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In Africa, intercropping and intra-hole cropping systems are common practices used

by smallholder farmers to optimize land use and tap the benefits of plant-to-plant

interactions. The aim of this study was to evaluate mineral nutrient concentrations,

P-enzyme activity and changes in microbial communities in the rhizospheres of sole

cropped and intra-hole planted cowpea (cvs. TVu 546 and PAN 311), maize (cv. ZM

521), and sorghum (cv. M48). Cowpea cv. TVu546 intra-hole planted with sorghum

(i.e., TVu546+M48) produced the highest rhizosphere acid phosphatase (APase) activity

(230.0 µg p-nitrophenol.g−1 soil.h−1). From 16S rRNA Miseq Illumina sequencing,

the rhizosphere bacterial community structure was altered by intra-hole cropping,

and was dominated by Actinobacteria, Acidobacteria, Bacteroidetes, Firmicutes,

Planctomycetes, Proteobacteria, and Verrucomicrobia, which together accounted for

about >95% of the total sequences. The Sphingobacteria phylum was the dominant

microbial group in the rhizosphere soil of all the cropping systems. The Proteobacteria

phylum was the second most abundant in this study, which included the beneficial

bacteria in all the rhizosphere soils studied. In contrast, typical pathogens like Ralsotonia

and Agrobacterium were completely absent, indicating that the intra-hole cropping

system can provide protection against soil-borne diseases possibly through elimination

by antibiotics and/or phytoalexins present in plant and microbial exudates in the

rhizosphere.Mucilaginibacter and Flavobacterium were however selectively present with

intra-hole cropping.

Keywords: intra-hole and sole cropping, acid phosphatase activity, microbial community, 16S rRNA,Miseq Illumina

sequencing

INTRODUCTION

Intercropping, defined as the planting of two or more crops on the same piece of land within
the same cropping season, is an ancient cultural practice common among smallholder farmers,
especially in Africa. The intercropping system can vary from intra-row intercropping, inter-row
intercropping to intra-hole cropping, which involves two or more different plant species. These
intercropping systems are a common practice used by smallholder farmers in Africa to optimize
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land use as well as tap the benefits of plant-to-plant interaction.
This practice is regarded as low-input and self-sustaining, in that,
it enhances the amount of biomass and yield that is harvested per
unit land area (Matusso and Mucheru-Muna, 2014). With this
practice, yield reliability and insurance against crop failure are
key, with intercrops tending to have higher yield stability than
sole crops especially in areas prone to extremeweather conditions
(Papastylianou, 2004; Wang et al., 2014). Where intercropped
plants have different root architecture, soil fertility is improved
as roots of such crops explore a larger soil volume through
increased root length and density, as well as root distribution (Li
et al., 2013). Where a legume is intercropped with non-legume,
direct transfer of fixed-N from the legume to the non-legume can
occur, leading to enhanced N nutrition of the companion crop
(Xiao et al., 2004).

Intra-hole cropping is a system where two different crop
species (e.g., legume and cereal) are planted in the same hole
(Dakora et al., 2008). The intra-hole legume/cereal pairing is
often practiced where soils are low in N. As a result, the legume’s
N-rich compounds excreted by root nodules, released through
rhizodeposition, leached from leaves, as well as N transferred
through mycorrhizal fungal mycelia become available to the
associated cereal plant belowground, in addition to products
of organic matter decomposition becoming more available to
succeeding crops (Hamel and Smith, 1991; Fustec et al., 2010).

Enhanced P nutrition of cereals from intercropping with
legumes has been attributed to P-solubilization in the rhizosphere
by symbiotic rhizobia and the secretion of P compounds in root
exudates (Dakora and Phillips, 2002; Maseko and Dakora, 2013).
However, the root exudates also contain phosphatases that can
decouple unavailable P from complexes (Gunes et al., 2007),
organic acids that can lower soil pH and make P more available
(Li et al., 2007), and protons released during nitrogen fixation
that can readily acidify the rhizosphere for increased P availability
(Shen et al., 2011). Where roots of the intercropped species
are intermingled and/or in close proximity, the solubilized P
can benefit the component non-legume plant. In fact, Makoi
et al. (2010) have shown that a sorghum/cowpea intercrop
increased APase and AlkPase activity, leading to enhanced
P nutrition, greater plant growth, and higher grain yield. A
soybean/sugarcane intercrop in the glasshouse also resulted in
increased total soil microbe number when compared to the
monocultures (Li et al., 2013).

Being indigenous to the African continent, both cowpea and
sorghum are widely adapted to different soil ecologies, including
tolerance to drought, and are used as food and cash crops by
most smallholder and commercial farmers in Africa together with
maize. During intra-hole cropping, where the legume and cereal
are planted in the same hole, the roots of the two species can
become interwoven, leading to direct nutrient acquisition and
increasedmobilization (Li et al., 2010). There are also reports that
an increase in rhizosphere microbial biomass and P-enzymes can
lead to improved nutrient supply to both partners compared to
either sole crop (Inal et al., 2007; Makoi et al., 2010). However,
soil and plant management practices can have much greater
influence on soil microbial mass (Gupta and Germida, 1988;
Dick et al., 1994; Alvey et al., 2003), with monocultures tending

to show reduced microbial biomass and activity in comparison
with mixed cultures (Moore et al., 2000). Furthermore, legumes
generally accumulate greater microbial biomass in the soil than
cereals (Walker et al., 2003).

Although there is considerable information on the
relationship between soil management and soil microbial
activity, little is known about it under mixed cultures commonly
practiced by smallholder farmers in Africa (Dick et al., 1988;
Deng and Tabatabai, 1996; Yang et al., 2015). Although
rhizosphere microbial composition used to be studied by
culturing the bacteria for single species interactions, now
however, root-microbe interactions and the composition of
root-associated microbial community have become easier to
assess, with the development of next generation sequencing
(Mendes et al., 2013; Hacquard et al., 2015). Furthermore, while
several studies have been conducted on intercropping (Wahua,
1984; Li and Wu, 2018; Dang et al., 2020; Li et al., 2020), to
our knowledge little is known about intra-hole cropping of
legumes and cereals. We hypothesized that intra-hole cropping
of cowpea-maize, and cowpea-sorghum would influence soil
P-enzyme activity, mineral nutrient accumulation and microbial
communities based on the partners used in the intra-hole
cropping system. Therefore, the aim of this study was to evaluate
P-enzyme activity, mineral nutrient accumulation and microbial
community structure in the rhizosphere of sole and intra-hole
cropped cowpea with cereals (namely, sorghum and maize).

MATERIALS AND METHODS

Description of the Experimental Site and
Experimental Design
The field experiment was carried out at the Marapyane Campus
of the Lowveld College of Agriculture (24◦57′53.777′′S and
28◦45′41.544′′E), Mpumalanga Province of South Africa. The
experimental field was grass fallow for over 30 years, but
frequently grazed by livestock before the experiment was
established in the 2013/2014 cropping season. The Mpumalanga
Province is dominated by savanna vegetation and is semi-
arid in climate with cold winter and warm summer seasons.
The temperature and average rainfall can vary from 15.9
to 32.5◦C and 0 to 34.4mm, respectively, during planting
summer season.

The experimental field layout consisted of plots measuring
4.2m long and 2.4m wide with an inter-row spacing of 80 cm,
intra-row spacing of 30 cm and 90 cm between plots. The
treatments included two cropping systems (monoculture and
intra-hole cropping), two cowpea genotypes (PAN 311 and TVu
546), and two cereal species (maize cv. ZM521 and sorghum cv.
M48). The experiment was laid out using a randomized complete
block design with three replications. With sole cropping, two
seeds were planted per hole for each crop species (cowpea, maize
and sorghum), and later thinned to one plant per stand at 2 weeks
after planting. With the intra-hole cropping system, four seeds
(two of cereal and two of legume) were planted per hole, and
later thinned to one plant of cowpea and one plant of cereal
per stand at 2 weeks after sowing. The plants were naturally
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rain-fed without irrigation. Weeds were controlled manually,
when necessary.

Collection and Processing of Rhizosphere
Soils
At 86 d after planting (DAP), samples of rhizosphere soil (defined
here as soil adhering to the plant roots) were collected from each
treatment, namely, sole cowpea, sole maize, sole sorghum, intra-
hole cropped cowpea with maize and intra-hole cropped cowpea
with sorghum. With the monocultures, soil adhering to the root
system of each treatment was shaken off into a pre-labeled zipper
plastic bag and sealed. With intra-hole planting, however, the
soil around the intermingled roots of both cowpea and cereal
was collected. The rhizosphere soil samples were immediately put
into dry ice in a cooler box and transported to the laboratory
where each sample was divided into three parts. One part was
kept at −4◦C for later use in APase and AlkPase assay, the
second part stored at −80◦C for later use in soil microbial DNA
extraction, and the third part air-dried at room temperature,
sieved (2mm), and stored for mineral analysis.

Determination of pH and Chemical
Properties of the Soil Samples
To measure pH, 50mL 0.01M CaCl2 was added to 10 g of air-
dried and sieved (2mm) soil sample. The mixture was mixed
thoroughly using an end-to-end shaker at 100 rpm for 3 h. After
shaking, the suspension was allowed to settle for 30min and the
pH measured using a BT-675 pH benchtop meter [Boeckel+ Co
(GmbH+ Co) KG, Hamburg, Germany].

Assay of Acid and Alkaline Phosphatase
Activity in Rhizosphere Soils
APase and AlkPase activity in the rhizosphere soils was assayed as
described by Tabatabai (1994). The solution was filtered through
Whatman #2 filter paper and the absorbance of the supernatant
was measured at 420 nm using a UV–VIS spectrophotometer
(JENWAY 7300, Bibby Scientific Ltd, Stone, Staffs, UK). The
absorbances of filtrates were compared with p-nitrophenol
standards. For each assay, a control was included to account
for non-enzymatic substrate hydrolysis, and the enzyme activity
expressed as µg p-nitrophenol g−1 F wt soil h−1.

Analysis of Mineral Nutrients in
Rhizosphere Soils
The rhizosphere soil samples that were processed and kept for
mineral analysis were used to analyze for P, K, Ca, Mg, Cu, Zn,
and Fe according to the citric acid method developed by Dyer
(Dyer, 1894) and modified by the Division of Chemical Services
(1956), and later by Du Plessis and Burger (1965). The acid
digestion method was employed to determine soil concentrations
of P, K, Ca, and Mg and the EDTA method for Cu, Zn, and Fe
using plasma-mass spectrometer (ICP-MS) (IRIS/AP HR DUO
Thermo Electron Corporation, Franklin, Massachusetts, USA).

Extraction of Rhizosphere Soil Microbial
DNA
The rhizosphere soils collected from each treatment plot were
bulked together to obtain one composite sample. Genomic
DNA was extracted from 0.5 g of the composite samples using
PowerSoilTM DNA Isolation Kit (MO BIO Laboratories, Inc.,
Carlsbad, CA) according to the manufacturer’s instructions.
The DNA concentrations were measured using PicoGreen
(Invitrogen, cat. # P7589) method and Victor 3 fluorometry.
Fluorescence was measured for three cycles of 30 s at 25◦C
in 96 well plates, and a standard curve generated by means
of the fluorescence results, was used to determine the DNA
concentration and adjusted to a final level of 3.5 ng/µl. The DNA
samples with known concentrations were sent to Macrogen (The
Netherlands) for sequencing.

Library Preparation and Cluster Generation
The sequencing library was prepared by random fragmentation
of the DNA sample, followed by 5′ and 3′ adapter ligation.
All samples of rhizosphere microbial DNA were subjected
to PCR amplification in duplicates using primer pairs
retaining the adapter-ligated fragments 5′TCGTCGGCAGCGT
CAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG3′

and 5′GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
GACTACHVGGGTATCTAATCC3′ targeting variable regions
V3-V4 of the 16S rDNA gene (Klindworth et al., 2013). The
polymerase chain reaction (PCR) was carried out with about
10–15 ng DNA in 25 µl reaction volume containing 12.5 µl 2×
KAPA HiFi hotstart ready mix, and 5 µl of each primer (1µM)
with the following temperature profile: 95◦C-30 s, 25×(95◦C-
30 s, 55◦C-30 s, 72◦C-30 s), 72◦C-5min. To verify the size of PCR
enriched fragments, we checked the template size distribution
by running it on an Agilent Technologies 2100 Bioanalyzer
using a DNA 1000 chip. Subsequently, PCR amplified products
were cleaned using AMPure XP beads. The sample libraries
were quantified using qPCR according to the Illumina qPCR
Quantification Protocol Guide. The PCR amplified products
were indexed by ligation of indexing adapters to the DNA
fragments, and amplified by PCR. The amplified products were
again purified using AMPure XP beads.

For cluster generation, the library was loaded onto a flow
cell where fragments were captured on a lawn of surface-bound
oligos complementary to the library adapters. Each fragment
was then amplified into distinct, clonal clusters through bridge
amplification. After completion of clustering, the templates
were sequenced.

Sequencing
Illumina SBS technology was used for paired-end-sequencing,
a proprietary reversible terminator-based method that detects
single bases as they get incorporated into DNA template
strands. As all four reversible, terminator-bound dNTPs are
present during each sequencing cycle, natural competition
minimizes incorporation bias and greatly reduces raw error
rates compared to other technologies. The results were a
highly accurate base-by-base sequencing that virtually eliminated
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FIGURE 1 | Available micro-element in rhizosphere of solo and intra-hole planted cowpea, sorghum, and maize. Bars with dissimilar letters are significantly different (P

≤ 0.05) for each element.

sequence-context-specific errors, even within repetitive sequence
regions and homopolymers.

Data Assembling and Statistical Analysis
During data analysis and alignment, the newly identified
sequence reads were aligned using FLASH to reference genome.
The raw sequences were processed in CD-HIT-OTU for quality
control (QC) assessment to remove noise data and to ultimately
generate cluster files for each sample. All processed and QC
passed cluster files were analyzed using Qunatitative Insights
into Material Ecology (QIIME) pipeline (Caporaso et al., 2010).
The representative reads from non-chimeric clusters were
grouped using a greedy algorithm into OTUs at a user-specified
OTU cutoff (e.g., 97% ID at species level). Genetic distance
was calculated and sequences were clustered into operational
taxonomic units (OTUs). The alpha diversity index (Chao1,
Shanon, and Simpson) was calculated for each sample at
both distances. The taxonomical abundance (%) of microbial
communities of each rhizosphere soil sample was calculated
using read files as queries against removed and de-replicated
set of sequences from the small subunit (SSU) UCLUST
(Edgar, 2010). The principal coordinate analysis (PCoA) was
carried out using make_rd_plot.py of QIIME with output data
of beta diversity (pairwise sample dissimilarity). Rarefaction
analysis was performed at species level for each sample using
alpha_rarefaction.py of QIIME. The data were submitted to
NCBI Sequence Read Archive under the project Bioproject
ID PRJNA397662. Soil APase/AklPase and nutrient data were
statistically analyzed using STATISTICA software program

version 10.1. The Duncan’s multiple range test was used to
separate means at p ≤ 0.05.

RESULTS

Soil pH
Rhizosphere soil acidity ranged from pH 6.05–7.07 for the test
species. Sole planted maize (cv. ZM 521) had soil pH 7.0,
and sorghum (cv. M48) pH 6.61. In contrast, the two cowpea
genotypes showed much lower soil pH levels, with cv. TuV 546
recording pH 6.34, and cv PAN 311 pH 6.28. When planted with
sorghum in a single hole, cowpea cv. PAN311 lowered soil pH to
6.05, in contrast to cv. TVu546, which increased rhizosphere soil
pH to 7.07 when planted in the same hole with sorghum. Planting
cowpea cv. TVu 546 with maize (cv. ZM 521) in the same hole
produced a slightly acidic rhizosphere soil reaction (pH 6.43).

Effect of Cropping System and Plant
Species on Mineral Nutrient
Concentrations in Rhizosphere Soils
Rhizosphere Levels of Fe, Cu, and Zn
Available Fe in the soil ranged from 88.75 to 111.70 mg/kg for
all treatments (Figure 1). Fe concentration in the rhizosphere of
maize and sorghum monocultures (102.36 and 111.70 mg/kg,
respectively) was much higher than that of the sole-grown
cowpea cultivars. Cowpea cv. PAN 311 also showed greater
Fe level in its rhizosphere (99.28 mg/kg) than cv. TVu 546
(88.75 mg/kg).
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FIGURE 2 | Presence of exchangeable macro-element in rhizosphere of solo and intra-hole planted cowpea, sorghum, and maize. Bars with dissimilar letters are

significantly different (P ≤ 0.05) for each element.

Intra-hole planting of sorghum with the two cowpea
genotypes increased Fe levels in the rhizosphere soil relative
to sole cowpea, but decreased it compared to sole sorghum
(Figure 1). Planting maize with cowpea cv. TVu 546 also
increased rhizosphere Fe relative sole cv. TVu 546.

Available Cu levels were generally similar in the rhizosphere
soil of all the treatments, and ranged from 8.34 to 9.14 mg/kg.
The concentration of Zn in the rhizosphere of all the treatments
ranged from 1.96 to 8.06 mg/kg (Figure 1). The rhizosphere soil
of cowpea cv. TVu 546 showed 2-fold higher Zn concentration
(8.1 mg/kg) than cv. PAN 311 (3.9 mg/kg). However, the Zn
level in the rhizosphere soil of the two cereals, sorghum (M 48)
and maize (ZM 521), was much higher (6.30 and 7.74 mg/kg,
respectively) relative to cowpea cv. PAN 311, but lower than cv.
TVu 546. Intra-hole planting of sorghum or maize with the two
cowpea cultivars decreased Zn levels relative to the monocultures
of cowpea, sorghum, and maize (Figure 1).

Rhizosphere Levels of Ca, Mg, K, and P
The concentration of Ca in the rhizosphere soil of the test species
ranged from 1012 to 11758mg/kg (Figure 2), with the two cereals
(maize and sorghum) registering the highest levels (11758 and
2118 mg/kg, respectively) relative to the legume. Cowpea cv.
TVu 546 recorded 1287 mg/kg Ca and cv. PAN 311 1214 mg/kg.
Intra-hole planting of maize with the two cowpea genotypes
lowered Ca concentration in the rhizosphere relative to sole
maize, but increased it when maize was planted in the same
hole with cowpea cv. PAN 311 (Figure 2). Intra-hole planting of
sorghumwith each of the cowpea cultivars decreased rhizosphere
Ca relative tomonocultures of sorghum, cowpea cv. TVu 546 and
cv. PAN 311.

The level of Mg in plant rhizospheres ranged from 324 to
605.10 mg/kg, with sole maize and sorghum exercising much
greater concentration compared to sole cultures of the two
cowpea genotypes (Figure 2). Plantingmaize with each of the two
cowpea cultivars in same hole loweredMg concentrations relative
to monocultures of maize and cowpea cv. TVu 546, just as intra-
hole planting of sorghumwith the cowpea cultivars decreased the
concentration of Mg in the rhizospheres of sorghum, cowpea cv.
TVu 546 and cv. PAN 311 monocultures (Figure 2).

Potassium concentration ranged from 143.3 to 246.9 mg/kg
in the rhizosphere soil of the test plants (Figure 2), with sole
cowpea genotypes exhibiting greater K levels than the sole maize
and sorghum. Intra-hole planting of maize with the cowpea
genotypes increased rhizosphere K relative to sole-planted maize,
as well as TVu 546 co-planted in one hole with maize. However,
sowing sorghum seeds and cowpea seeds in one hole lowered
rhizosphere K level when compared to sole-planted sorghum and
cowpea (Figure 2).

Plant-available P in the rhizosphere soil of the test species
ranged from 5.5 to 10.0 mg/kg, with cowpea cv. PAN 311
recording the highest P (10.00 mg/kg; Figure 2). Intra-hole
planting of maize with cowpea increased the concentration of
rhizosphere P relative to sole maize and cowpea cv. TVu 546,
but decreased it when compared to sole maize and cowpea cv.
PAN 311 (Figure 2). Similarly, planting sorghum and cowpea
cv. PAN 311 in the same hole led to a decrease in P relative to
monocultures of sorghum and cv. PAN 311, but had no effect
with cv. TVu 546 (Figure 2).

Effect of Cropping System and Plant
Species on APase and AlkPase Activity in
Rhizosphere Soils
Relative to APase, AlkPase activity was generally higher in the
rhizosphere of the test species. Furthermore, the APase and
AlkPase activity of sole-planted cowpea cultivars was much
greater than that of their cereal counterparts (Figure 3). Intra-
hole planting of maize with each of the two cowpea cultivars
resulted in an increase in rhizosphere AlkPase activity relative
to sole-planted maize, and a decrease relative to monocultured
cowpea genotypes. However, planting maize in the same hole
with cowpea cv. TVu 546 increased rhizosphere APase activity
relative to sole-planted TVu 546, while with PAN 311, it
decreased APase activity when compared with sole stands of
maize and cv. PAN 311. Intra-hole planting of sorghum with
cowpea cv. TVu 546 increased APase activity relative to sole-
planted sorghum and cowpea cv. TVu 546, while with cv. PAN
311, it decreased it relative to sole stands of sorghum and cv. PAN
311. Planting sorghum in the same hole with cowpea cv. TVu 546
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FIGURE 3 | Phosphatase activity in the rhizosphere of solo and intra-hole planted cowpea, sorghum, and maize. Bars with dissimilar letters are significantly different

(P ≤ 0.05) for each enzyme activity.

TABLE 1 | Information about number of generated raw sequences, quality sequences, chao1, and OTUs.

Sample name Total bases Raw read

count

GC (%) Q20 (%) Q30 (%) Chao1 Good coverage OTUs

PAN311 53,424,001 118,025 55 96.99 87.46 806.09 0.98 642.0

TVu546 56,515,556 125,260 55.4 97.01 87.43 850.45 0.98 694.0

ZM 521 71,367,953 158,022 55.6 97.08 87.73 873.06 0.98 704.0

M48 54,653,244 120,691 55.4 97.1 87.73 847.43 0.98 694.0

PAN311+ZM521 77,105,901 170,531 55.2 96.99 87.43 923.34 0.98 780.0

TVu546+ZM521 76,938,622 169,559 54.1 96.99 87.48 910.79 0.99 739.0

PAN311+M48 63,795,130 141,302 55.5 97.0 87.44 832.36 0.98 721.0

TVu546+M48 78,365,292 173,180 54.8 97.11 87.78 906.85 0.99 778.0

or PAN 311 decreased AlkPase activity relative to sole-planted
cowpea cvs. TVu 546 and PAN 311, but increased AlkPase
activity when compared with sole-planted sorghum (Figure 3).

Analysis of Rhizosphere Microbial
Community
The results of sequencing microbial DNA extracted from
rhizosphere soils showed that the intra-hole planting system
exhibited higher nucleotide sequences when compared to sole
planting. Intra-hole planting of cowpea cv. TVu 546 with
sorghum (cv. M 48) revealed the highest sequence bases (>78
million), while sole-planted cowpea cv. PAN311 recorded the
lowest (<54 million). The highest GC (55.6%) was found in
the rhizosphere metagenome sequences of maize (ZM 521), but
Q20 and Q30 were highest in the rhizosphere metagenome of

intra-hole planted cowpea (TVu 546) with sorghum (M 48)
(Table 1).

A total of 1,176,570 raw reads were generated from analysis of
the eight rhizosphere soil samples collected from sole and intra-
hole planted maize, sorghum and cowpea. There were variations
in read output across the analyzed samples, with >100,000
reads obtained per sample (Table 1). With subsequent analysis,
however, 107,171 quality sequences were added which resulted
in 11,677 as a median per sample with a range of 9523–22907.
The read length was 300 bp. All quality sequences were aligned at
>97% sequence identity using QIIME to determine operational
taxonomic units (OTUs). The reads were all successfully classified
as belonging to the domain bacteria. The coverage was between
98 and 99% for each of the eight test samples. The highest OTU
(780) was found in the rhizosphere metagenome of cowpea (PAN
311) co-planted in the same hole with maize (ZM 521), and the
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FIGURE 4 | Shannon/Simpson microbial community diversity index of test rhizosphere soil samples.

least (642) in sole-planted cowpea cv. PAN 311 (Table 1). Both
the observed and estimated richness (Chao 1) were higher in
the rhizosphere soil of cowpea (cv. PAN 311) planted in one
hole with maize cv. ZM 521 (Table 1). The Shannon diversity
index was 7.8 for rhizosphere soils from sole maize (cv. ZM 521)
and intra-hole planted cowpea (cv. PAN 311) with maize, 7.7
for sole cowpea (cv. TVu 546) and cowpea (cv. PAN 311) co-
planted with sorghum in one hole, 6.4 for rhizosphere soils of
sole-planted cowpea (cv. PAN 311), 7.3 for sole sorghum, 5.9 for
cowpea (cv. TVu 546) planted in the same whole with maize, and
6.8 for cowpea (cv. TVu 546) planted in one hole with sorghum
(Figure 4).

The alpha rarefaction graph (Figure 5) for each soil sample
did not reach the plateau phase, which indicates that more
reads are required to capture all the diversity associated with the
plateau part of the graph.

When the observed reads were assigned to high taxonomic
ranks, the occurrence and relative abundance of different phyla
suggested a strong dissimilarity among bacterial communities
in all the rhizosphere soil samples tested. Except for cowpea
(cv. PAN 311) co-planted with sorghum, the intra-hole planting
system generally showed higher microbial phyla than sole
cropping. Results showed that including undefined phylum the
highest number of phyla (20) were found in the rhizosphere
soil of intra-hole planted cowpea (cv. PAN 311) with maize,
with the least number of phyla (16) detected in the rhizosphere
soil of intra-hole planted cowpea (cv. PAN 311) with sorghum

(Figure 6). The most dominant phyla in all the test samples
were Actinobacteria, Acidobacteria, Bacteroidetes, Firmicutes,
Planctomycetes, Proteobacteria, and Verrucomicrobia, as they
accounted for>95% of the total bacteria observed. The microbial
community profiles in the rhizosphere soils analyzed were not
similar at the class, order and family levels due to little differences
in the relative abundance of some bacteria. The rhizosphere soils
of sole cowpea (cv. PAN 311), sole maize, and cowpea (cv. TVu
546) co-planted with maize showed 18 bacterial phyla, while sole
cowpea (cv. TVu 546), sole sorghum and cowpea (cv. TuV546)
intra-hole planted with sorghum revealed 17 bacterial phyla
with some slight differences in relative presence and absence
of certain bacterial phyla. For example, Thermomicrobia was
absent in the rhizosphere soil of sole maize, as well as the two
cowpea genotypes co-planted with sorghum (i.e., PAN311+M48
and TVu546+M48), but was present in the rhizosphere soils of
sole-planted cowpea cultivars (i.e., cv. PAN 311 and TVu546),
sole planted sorghum, and maize intra-hole planted with the two
cowpea genotypes (i.e., PAN311+ZM521 and TuV546+ZM521).
Similarly, Fibrobactereswas present in the rhizosphere soil of sole
maize andmaize intra-hole planted with the two cowpea cultivars
(i.e., PAN311+ZM521, TVu546+M48), but absent in all other
samples. Also, Parcubacteria was present in the rhizosphere soils
of only sole sorghum and cowpea co-planted with maize. The
phyla Aerophobetes and Tenericutes were present exclusively in
the rhizosphere soils of intra-hole planted cowpea (cv. PAN 311)
with maize, and sole-planted maize.
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FIGURE 5 | Rarefaction curves of all samples were generated for observed microbial species which contained unique sequences and were defined at 97% sequence

similarities.

At the class and order level, the Sphingobacteria was the most
dominant microbial community present in all rhizosphere soils
(except for the rhizosphere of sole cowpea (cv. PAN 311) which
was dominated by Gammaproteobacteria). Alphaproteobacteria
was the second dominant microbial community present in the
rhizosphere soils of sole cowpea (cv. TVu 546) (16.44%), sole
maize (17.03%), intra-hole planted cowpea (cv PAN 311) with
maize (13.7%) and intra-hole planted cowpea (cv. PAN 311 with
sorghum (14.7%). By proportions, Sphingobacteria represented
14.2% of the microbial community in the rhizosphere of sole
cowpea (cv. PAN 311), Gammaproteobacteria 19.9% in the
rhizosphere of sole-planted sorghum and Flavobacteria 14.5% in
the rhizosphere of intra-hole planted cowpea (cv. TVu546) with
maize. The phylum Cyanobacteriawas present in the rhizosphere
soils of all treatments, except cowpea (cv. TVu 546) intra-hole
planted with maize.

At the genus level, Lysobacter was dominantly present in the
rhizospheres of monocultured cowpea (cv. PAN 311) (20.9%)

and sorghum (15.5%), as well as cowpea (cv. PAN311) co-
planted in one hole with maize (7.4%), while Sphingomonas was
dominant (8.1%) in the rhizosphere soil of sole-planted maize.
In contrast, Mucilaginibacter was the most abundant genus in
the rhizosphere soils of intra-hole planted cowpea (cv. TVu 546)
with maize (27.7%) and cowpea (cv. TVu 546) co-planted in
one hole with maize (11.9%). The genus Flavobacterium was
dominant in the rhizosphere soils of sole cowpea (cv. PAN311)
(8.9%), sole sorghum (1.2%), intra-hole planted cowpea (cv. PAN
311) with maize (4.6%), cowpea (cv. TVu546) co-planted with
maize (10.0%), and intra-hole planted cowpea genotypes TVu
546 and PAN 311 with sorghum (7.2 and 8.4%, respectively). An
undefined genus of the Chitinophagaceae family was the most
abundant in rhizosphere soil of sole-planted cowpea cv. TVu
546. Despite the presence of diverse bacterial species in the test
rhizosphere soils, most of them were classified as unculturable.

To compare microbial community variation between samples,
principal coordinate analysis (PCoA) was done using weighted

Frontiers in Agronomy | www.frontiersin.org 8 July 2021 | Volume 3 | Article 666351

https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/agronomy#articles


Jaiswal et al. Rhizosphere Ecology of Sole and Intra-Cropping Systems

FIGURE 6 | Average distribution of 16S rRNA sequences classified at order level in rhizosphere of solo and intra-hole planted cowpea, sorghum, and maize.

UniFrac metric. The PCoA of the UniFrac metric illustrated
clustering of soil microbial communities by number of sequences
generated from each soil sample. Based on operational taxonomic
units or OTUs (97% 16S rRNA identity), the results showed that
the microbial communities were separated by rhizosphere soil of
the test crop species and the cropping systems, indicating that
there was a difference in the community composition (Figure 7).
The two principal components (PC1 and PC2) accounted for
86.49% of the total microbial community variations in the
rhizosphere soil samples tested. Despite this clear separation, the
first axis in PC1 vs. PC2 explained 70.79% of the variance within
the data, indicating that the relative abundance of the most OTUs
was diverse between the rhizosphere soils of all the treatments.

The number of sequences attributed to each taxon was
compared between and among the rhizospheres of the test
treatments based on distance matrix estimated with UPGMA
algorithm represented in the phylogenetic tree (Figure 8). The
results yielded one major cluster with two subclusters (Subcluster
Ia and Ib). The microbial communities from the rhizosphere
of sole-planted sorghum, sole cowpea (cv. PAN 311), and
intra-hole planted cowpea (cv. TVu 546) with maize and

sorghum stood separately, which clearly indicated the presence
of diverse microbial community structures in the rhizosphere
soils analyzed. The results further showed that the microbial
communities in the rhizosphere soils of cowpea (cv. PAN 311)
co-planted with sorghum or maize in one hole (Subcluster 1a),
or sole-planted cowpea (cv. TVu546) and maize (Subcluster
1b) were very close when compared to the other cropping
systems. The results of this study therefore suggest that the
changes in microbial community structure in the rhizosphere
soil samples were most distinct in intra-hole cropping systems
relative to monocultures.

DISCUSSION

Effect of Cropping System and Plant
Species on P-Enzyme Activity in the
Rhizosphere
Rhizosphere functioning is plant species-dependent, but can
be altered by many biological processes, including soil enzyme
activity, microbial numbers, root border cells, mineral nutrient
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FIGURE 7 | Principal Co-ordinate analysis (PCoA) of microbial communities based on OTUs for all samples from rhizosphere of solo and intra-hole planted cowpea,

sorghum, and maize.

concentrations, and root exudates (Dakora and Phillips, 2002;
Jaiswal et al., 2019). Soil nutrient profiles are often affected not
only by plant species but also by soil enzymes and root border
cells, and could be bio-indicators for soil fertility (Dick and
Tabatabai, 1993; Dick et al., 2000). For example, soil enzymes
such as APase and AlkPase, whether in plants or soils, are
biomarkers for P nutrition, especially in nodulated legumes
(Maseko and Dakora, 2013).

In this study, APase and AlkPase activities in the rhizosphere
of monocultures of the two cowpea genotypes were generally
higher than those of the cereals, be it sorghum or maize
(Figure 3). This is consistent with the findings by Li et al.
(2004) which showed that chickpea secreted greater amount of
APase than maize. Izaguirre-Mayoral et al. (2002) also found
that phosphatase activity in plants can differ with crop species
and varieties. The higher phosphatase activity in the rhizosphere
of cowpea was not unexpected as nodulated legumes have a
greater P requirement to support symbiotic functioning in root

nodules when compared to non-legumes (Israel, 1987; Maseko
and Dakora, 2013).

These enzyme activities were however altered by the cropping
system. For example, co-planting of cowpea cv. TVu546 with
sorghum in one hole significantly increased APase activity,
whether compared with sole cowpea or sole sorghum, and
is consistent with the results of other intercropping studies
involving legumes and cereals (Li et al., 2004; Inal et al., 2007). It
was further found that intra-hole cropping of cowpea cv. TVu546
with sorghum or maize showed greater enzyme activity relative
to both sole legume and cereal. In contrast, co-planting cowpea
cv. PAN 311 with any of the two cereals lowered APase activity
relative to sole legume and cereal (Figure 3). Because APase
activity of sole cowpea cv. TVU 546 was less than that of cv. PAN
311, the former would require higher APase activity to meet its P
needs when compared to the latter. These results can therefore
be interpreted to mean that intra-hole cropping of cowpea cv.
TVU 546 with sorghum or maize optimizes P nutrition in both
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FIGURE 8 | Hierarchical cluster analysis based on distance matrix with the UPGMA algorithm for eight rhizosphere metagenomes of solo and intra-hole planted

cowpea, sorghum, and maize.

the cereal and cowpea cv. TVU 546 via plant-plant interaction
in the rhizosphere. Other studies have also suggested that the
legume facilitates P availability for uptake by the cereal partner
in the cropping system (El Dessougi et al., 2003; Li et al., 2004).

Rhizosphere AlkPase activity was much higher than APase
activity in the rhizospheres of monocultured cowpea cv. TVu
546 and cv. PAN 311 (Figure 3), implying that microbial biota
which are responsible for secreting AlkPases in the rhizosphere
contributed significantly to P nutrition of the cowpea plants.
The AlkPase activity in the rhizosphere soil of intra-hole planted
cowpea cv. TVu 546 with maize or sorghum was always lower
than the sole legume, but higher than sole cereals, a finding
consistent with a report by Makoi et al. (2010). As a result,
co-planting of cowpea cv. PAN 311 in one hole with sorghum
increased AlkPase activity relative to sole cereal, but decreased it
when compared to sole cv. PAN 411.

Effect of Cropping System and Plant
Species on Mineral Accumulation in the
Rhizosphere
In this study, there were strong species differences in mineral
accumulation in the rhizosphere of cowpea, maize and sorghum.
In general, the mineral concentrations (Na, Mg, Ca, S, Fe, and
Cu) in the rhizosphere of sole cowpea were much lower than
maize and sorghum. This is not unexpected as the symbiotic
process in legumes imposes a greater demand on the host

plant for enhanced mineral nutrition to support N2 fixation
(O’Hara, 2001). It has also been shown that high N2 fixation in
legumes generally results in greater mineral uptake from the soil
compared to low-fixing symbiosis (Belane et al., 2014).

In this study, available P in the rhizosphere soil of the test
species ranged from 5.5 to 10.0 mg/kg, with cowpea cv. PAN 311
recording the highest P (10.0 mg/kg; Figure 2). P supply in the
rhizosphere is influenced by a number of factors, including the
exudation of P-enzymes. As shown in Figure 1, cowpea cv. PAN
311 secreted more APases an AlkPases than all the test species,
and this can explain the high P concentration in the rhizosphere
of cv. PAN 311. However, the activity of P-solubilizing rhizobia
has also been reported to increase P availability in rhizosphere
soils of legumes (Rodríguez and Fraga, 1999). The fact that intra-
hole planting of maize with cowpea increased P concentration in
the rhizosphere relative to sole maize and sole cowpea cv. TVu
546, but decreased it when compared to sole maize and cowpea
cv. PAN 311 (Figure 2) could suggest differences in microbial
populations within the rhizospheres of the two systems. Any
variation in the microbial community can affect P-solubilization
and phosphatase secretion, and thus affect P availability.

The level of Ca andMgwere greater in the rhizospheres of sole
maize and sorghum compared to monocultured cowpea cultivars
TVu 546 and PAN 311. While this could be species-dependent,
N2-fixing legumes tend to accumulate more mineral nutrients
than cereals (Gardner and Boundy, 1983). Intra-hole planting of
sorghum or maize with each of the cowpea cultivars decreased
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rhizosphere Ca relative to monocultures of sorghum, cowpea cv.
TVu 546 and cv. PAN 311. This can be attributed to plant-plant
competition by the species for nutrient uptake in the rhizosphere.

In this study, soil Cu levels were more than sufficient to
support plant growth. Rhizosphere concentration of Fe and Zn
varied among the treatments, but were generally higher in the
rhizosphere of sole-planted maize and sorghum than the two
cowpea genotypes, possibly due to greater uptake by the legume
for symbiotic functioning. Intra-hole planting of sorghum or
maize with cowpea cultivars TVu 546 and PAN 311 increased
Fe levels in the rhizosphere relative to sole cowpea (Figure 1).
While this could be attributed to increased secretion of
phytosiderophores by the plant partners for Fe mobilization, the
microsymbionts nodulating the legume probably also produced
extra bacterial siderophores for increased Fe availability (Xue
et al., 2016). Whatever the case, positive changes in mineral
nutrient concentrations in the rhizosphere can be regarded as one
of the benefits of legume/cereal intercropping systems.

Response of Rhizosphere Microbial
Community to Cropping Systems
Plants andmicroorganisms are intricately inter-linked for growth
and survival. Plant interactions with rhizosphere microbial
community play a crucial role in agricultural productivity, in
addition to contributing to the resilience of the ecosystem to
climatic stress. Understanding plant/microbe interactions could
reveal novel ways of using these microbes to promote plant
health and productivity, and thus change ecosystem functioning.
In this study, we performed sequence analysis of the bacterial
communities in the rhizospheres of sole and intra-hole planted
cowpea and cereals using the MiSeq Illumina method. The
results revealed the presence of many unculturable bacterial
populations in the plant rhizospheres, as earlier reported by
Jaiswal et al. (2019). There were distinct bacterial community
members across the rhizosphere environments of both sole and
intra-hole cropped plants, which probably denoted differences in
bacterial community function.

Although the reads were applied to species level, the sequences
were summarized and classified according to bacterial phylum to
ascertain the overall composition of the microbial community at
a high phylogenetic resolution. The results showed differences
in microbial communities between rhizosphere soils of sole
and intra-hole planted cowpea with maize and sorghum. The
differences in OTU richness, both within and among phyla,
increased non-linearly with test plant species which suggested
that selection of rhizospheremicroflora was highly sole and intra-
hole specific (Micallef et al., 2009; Turner et al., 2013). Although
intra-hole planted cowpea cv. PAN 311 with maize recorded
the highest number of phyla (20), cv. PAN 311 with sorghum
showed only 16 microbial phyla. This suggests that specific plant
combinations define the bacterial community composition in
the rhizosphere, and this is probably influenced by plant-related
changes in the soil such as root exudation (Marschner et al., 2001;
Micallef et al., 2009; Jaiswal et al., 2019). In fact, root exudates are
a crucial determinant of rhizosphere microbial diversity (Lynch
and Whipps, 1990; Barea et al., 2005; Badri and Vivanco, 2009).

The results also suggest that microbial biomass is more likely to
increase where intra-hole cropped plant partners share close root
proximity and/or exhibit intermingling of their roots.

Though present in the rhizosphere soil of sole-planted cowpea
cv. PAN 311 and cowpea cv. TVu 546 co-planted with maize
in the same hole, the phylum Thermomicrobia was absent
in the rhizosphere soil of sole maize. Similarly, Fibrobacteres
was present in the rhizosphere of sole maize, but absent in
the rhizosphere soil of monocultured cowpea cv. PAN 311
and cowpea cv. TVu 546 co-planted with maize. The phylum
Parcubacteria was also present in the rhizosphere of sole
sorghum, but absent in sole cowpea cv. TuV 546 and cv. TVu
546 co-planted with sorghum. However, the phyla Aerophobetes
and Tenericutes were exclusively present only in the rhizosphere
soils of intra-hole planted cowpea cv. PAN 311 with maize,
and sole-planted maize. The presence or absence of microbial
phyla in some plant rhizospheres, but not in others, can be
interpreted in number of ways. Components of plant root
exudates generally serve as a source of carbon for many bacteria,
and as chemoattractants for mutualistic microbes (Aguilar et al.,
1988; Compton et al., 2020), often leading to the establishment of
symbiotic relationships. In contrast, some components of plant
root exudates also serve as defense molecules for warding off
soil-borne pathogens (Dakora et al., 1993a,b). Various studies
(Dakora et al., 1993a,b) have shown that both pathogens and
rhizobial symbionts can elicit phytoalexin exudation in the
rhizosphere of N2-fixing legumes, and thus control populations
of other microbes. Whether in this study any of these scenarios
functioned to create the observed differences in rhizosphere
microbial communities remains to be determined. Additionally,
pioneer microbes in the rhizosphere can also produce antibiotics
that reduce the populations of other microbial communities, but
again, this was not assessed in this study. Similarly, the fact
that the rhizospheres of the two test cowpea cultivars (cv. PAN
311 and cv. TVu 546) revealed different bacterial phyla can be
attributed to differences in the profile of seed and root exudates
produced (Tsamo et al., 2018, 2020). Root exudate composition
can vary with plant taxa, and even within closely related plant
species, as well as with genotypes and accessions of the same
species (Czarnota et al., 2003; Warembourg et al., 2003; Micallef
et al., 2009).

Cropping system per se has been reported to have an effect
on rhizosphere microbial populations. For example, rhizosphere
bacterial counts were found to increase with intercropping, and
reportedly greater in intra-row than inter-row planting (Wahua,
1984). Because legumes and cereals release root exudates with
different chemical profiles into their rhizospheres, intercropping
and/or crop rotations are likely to significantly alter rhizosphere
microbial communities (Alvey et al., 2003). Except for sole-
planted cowpea cv. PAN 311, Sphingobacteria was the dominant
microbial group in the rhizosphere soil of all the other cropping
systems, followed by Alphaproteobacteria, which is home to
the many rhizobial symbionts nodulating legumes. Similarly,
all rhizosphere soils except that of cowpea cv. TVu 546 co-
planted with maize showed high proportions of Cyanobacteria.
These major groups were earlier identified in a PCR-based and
metatranscriptomic study of both bulk and rhizosphere soils
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(Urich et al., 2008; Inceoglu et al., 2011; Lundberg et al., 2012;
Turner et al., 2013). Despite the fact that soil remains the richest
microbial ecosystems on earth, our study has revealed that only
a few bacterial phyla (namely, Actinobacteria, Acidobacteria,
Bacteriodetes, Firmicutes, Planctomycetes, Verrucomicrobia, and
Proteobacteria) actually colonize the rhizosphere, a finding
similar to the results of earlier studies (Peiffer et al., 2013;
Figuerola et al., 2015; Shi et al., 2015; Zarraonaindia et al., 2015;
Coleman-Derr et al., 2016; Jaiswal et al., 2019). In this study,
the major contributors to microbial community diversity in the
rhizosphere included the Flavobacteriales, Sphingobacteriales,
Bacillales, Phycisphaerae, Rhizobiales, Sphingomonadales,
Burkholderiales, and Xanthomonadales, which are well-known
for their mutualistic interactions with plant roots in the
rhizosphere (Lu et al., 2006). Recently, Yang et al. (2016) found
that intercropping of groundnut with sorghum was beneficial to
the composition of bacterial communities in the rhizosphere.

In addition to identifying rhizobia and other beneficial
bacterial taxa in this study, we also found the highest community
of Lysobacter in the rhizosphere of sole-planted cowpea cv. PAN
311 (20.8%) and sorghum (15.5%), as well as in the rhizosphere
of cowpea cv. TVu 546 co-planted with sorghum in one hole
(10.8%) and cv. PAN 311 intra-hole planted with maize (7.4%).
The genus Lysobacter is widely distributed in soil and has high
P-solubilizing ability (Reichenbach, 2006). Its dominance in the
rhizosphere of cv. PAN 311 probably explains the highest AlkPase
activity observed in the rhizosphere soil of cv. PAN 311 (see
Figure 3).

Furthermore, Lysobacter is reported to be an important
source of new enzymes such as chitinases, glucanases, proteases,
lipases, elastases, keratinases, phosphatases, endonucleases,
endoamylases, and esterases (Zhang et al., 2001; Folman et al.,
2003; Palumbo et al., 2005; Reichenbach, 2006; Stepnaya et al.,
2008; Ko et al., 2009; Gökçen et al., 2014; Vasilyeva et al.,
2014) that promote plant growth and enhance defense against
pathogens (Gómez Expósito et al., 2015). Crop treatment with
Lysobacter has been shown to enhance plant defense and decrease
diseases in bean (Zhang et al., 2001), rice (Ji et al., 2008), pepper
(Ko et al., 2009), cucumber (Folman et al., 2004; Postma et al.,
2009) grapevine (Puopolo et al., 2014), and sugar beet, spinach
(Islam et al., 2005).

The rhizosphere of sole-planted cowpea cv. PAN 311 was
dominated by 8.9% Flavobacterium, and cv. PAN 311 co-
planted with sorghum by 8.4%. The bacterium occurs in
soil and other habitats (Bernardet and Bowman, 2006), and
has extracellular macromolecular-degrading enzymes (amylase,
cellulose, chitinase, peptidases and glycoside hydrolases) which
enable it to digest degradable polymers like starch or chitin and
therefore plays an important role in the degradation of bacteria,
fungi, insects and nematodes (Peterson et al., 2006). Additionally,
70% of the rhizosphere carbon turnover is due to Flavobacterium
(Johansen et al., 2009). As a result, Flavobacterium is a major
member of the microbial community in the rhizosphere of
pepper (Graber et al., 2010), lettuce (Cardinale et al., 2015),
peanut (Haldar et al., 2011), and Arabidopsis thaliana (Lundberg
et al., 2012; Bodenhausen et al., 2013). Recently, Qin et al. (2016)
reported 0.9–8.5% Flavobacterium genera in wheat rhizosphere,

and its presence correlated positively with plant biomass (Manter
et al., 2010), plant disease resistance (Kolton et al., 2014), and
bio-control against Phytophthora capsici in pepper (Sang et al.,
2008). Flavobacterium also contains ACC deaminase activity for
promoting plant growth (Maimaiti et al., 2007), in addition to the
ability of some Flavobacterium isolates to elevate Rubisco gene
expression and increase plant biomass in wheat and barley (Flynn
et al., 2014).

The genus Mucilaginibacter, a member of the family
Sphingobacteriaceae (Steyn et al., 1998; Pankratov et al.,
2007) and phylum Bacteroidetes, was more abundant by
27.1 and 11.9%, respectively, in the rhizospheres of intra-
hole planted cowpea cv. TVu546 with maize and sorghum.
They are extracellular polysaccharide (EPS)-producing, plant-
growth-promoting bacteria that were also isolated from cotton
rhizosphere soil (Madhaiyan et al., 2010).

However, bacterial genera such as Pedobacter, Pseudomonas,
Flavisolibacter, Bacillus, Rhizobium, Sphingomonas, and
Streptomyces, which are beneficial microbes, were present in
all the rhizosphere soils studied, thus indicating their general
presence in the rhizosphere of crop species. A few studies have
implicated Bacillus in the solubilization of Zn, Cu, and K in the
rhizosphere (Pirhadi et al., 2016; Sunithakumari et al., 2016).
Functionally, Sphingomonas is associated with IAA production in
the rhizosphere of soybean for enhanced plant growth (Sugiyama
et al., 2014), Pseudomonas, Bacillus, and Rhizobium with P
solubilisation in the rhizosphere (Rodríguez and Fraga, 1999),
and Streptomyces, Bacillus, and Pseudomonas with siderophore
production for enhanced Fe mobilization (Matsuoka et al., 2013).

Although several studies have been undertaken on
intercropping of legumes and cereals, few (if any) have
addressed belowground processes involving critical analysis of
the cowpea-sorghum intra-hole cropping system in terms of
microbial community structure and mineral nutrition. This
is possibly because data obtained from rhizosphere studies
of mixed-cultured systems are often complex and difficult to
interpret when compared to monocultures. The rhizosphere is
home to millions of different microbial phyla, genera, families
and species; and the complexity of this system increases with
intercropping, especially with intra-hole planting where roots
of legumes and cereals are closely interwoven and intermingled.
In such an intimate system, there are plant-plant, plant-microbe
and microbe-microbe interactions that are constantly occurring
in the rhizosphere with different outcomes from mutualism and
warfare. These interactions involve chemical products present
in plant and microbial exudates. According to Dakora and
Phillips (2002), plant root exudates consist of a complex mixture
of enzymes, root border cells, phytosiderophores, phenolics,
organic acids, gaseous molecules, organic and inorganic ions,
as well as mineral nutrients, which are important for defense
and promoting mineral uptake by roots. Soil microbes similarly
secrete enzymes, organic acids and anions, siderophores and
antibiotics for improving mineral nutrition and self-defense
(Dakora and Phillips, 2002). For example, typical pathogens
like Ralsotonia and Agrobacterium were completely absent in
the rhizosphere of intra-hole cropping system possibly due
to elimination by antibiotics and/or phytoalexins present in
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plant and microbial exudates (Dakora and Phillips, 1996). It is
also therefore likely that the Pseudomonas and Xanthomonas
species found in the Proteobacteria phylum in this study were
the beneficial rather than pathogenic species, given the greater
abundance of mutualistic microbes such as Flavobacteriales,
Sphingobacteriales, Bascillales, Phycisphaerae, Rhizobiales,
and Sphingomonadales found in this same study. Dang et al.
(2020) found similar changes in some bacterial taxa, especially
Proteobacteria, in a mung bean-millet intercropping system.
Even with a tomato/potato-onion intercropping devoid of
legumes, there was an alteration in soil microbial communities
(Li et al., 2020), suggesting that changes in rhizosphere
microflora is not unique to legume-cereal systems, but more
likely an outcome of the composition of root exudates released
by the intercropped partners.

In conclusion, intercropping of legumes with cereals is
an old cultural practice perceived with the lens of “old
science.” With new tools and techniques, however, more
data can be generated on belowground processes that would
advance our understanding of both plant-plant and plant-
microbe interactions in the rhizosphere with potential for
increasing crop yields. In this study, APase and AlkPase
enzyme activity, mineral nutrient accumulation and microbial
community structure in the rhizosphere were influenced
by crop species (legume and cereals), as well as cropping
system. The cropping system promoted an increase in the
numbers and diversity of some functional and unculturable

rhizosphere microbes. Intra-hole cropping significantly altered
rhizosphere microbial community structure when compared
with monoculture.
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