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Insecticidal proteins expressed by genetically modified Bt maize may alter the

enzymatic and microbial communities associated with rhizosphere soil. This study

investigated the structure and enzymatic activity of rhizosphere soil microbial

communities associated with field grown Bt and non-Bt maize. Rhizosphere soil

samples were collected from Bt and non-Bt fields under dryland and irrigated

conditions. Samples were subjected to chemical tests, enzyme analyses, and next

generation sequencing. Results showed that nitrate and phosphorus concentrations

were significantly higher in non-Bt maize dryland soils, while organic carbon was

significantly higher in non-Bt maize irrigated field soil. Acid phosphatase and

β-glucosidase activities were significantly reduced in soils under Bt maize

cultivation. The species diversity differed between fields and Bt and non-Bt maize

soils. Results revealed that Actinobacteria, Proteobacteria, and Acidobacteria were

the dominant phyla present in these soils. Redundancy analyses indicated that some

chemical properties and enzyme activities could explain differences in bacterial

community structures. Variances existed inmicrobial community structures between

Bt and non-Bt maize fields. There were also differences between the chemical and

biochemical properties of rhizosphere soils under Bt and non-Bt maize cultivation.

These differences could be related to agricultural practices and cultivar type.
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1 | INTRODUCTION

Maize is one of the world’s most important agricultural crops
and it is a staple food for many developing countries such as

South Africa. In 1997, genetically modified (GM) maize
expressing insecticidal Cry proteins (Bt toxins) were among
the first GM plants to be approved in South Africa. By 2013,
South Africa had 2.3 million hectares of GM crops under
cultivation, of which the majority was maize (representing
78% of the GM crops under cultivation) [1]. This crop either
have resistance to insect pests or tolerance to broad range of

Abbreviations: DL, dryland; DLBt, dryland Bt; DLNBt, dryland non-Bt;
IL, irrigated land; ILBt, irrigated Bt; ILNBt, irrigated non-Bt.
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herbicides, or both [2]. The most dominant types of GM
cultivars are insect-resistant (Bt maize) and herbicide-tolerant
(Roundup Ready® soybean). However, new GM cultivars
have been developed that offer stacked traits (herbicide
tolerance plus resistance to multiple insect pests) and
increased stress tolerance (e.g., salt stress or drought tolerant
varieties) [2]. This rapid and widespread adoption of GM
crops has led to a dramatic shift in the agricultural landscape
and has raised concerns about the impact of agricultural
biotechnology on non-target microorganisms in the soil
environment. Although some GM crops can provide a variety
of benefits, there may also be negative impacts on the
environments especially to non-target soil microorganisms
such as bacteria and fungi [3].

Soil bacterial communities are relevant and good
indicators for monitoring potential impacts of different
agricultural practices such as farming practices, fertilizer
applications as well as pesticide applications on the
ecosystem functions. Soil microorganisms are a very
important part of the environmental ecosystems, which
could adjust energy flow and play a pivotal role in growth
and development of agricultural crops [4]. They are also
involved in soil biochemical processes such as enzyme
production that are responsible for catalytic reactions
necessary for organic matter decomposition, energy
transfer, environmental quality, and crop productivity [5,6].
In addition, soil enzymes also play important roles in the
nutrient cycling and are good indicators of soil quality [6,7].
Numerous studies have investigated the soil microbial
properties using broad-scale or integrative methods such as
enzyme activities, microbial biomass, and microbial
diversity associated with Bt maize. Typically, the results
of such studies have shown significantly positive, negative,
and/or sometimes transitory effects of Bt maize on essential
microbial properties [6,8–11]. However, the impacts of Bt
maize may be masked by “functional redundancy” where
overall soil functions are unaffected but microbial commu-
nity composition is altered and key functions mediated by
specific microbial populations are affected. Therefore, in-
depth studies on the soil microbial communities associated
with field grown Bt and non-Bt maize are essential to
understand the microbial processes and changes in the
chemical and biochemical processes in soil. Currently,
metagenomic analysis of microbial ecology, such as next
generation sequencing (NGS) based on 16S rRNA gene
profiling, has been the focus of several environmental
studies including soil [12]. Such profiling analyses provides
extensive information on community structure and compo-
sition [13]. In addition, phylogenetic and functional
analyses of microorganisms can be determined at commu-
nity level [14]. Our aim was to study the structure and
enzymatic activities of rhizosphere soil microbial commu-
nities associated with field grown Bt and non-Bt maize.

Such profiling analyses provides extensive information on
community structure and composition [13]. In addition,
phylogenetic and functional analyses of microorganisms
can be determined at community level [14]. Our aim was to
study the structure and enzymatic activities of rhizosphere
soil microbial communities 16S rRNA gene profiling, has
been the focus of several environmental studies including
soil [12] associated with field grown Bt and non-Bt maize.

2 | MATERIALS AND METHODS

2.1 | Study fields

The study was conducted in two localities in the North West
Province of South Africa, where maize is intensively
cultivated. These localities are situated between latitudes
(26°22′45″S and 26°44′0″S) and longitudes (26°48′23″E and
27°4′52″E) and comprised of established fields under dryland
(DL) and irrigation (IL) conventional cultivation where Bt
maize had been grown. Transgenic Bt maize expressing the
Cry1Ab protein (event MON 810) and a near-isogenic non-Bt
line were used. Cultivars used under DL cultivation comprised
of DKC 80-12 B and DKC 80-10 (Monsanto), while for IL
PAN 6236B and PAN 6126 from Pannar were used.

2.2 | Rhizospheric soil sampling

Soil samples were randomly collected from the rhizosphere of
both Bt and non-Bt maize in all study fields. Sampling was
done in a W-shaped pattern in all fields to obtain
representative samples. A total of 16 soil samples were
collected from the rhizosphere of Bt maize (8 each from DL
and IL), while 14 soil samples were collected from non-Bt
maize (7 each from DL and IL) rhizosphere. All maize plants
were at the maturing stage at the time of sample collection.
These samples were collected aseptically as described by
Dick et al. [15] and immediately transported in ice to the
laboratory for further analyses.

2.3 | Determination of soil enzymatic activities

The activities of acid phosphatase (EC 3.1.3.2) and
β-glucosidase (EC 3. 2.1.21) were assayed using 1 g of soil
with the appropriate substrates and incubated for 1 h (37 °C)
at an optimal pH as described by Tabatabai [16] and Dick
et al. [15], respectively. Urease (EC 3.5.1.5) enzyme activity
was estimated according to Kandeler and Gerber [17]. This
method was based on the estimation of urea hydrolysis in
soils. Briefly, this method involves mixing 5 g of soil with a
urea solution and incubating it for 2 h at 37 °C. Enzyme
activities were assayed in duplicate with one control, to which
substrate was added after incubation.
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2.4 | Chemical analysis

Standard chemical analyses of the soil were performed by the
Agricultural Research Council-Institute for Soil Climate and
Water (ARC-ISCW). The pH of the soil was determined as
described by McLean [18] with potassium chloride (pH
[KCℓ]) by means of a calibrated pH meter (Radiometer PHM
80, Copenhagen). Ammonium (NH4

+-N) concentrations were
measured by means of the ammonia-selective electrode
method [19] and organic carbon was determined by the
Walkley–Black method of Nelson and Sommers [20]. The
anions nitrate (NO3

−-N), nitrite – (NO2
−-N), and phosphate –

(PO4
−-P) were determined according to the method of

Sonnevelt and Van den Ende [21]. The P-Bray 1 was
determined according to the procedure of Bray and Kurtz [22].

2.5 | Genomic DNA extraction

The Macherey–Nagel Nucleospin Soil DNA Extraction kit
(Macherey–Nagel, Germany) was used to extract DNA from
rhizospheric soil samples as described by the manufacturer.
DNA quantity and quality were determined by using a
NanoDrop 1000 Spectrophotometer (Thermo FischerScien-
tific, CA, USA).

2.6 | Illumina MiSeq sequencing

Microbial genomic DNA from Bt and non-Bt maize soil
samples were normalized to concentration ≤10 ng µl−1.
Sequencing library preparation guide was followed (Illumina
Inc.). Locus-specific primers 341F (5′-CCTACG GGNG
GCWGCAG-3′) and 805R (5′-GACTACHVGGGTATC-
TAATCC-3′) [9], targeting the hypervariable V3–V4 region
(≈460 bp) of the bacterial 16S rRNA gene were used.
Illumina forward and reverse overhang adapters (Illumina,
Inc., CA, USA) were attached to the 5′-end of forward and
reverse primers, respectively. All polymerase chain reaction
(PCR) components and protocols were exactly as reported in
the library preparation guide (Illumina, Inc.). Sequencing run
on the Illumina MiSeq, de-multiplexing and secondary
analyses of the reads were performed using the MiSeq
reporter software (Illumina, Inc.).

Raw data from Illumina sequencing of the 16S rRNA
gene were processed on the Galaxy GVL 4.0.0 pipeline
(http://galaxy-qld.genome.edu.au/galaxy) as previously
described [23]. To improve the quality of next generation
sequencing data and eliminate the effect of random
sequencing errors, some unreliable data from the libraries
were deleted, such as average q-value below 25, singletons,
and reads shorter than 200 bp. Sequences were classified
into operational taxonomic units (OTUs) with 97%
similarity for the 16S rRNA gene after excluding chimeric
sequences by using the UCHIME method. Taxonomic
information of sequences by the Ribosomal Database
Project (RDP) classifier for the 16S rRNA gene were
assigned at confidence cutoff of 0.5.

2.7 | Statistical analyses and bioinformatics

The data sets obtained from both chemical and biochemical
analyses of both Bt and non-Bt maize soil samples were
analyzed with the Statgraphics software package version 5
(Statistical Graphics Corporation, USA). Redundancy analy-
sis (RDA) was performed to measure chemical and enzymatic
properties that influence microbial community variations.
The significant correlations of the parameters were examined
by a Monte Carlo permutation. The triplot was generated by
CANOCO 4.5 (Biometrics Wageningen, the Netherlands).
Graphs were generated by CanoDraw 4.0 (Biometrics
Wageningen).

The Alpha-diversity parameters were calculated for
each field under Bt and non-Bt maize cultivation compris-
ing of OTUs richness, Shannon Weiner (H′), Evenness,
Inverse Simpson indexes, Chao1 richness estimator, and the
rarefaction curve at 0.03 using gplot package of R on the
relative abundance of each taxon. A principal coordinate
analysis (PCoA) was carried out based on weighted beta
diversity. In addition, a Venn diagram was constructed
using the following online site (http://bioinfogp.cnb.csic.es/
tools/venny/ date of access: 10 June 2016). All multivariate
and community analyses were conducted using the gplot
and vegan, packages of R based on the relative abundance
of each taxon.

TABLE 1 Mean values of chemical properties of DL and IL under Bt and non-Bt maize fields.

Parameters pH (KCℓ) Organic carbon (%) NO3
+ (mg kg−1) NO2

− (mg kg−1) NH4
+ (mg kg−1) P (mg kg−1)

Dryland fields

DLNBt (n= 8) 6.2a 1.0a 6.1a 0.4a 2.4a 41.2a

DLBt (n= 7) 6.3a 0.9a 4.1b 0.4a 2.4a 31.7b

Irrigated fields

ILNBt (n= 8) 6.4a 1.4a 29.5a 0.5a 2.8a 52.2a

ILBt (n= 7) 6.6a 1.2b 26.4a 0.6a 2.8a 82.7a

Fields under DL and IL conditions with different combinations of superscript alphabetic letters in the same column indicate significant difference between each other.
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3 | RESULTS

3.1 | Chemical properties of Bt and non-Bt
maize rhizosphere soil under DL and IL

In Table 1, the mean values of soil chemical characteristics
comprising of Bt and non-Bt maize samples under DL and IL
conditions are shown. Results of Bt and non-Bt maize fields
under DL conditions showed a slightly acid pH, whereas
fields under IL conditions of Bt and non-Bt maize soils
indicated a slightly acid to neutral pH (Table 1). Nitrate
(NO3

+) and phosphorus (P) concentrations were significantly
higher (p< 0.05) in non-Bt maize soils under DL conditions
compared to Bt maize soil. There was no significant
difference (p> 0.05) in values of nitrite (NO2

−), ammonium
(NH4

+), and organic carbon (C) between Bt and non-Bt maize
fields under DL conditions. No significant difference
(p> 0.05) in values of nitrate (NO3

+), nitrite (NO2
−),

ammonium (NH4
+), and phosphorus (P) were showed

between Bt and non-Bt maize fields under IL conditions
(Table 1). However, non-Bt maize soil under IL conditions
did show a significantly higher (p< 0.05) organic carbon (C)
percentage compared to Bt maize soil.

3.2 | Biochemical properties of Bt and non-Bt
maize rhizosphere soil under DL and IL

The average activities of the enzymes assayed are
presented in Fig. 1. Results illustrated that there were

significant differences in acid phosphatase and β-
glucosidase activities between Bt and non-Bt maize soil
samples under DL and IL conditions, while urease showed
no significant differences. Significantly higher acid
phosphatase (p < 0.05) and β-glucosidase activities
(p < 0.05) were recorded for soils under non-Bt maize
cultivation of DL and IL conditions.

3.3 | Bacterial diversity and richness between
Bt and non-Bt maize rhizosphere soil under
DL and IL

The similarity based OTUs, species richness and diversity
were shown in Fig. 2 under DL and IL fields. A total of
306,672 and 238,594 valid reads were obtained from Bt and
non-Bt maize fields under DL conditions, respectively
(Supporting Information Table S1), with number of
sequences ranging from (33,850 to 68,201) and (25,790 to
51,605) at 3% distance, respectively. In Bt and non-Bt maize
fields under IL conditions has a total of 326,952 and 216,489
valid reads, respectively (Supporting Information Table S1).
The number of sequences ranged from (28,462 to 55,258)
and (24,486 to 41,408) between Bt and non-Bt maize fields.
The results indicate that Bt maize fields under DL and IL
conditions had the highest number of species present,
compared to non-Bt maize fields (Supporting Information
Table S1). All rarefaction curves approached a plateau,
indicating that the number of sequences obtained was
sufficient to describe the bacterial diversity within these soil

FIGURE 1 Activity of β-glucosidase (A, D), acid phosphatase (B, E), and urease (C, F) under dryland and irrigated conditions of Bt and
non-Bt maize fields. The data are expressed as the means of two Replications. Different letters (a, b) indicates a significant difference at p≤ 0.05
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fields (Supporting Information Fig. S1). Alpha diversity
estimates shown in Fig. 2, illustrated that the mean of the
OTUs richness and Chao1 richness estimator of the non-Bt
soils population under DL conditions were greater
(Fig. 2A and E), than DL non-Bt maize soils population.
In contrast, under IL conditions, Bt maize soil populations
had the higher richness (Fig. 2A and E), while non-Bt maize
soils had the lowest richness (Fig. 2A and E) (Supporting
Information Table S1). Furthermore, the mean of the
evenness, Shannon and Simpson indexes showed that DL
Bt maize soils population exhibited the highest diversity
(Fig. 2B–D), compared to non-Bt maize soils. While under
irrigated conditions non-Bt maize exhibited the highest
diversity, compared to IL non-Bt maize soils population
(Fig. 2B–D). Overall, the OTUs (or species) are more evenly

distributed in DL Bt maize soils (mean evenness value of
0.48) than in DL non-Bt maize soils (mean evenness value
of 0.46) (Fig. 2C). However, under IL conditions non-Bt
maize soil showed the highest evenly distribution species
(mean evenness value of 0.48), compared to Bt maize soils
(mean evenness value of 0.45) (Fig. 2C).

Tukey HSD tests for differences in OTUs diversity
measures between DLBt/DLNBt and ILBt/ILNBt maize soils
populations indicated that the differences found were not
significant (p> 0.05).

These results indicate that soils with a large number of
species showed a degree of evenness (equitability) among
species abundance. If compared to fields that displayed low
species richness, indicating that many individuals belonging
to the same species were detected.

FIGURE 2 Similarity based OTUs and species richness estimates of the Bt and non-Bt maize dryland (DL) and irrigated (IL) fields. (A)
Observed OTUs, (B) Shannon–Weiner index (H′), (C) evenness, (D) inverse Simpson, and (E) Chao1 richness estimator. (F and G) Principal
coordinate analyses (PCoA) of unweighted and weighted Bray–Curtis distance matrix showing microbial differences between Bt and non-Bt
bacterial communities of dryland and irrigated fields. Relative abundance of OTUs obtained from clustering at 97% sequences similarity were
used to compute PCoA. DLBt and DLNBt represent the dryland Bt and non-Bt maize samples, while ILBt and ILNBt represent the irrigated Bt
and non-Bt maize samples

VAN WYK ET AL. | 785



3.4 | Relationship between bacterial
communities among DL and IL Bt and non-Bt
maize rhizosphere soil

To obtain an overall view on the identified linkages
between DL and IL Bt and non-Bt maize soil samples,
Bray–Curtis distance’s principal coordinates analysis
(PCoA) plots of the OTUs distributions (at 97% 16S
rRNA sequence similarity) based on unweighted (absence/
present of taxa) and weighted (absence/present and relative
abundance of taxa) are shown in Fig. 2F and G.
Permutational analysis of variance (PERMANOVA) of
unweighted (PERMANOVA, R2 = 0.22, p < 0.001) and
weighted (PERMANOVA, R2 = 0.48, p < 0.001) Bray–
Curtis distance matrixes suggests that the differences
between Bt and non-Bt maize soils of DL and IL
conditions are not largely influenced by Bt maize
(Fig. 2F and G). Nevertheless, the PCoA plots of both
weighted and unweighted Bray–Curtis distance similarity
matrices suggest that there are some differences between
the OTUs richness and abundance between certain Bt and
non-Bt maize fields under dryland and irrigated conditions
(Fig. 2F and G). For example, the DLBt, DLNBt, and ILBt
soil samples were dispersed between each other, while
ILNBt soil sample clustered separately together (weighted
measures) (Fig. 2G). These results suggest that some of the
bacterial species in DLBt, DLNBt, and ILBt field samples
were similar across fields, compared to ILNBt soil
samples.

3.5 | Bacterial taxonomic community
composition

3.5.1 | Soil bacterial community composition
between Bt and non-Bt maize rhizosphere soil
under DL and IL cultivation

Dryland (DL) and irrigated (IL) Bt and non-Bt maize soils
showed similarities in bacterial community composition at
the phylum level with 36 bacterial phyla identified from both
fields. Both fields of Bt maize soils represented 33 bacterial
phyla respectively, while non-Bt maize soils under DL
conditions represented 32 bacterial phyla and IL conditions
34 bacterial phyla. The Bt and non-Bt maize soil samples for
both fields were predominated by members of the phyla
Actinobacteria (14.4–37.0%), Proteobacteria (14.4–30.4%),
and Acidobacteria (11.7–24.4%) (Fig. 3). Furthermore,
results indicated that Actinobacteria (Bt = 36.99% and non-
Bt = 30.44%) was the dominant phylum under DL fields. In
contrast, Proteobacteria (30.35%) were predominant in soil
under Btmaize conditions of IL, while non-Btmaize soil were
dominated by Acidobacteria (24.37%) (Fig. 3).

The Venn diagrams in Fig. 4 illustrates the distribution of
the soil bacterial communities between Bt and non-Bt maize
soils under DL and IL conditions and the total shared richness.
The number of species present in soils under Bt and non-Bt
maize cultivation of DL were 303 and 297, respectively.
Under IL condition, the number of species present in Bt maize
soil is 310 and in non-Bt maize soil 305. Furthermore, results

FIGURE 3 Relative average abundance of bacterial phyla present in dryland and irrigated fields of bacterial communities of Bt and non-Bt
maize
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showed that the number of species shared between DL Bt and
non-Bt maize soils were 285, whereas IL Bt and non-Bt maize
soils shared 292 species between each other (Fig. 4). Results
also indicate that within Bt maize soils under DL and IL
conditions Arthrobacter, Gp, Rubrobacter, and Sphingomo-
naswere the most dominant genera present among both fields
(Fig. 5). While under non-Bt maize cultivation of DL and IL
conditions, Gp and Rubrobacter were the dominant genera
among both fields. However, it was interesting to note that
Sphingomonas and Arthrobacter were not detected in non-Bt
maize soils under DL and IL conditions, respectively. These
results indicate that more than 90% of soil microorganisms
found in Bt and non-Bt maize soils under DL and IL
conditions were similar (Fig. 4).

The heatmap plot depicted the relative percentage of each
bacterial genus within each field (Fig. 6). As shown in Fig. 6,

some soil genera in DLBt, DLNBt, and ILBt maize fields
overlapped, while ILNBt formed a separate cluster
(Fig. 2F and G). A similar trend was observed in the PCoA
(Fig. 2F and G). These fields gathered by decreasing order of
similarity in soil genera. The relative abundance for each
bacterial genus was depicted by color intensity with the
legend indicated in the figure on the right. In this study, a total
of 24 genera and a group named “Other” (with OTU
abundance percentage of less than 5%) were identified
between DL and IL Bt and non-Bt maize field samples in the
present study (Fig. 5). The four most abundant genera
identified in DL Bt maize soil include, Rubrobacter (overall
average 15.2%), Gp (14.4%), Arthrobacter (13.6%), and
Sphingomonas (10.2%), while under DL non-Bt maize soil
Rubrobacter (17.0%), Arthrobacter (13.98%), Gp (13.3%),
and Skermanella (8.1%) were the top four genera. Under IL Bt

FIGURE 4 Venn diagrams signifying the number of unique and shared species between Bt and non-Bt maize DL and IL field soils at 3%
distance level. DLBt and DLNBt represent the dryland Bt and non-Bt maize samples, while ILBt and ILNBt represent the irrigated Bt and non-
Bt maize samples

FIGURE 5 Relative abundance of predominant bacterial composition in the four treatments
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maize field samples Sphingomonas (overall average 20.5%),Gp
(16.4%), Arthrobacter (13.4%), and Sphingosinicella (7.9%)
were the four most abundant genera. Whereas Gp (17.0%),
Sphingomonas (12.3%), Rubrobacter (8.8%), and Gemmatimo-
nas (5.1%)were the top four genera under IL non-Btmaize field
samples. However, there were some variances between DL and
IL Bt and non-Bt maize soil fields in the relative abundance of
these major genera. In DL and IL Bt maize fields’ soil samples,
the bacterial pairs of Sinosporangium/Sphingobium as well as
Skermanella/Sphingobium were not present, respectively.
Furthermore, DL non-Bt maize field was the only soil where
Sphingomonas was absent.

3.5.2 | Correlation between environmental
parameters and microbial community

The average values of the dominant soil chemical and enzymatic
activities used in the RDA analysis are presented in Table 1 and
Fig. 1. Based on the results obtained, it is evident that pH (KCℓ)
was the dominant chemical parameter inBtmaize field samples,
while nitrate, organic carbon, phosphorus, nitrite and ammo-
nium were the predominant parameters in non-Bt maize field
samples under DL conditions (Fig. 7). Furthermore, results
showed that non-Bt maize field samples were positively
associated with acid phosphatase, β-glucosidase and urease
activities. However, a negative association was observed
between Bt maize field samples and enzyme activities
(Figs. 1 and 7). Results also indicated an association between
chemical parameters and enzymatic activities. Ammonium was
positively associated with urease and acid phosphatase (Fig. 7),

while β-glucosidase was positively associated with organic
carbon, phosphorus, nitrate and nitrite. A negative association
was also apparent between pH (KCℓ) and all the enzymatic
activities assayed (Fig. 7).

Relative abundance in Bt maize soils of some genera,
Ohtaekwangia and Nitrospira were correlated with pH
(KCℓ), while the relative abundance in non-Bt maize
soils of some genera, Skermanella, Arthrobacter, and

FIGURE 6 Effect of Bt maize on non-target soil organisms. Heat map of weighted Bray–Curtis with hierarchal clustering of bacterial
distribution of different communities from the dryland and irrigated Bt and non-Bt maize soil samples at the genus level. The relative abundance
for each bacterial genus were depicted by color intensity (clustering on the X-axis) with each field (Y-axis clustering). The higher values are
represented by darker colors whereas lower ones are represented by lighter colors. DLBt and DLNBt represent the dryland Bt and non-Bt maize
samples, while ILBt and ILNBt represent the irrigated Bt and non-Bt maize samples

FIGURE 7 RDA triplot of dominant genera as affected by
selected environmental variables. Genera are indicated by blue
vectors and chemical and biochemical variables are represented by
red vectors under DL conditions
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Sphaerobacter were correlated with nitrate, phosphorus,
carbon, and nitrite (Table 1 and Fig. 7). Some other non-Bt
maize genera such as Sphingobium and Nocardioides were
correlated with ammonium (Fig. 7). The relative abundance
of most genera in non-Bt maize fields were strongly
correlated to acid phosphatase, β-glucosidase, and urease
enzyme activities (Fig. 7). Acid phosphatase, β-glucosidase,
and urease enzyme activities were relatively high and showed
a positive association with the relative abundance of most
genera in non-Bt maize fields as compared to the Bt maize
field (Figs. 1 and 7).

Results obtained indicated that ammonium, pH (KCℓ),
phosphorus, and nitrite had a strong positive association with
Bt maize field samples, whereas organic carbon and nitrate
had a strong positive association with non-Bt maize field
samples under IL conditions (Fig. 8). Furthermore, results
showed that non-Bt maize field samples were positively
associated with acid phosphatase, β-glucosidase, and urease
activities, while Bt maize field samples had a strong negative
association with enzyme activities (Figs. 1 and 8). In addition,
acid phosphatase, β-glucosidase, and urease activities were
strongly associated with organic carbon in the non-Bt maize
field. These enzymes were also positively associated with
nitrate content of the IL non-Bt maize field, but to a lesser
extent. Ammonium and pH (KCℓ) was moderately associated
with urease activity (Fig. 8), while phosphorus and nitrite
concentrations showed a negative association with the
enzyme activities (Fig. 8).

Relative abundance in non-Bt maize field samples of
some genera, Skermanellawas associated with pH (KCℓ) and

ammonium concentration, while Gp, Terrimonas, and
Sphaerobacter were strongly associated with organic carbon
(Fig. 8). Nitrospira, Rubrobacter, and Nocardioides were
strongly associated with nitrate concentrations. The relative
abundance in IL Bt maize field of the soil microbial genus,
Sphingomonas and Arthrobacter was positively associated
with nitrite, phosphorus, ammonium, and pH (KCℓ), but to a
lesser extent. Sphingosinicella and Ferruginibacter were
negatively associated with all six chemical parameters in the
IL Bt maize field. The relative abundance of most genera in
non-Bt maize field was strongly correlated to acid phospha-
tase, β-glucosidase, and urease enzyme activities. A similar
trend was observed in non-Bt maize field samples of DL
(Fig. 7). Results indicated that both non-Bt maize field under
DL and IL conditions were positively associated with enzyme
activities, while Bt maize fields were negatively associated
with these enzymes.

4 | DISCUSSION

Soil microbial communities perform multifarious processes,
which have major agricultural and ecological importance. In
agriculture, it is pertinent to maintain healthy soils by
regulating the physico-chemical and biochemical cycles
alongwith the soil microbial communities present in soil [10].
Unfortunately, planting of Bt crops, could affect soil
processes, due to the genetic modification and perhaps the
Bt-toxin.

Soil chemical composition do not only contribute to plant
nutrition but it also plays a role in microbial activities and
overall soil fertility [24]. For the represented study, nitrate,
phosphorus, and organic carbon levels were significantly
higher under non-Bt maize soil, except for phosphorus under
IL Bt maize soil. This is similar to what Griffiths et al. [25]
and Liu et al. [26] previously observed for GM and non-GM
maize soils. As explained by Powell et al. [27], differences in
chemical properties between Bt and non-Bt maize soils under
DL and IL might be a result of the difference in nutrient
utilization by soil bacteria. In addition, agricultural practices
and application of fertilizers could also contribute to the
differences observed in chemical properties of these
conventional fields [28]. These findings are further substan-
tiated by the redundancy analyses (RDA) which indicate that
organic carbon and nitrate were strongly associated with non-
Bt maize field samples under DL and IL conditions (Figs. 7
and 8). However, these correlations were not statistically
significant. High organic carbon content favors soil structure;
water-holding capacity; root penetration, and adsorption of
microorganisms and nutrients [29]. These factors in turn
contribute to conditions that further favor microbial activity
and nutrient cycling, making the aim of achieving sustainable
ecosystems more viable [29].

FIGURE 8 RDA triplot of dominant genera as affected by
selected environmental variables. Genera are indicated by blue
vectors and chemical and biochemical variables are represented by
red vectors under IL conditions
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Many studies have successfully matched presence and
absence of soil enzymes to soil ecological processes, hence,
they are accepted as indicators of soil microbial activities and
fertility [30–32]. In our study, the activities of β-glucosidase
and acid phosphatase in soil were significantly higher under
non-Bt maize soil samples compared to Bt maize soil. The
significant increase of these soil enzymes in non-Bt maize
soils could be attributed to the positive association with
organic carbon (Figs. 7 and 8), which also plays an important
role in the soil nutrient cycle [29]. Enzyme activities of soils
are usually correlated with their organic carbon and available
nitrate contents [33]. Similar results were obtained by Dick
and Tabatabai [34] and Frankenberger and Dick [35], who
also found organic carbon to be positively related to enzyme
activities. Higher levels of organic carbon stimulate microbial
activity, and therefore enzyme synthesis.

Furthermore, the lower soil enzyme activity shown in
soils of Bt maize under DL and IL conditions indicated that
some of the bacterial species were perhaps inhibited and did
not participate in the metabolic activities of the soil [36]. In
previous studies involving Bt crops, there was no consistent
trend between quantity levels of soil enzymes of GM and non-
GM plants, nevertheless, there were differences among
seasons and crop varieties [37,38]. These results are not
consistent with our findings.

Overall, alpha diversity was higher under DL Bt and IL
non-Bt maize soils, respectively. However, soil bacterial
richness were greater under DL non-Bt and IL Bt maize soils,
respectively (Fig. 2A and E). The higher soil bacterial
richness in DL non-Bt maize soil samples is not unexpected
due to the high contents of essential nutrients in this soil. The
observation of no significant differences between the DLBt/
DLNBt and ILBt/ILNBt maize OTU richness of Bt and non-
Bt maize soil populations suggest that the Bt maize (including
cultivar type) do not have any effect on the soil species
richness in these fields populations. Analysis of the DL and IL
Bt and non-Bt maize soil microbiota indicated dominance by
the members of the bacterial phyla Actinobacteria, Proteo-
bacteria, and Acidobacteria (Fig. 3). With Actinobacteria
being the most dominant phyla present in both Bt and non-Bt
maize soil under DL conditions, Proteobacteria and Acid-
obacteria were themajor phyla present in Bt and non-Btmaize
soil under IL, respectively. All of these phyla contain taxa
commonly found within the soil community [4]. These results
were consistent with those of Barriuso et al. [39] andNewman
et al. [40], who also found the above mentioned bacterial
phylum’s to be the predominant groups in the rhizosphere of
Bt maize. The reason why the phylum composition of the soil
bacterial community differed under IL conditions could be
due to the water supply in the fields and type of maize variety
used. Similar results as these were obtained byBaumgarte and
Tebbe [41], Fang et al. [42], and Barriuso et al. [38] who also
found plant cultivars, soil structure, and environmental

factors (plant growth phase) to have an impact on soil
bacterial microbial community structures. In IL Bt maize soil,
the genus Sphingomonas belonging to the phylum Proteobac-
teria was found to be dominant. It is known that this particular
genus can respond to labile carbon sources and are considered
r-selected, fast growing, and opportunistic bacteria [39]. The
detection of Sphingomonas, is in agreement with reports from
Bumunang et al. [43] and Dohrmann et al. [3] who also found
this genus to be the most commonly found in maize soil.
Therefore, it had been suggested that this species can be used
as a key indicator in monitoring GM effects on soil maize
communities [43]. However, in Bt and non-Bt maize fields
under DL conditions, the genus Rubrobacter was the most
enriched genus, originating from the phylum Actinobacteria,
one of the major groups, which are mostly gram-positive
microbes and plays an important component of soil
communities. Although unexplained, Sphingomonas and
Arthrobacter were not detected in DL and IL non-Bt maize
soils, respectively. The results of this study showed subtle
variations in soil bacterial community composition between
DL and ILBt and non-Btmaize soils. The largest difference in
relative abundance was observed for Sphingomonas and
Arthrobacter. Based on our results, we conclude that
variances in soil microbial communities and differences
observed in enzymes were probably a result of farming
practices and environmental factors. This is in accordance to a
recent study in our laboratory where variations in diversity
and abundance of endophytes associated with the phyllo-
sphere of Bt and non-Bt maize could not be conclusively
linked to Bt genetic modification of the maize plant [44].

In conclusion, it is recommended that future studies
should expand number of samples collected to include
pre-sowing, pre-harvest, and post-harvest data as such
approach will give more insights into the potential impacts
of the genetic modification of the Bt maize. Nevertheless, the
findings of our study has provided an insightful snapshot of
the ecological guild and enzymatic activities of rhizosphere
soil microbial communities in soil under Bt and non-Bt maize
cultivations. However, further investigations are needed to
elucidate whether these differences were transient, seasonal,
or over a period of time.
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