, 
Cytophagales, Gemmatimonadales, Nitrospirales and 
Caulobacteriales observed in R1. Although, the physi-
ochemical parameter that mostly contributed and best 
explained the differences in bacterial communities was 
soil pH (Additional file 2: Table S2) and the pH showed 
71.4% (p = 0.184) contribution to the bacterial commu-
nity profile of Planctomycetales, Cytophagales, Gemmati-
monadales, Nitrospirales and Caulobacteriales.

In addition, the community respiration among vari-
ous groups of microorganisms has made it possible to 
measure their functions in the ecosystem (Di Salvo et al. 
2018). The functionality of bacterial community of soil 
samples from the two farms was further ascertained by 
determining their ability to utilize different carbon sub-
strates using CLPP technique (Figs. 6, 7 and 8). Increase 
in carbon substrate utilization is directly proportional to 
increase in CO2 released or produced (respiration rate) 
(Creamer et al. 2016). Carbon substrates have huge ability 
to distinguish diverse soil bacterial communities through 
carbon mineralization capacity (Amoo et  al. 2021). 
Bacterial communities of R1, B1, R2 and B2 soils were 
found to use the different carbon substrates as an energy 
source, but significant differences were only observed in 
tryptophan and methionine amended soils. In particular, 
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in tryptophan amended soils, the bacterial components 
of R2 and B2 showed significant (p < 0.05) higher carbon 
substrate utilization and respiration rates than those of 
R1 and B1 (Fig. 6). Also, in soils amended with methio-
nine, bacterial components of B2 significantly (p < 0.05) 
utilized the carbon substrate and produced more CO2 
than those of R1, B1 and R2 (Fig. 6).

The total respiration rate resulting from the summa-
tion of the 11 carbon substrates without basal respiration 
(Additional file 1: Fig. S2) was further extrapolated. The 
quantity of carbon substrate utilized shows the abun-
dance of the microbial communities that are able to uti-
lize a particular carbon source (Creamer et al. 2016). The 
higher the total quantity of carbon source utilized, the 
greater the metabolic properties and functional diver-
sity of the bacterial communities (Jones et al. 2018; Deng 
et  al. 2011). From the extrapolation, our results showed 
that rhizosphere soils had higher respiration rate com-
pared with the basal respiration. However, the higher 
microbial activity (respiration function) observed in the 
bulk soil (B2) may have been caused by the contributions 
of extraneous abiotic factors in B2, since it was reported 
by Leckie et  al. (2004); Hannam et  al. (2006); He et  al. 
(2006) that the activities (e.g. respiration) of soil micro-
bial communities are not only affected by biotic factors 
but also by the abiotic components of the soil.

In addition, it was observed that utilization of most 
of the carbon substrates positively influenced bacterial 
abundance and composition. In particular, the organic 
acid (citric acid) and a disaccharide (sucrose) had a posi-
tive influence on Herpetosiphonales, Sphingobacteriales, 
Pseudomonadales, and Planctomycetales (Fig.  9). Cit-
ric acid is an intermediate of the Krebs cycle, which is a 
chain of biochemical reactions utilized by aerobic organ-
isms to produce energy in the form of ATP via the oxi-
dation of acetate (obtained from carbohydrate, fatty acid 
and protein oxidation) (Gasmi et  al. 2021; Kumar and 
Dubey 2019).

The carbon substrate that best explained these differ-
ences in bacterial components was an essential amino 
acid (tryptophan) (Additional file  2:   Table  S3). This 
amino acid showed 75.9% (p = 0.102) contribution to 
the bacterial profile of Actinomycelales, Acidobacteri-
ales, Rhodocyclales, Rubrobacterales, and Pleurocap-
sales (Fig. 9). Also, the influence of OM, total N and pH 
on carbon substrate utilization was investigated. It was 
observed that OM of the sunflower soils positively had 
influence on the utilization of malic acid, citric acid, 
tyrosine and sucrose utilization by the soil bacterial spe-
cies, while the utilization of disaccharide (galactose) and 
essential amino acid (tryptophan) by the soil bacterial 
species was positively influenced by both the soil total 
N and pH (Additional file 1: Fig. S3). The soil parameter 

that best explained the differences in soil bacterial uti-
lization of carbon substrates was OM. Specifically, soil 
OM showed 51.4% contribution (p = 0.052) to the carbon 
substrate utilization ( Additional file 2:  Table  S4). How-
ever, soil OM, total N and pH did not positively influence 
bacterial utilization of other carbon substrates such as 
methionine, fructose, glucose, maltose, d-pantothenic 
acid and distilled water (Additional file 1: Fig. S3).

Finally, at a probability level of 0.05, significant differ-
ences were observed for the alpha and beta diversity of 
the soil bacterial communities. At the class level, Bacilli, 
Bacteroidia, Acidobacteria, Planctomycetacia, Flavobac-
teria, and Betaproteobacteria were relatively higher in R1 
than the corresponding bulk soil samples (B1), while at 
the order level, among all the bacterial taxa captured in 
the two farms, Bacillales were the most dominant. Bacte-
rial communities of R1, B1, R2 and B2 soils were found to 
use the different carbon substrates as an energy source, 
but significant differences were only observed in trypto-
phan and methionine amended soils. The utilization of 
most of the carbon substrates positively influenced the 
soil bacterial communities. The presence of unclassified 
bacteria in this study, calls for a further effort to capture 
and identify these unknown bacteria, since it may be pos-
sible to discover novel bacterial species with plant growth 
promoting functionality.

Supplementary information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13568-​022-​01388-9.

Additional file 1: Figure S1. The influence of pH, total N (%) and OM (%) 
on sunflower rhizosphere and bulk soils obtained from Ditsobottla and 
Kraaipan farms using Canonical correspondence analysis. N nitrate; % per-
centage; OM organic matter; R1 Ditsobottla rhizosphere soil; B1 Ditsobottla 
bulk soil; R2 Kraaipan rhizosphere soil; B2 Kraaipan bulk soil. Figure S2. 
Effects of soil type on soil functional properties as measured for distilled 
water (basal respiration) and sum of the individual respiration rate of the 
11 carbon substrates (total respiration) used in the CLPP assay. Number 
of replicates (n) = 2. R1 Ditsobottla rhizosphere soil; B1 Ditsobottla bulk 
soil; R2 Kraaipan rhizosphere soil; B2 Kraaipan bulk soil. Figure S3. The 
influence of pH, total N (%) and OM (%) on carbon substrate utilization by 
bacterial components of sunflower rhizosphere and bulk soils obtained 
from Ditsobottla and Kraaipan farms using canonical correspondence 
analysis. N nitrate; % percentage; OM organic matter.

Additional file 2: Table S1. Agricultural history of Ditsobottla and 
Kraaipan farms. Table S2. Forward selection of soil physio-chemical com-
ponents that best described difference in bacterial components between 
sunflower rhizosphere and bulk soils of Ditsobottla and Kraaipan farms. 
Table S3. Forward selection of soil carbon substrates that best described 
difference in bacterial components between sunflower rhizosphere and 
bulk soils of Ditsobottla and Kraaipan farms. Table S4. Forward selection 
of soil physio-chemical components that best described difference in 
carbon substrate utilization between sunflower rhizosphere and bulk soils 
of Ditsobottla and Kraaipan farms.

Acknowledgements
BCN appreciates the National Research Foundation South Africa/The 
World Academy of Science (NRF-TWAS) (UID121772) for a stipend. OOB, 

https://doi.org/10.1186/s13568-022-01388-9
https://doi.org/10.1186/s13568-022-01388-9


Page 15 of 16Nwachukwu et al. AMB Express           (2022) 12:47 	

acknowledges the National Research Foundation, South Africa for Grants 
(UID123634; UID132595) that supported research in her laboratory.

Author contributions
BCN, designed the study, managed the literature searches, performed the 
experiments, did the bioinformatics analyses of the genomic data, wrote the 
first draft and corrected the manuscript. ASA designed the study, provided 
academic input and critiqued the manuscript. OOB secured funding, proof-
read the drafts and supervised the coauthors. All authors have read and 
approved the final manuscript.

Funding
This work was financially supported by National Research Foundation, South 
Africa Grants (UID123634 and UID132595) provided to OOB.

Availability of data and materials
The datasets are available in NCBI database under Bioproject ID PRJNA672856.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 19 January 2022   Accepted: 9 April 2022

References
Agomoh IV, Drury CF, Phillips LA, Reynolds WD, Yang X (2020) Increasing crop 

diversity in wheat rotations increases yields but decreases soil health. Soil 
Sci Soc Am J 84(1):170–181

Ai C, Liang G, Sun J, Wang X, Zhou W (2012) Responses of extracellular enzyme 
activities and microbial community in both the rhizosphere and bulk 
soil to long-term fertilization practices in a fluvo-aquic soil. Geoderma 
173:330–338

Amoo AE, Delgado-Baquerizo M, Babalola OO (2021) Forest plantations reduce 
soil functioning in terrestrial ecosystems from South Africa. Pedobiologia 
89:150757

Babalola OO, Nwachukwu BC, Ayangbenro AS (2021) High-throughput 
sequencing survey of sunflower soil. Microbiol Res Announc 
10(8):e01331–e01320

Chukwuneme CF, Ayangbenro AS, Babalola OO, Kutu FR (2021) Functional 
diversity of microbial communities in two contrasting maize rhizosphere 
soils. Rhizosphere 17:100282

Colombo F, Macdonald CA, Jeffries TC, Powell JR, Singh BK (2016) Impact of 
forest management practices on soil bacterial diversity and conse-
quences for soil processes. Soil Biol Biochem 94:200–210

Creamer R, Stone D, Berry P, Kuiper I (2016) Measuring respiration profiles of 
soil microbial communities across Europe using MicroResp™ method. 
Appl Soil Ecol 97:36–43

Deng H, Ge L, Xu T, Zhang M, Wang X, Zhang Y, Peng H (2011) Analysis of the 
metabolic utilization of carbon sources and potential functional diversity 
of the bacterial community in lab-scale horizontal subsurface‐flow 
constructed wetlands. J Environ Qual 40(6):1730–1736

Di Salvo LP, Ferrando L, Fernández-Scavino A, de Salamone IEG (2018) Microor-
ganisms reveal what plants do not: wheat growth and rhizosphere micro-
bial communities after Azospirillum brasilense inoculation and nitrogen 
fertilization under field conditions. Plant Soil 424(1):405–417

Enagbonma BJ, Ajilogba CF, Babalola OO (2020) Metagenomic profiling of 
bacterial diversity and community structure in termite mounds and sur-
rounding soils. Arch Microbiol 202(10):2697–2709

EnebeMC, Babalola OO (2021) Soil fertilization affects the abundance and dis-
tribution of carbon and nitrogen cycling genes in the maize rhizosphere. 
AMB Express 11(1):1–10

Esmaeilzadeh J, Ahangar AG (2014) Influence of soil organic matter content on 
soil physical, chemical and biological properties. Int J Plant Anim Environ 
Sci 4(4):244–252

Filippidou S, Junier T, Wunderlin T, Lo CC, Li PE, Chain PS, Junier P (2015) 
Under-detection of endospore-forming Firmicutes in metagenomic data. 
Comput Struct Biotechnol J 13:299–306

Filippidou S, Wunderlin T, Junier T, Jeanneret N, Dorador C, Molina V, Johnson 
DR, Junier P (2016) A combination of extreme environmental conditions 
favor the prevalence of endospore-forming Firmicutes. Front Microbiol 
7:1707

Garcia-Mazcorro JF, Kawas JR, Marroquin-Cardona AG (2019) Descriptive bac-
terial and fungal characterization of propolis using ultra-high-throughput 
marker gene sequencing. Insects 10(11):402

Gasmi A, Peana M, Arshad M, Butnariu M, Menzel A, Bjørklund G (2021) Krebs 
cycle: activators, inhibitors and their roles in the modulation of carcino-
genesis. Arch Toxicol. https://​doi.​org/​10.​1007/​s00204-​021-​02974-9

Gkarmiri K, Mahmood S, Ekblad A, Alström S, Högberg N, Finlay R (2017) Identi-
fying the active microbiome associated with roots and rhizosphere soil of 
oilseed rape. Appl Environ Microbiol 83(22):e01938–e01917

Gray DA, Dugar G, Gamba P, Strahl H, Jonker MJ, Hamoen LW (2019) Extreme 
slow growth as alternative strategy to survive deep starvation in bacteria. 
Nat Commun 10(1):1–12

Hammer Ø, Harper DA, Ryan PD (2001) PAST: Paleontological statistics software 
package for education and data analysis. Palaeontol Electron 4:9

Hannam K, Quideau S, Kishchuk B (2006) Forest floor microbial communities in 
relation to stand composition and timber harvesting in northern Alberta. 
Soil Biol Biochem 38(9):2565–2575

He J, Xu Z, Hughes J (2006) Molecular bacterial diversity of a forest soil under 
residue management regimes in subtropical Australia. FEMS Mcrobiol 
Ecol 55(1):38–47

Igiehon NO, Babalola OO (2018) Below-ground-above-ground plant-microbial 
interactions: focusing on soybean, rhizobacteria and mycorrhizal fungi. 
Open Microbiol J 12:261

Igiehon NO, Babalola OO, Aremu BR (2019) Genomic insights into plant 
growth promoting rhizobia capable of enhancing soybean germination 
under drought stress. BMC Microbiol 19(1):1–22

Igiehon NO, Babalola OO, Cheseto X, Torto B (2021) Effects of rhizobia and 
arbuscular mycorrhizal fungi on yield, size distribution and fatty acid of 
soybean seeds grown under drought stress. Microbiol Res 242:126640

Jacoby R, Peukert M, Succurro A, Koprivova A, Kopriva S (2017) The role of 
soil microorganisms in plant mineral nutrition—current knowledge and 
future directions. Front Plant Sci 8:1617

Jiang Z, Liu Y, Yang J, Brookes PC, Gunina A (2021) Rhizosphere priming regu-
lates soil organic carbon and nitrogen mineralization: the significance of 
abiotic mechanisms. Geoderma 385:114877

Jones DL, Hill P, Smith A, Farrell M, Ge T, Banning N, Murphy D (2018) Role 
of substrate supply on microbial carbon use efficiency and its role in 
interpreting soil microbial community-level physiological profiles (CLPP). 
Soil Biol Biochem 123:1–6

Kostyuchenko N, Lyakh V, Soroka A (2021) The state of soil microbiotes during 
sunflower growing with an herbicide of imidazolinone group. Helia 
44:181–190. https://​doi.​org/​10.​1515/​helia-​2021-​0005

Kotroczó Z, Veres Z, Fekete I, Krakomperger Z, Tóth JA, Lajtha K, Tóthmérész 
B (2014) Soil enzyme activity in response to long-term organic matter 
manipulation. Soil Biol Biochem 70:237–243

Kumar P, Dubey KK (2019) Citric acid cycle regulation: back bone for second-
ary metabolite production. New and future developments in microbial 
biotechnology and bioengineering. Elsevier, Amsterdam, pp 165–181

Lambers H, Raven JA, Shaver GR, Smith SE (2008) Plant nutrient-acquisition 
strategies change with soil age. Trends Ecol Evol 23:95–103

Leckie S, Prescott C, Grayston SJ, Neufeld J, Mohn WW (2004) Characterization 
of humus microbial communities in adjacent forest types that differ in 
nitrogen availability. Microb Ecol 48(1):29–40

Li Y, Wang C, Wang T, Liu Y, Jia S, Gao Y, Liu S (2020) Effects of different fertilizer 
treatments on rhizosphere soil microbiome composition and functions. 
Land 9(9):329

https://doi.org/10.1007/s00204-021-02974-9
https://doi.org/10.1515/helia-2021-0005


Page 16 of 16Nwachukwu et al. AMB Express           (2022) 12:47 

Li J, Dong L, Liu Y, Wu J, Wang J, Shangguan Z, Deng L (2022) Soil organic 
carbon variation determined by biogeographic patterns of microbial 
carbon and nutrient limitations across a 3000-km humidity gradient in 
China. CATENA 209:105849

Mayer Z, Csorbainé AG, Juhász Á, Ombódi A, Pápai A, Némethné BK, Posta K 
(2021) Impact of soil-applied microbial inoculant and fertilizer on fungal 
and bacterial communities in the rhizosphere of Robinia sp. and Populus 
sp. Plant For 12(9):1218

Meyer F, Paarmann D, D’Souza M, Olson R, Glass EM, Kubal M, Paczian T, 
Rodriguez A, Stevens R, Wilke A (2008) The metagenomics RAST server–a 
public resource for the automatic phylogenetic and functional analysis of 
metagenomes. BMC Bioinform 9(1):1–8

Mohammadi K, Heidari G, Khalesro S, Sohrabi Y (2011) Soil management, 
microorganisms and organic matter interactions: a review. Afr J Biotech-
nol 10(86):19840–19849

Mohammed AF, Oloyede AR, Odeseye AO (2020) Biological control of bacterial 
wilt of tomato caused by Ralstonia solanacearum using Pseudomonas 
species isolated from the rhizosphere of tomato plants. Arch Phytopathol 
Plant Prot 53(1–2):1–16

Molefe RR, Amoo AE, Babalola OO (2021) Metagenomic insights into the bac-
terial community structure and functional potentials in the rhizosphere 
soil of maize plants. J Plant Interact 16(1):258–269

Moscatelli MC, Secondi L, Marabottini R, Papp R, Stazi S, Mania E, Marinari S 
(2018) Assessment of soil microbial functional diversity: land use and soil 
properties affect CLPP-MicroResp and enzymes responses. Pedobiologia 
66:36–42

Nwachukwu BC, Babalola OO (2021) Perspectives for sustainable agriculture 
from the microbiome in plant rhizosphere. Plant Biotechnol Reps 15:1–20

Nwachukwu BC, Ayangbenro AS, Babalola OO (2021) Elucidating the rhizos-
phere associated bacteria for environmental sustainability. Agriculture 
11(1):75

Oberholster T, Vikram S, Cowan D, Valverde A (2018) Key microbial taxa in the 
rhizosphere of sorghum and sunflower grown in crop rotation. Sci Tot 
Environ 624:530–539

Oliveros J (2017) 2007–2015. Venny. An interactive tool for comparing lists 
with Venn’s diagrams. BioinfoGP, Spain

Philippot L, Raaijmakers JM, Lemanceau P, Van Der Putten WH (2013) Going 
back to the roots: the microbial ecology of the rhizosphere. Nat Rev 
Microbiol 11(11):789–799

Schlatter DC, Hansen JC, Schillinger WF, Sullivan TS, Paulitz TC (2019) Common 
and unique rhizosphere microbial communities of wheat and canola in a 
semiarid Mediterranean environment. Appl Soil Ecol 144:170–181

Shahbaz M, Kuzyakov Y, Sanaullah M, Heitkamp F, Zelenev V, Kumar A, 
Blagodatskaya E (2017) Microbial decomposition of soil organic matter 
is mediated by quality and quantity of crop residues: mechanisms and 
thresholds. Biol Fertil Soils 53(3):287–301

Shrestha B, Pokhrel K, Paudel N, Poudel S, Shabbir A, Adkins S (2019) Distribu-
tion of Parthenium hysterophorus and one of its biological control agents 
(Coleoptera: Zygogramma bicolorata) in Nepal. Weed Res 59(6):467–478

Sun J, Zou L, Li W, Yang J, Wang Y, Xia Q, Peng M (2018) Rhizosphere soil prop-
erties and banana Fusarium wilt suppression influenced by combined 
chemical and organic fertilizations. Agricult Ecosyst Environ 254:60–68

Thokchom E, Thakuria D, Kalita MC, Sharma CK, Talukdar NC (2017) Root colo-
nization by host-specific rhizobacteria alters indigenous root endophyte 
and rhizosphere soil bacterial communities and promotes the growth of 
mandarin orange. Eur J Soil Biol 79:48–56

Walkley A, Black IA (1934) An examination of the Degtjareff method for deter-
mining soil organic matter, and a proposed modification of the chromic 
acid titration method. Soil Sci 37(1):29–38

Yee MO, Kim P, Li Y, Singh AK, Northen TR, Chakraborty R (2021) Specialized 
plant growth chamber designs to study complex rhizosphere interac-
tions. Front Microbiol 12:507

Zhang LN, Wang DC, Hu Q, Dai XQ, Xie YS, Li Q, Liu HM, Guo JH (2019) Consor-
tium of plant growth-promoting rhizobacteria strains suppresses sweet 
pepper disease by altering the rhizosphere microbiota. Front Microbiol 
10:1668

Zhou Q, Su X, Ning K (2014) Assessment of quality control approaches for 
metagenomic data analysis. Sci Rep 4(1):1–11

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Effects of soil properties and carbon substrates on bacterial diversity of two sunflower farms
	Abstract 
	Introduction
	Materials and methods
	Farm history and sample collection
	Soil physiochemical analyses
	Metagenome DNA extraction and amplicon sequencing
	Annotation, data and statistical analyses
	Determination of carbon substrate utilization by soil bacterial components using CLPP technique —MicroPlate™
	Statistical analyses

	Results
	Amplicon metagenome sequencing, quality control and protein annotation
	Alpha and beta diversity assessment of the bacterial communities across the sampling sites
	Bacterial structural composition at the class and order level across the rhizosphere and bulk soil samples
	Effect of soil properties on bacterial communities
	Carbon substrate utilization by the sunflower rhizosphere soil isolates

	Discussion
	Acknowledgements
	References




